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Abbreviators

6-OHDA 6-hydroxydopamine

AC Anterior commissure

Acb Accumbens nucleus

ADN Axodendritic network

ARTN Artemin

BBB Blood-brain barrier

BDNF Brain derived neurotrophic factor

BrdU BromodeoxyUridine

CBL Cerebrolysin

CDNF Cerebral dopaminergic neurotrophic factor
CL Contralateral

CPC Caudate putamen complex

CNS Central nervous system

DA Dopamine
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DBS-STN Deep brain stimulation of the subthalamic nucleus
DCX Doublecortin

DTT Dithiothreitol

DNA Deoxyribonucleic acid

EE Enriched environment
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EP Entopeduncular nucleus

e-SN External substantia nigra

FDA Food and Drug Administration
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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
in the world. PD is characterized pathologically by the degeneration and loss of the
dopaminergic neurons in the substantia nigra (SN). Numerous works have been
proposed for the study of the neuronal degeneration in PD using different animal’s
models, although none of them have been exact to understand the pathogenesis of PD.
Therefore, the mechanism by which tyrosine hydroxylase activity may be enhanced or
how it may affect dopamine tissue content in either striatum or SN in PD is unknown.
The 6-hydroxydopamine (6-OHDA)-induced model is one of the most extensively used
model in rats for reproducing the loss of dopaminergic neurons in the substantia nigra
compacta (SNc). Additionally, the topological distribution of changes in the
dopaminergic system is a factor to take into account to describe the morphological

changes occurred in this model.

Current therapies available for PD are not effective in the long-term and cannot
repair the already damaged area. That is why, current research efforts are being focused
in new neuroprotective and neuroregenerative strategies that will halt the

neurodegenerative process.

The aim of the present research was to study the morphological changes
occurring in different rat models of PD induced by 6-OHDA injection and to verify the
usefulness of the proposed approach to characterize different models and its suitability
for elucidating the benefits of therapeutic strategies such as the administration of
neurotrophic factors (vascular endothelial growth factor [VEGF] and glial cell line-
derived neurotrophic factor [GDNF]) or nanowired Cerebrolysin (CBL) or the housing in
enriched environment (EE). Likewise, the effects of administering a selective tyrosine
kinase inhibitor (vandetanib) which blocks the VEGFR2 and RET receptors in a Preclinical

model of PD were also assessed to elucidate molecular pathways involved in this model.

Three different models were characterized according to the site of 6-OHDA
injection and the time of evolution in order to describe the model and the different

therapeutic strategies. Firstly, a Severe model, injecting 6-OHDA into the medial
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forebrain bundle (MFB); then a Partial model was assessed by the injection of 6-OHDA
into the striatum, for 3 weeks, and finally we carried out a Prodromal or Preclinical
model by injecting 6-OHDA into the striatum with a short time of evolution where motor

symptoms were scarcely apparent.

Regarding treatments, striatal implantation of PLGA-microspheres (MS) or
nanospheres (NS) loaded with VEGF and GDNF were administered in the Severe and
Partial models respectively for 14 weeks to test the synergistic effect of combining both
neurotrophic factors. In the Preclinical model, we evaluated the neuroprotective effects
after housing rats in EE and the intraperitoneal administration for a week of nanowired
CBL. On the other hand, in this Preclinical model we also administered orally vandetanib

(the tyrosine kinase inhibitor).

In vivo effects of the treatments were assessed using amphetamine induced
rotational behavioral test. Morphological analysis was carried out by histology,
histochemistry, immunohistochemistry and stereology. Biochemical analysis was also
performed using western blot in the Preclinical model to elucidate the molecular

pathways involved in this process.

Our results are promising, showing that the 6-OHDA induced model provides the
possibility to assess three different severity grades of PD. Moreover, it was suitable to
assess the morphological consequences of the lesion and the effects of different

treatments.

Following anatomical and topological distribution in the Partial model we paid
attention to changes arising in SN. We identified a sector of SN more sensitive for
morphological changes, the “external SN” (e-SN), which included one third of the SN-
reticulata (SNr) and the lateral half of the SNc. The measurements carried out on the e-
SN —topographically related to the lesioned area of the striatum- reach more specific
and significant results than those carried out using the entire SN, emerging as a

promising region for further studies.
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Rostro-caudal gradients of morphological changes exhibited in the striatum and
in the SN, in addition to the specific anatomic distribution of the dopaminergic system,
were indicative of a differential selective vulnerability of this system. A deeper
knowledge of this distribution could be useful in order to assess the lesion, as well as the

administration and diffusion of treatments.

Functional improvement and morphological recovery after VEGF and GDNF
implantation in the Severe and Partial model is related to the preservation of the TH-
positive volume in the striatum and of the cell number and axodentritic network in the
SN. In addition, these findings support the neurorestorative role of VEGF+GDNF in the

dopaminergic system and the synergistic effect between both factors.

The combination of CBL and EE had effects which were indicative of protective
mechanisms by which these strategies can promote functional and morphological
improvement by activation of survival signaling pathways after dopamine depletion in a

preclinical rat model of PD, supporting the synergism of both strategies.

We also demonstrate for the first time the deleterious effect of inhibiting
VEGFR2 and RET on the dopaminergic system, confirming the beneficial and synergistic

effect exhibited by neurotrophic factors in PD.

In conclusion, our findings suggest protective and/or restorative mechanisms
mobilized by neurotrophic factors, CBL and EE, which significantly reduced 6-OHDA
degeneration of dopaminergic neurons in the SN of adult rats, preserved nigrostriatal
projections, and improved dopaminergic function, showing selective vulnerability along

the rostro-caudal axis in the dopaminergic system.
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1. Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative
disorder in the world after Alzheimer disease (Feng et al., 2010). It was initially
described by James Parkinson in 1817, who published “an assay on the shaking
palsy” where first described the clinical syndrome, as a neurological disorder,
consisting of resting tremor and a peculiar form of progressive motor disability
(Samii et al., 2004) that was later to bear his name (Parkinson, 2002). Previously
referred to as paralysis agitans, Charcot later in the 19" century gave credit to
Parkinson by referring to the disease as “maladie de Parkinson” or Parkinson’s
disease (Kempster et al., 2007). Nowadays, PD is described as a progressive

neurodegenerative disease with motor, non-motor, and behavioral dysfunction.

Due to the current high life expectancy of our society, the number of cases
of PD is increasing, and this disease is becoming a serious public health problem. In
fact, today PD affects approximately 0.1% of the world population and occurs most
frequently in people over 80 years old, with a prevalence of 1-3%. However, a
younger onset of PD is also possible, it was published that incidence rates increase
after the age of 50, with a prevalence of 0.5-1% in people between 65 and 69
years of age, and rapidly increase over the age of 75 (Nussbaum & Ellis, 2003; de
Lau et al.,, 2004). On the other hand, according to studies of death rates and
prevalence, male sex seems to be the sex more susceptible to suffer PD. Men have
on average a 2-fold higher incidence of developing PD and 1.3-3.7-fold higher
prevalence of PD compared to women, at all ages and for all nationalities studied
(Baldereschi et al., 2000; Van Den Eeden et al., 2003; Wooten et al., 2004; Haaxma
et al., 2007). In fact, studies from human and animal models of PD indicate that the
male bias in PD may be explained by sex differences in nigral gene expression (Loke
et al.,, 2015). Thus, estrogens may exert some form of neuroprotection in the

preclinical stage of PD, or may even postpone the beginning of the degenerative
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process, but fail once symptoms have become clinically apparent (Haaxma et al,.

2007).

Among the factors implied in neurodegeneration, a decrease in energetic
cellular efficiency together with the synthesis and activity of neurotrophic factors
(NTFs) play a crucial role. Both are involved in regional vulnerability (Obeso et al.,

2010).

At the present, despite of the efforts to find some therapy to prevent PD, it
has only been possible to proof the existence of some neuroprotective substances,

such as caffeine and nicotine, or risk factors as aging and genetic (Figure 1).
1.1. Clinical signs, symptoms and diagnosis

PD is generally defined as an idiopathic or sporadic disease characterized
pathologically by the degeneration and loss of the dopaminergic neurons in the
substantia nigra (SN) and the presence of Lewy pathology (Olanow & Obeso, 2012).
Additionally, during the early stages of the disease, called the presymptomatic
phase, PD patients develop non-motor deficits including olfaction impairment,
vagal dysfunction and sleep disorders (Angot & Brundin, 2009), indicating that
other neurotransmitter systems (e.g. cholinergic, adrenergic, serotoninergic) also
degenerated and cell loss is also seen in other brain areas (Schapira, 2009). In fact,
the lack of motor symptoms during the early disease stage may be due to
“neuronal reserve” or active compensatory mechanism(s), such as collateral axonal
sprouting from surviving dopaminergic neurons (Arkadir et al., 2014). The typical
motor symptoms appear when there is 50-60% of dopaminergic neuron loss and
70-80% of dopamine (DA) depletion (Schapira, 2009; Sato et al., 2013). The
cognitive functions decline at more advanced stages (Angot & Brundin, 2009).

Thus, there are motor and non-motor symptoms associated to PD:
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= Motor symptoms: The cardinal features of PD are mainly motor symptoms
and include tremor at rest, rigidity and bradykinesia. In addition, flexed
posture and freezing (motor blocks) have been also included as feature of
Parkinsonism. Tremor and rigidity are considered as “positive” phenomena,
while bradykinesia together with postural reflex abolition and the freezing
are considered as “negative” phenomena.

= Non-motor symptoms: Non-motor extra SN symptoms are common and
often underappreciated and can be as disabling as motor symptoms
(Sullivan et al., 2007). These include, cognitive and psychiatric changes,
autonomic dysfunction and sleep disturbances. In fact, the presence of
cognitive impairment or dementia in patients with PD is associated with
loss of independence, a lower quality of life and a reduction in survival time
(Irwin et al., 2013). Interestingly, other symptoms such as hypotension,
sweating, sphincter and erectile dysfunction have been described (Jankovic,
2008). In addition, it has even been proposed that the non-nigral pathology
dominates the earlier and later stages of PD (Del Tredici et al., 2002; Braak

et al., 2004, 2006).

On the other hand, the types of symptoms present and their severity
depend significantly on the length of time since onset, the rapidity of functional

decline, and whether the patient received medication (Deumens et al., 2002).

As a result of these clinical symptoms, PD is now recognized as a complex
clinicopathological entity. The majority of PD cases are sporadic (Feng et al., 2010)
and the etiology and pathogenesis remain enigmatic (Brundin et al., 2008).
However, parkinsonian disorders can be classified as four types: primary
(idiopathic) Parkinsonism, secondary (acquired, symptomatic) Parkinsonism,
heredo-degenerative  Parkinsonism and multiple system degeneration
(Parkinsonism plus syndromes). Several features, such as tremor, early gait

abnormality (e.g., freezing), postural instability, pyramidal tract findings and
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response to levodopa, can be used to differentiate PD from other parkinsonian

disorders (Jankovic, 2008).

The diagnosis of PD relies mainly on the clinical detection of the motor
symptoms, physical examination, and improvement of symptoms and signs with
dopaminergic treatment (Samii et al., 2004). Thus, as illustrated in Figure 1
according to Miller and O’Callaghan in 2015, since the clinical diagnosis of PD
usually occurs only after a substantial number of SN neurons have degenerated,

there is a need for PD biomarkers that include (Miller & O’Callaghan, 2015):

= Prodromal, preclinical or premotor stage biomarkers
= Biomarkers of risk or susceptibility

= Motor stage biomarkers

The unilateral or asymmetric onset of a bradykinetic rigid syndrome with
resting tremor is a subsequent good response to an adequate dose of a
dopaminergic agent given for a sufficient period. Indeed, when there is doubt
about the diagnosis related to the distinction of PD from essential or dystonic
tremor, or postsynaptic forms of Parkinsonism, functional imaging of the

dopamine pathways can be helpful.
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Figure 1. Schematic representation of factors and premotor markers associated with loss of
neurons (————) prior to onset of motor signs and clinical diagnosis (====) (Miller and
O’Callaghan, 2015).

Unfortunately, there is no definitive diagnostic test, because symptoms
used in the clinical diagnosis of PD also occur in other disorder, but not all these
clinical “looka-likes” have a neurodegenerative component (Miller & O’Callaghan,
2015). Therefore, the criterion for definitive diagnosis of PD is confirmed by the

histopathological analysis obtained at autopsy.

1.2. Pathogenesis of Parkinson’s disease

The pathological hallmark of PD is the degeneration of dopaminergic
neurons in the substantia nigra compacta (SNc) of the midbrain and the presence
of Lewy bodies (LB). Despite the number of pathogenic mechanisms, that has been
suggested to be involved in PD, such as oxidative stress, mitochondria defects,
protein mishandling/or-and misfolding and inflammation, the original causative
factor is unknown yet. Therefore, it is essential to have a precise understanding on
the complexity and topology of the connections and projections along the
nigrostriatal dopaminergic system, about the cellular and molecular heterogeneity

of the caudate putamen complex (CPC) and SN in order to elucidate about the
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pathogenesis, the search of new treatment strategies and their correct application.
On the other hand, the interaction of all pathological mechanisms involved in PD
could be a requisite to take into account in order to elucidate about the causative

factor of PD (Figure 2).
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Figure 2. Schematic summary of etiopathogenic mechanisms and interactions in the
dopaminergic cells of the substantia nigra in Parkinson’s disease (Obeso et al., 2010). Cell death
may be caused by the toxicity due to a-synuclein aggregation and Lewy body formation,
proteosomal system dysfunction, reduced mitochondrial activity and subsequent oxidative stress,
among others. Gene mutations are associated with impairment of one or several of these
mechanisms, being also responsible for cell death.

1.2.1. Degeneration of nigrostriatal dopaminergic system

One of the major pathological hallmark of PD is the selective degeneration
of nigrostriatal dopaminergic pathway (Figure 3a,b) (Greenamyre et al., 2003). This
neural pathway provides a connection between SN and striatum and has an
important role in controlling motor activities (Greenamyre et al., 2003; Uversky,
2004). The cell bodies of dopaminergic neurons in this pathway are located in SNc

and their axons project into striatum (Bové et al., 2005). Progressive
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neurodegeneration of these dopaminergic neurons located in ventrolateral and
caudal portion of the SNc in PD (Fearnley & Lees, 1991) results in a profound
depletion of DA in the striatum, being most affected the lateral SN projections to

putamen (Kish et al., 1988) (Figure 3b).
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Figure 3. Schematic representation of the normal nigrostriatal pathway (a) and after
dopaminergic degeneration (b) and Lewy body formation (c) in Parkinson’s disease in humans
(Dauer & Przedborski, 2003).

However, SN damage is always accompanied by extensive extranigral
pathology, including noradrenergic neurons of the locus coeruleus (LC) and dorsal
vagal nucleus, serotonergic neurons of the dorsal raphe and cholinergic neurons
within the substantia innominata (particularly in the nucleus basalis of Meynert)
and in the pedunculopontine nucleus (Jellinger, 1990). Thus, apart from

nigrostriatal dopaminergic system other neurotransmitter systems are involved,
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such as the glutamatergic, cholinergic, adrenergic or serotoninergic (Hornykiewicz,
1998; Schapira, 2009). Damage to these important neuronal systems may play a
significant role in some of the non-movement-related aspects of PD such as

cognition and depression (Deumens et al., 2002).
1.2.2. Lewy body formation

Lewy bodies, the other pathological hallmark of PD, represent a cytoplasmic
eosinophilic proteinaceous inclusion within the neurons (Figure 3c). They are
formed by more than 25 compounds, principally a-synuclein and ubiquitin with a
diameter of 8-30 um (Samii et al., 2004). Lewy bodies are commonly located in the
dopaminergic neurons of SN, locus coeruleus, the dorsal motor nucleus of the
vagus, and the nucleus basalis of Meynert, but also other pigmented brainstem
and subcortical nuclei, such as the anterior cingulate and the association neocortex

also show these inclusions (Jellinger, 2001).
1.2.3. Mitochondrial dysfunction and oxidative stress

Mitochondria are highly dynamic organelles essential for a range of cellular
processes including ATP production, reactive oxygen species (ROS) management,

calcium homeostasis, and control of apoptosis.

Oxidative stress defines the disequilibrium between the levels ROS
produced and the ability of a biological system to detoxify the reactive
intermediates, creating a perilous state contributing to cellular damage (Dias et al.,

2013).

Since mitochondria play a dual function as source and target of ROS,
compelling evidence suggests that mitochondrial dysregulation plays a critical role
in the pathogenesis of PD. Furthermore, impairment of mitochondrial function

leads to cellular damage and is related to neurodegeneration (Zhu & Chu, 2010).
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Particularly, a systemic decrease in the complex | activity of the mitochondrial
electron transfer chain was reported in the tissues of brain, skeletal muscle, and
platelets of PD patients (Sherer et al., 2003; Greenamyre et al., 2003; Alam et al.,
2004).

The extensive production of ROS in the brain may provide an explanation
for the magnitude of the role that the reactive molecules in PD. In fact, it has been
observed damage in nigral neurons of patients with PD caused by free radicals like

ROS and peroxynitrite.

On the other hand, the link between oxidative stress and dopaminergic
neuronal degeneration is further supported by modeling the motor aspects of PD
in animals with toxins that cause oxidative stress including 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), rotenone, 1,1’-dimethyl-4,4’-bipyridinium
dichloride (paraquat), and 6-hydroxydopamine (6-OHDA) (Fukushima et al., 1997;
Perier et al., 2003; Callio et al., 2005; Richardson et al., 2005).

Interestingly, the discovery of genes linked to familial forms of PD, such as
alpha-synuclein, parkin, DJ-1, PINK-1 and Leucine-rich repeat kinase 2 (LRRK2) has
yielded important insights into the molecular pathways in the disease
pathogenesis and highlighted previously unknown mechanisms by which oxidative
stress contributes to the disease (Figure 2). Some of these mechanisms are
complex, involve various cell biologic processes, and are modulated by several of
these proteins. These discoveries are also beginning to help to interpret some of
the biochemical defects in the PD brain (Dias et al.,2013). In fact, it has been
indicated that there are certain polymorphisms in the genes of complex | and
mutations in some nuclear genes like PINK1 and DJ-1, which are encoding
mitochondrial proteins, in developing familial PD (Figure 2) (Greenamyre et al.
2003; Schapira, 2002). Furthermore, it has been shown recently that oxidative

stress promotes the uptake of a-synuclein by various cell types resulting in
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mitochondrial inhibition (Figure 2) (Luk et al. 2012; Pukass & Richter-Landsberg,
2014).

1.2.4. Failure of protein degradation systems

The two major degradation systems are the ubiquitin-proteasome system
and the autophagy—lysosome system. These degradation systems are involved in
the clearance of defective cellular structures such as misfolded or damaged
proteins, and dysfunctional organelles such as defective mitochondria. However,
genetic and pathological evidence strongly indicate the involvement of defective
clearance systems in PD (Figure 2) (Martinez-Vicente et al., 2008; Harris &

Rubinsztein, 2012; Nalls et al.,2011).

Normally, misfolded proteins are first sent to chaperons and if they still lack
a proper folding they are sent to proteasomes for degradation through several
pathways such as ubiquitination. The formation of Lewy bodies in PD brains has
revealed the question of whether there is a relationship between these
cytoplasmic protein aggregates and proteasome activity, since high amounts of
ubiquitin are found in Lewy bodies deposits (Dauer & Przedborski, 2003;
Greenamyre et al., 2003). Also, the mutations of some proteins normally involving
in proteasome ubiquitination system are observed in the familial PD (Figure 2).
Likewise, there are studies that inhibition of proteasome activity cause neuronal
loss in SN. All the studies so far support the important role of proteasomal activity
in PD. However, the exact relationship between proteasome and a-synuclein

aggregation is still unknown (Greenamyre et al., 2003).

While this evidence demonstrates the involvement of cellular clearance
mechanisms in PD, it is unclear whether that involvement is primarily beneficial or
detrimental. It has been argued that exaggerated clearance activity may contribute

to neuronal injury (Chu, 2006; Xu & Zhang, 2011). The predominant view, however,
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is that the removal of abnormal proteins and organelles is neuroprotective (Fujita

et al., 2014).
1.2.5. Neuroinflammation

Interactions between neurons and non-neuronal cells also participate in the
cascade of events leading to neurodegeneration in PD (Hirsch et al., 2013). Indeed,
astrocytosis, microgliosis, and even lymphocyte infiltration are found in the
substantia nigra in postmortem studies in PD (Przedborski, 2007; Hirsch & Hunot,

2009).

Numerous evidences supported that neuroinflammation in PD is mediated
mainly by activated microglia (Block et al., 2007). Microglia are phagocytic cells,
components of the innate immune system of the central nervous system, that
usually have a resting phenotype but become activated upon brain injury or
immune challenge. In fact, microglia can enter an overactivated state as response
to environmental toxins and release ROS that produce neurotoxicity. Thus
activation of microglia may contribute to the oxidative damage through ROS. They
can also promote neurodegeneration by producing other potentially toxic agents
such as glutamate and tumor necrosis factor-alpha (Block et al., 2007; Chéret et al.,
2008; Ceulemans et al.,, 2010; Dumont and Beal. 2011). In addition, a local
microglial activation could be found within the SN, along a global astrogliosis

(Mallajosyula et al., 2008).

On the other hand, microglial cells also produce anti-inflammatory
cytokines and exert phagocytic activities that could prevent the extension of
neuronal degeneration. In this context, trying to switch the phenotype of
microglial cells from a proinflammatory M1 to an immunomodulatory M2
phenotype might represent an interesting therapeutic strategy (Benner et al.,,

2004).
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However, the postmortem studies do not allow the determination of
whether neuroinflammation participates in neuronal degeneration or merely
represents a consequence of it. To address this issue, changes occurring in animal
models of PD have been investigated along with the effects of interfering with such

mechanisms on the extent and time course of neuronal loss.
1.3. Etiology

Although the cause of PD remains unknown, PD is likely a result of multiple
factors, including normal aging, genetic predisposition and environmental

exposures (Figure 4).
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Figure 4. A summary of the etiopathogenic interface between environmental, aging and genetic
| forms of parkinsonism (Adapted from Schapira, 2009)

1.3.1. Environmental factors

Exposure to various toxins like MPTP or pesticides like rotenone or
paraquat used in agriculture may be a secondary etiology of PD (Langston et al.,
1983; Betarbet et al., 2000; Thiruchelvam et al., 2000). In fact, chronic exposure to
a common pesticide can reproduce the anatomical, neurochemical, behavioral and

neuropathological features of PD (Figure 4) (Betarbet et al., 2000).
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Thus, a rural residency and exposure to pesticides appear to increase the
risk of the development of PD, particularly young-onset PD (Rajput et al., 1986;
Rajput and Uitti, 1988; Semchuk et al., 1992; Schapira, 2006). Although an
environmental contribution to the cause of PD seems likely, no specific agent has

been clearly identified as causative (Schapira, 2009).
1.3.2. Aging

Aging is often though that may be critical for PD. In fact, the different
agents involved in the etiology of PD are also involved in aging (Rodriguez et al.,
2015). The vulnerability of dopaminergic neurons increases with the age and
because of that these neurons are more susceptible to silent toxics (Going et al.,
2002; Takubo et al., 2002; Jeyapalan and Sedivy, 2008; de Cabo et al., 2014).
Although aging may be the only factor implied in sporadic PD, since both
prevalence and incidence increase with age (Tanner, 2003), aging itself is not the

main factor in the neurodegeneration of the nigrostriatal dopaminergic pathway.
1.3.3. Genetic factors in Parkinson’s disease

Genetic factors have a substantial impact on the phenotypic variance of PD
status, and they are responsible for some familiar forms of PD, with recent
heritability estimates near approximately 60% (Lill et al., 2015). In fact, a-synuclein
has been the most widely investigated genetic determinant for pathogenesis of PD
(Polymeropoulos et al., 1997). However, apart from a-synuclein, several other
familial PD-linked genes were subsequently identified, which includes
Parkin/PARK2, UCHL1, DJ-1/PARK7, PINK1 and leucine-rich repeat kinase 2 (
LRRK2) (Tan and Skipper, 2007; Kulkarni et al., 2015). Interestingly, LRRK2, PINK1,
and DJ-1, which are present in mitochondrial membranes, have been suggested to
play a role in ROS production by a defective maintenance of the mitochondrial

membrane potential (Knott et al., 2008; Wang et al., 2011).
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Patients with these genetic mutations only account for about 5-15% of all
PD cases, while the majority of cases belong to idiopathic or sporadic PD, whose

causes are largely unknown.
1.4. Parkinson’s disease treatment

It is not known how long SN degeneration begins before the onset of PD
symptoms and before the diagnosis is made. Clues from clinical, pathological and
imaging studies suggest this period could be 6-8 years (Schapira & Obeso, 2006),
although this is likely to be much longer in patients with genetic causes of PD.
Thus, there is a long latency between onset and the eventual 50—-60% nigral loss
and 70-80% dopamine depletion that is estimated to induce clinical features. This
concept now underlies the move towards earlier rather than later introduction of
symptomatic treatment for PD. In fact, the basis for early treatment is reinforced

by the rapid progression of PD in the early phase after diagnosis.

Although PD is a major priority for health care systems, dopaminergic
therapies are the most used, e.g. the current pharmacological treatment with L-
3,4-dihydroxyphenylalanine (L-DOPA), which focuses on modifying motor
symptoms without treating the neurodegenerative process, without providing
neuroprotection to the surviving dopaminergic neurons and without any attempt
to repair the underlying disease. On the other hand, invasive ways for delivering
more continuous dopaminergic therapy, such as apomorphine pumps and
DuiDopa®, as well as neurosurgical interventions, such as brain stimulation, are
necessary in case of complication, intolerance or side effects to the medication

(Wijeyekoon & Barker, 2009).

In this context, current research efforts are focused on halting neuro-
degeneration using promising alternatives such as antioxidants, antiapoptotic

agents, cell-based therapies, and neuroprotective agents (Herran et al., 2013).
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1.4.1. Pharmacological treatment

L-DOPA is considered the standard/essential drug for treatment of PD. It is
the precursor of dopamine (Figure 5) that cross the blood-brain barrier (BBB)
through a large amino acid transporter (Kageyama et al., 2000) and its
administration is an attempt to replace exogenously the characteristic deficit of
dopamine in PD. L-DOPA alleviates bradykinesia, the increase in muscle tone and
tremor, but does not reduce non-motor symptoms (Mercuri and Bernardi, 2005).
DA agonists, COMT, and MAO-B inhibitors are also used as adjunctive treatment to
L-DOPA (Schapira, 2009; Tarazi et al., 2014). However, the efficiency of L-DOPA
decreases over time and many patients develop motor fluctuations (wearing-off
and on—off phenomena), dyskinesias and behavioral abnormalities (Mercuri and

Bernardi 2005; Obeso et al., 2010).

HO HO
OH
NH, DOPA descarboxyla:e NH>
HO HO

L-DOPA Dopamine

Figure 5. Conversion of L-DOPA to dopamine catalyzed by DOPA decarboxylase.

1.4.2. Surgical treatment

Surgical treatment is an alternative for PD, especially when the
pharmacological treatment is not able to improve the symptoms or when the
prolonged use of L-DOPA causes complications. The surgical procedure includes
the ablation or lesion and the neurostimulation of the subthalamic nucleus (STN)
or the globus pallidus (GP), which are considered the most adequate for
stimulation. Nowadays, the stimulation is the election surgical procedure, due to

the reversibility of its effects, the low morbid-mortality, the possibility to remove it
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in case of any problem, such as impulse control disorders or psychosis, or the
apparition of better treatments, and the possibility to adjust the parameters in
each patient (Starr et al., 1998; Benabid et al., 2003; Nilsson et al., 2005). In this
context, deep brain stimulation of the subthalamic nucleus (STN-DBS) is an
evidence based treatment in advanced stages of PD as it has been shown to
improve motor fluctuations, dyskinesia and quality of life better than medication
(Voon et al., 2009). Furthermore, a recent study has shown that medication can be
significantly reduced following STN-DBS and prospective controlled studies
establishing an evidence-based co-medication of STN-DBS in patients are needed

(Alexoudi et al., 2015).

However, stimulation has also some problems or limitations, such as
fragility of the electrode system, susceptibility to injections, elevated economic
cost, difficulty in adjusting the parameters, or the replacement of the batteries

after a period of time (Oh and Chase, 2002; Doshi et al., 2002).
1.4.3. Other treatments

Other treatments have been proposed to treat PD, although none of them

have provided remarkable therapeutic benefits.

a) Cell transplant: Though the invasive ways can be very competent in
providing symptomatic relief, but without any considerable effort to
reinstate the root cause of the disease. Thus, the restorative approaches,
using cell therapy and neurotrophic support, for dopaminergic nigrostriatal
tract may serve very practical (Kulkarni et al., 2015). In fact, cell therapies in
PD have been a major research interest for the last 30 years with the main
focus being on using them for replacement of the degenerating (and lost)
dopaminergic neuronal innervation of the striatum from the SN

(Wijeyekoon & Barker, 2009).
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b) Genetic treatment: These strategies are based on restoring the lost brain
functions by substitution of enzymes critical for the synthesis of
neurotransmitters or neurotrophic factors (NTFs) in order to increase the
functions of remaining dopaminergic neurons in the brain and find new
target for the treatment (Bjorklund & Kirik, 2009). To achieve this purpose
and obtain a correct transference of the gene, virus (Kang and Nakamura,
2003; Carlsson et al., 2005), fibroblasts (Fisher et al., 1991) or astrocytes
(Lundberg et al., 1996) have been used.

c) Neuroprotection: Neuroprotection-based therapies may be a useful
treatment to reduce or stop the progression of PD. Several works have
been developed to study the efficacy of using neuroprotective mechanisms.
One of these mechanism could be the transference of genes that codify for
antioxidants in dopaminergic cells, which may protect SNc from cell loss
(Kang and Nakamura, 2003). Other neuroprotective and neurorestorative
approach is the utilization of NTFs or growth factors, which could prevent
or stop the neuronal death. In addition, the inactivation of STN could be

also considered as a neuroprotective strategy (Maesawa et al., 2004).
1.4.4. Future strategies: Neurotrophic factors administration

Current research is focused on the development of therapeutic strategies
that will halt the neurodegenerative process, rather than simply treat the clinical
symptoms. Thus, an interesting and promising approach to this challenge is the use
of NTFs. NTFs are proteins that act as growth factors and play an important role in
the maintenance, survival, specification and maturation of specific neuronal

populations (Figure 6) (Siegel & Chauhan, 2000; Sullivan & Toulouse, 2011).

Administration of NTFs can be by different means and by different

presentations, in this context we focused on the following strategies:
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PARKINSON’S NEUROTROPHIC
NORMAL ? DISEASE ? TREATMENT

Figure 6. Diagrammatic representation of the contact between two neurons developed under
normal and pathological conditions. Neurotrophic factor therapy for neurodegenerative conditions
is anticipated to prevent cell body and synaptic atrophy, to stimulate the synthesis of proteins
necessary for transmitter release machinery, and under special conditions, to reinstate lost synaptic
contacts (Adapted from Kordower & Bjorklund, 2013). '

= Poly(lactic-co-glycolic acid) (PLGA) microspheres (MS) or nanospheres (NS)

The critical problems for the clinical application of NTFs are their rapid
degradation rate and their difficulty in crossing the BBB. Thus, different intracranial
administration strategies have been used in PD animal models to obtain a

continuous and direct release of the factors into the brain (Yasuhara et al., 2004).

Over the past years, one strategy that has gained the attention of the
scientific community is the encapsulation of neurotrophic factors into
biodegradable and biocompatible poly(lactic-co-glycolic acid) (PLGA)
microspheres (MS) or nanospheres (NS) (Wong et al., 2012; Herran et al., 2013,
2014). This approach allows for the intracranial administration of MS or NS by
stereotactic techniques, achieving a continuous drug release over time and
overcoming the problem of repeated administrations. Several previous studies
have demonstrated the efficacy of this technique in improving the motor function

and in increasing the fiber density of the striatum (Jollivet, 2004; Garbayo et al.,
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2009; Herran et al., 2014). To evaluate these new therapies, animal models of PD

are essential, such as 6-OHDA-lesioned rats.

The local administration of these polymeric microspheres has been found
to reduce the possibility of dose dumping, decrease the frequency of drug
administration and improve overall systemic effects (Hickey et al., 2002).
Regarding polymeric nanospheres, considerable attention has been paid to the
improvement of PLGA nanoparticles, making the local delivery of neuroprotective
agents into the brain possible. In fact, PLGA-NS can preserve the encapsulated
unstable therapeutic drug from enzyme degradation, release the drug in a
controlled and continuous manner, enhance its biodistribution, and permit drug

targeting (Herran et al., 2014).

Microspheres had spherical shapes with particle sizes of 16—20 um (Herran
et al.,, 2013). On the other hand, nanospheres are around 250 nm particle size,
which is considered sufficient to form stable dispersions (Herran et al., 2014).
Firstly, microspheres or nanospheres are characterized by in vitro MS or NS release
study, the biphasic delivery pattern was considered suitable to obtain the desired
effect. The initial burst release of a significant amount of the encapsulated factor
could help to manage the tissue injury caused by the invasive administration
process. However, the constant release profile observed over time may play a key
role in restoring the lesion caused by the 6-OHDA injection. However, the
microencapsulation process may lead to modifications of the growth factors that
could cause the loss of activity. Thus, bioactivity is tested in cell cultures after the

factors underwent encapsulation (Herran et al., 2013).

Once MS or NS are administered, NTFs are released due to diffusion and
erosion mechanisms, and, consequently, a constant drug release in therapeutic
concentrations in a localized area was obtained, achieving desired effects during

the in vivo study (Herran et al., 2013, 2014).
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= Cerebrolysin

On the other hand, various studies showed that a high concentration of
NTFs when given in combination improves motor function and helps in the
regeneration of neurons (Sharma et al., 1997; Sharma, 2007b, 2010; Sharma and
Johanson, 2007). Therefore, they are administered in high dose exogenously to
provide some neuroprotective effects (Winkler et al., 2000; Nyberg & Sharma,
2002). In this context, it has been also proposed other way of administrating
various NTFs, which is the intraperitoneal (i.p.) administration of Cerebrolysin
(CBL). CBL is a mixture of various NTFs, containing active peptide fragments and
contains different low-molecular-weight peptides and free amino acids in solution
(Menon et al.,, 2012). The solution is free of proteins, lipids and antigenic
properties and each milliliter contains 215.2 mg of the active pharmaceutical

ingredient (Plosker, 2009).

Cerebrolysin could exert pleiotropic effects, providing effective
neuroprotection, including neurosurvival and neuroplasticity, by its neurotrophic
actions and neuroregeneration in different kinds of central nervous system (CNS)
injuries (Sharma et al., 2012), like multiple sclerosis, PD, Alzheimer’s disease,
dementia, and acute or chronic stroke (Muresanu et al., 2010; Sharma, et al., 2010,

2011; Sharma et al., 2010; Sharma et al., 2011).

Despite the promising activity, therapeutic use of Cerebrolysin presents
difficulties due to its poor biopharmaceutical properties. In fact, this drug is only
partially capable of crossing the BBB since it is formed by 25% of low molecular
weight peptides (Hartbauer et al., 2001). Besides, the short half-life and the poor
stability in the blood require the administration of high doses. Thus, the
bioavailability of Cerebrolysin could be improved through encapsulation in suitable
formulations. Among the various colloidal drug delivery systems, polymeric
nanoparticles represent a very promising approach to both stabilize and control

the delivery of pharmacological agents (Ruozi et al., 2015). Remarkably, delivered
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TiO2-nanowired represents a promising strategy as delivery system of Cerebrolysin
(Muresanu et al., 2015). In fact, nanowired drugs may penetrate the CNS faster
and could reach widespread areas (Tian et al., 2012). TiO2-based (hydrogen
titanate) single crystalline ceramic biomaterial with a typical diameter ranging from
50 to 60 nm and a superb chemical stability that can be used to enhance drug

delivery within the CNS (Tian et al., 2012).
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2. Anatomical basis of Parkinson’s disease: basal ganglia

The basal ganglia are a functional structure in the encephalon formed by
several subcortical nuclei and circuits that connects thalamus with the cortex and
engaged primarily in motor control, together with a wider variety of roles such as
motor learning, executive functions and behavior, and emotions (Lanciego et al.,
2012). The principal components of the basal ganglia are the striatum (caudate
nucleus and putamen), the external segment of the globus pallidus (GPe), the
internal segment of the globus pallidus (GPi, entopeduncular nucleus in rat, EP),
the substantia nigra compacta (SNc), the substantia nigra reticulate (SNr) and the
subthalamic nucleus (STN) (Figure 7). In fact, PD results from abnormalities of basal
ganglia functioning, the degeneration of dopaminergic neurons of the SNc triggers
a cascade of functional changes affecting the whole basal ganglia network (Blandini

et al., 2000).

The basal ganglia and related nuclei can be broadly categorized as input

nuclei, output nuclei and intrinsic nuclei (Lanciego et al., 2012).

= Input nuclei: They are structures receiving incoming information from
different sources, mainly cortical, thalamic, and nigral in origin. They consist
of striatum (caudate nucleus and putamen) and the accumbens nucleus
(Acb).

= Qutput nuclei: They are structures that send basal ganglia integrated
information to the thalamus and consist of the internal segment of the GPi
(EP in rats) and the SNr.

= |ntrinsic nuclei: These structures, such as GPe, the STN and SNc are located

between the input and output nuclei in the relay of information.

Together these interconnected nucleus process and integrate motor,

limbic, sensory and associative multifarious inputs coming from areas of the
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cerebral cortex and return the processed information to the same cortical region.

Thus, different pathways have been described in the basal ganglia (Figure 7):

= Hyperdirect pathway: It connects the cortex with the basal ganglia
output nuclei (SNr/GPi or EP in rat) through the STN and it is a dynamic’s
center of voluntary limb movements (Gerfen, 2000).

= Direct pathway: It directly connects the striatum and the basal ganglia
output nuclei.

= Indirect pathway: It connects the striatum and the basal ganglia output

nuclei through the GPe and the STN.

Caudate nucler

</ - Putamen
/ | / A
{ ]~ Globus pallidus:
\ 1 External segment | ga
{ \ "y asal
& ‘. — & ZA Internal segment ganglia
Subthalamic

nucleus

Substantia nigra

Figure 7. Schematic depiction of the main basal ganglia components. (a) Coronal section of a
human brain (Adapted from Nieuwenhuys et al., 2007). (b) Parasagittal section of a monkey brain
(stained with the acetylcholinesterase method) (Adapted from Lanciego et al.,, 2012).
Abbreviations: CN, caudate nucleus; Put, putamen; GPe, external segment of the globus pallidus.;
SNr, substantia nigra reticulate; SNc, substantia nigra compacta; STN, subthalamic nucleus; Acb,
accumbens nucleus, GPi, Internal segment of globus pallidus, Ac: anterior commissure.

The requirement for the correct functioning of basal ganglia is the release
of dopamine by nigrostriatal neurons at input nuclei. Dopamine binds to the D,
receptors facilitating the transmission through the direct pathway as well as to the

D, receptors inhibiting the transmission through the indirect pathway.
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2.1. Basal ganglia motor circuit in normal conditions

The basal ganglia motor circuit connects the cerebral cortex to the basal
ganglia, and through the thalamus, the basal ganglia to the cerebral cortex. Most
of the intrinsic connections of the basal ganglia are GABAergic inhibitory. The only
excitatory glutamatergic projection originates in STN (Smith et al., 1998). However,
in rats it has been proposed that the EP also receives glutamatergic projections

from the GPe (Hazrati et al., 1990). This circuit can be separated in three parts:

= Afferent projections to the striatum: These afferents are principally cortical

glutamatergic projections and SNc dopaminergic projections.

= Efferent projections from the striatum: The striatum presents different
types of neurons. According to these neurons types, two pathways have
been described within the basal ganglia. The direct pathway which is
originated in the striatal GABAergic neurons that express dynorphin
(substantia P) and the mRNA of the D; receptor. These neurons project
directly to the GPi/EP and the SNr. On the other hand, the indirect pathway
is originated in the striatal GABAergic neurons that express enkephalin and
mRNA of the D, receptor. These neurons project to the GPe, later the signal

to the STN and from the STN to the GPi/EP in rat and the SNr.

= Efferent projections from the basal ganglia: The basal ganglia output
nuclei, the GP/EP and the SNr project principally to the thalamus, and in a
lower level to the pedunculopontine nucleus and the superior colliculus

(Young and Penney, 1984).

Striatum is the main input nuclei of the basal ganglia, in fact the direct and
indirect pathways of the basal ganglia motor circuit are initialized by the striatum
(Blandini et al., 2000; Zinger et al., 2011) (Figure 8). Activation of the direct

pathway, excitatory in its nature, leads to the active inhibition of the GPi/EP
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output, thus reducing the thalamus inhibition and facilitating movements. On the
opposite sense, the activation of the indirect pathway leads to the inhibition of
movements. Both pathways are heavily innervated by the dopaminergic neurons

of the SNc (Meredith & Kang, 2006).
2.2. Basal ganglia motor circuit in Parkinson’s disease

In PD, because of the degeneration of dopaminergic neurons in SNc,
dopaminergic input from SNc into striatum decreases which results in the
reduction in direct pathway signal and the subsequent reduction of the inhibition
of these striatal neurons over GPi/EP and SNr. On the other hand, there is an
increase in the indirect pathway signal. The hyperactivity of the basal ganglia
output nuclei lead to the hypoactivity of the thalamic—cortical projections (Figure

8).

Decreased activity in the direct pathway produces a decrease in the
disinhibition of the thalamus which in turn prevents certain motor and cognitive
functions. Simultaneously, the activity change in the indirect pathway increases
inhibition on the thalamic neurons, as a result, motor cortex receives decreased
glutamatergic input from the thalamus leading to decrease in movement which in
turn results increased muscle tonus, rigidity and bradykinesia in PD patients (Zinger

et al.,, 2011).

In line with these facts, in normal conditions dopamine inhibits the release
of acetylcholine in striatum and this inhibition could occur at the level of a
common postsynaptic target, most likely the medium spiny projection neurons.
Indeed, the imbalance between acetylcholine and dopamine could explain the
movement disorder occurred in PD. However, it is necessary to take into account
that the release of acetylcholine is also affected by other transmitters, such as the
fact that the release of acetylcholine is inhibited by GABA and serotonin but

stimulated by glutamate (Parent & Hazrati, 1995). Thus, in rat model, depletion of
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DA in striatum leads also to an overall decline in sensorimotor functions including a
postural imbalance, deficits in forepaw and digit use, and a complete disruption of

syntactic grooming (Meredith & Kang, 2006).
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Figure 8. Schematic summary of the basal ganglia motor circuit in normal conditions and in
Parkinson’s disease (Lanciego et al., 2012). The basal ganglia motor circuit is composed of a
corticostriatal projection, consisting of two major striatofugal projection systems which give rise to
the direct and indirect pathways, and the efferent pallido—thalamo—cortical projections which close
the motor loop. Red arrows indicate excitatory (GABAergic) connections; blue arrows indicate
inhibitory (glutamatergic) connections and green arrows indicate modulatory (dopaminergic)
connections. The thickness of the arrows represents the functional state of a given circuit. Thicker
arrows illustrate hyperactive pathways, whereas thinner ones represent hypoactive circuits.
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2.3. Dopaminergic pathways

There are four major dopaminergic pathways in the brain which regulate
various central functions and the dysregulation of these dopaminergic systems can
lead to impairment in physiological processes, which are observed in neurological

pathologies, such as in PD (Loke et al., 2015).

= Nigrostriatal pathway: This pathway transmits dopamine from the SNc to
the striatum to control voluntary movements (Bjorklund & Dunnett, 2007;
Tsui & Isacson, 2011). In fact, this pathway contains about 75% of the
dopamine in the brain and suffers damage in PD. In line with this, it has an
important role in the basal ganglia circuit because of belonging to the

extrapyramidal motor system.

= Mesolimbic pathway: It is formed by dopaminergic projections from
ventral tegmental area (VTA) to the limbic system (hypothalamus,
hippocampus and amygdala) and this pathway is important for motivation
and reward —based learning (Gonzales et al., 2004; Bjorklund & Dunnett,

2007).

= Mesocortical pathway: It is originated from VTA and transmit dopamine to
the prefrontal cortex for executive functions such as decision-making,

cognitive and social behavior (Robbins, 2000; Bjorklund & Dunnett, 2007).

= Tuberoinfundibular pathway. It is formed by projections from
hypothalamus to the pituitary gland. The tuberoinfundibular system is

involved in secretion of certain hormones such as prolactin.
2.4. Dopaminergic neurons

Dopaminergic neurons in the mammalian brain are localized in nine major

distinctive cell groups (A8-A16) (Figure 9) (Bjorklund & Dunnett, 2007).
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Figure 9. Schematic representation of the distribution of dopaminergic neurons and their
projections in a sagittal view of the adult rat brain (Adapted from Bjorklund & Dunnett, 2007). |

Dopaminergic midbrain neurons project widely toward many brain regions
(Figure 9), including prominent projections to the frontal cortex and striatum,
where through G protein—coupled receptors, dopamine release modulates
excitability and synaptic function in target structures. In fact, the midbrain
dopaminergic neurons show a complex anatomical organization and projection
patterns of the dopaminergic neurons in the A8 (retrorubral area), A9 (SN) and A10
(VTA) cell groups in the mesencephalon (Figure 10). In this context, these neurons
can be separated into a dorsal and a ventral tier. The dorsal tier includes cells
located in the dorsal aspect of VTA and SN, and the ventral tier comprises a sheet
of more densely packed, angular cells located in the ventral parts of VTA and SN
(Bjorklund & Dunnett, 2007). In addition, studies recently showed that some
midbrain dopaminergic neurons also release glutamate and GABA, although the

behavioral role of co-release is unclear (Stuber et al., 2010; Tritsch et al., 2012).
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2.5. Dopaminergic innervation of the basal ganglia: Nigrostriatal

projections

The nigrostriatal dopaminergic projections have an essential role in the
organization of the basal ganglia; proof of it is that the degeneration of the
nigrostriatal pathway leads to a motor deficit and sometimes cognitive decline in

PD.

In fact, neuroanatomical studies have indicated that nigrostriatal
projections are topographically organized. Dopaminergic projections arise mainly
from neurons of the SNc and innervate extensive and heterogeneously in all sub-
regions of the striatum (Prensa et al., 1999). Accordingly, neurons from A9, the
ventral tier of SN and VTA, innervate the dorsal region of CPC, in contrast to
neurons from A10, dorsal part of SN and VTA, that project to ventral striatum and
limbic structures and cortical areas (Jungnickel et al.,, 2011) (Figure 10).
Additionally, neurons from A8 nucleus, which form a dorsal and caudal extension
of the A9, project to both CPC, limbic structures and cortical areas (Figure 10)
(Bjorklund & Dunnett, 2007). Based on this connectivity, dorsal parts of striatum
are involved in motor initiation. In an opposite sense, the ventral, limbic-related
part of CPC is implied in complex movements associated to emotions (Jungnickel et
al., 2011). Together, there are reciprocal connections to the ventral and dorsal
striatum between the mesolimbic and nigrostriatal pathways respectively, which

are an integral part of the basal ganglia (Haber et al., 2000).

Some data in monkeys indicate that the rostral two-thirds of the SN are
connected with the head of the caudate nucleus, whereas nigral neurons
projecting to the putamen are more caudally located, and display a rostro-caudal
topography (Smith & Parent, 1986). Although an inverse mediolateral and

dorsoventral topography between the SNc and the striatum has also been
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proposed in monkeys (Szabo, 1980) led to controversial results regarding the

topographic organization of the nigrostriatal projection (Joel & Weiner, 2000).
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Figure 10. Schematic diagram depict the dopaminergic neurons projections from the mesostriatal,
mesolimbic and mesocortical pathways in the rat (Adapted from Bjorklund and Dunnett, 2007).
The dopaminergic neurons in the SN projecting to (a) striatal, (b) limbic and (c) cortical areas are
partly intermixed: The cells located in the ventral tier of the SNc [red dots in (a)] innervate,
probably exclusively, the sensorimotor part of the caudate putamen [red area in the inset in (a)],
whereas the cells of the dorsal tier comprise neurons that project widely to both limbic and cortical
forebrain regions, as illustrated in (b) and (c), respectively. Abbreviations: SNc, substantia nigra
compacta; SNI, substantia nigra lateralis; SNr, substantia nigra reticulata; VTA, ventral tegmental
area.

In this context, loss of dopaminergic neurons in SN leads to a denervation
of the posterolateral striatum (Franco & Turner, 2012). This happens because
nigrostriatal projections are topographically distributed so the oldest neurons,
placed on the most lateral SN, project to the posterolateral CPC. Axons of early
originated nigral neurons spread via the medial forebrain bundle (MFB) into the
ventrolateral part of the CPC (Figure 11) (Bayer, 1984). The chronology of neuronal
production is a necessary requisite for the proper anatomical and functional
development of the CNS. Accordingly, in the early stage of PD dopaminergic

neurons degenerate in the ventrolateral parts of SNc and this degeneration
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extends to the other parts of SNc whenever the disease progress (Greffard et al.,

2006; Milber et al., 2012).

CAUDOPUTAMEN
COMPLE

Figure 11. Correlations between neurogenetic
gradients and projections of nigrostriatal
connections, which are topographical distributed
corresponding to older neurons of lateral substantia
nigra project to the dorsolateral caudate putamen
complex (Bayer, 1984).
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3. Experimental animal models of Parkinson’s disease

Experimental models of PD are used to reproduce behavioral changes of
the human disease in rodents or primates and they are based on the systemic or
intracerebral administration of neurotoxins capable of inducing selective
degeneration of the nigrostriatal system (Blandini et al,. 2008) (Figure 12).
However, the results obtained in animal models have been variable and some of
them were contradictory (Israel & Bergman, 2008; Wichmann & Delong, 2003). On
the other hand, the 6-OHDA model has resulted to be the most extensively used
model in rats for reproducing the loss of dopaminergic neurons in the SNc

occurred in PD (Blandini et al., 2008).
3.1. Neurotoxic models

3.1.1. 6-Hydroxydopamine

6-OHDA model was the first neurotoxin induced animal model of PD
causing neurodegeneration of dopaminergic neurons in SNc (Dauer & Przedborski,

2003). It was introduced more than 30 years ago (Ungerstedt, 1968).

Once 6-OHDA enters the neuron, it accumulates in the cytosol and being
oxidized leads to increased ROS and quinines production which, in turn, through
oxidative stress mechanisms, inactivate biological macromolecules, reduce
antioxidant enzyme levels in striatum and increase iron levels in SN (Dauer &
Przedborski, 2003; Duty & Jenner, 2011; Tieu, 2011). This elevated iron interacts
with the Complex-I and Complex-IV of mitochondria and leads to an inhibition of
the respiratory chain and further oxidative stress. These mechanisms of 6-OHDA
toxicity are considered as the pathological events of human PD; therefore, it makes

the model applicable.
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The intracerebral injection of 6-OHDA is still the most frequently used tool
for obtaining a controlled nigrostriatal lesion in the animal, due to the relatively
low complexity and cost of the procedure (Blandini et al., 2008). The injection is
commonly carried out unilaterally, with the contralateral hemisphere serving as
control. Bilateral injections are generally avoided, due to the high mortality rate

associated with this procedure (Blandini et al., 2008).

This toxin cannot cross the blood brain barrier, because of this it is injected
into the SNc, the MFB and the CPC in order to induce a selective differential
damage of the nigrostriatal dopaminergic pathway (Deumens et al., 2002). Thus,
versatility is another important characteristic of the 6-OHDA model because of
depending on the injection site, a complete and immediate or a partial and
progressive damage of the SNc can be induced (Blandini et al., 2008). Thus, the site
of 6-OHDA administration is critical at determining the extent of the lesion

generated and the time course of lesion development:

= |ntrastriatal injection: Intrastriatal 6-OHDA administration induces a
progressive, retrograde degeneration of the nigrostriatal pathway and
tends to form a more progressive partial lesion (about 60-80% loss of
dopamine in CPC). In fact, a discrete lesion in the ventrolateral CPC would
be preferable because this part is thought of as equivalent to the putamen
in humans. Thus, it is a good model to study the pathophysiological
features in the first stage of development of PD, as well as the effects and

neuropathological changes of new therapeutic strategies.

= Injection into SNc or MFB: The administration of 6-OHDA into MFB or SNc
causes an anterograde degeneration of the nigrostriatal dopaminergic
system and trend to form a severe or complete model. Thus, this model
allows us to study the advanced stages of PD. The 6-OHDA unilateral lesion
in MFB is almost complete eliminating the most of dopaminergic neurons in

the ipsilateral SN and resulting in near total depletion of DA in the
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ipsilateral striatum. It also results in a denervation supersensitivity of the
post-synaptic striatal DA receptors, and a characteristic turning behavior in
response to both amphetamine and apomorphine (Ungerstedt, 1968;
Dauer & Przedborski, 2003). However, 6-OHDA injections via the MFB may
cause additional destruction of the A10 dopaminergic neurons in the VTA,
which can complicate experimental analysis (Deumens, 2002). Thus, when
compared to MFB lesions (about 97% loss of tyrosine hydroxylase (TH)-
immunoreactivity in the SNc), the TH-staining loss in the SNc (about 90%
loss of TH-immunoreactivity in the SNc) is somewhat less extensive after

SNc lesioning (Deumens et al., 2002).

On the other hand, not only the location of toxin injection, but also the
number of injection sites and the concentration of the neurotoxin, it Is important
for the model (Kirik et al., 2000). Also, the injection volume is important because of
differences in diffusion of the neurotoxin from the injection site to the surrounding

brain tissue (Deumens et al., 2002).

A major advantage of the 6-OHDA model is a quantifiable motor deficit
(rotation) and its usefulness in the pharmacological screening of agents that have
effects on DA and its receptors (Ungerstedt, 1971; Deumens et al., 2002). Typically,
two drugs are used for induction of the rotational behaviour in unilaterally
lesioned animals: amphetamine and apomorphine. Amphetamine acts as an
agonist of dopamine inducing the fast and almost complete release of the
neuromediator/neuromodulator dopamine from the presynaptic terminals (Sulzer
et al., 2005). Apomorphine, a short-acting dopamine D1 and D2 receptor agonist,

functions postsynaptically (Picada et al., 2005).

Nevertheless, It is necessary to take into account that compensatory
modulations in dopamine signaling may occur in SN and striatum owing to the
existence of basal levels of extracellular DA in SN, which are not affected by 6-

OHDA lesion (Sarre et al., 2004).
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In addition, although 6-OHDA does not produce or induce proteinaceous
aggregates or Lewy-like inclusions like those seen in PD, it has been reported that

6-OHDA does interact with a-synuclein (Blesa et al., 2012).

3.1.2. MPTP

MPTP is a good toxin-based animal model of PD for replicating almost all of
these hallmarks except Lewy bodies formation (Halliday et al., 2009). This toxin is

highly lipophilic and after systemic administration rapidly crosses the BBB.

It is called protoxin because MPTP needs to be metabolized into 1-methyl-
4-phenylpyridinium (MPP+) by the enzyme monoamine oxidase-B (MAO-B) to
reveal a toxic effect (Emborg, 2004; Tieu, 2011). This conversion takes place in the
astrocytes of SN and striatum and the MPP+ product is taken up by the
dopaminergic neurons and terminals in these regions through DA transporter
system (Tieu, 2011). Once in the cytoplasm of the neuron, MPP+ leads to ROS
production. However, its main toxic effect is based on the accumulation within the
mitochondria and inhibiting Complex | of the electron transport chain which causes

deficiency in mitochondrial respiration.

Currently, the MPTP model is used in mice and monkeys. Aside from the
obvious financial benefits, the mouse model is employed to test theories about cell
death in PD, to work out events in the neuronal death process, and to study other
pathological effects of PD (Blesa et al., 2012). On the other hand, the MPTP
monkey model is mainly used to discern behavioral and symptomatic components
of PD, as mice do not develop a level of impairment equal to the human condition.
Monkeys also represent the last level of PD treatment research prior to any
treatment being administered to humans (Bezard & Przedborski, 2011). However,
the data generated by mouse models has led to a better understanding of
molecular mechanisms involved in PD, and its utility has proven invaluable. One of

the most important aspects of the MPTP mouse model is the possibility to work
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with genetically modified mice (Vila et al., 2001; Dauer et al., 2002). In addition,

this model can be useful for testing neuroprotective therapies.
3.1.3. Paraquat

Paraquat (N,N_-dimethyl-4-4-4_-bypiridinium) (PQ) is a herbicide widely
used in agriculture that exhibits a structural resemblance to MPP+, and, because of
this structural similarity, PQ behave like MPTP in exhibiting toxic effects. PQ exerts
its deleterious effects through oxidative stress mediated by redox cycling, which
generates ROS (Blesa et al.,2012). Recent evidence on the effects of PQ in the
nigrostriatal DA system is somewhat ambiguous. Some researchers claim that PQ
application in mice exhibit reduced motor activity and a dose-dependent loss of
striatal TH-positive striatal fibers and midbrain SNc neurons(Brooks et al., 1999;
McCormack et al., 2002), while other affirm that PQ do not display any effect in the
nigrostriatal DA system (Thiffault et al., 2000; Thiruchelvam et al., 2000). However,
a recent study showed that PQ, in high doses, employs the organic cationic
transporter-3 (OCT-3) and the dopamine transporter (DAT) and is toxic to the

dopaminergic neurons in the SN (Rappold et al., 2011).

However, the importance of PQ to PD is its ability to induce increases in a-
synuclein in individual dopaminergic neurons in the SNc and its ability to induce LB-
like structures in dopaminergic neurons of the SNc (Manning-Bog et al., 2002).
Thus, the relation of dopaminergic neuron loss with a-synuclein upregulation and
aggregation suggests that this model could be valuable for capturing a PD-like

pathology.
3.1.4. Rotenone

Rotenone is an herbicide and an insecticide. It is the most potent member
of the rotenoid family of neurotoxins found in tropical plants. Rotenone is highly

lipophilic and readily crosses the BBB. Chronic exposure to low doses of rotenone
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results in inhibition of the mitochondrial electron transport chain in the rat brain.
In animals, rotenone has been administered by different routes. Remarkably,
intravenous administration is able to cause damage to nigrostriatal DA neurons
that is accompanied by a-synuclein aggregation, Lewy-like body formation,
oxidative stress, and gastrointestinal problems (Cannon et al., 2009). The most
peculiar of this model is that, like paraquat, it seems to replicate almost all of the
hallmarks of PD including causing a-synuclein aggregation and Lewy-like body
formation (Hoglinger et al., 2003; Sherer et al., 2003). Interestingly, a subsequent
study has found that rotenone is not specific to the dopaminergic system and has
deleterious effects on other neuronal populations. However, there are no
documented cases of rotenone induced PD in humans. Thus, it is not clear that this
model offers any advantage over other toxic models, such as that of 6-OHDA or

MPTP (Blesa et al., 2012).
3.2. Genetic models

The underlying principle for studying genetic mutations of a disease is the
belief that the clinical similarities between the inherited and sporadic forms of the
disease share a common mechanism that can lead to the identification of
molecular and biochemical pathways involved in the disease pathogenesis (Blesa
et al., 2012). Animal models of genetic mutations involved in PD (a-synuclein and
LRRK2, autosomal dominant PD) and (PINK1/Parkin and DJ-1, autosomal recessive
PD) are important as they represent potential therapeutic targets. Overall, these

genetic models are able to recapitulate specific aspects of PD.
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Figure 12. Schematic representation of different action mechanisms for each experimental model

of Parkinson’s disease (Ricardo Cabezas, 2013).
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4. Neurotrophic factors and Parkinson’s disease

Neurotrophic factors are a subset of growth factors that play a fundamental
role in the regulation of neuronal function, plasticity, development and survival in

the developing and adult nervous systems (Yasuda & Mochizuki, 2010).

They are cleaved intracellularly by various enzymes that give rise to the
mature protein that are released into the extracellular medium (Lee et al., 2001).
Each of these proteins in their mature form (with an approximate molecular
weight of 13 kDa) is a protein complex with a mate (dimer), thereby activating

specific receptors (Chao, 2003).

In fact, NTFs exert their function mainly mediated by the family of receptor
tyrosine kinases (RTKs) (Huang & Reichardt, 2003) and every NTF binds specifically
with high affinity to different RTKs (Kaplan & Miller, 2000).

They display effects in proliferation, differentiation, and survival of neurons
both during development and in adulthood (Lewin & Barde, 1996). However, their
role in regulating synaptic plasticity and in the guidance of axon growth cones has
been described (Kaplan & Miller, 2000; Lu et al., 2005; Lafuente et al., 2014), but
functions of NTFs and their receptors on non-neuronal cells such as endothelial
cells, smooth muscle cells, immune cells and epithelial cells have also been

described (Lafuente et al., 2014).

Thus, several neurotrophic and growth factors have been shown to protect
dopaminergic neurons and glial cells against induced excitotoxicity by the
activation of specific signaling pathways that are responsible for cell survival and
axonal sprouting (Ramaswamy & Kordower, 2009; Yasuda & Mochizuki, 2010).
Some of them have also been tested in PD clinical trials with some promising

results (Ramaswamy & Kordower, 2009; Yasuda & Mochizuki, 2010).
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For example, brain derived neurotrophic factor (BDNF) and TNF protect
neurons against excitotoxicity through the activation of the transcription factor NF-
kB, which induces the expression of antioxidant enzymes such as Mn-SOD and the
anti-apoptotic proteins, Bcl-2 and inhibitor of apoptosis proteins IAPs (Mattson,
2008; Lee et al., 2012)). In fact, the endogenous administration of BDNF was shown
to protect neurons within the SN from 6-OHDA and MPTP toxicity, both in rat and

primate PD models (Ramaswamy & Kordower, 2009).

The family of GDNF includes ligands such as GDNF, neurturin (NRTN),
artemin (ARTN) and persephin secreted by astrocytes, it is essential for the survival

of dopaminergic neurons (Yasuda & Mochizuki, 2010).

Vascular endothelial growth factor (VEGF) affects to the survival and
proliferation of endothelial cells, neurons and astrocytes in the brain, suggesting a

potential therapeutic application in PD (Yasuda & Mochizuki, 2010).

Insulin-like growth factors (IGFs) signaling through the phosphatidylinositol
3-kinase (PI3K/Akt) downstream pathway can protect neurons against LPS
excitotoxicity in cell culture and in vivo (Mattson, 2008; Pang et al., 2010).
Furthermore, the activation of this signaling pathway by IGFI can suppress a-
synuclein aggregation and toxicity, suggesting a possible therapeutically strategy in

PD (Kao, 2009).

Basic fibroblast growth factor (bFGF) protects hippocampal and cortical
neurons against glutamate toxicity by changing the expression of N-methyl-D-
aspartic acid (NMDA) receptors and antioxidant enzymes like superoxide
dismutases and glutathione reductase (Mattson, 2008). Furthermore, a co-culture
of transgenic overexpressing FGF-2 Schwann cells with dopaminergic neurons
improved the survival of dopaminergic neurons and the behavioral outcome in a

parkinsonian rat model lesioned with 6-OHDA (Timmer et al., 2004).
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There are other NTFs that have shown dopaminergic neuronal protection in
Parkinson-like models, including hepatocyte growth factor (HGF), mesencephalic
astrocyte-derived neurotrophic factor (MANF), cerebral dopaminergic
neurotrophic factor (CDNF), granulocyte colony stimulating factor (G-CSF), and
platelet derived growth factor (PDGF-CC) (Ramaswamy & Kordower, 2009; Tang et
al., 2010; Yasuda & Mochizuki, 2010; Sullivan & Toulouse, 2011).

Moreover, it is fundamental to take into account that the effects obtained
after the injection of NTFs depend on the time, site of administration and the type

of lesion used (Kirik et al., 2000).

However, among the NTFs proposed as strategic therapy against PD we

have focused our attention on VEGF and GDNF.
4.1. Vacular endothelial growth factor

Vascular endothelial growth factor (VEGF) is an endothelial specific growth
factor predominantly involved in the formation of new blood vessels (Ferrara and
Davis-Smyth, 1997). In addition to its important role in angiogenesis, VEGF also has
specific roles in the CNS, stimulating axonal, outgrowth and increasing neuronal
survival (Carmeliet & Storkebaum, 2002). VEGF is an important mediator of cell
survival, proliferation and angiogenesis (Ferrara, 2009; Shibuya, 2011; Musumeci
et al., 2012). It constitutes a family of mammalian homodimeric glycoproteins,
comprising VEGF-A, VEGF-B, VEGF-C and VEGF-D and placenta growth factor.
VEGF-A is an important and potent mediator of tumour-induced angiogenesis
(Ferrara, 2004, 2009). VEGF family members bind to three different VEGF receptors
(VEGFR1, VEGFR2 and VEGFR3) with differing selectivity profiles (Ferrara, 2009;
Shibuya, 2011).

VEGFR2 is the major regulator of VEGF-driven responses in vascular

endothelial cells including permeability, proliferation, invasion and migration. It is
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also considered to be a crucial mediator of angiogenesis (Ferrara, 2009; Shibuya,
2011). Its signalling pathways are relatively well understood with tyrosine residues
Y1175 and Y1214 in the human VEGFR2 being the main auto-phosphorylation sites
activated by VEGF binding and tyrosine kinase (TK) activation. In fact, the
neuroprotective role for VEGF which is predominantly mediated via VEGFR-2 has
also been described (Storkebaum et al.,, 2004; Lafuente et al.,, 2006), which
operates via the PI13/Akt and the MEK/ERK pathways (Wick et al., 2002; Kaya et al.,
2005).

Multiple studies have argued the potential of VEGF to promote the growth,
survival and rescue of dopaminergic neurons in vitro (Pitzer et al., 2003; Silverman
et al, 1999). It may also protect against 6-OHDA-induced cell death in both a PD rat

model and neuronal cultures (Yasuhara et al., 2004).
4.2. Glial cell line-derived neurotrophic factor

Glial cell line-derived neurotrophic factor (GDNF) is a NTF that protects
catecholaminergic neurons from toxic damage and induces fiber outgrowth
(Pascual et al., 2008). This NTF develops an important role in the nigrostriatal
system. Thus, removal of GDNF in the adult brain led to more pronounced

degeneration (Pascual et al., 2008).

GDNF and three others NTFs form a family of proteins called as GDNF
family ligands (GFLs), which includes to neurturin, artemin and persephin. GDNF
signals through a receptor complex consisting of a binding component (GFRa1) and
a signaling tyrosine kinase, the proto-oncogene RET (Airaksinen & Saarma, 2002).
In fact, endogenous RET expression is required for long-term survival of a fraction
of nigral dopamine neurons in aged mice (Kramer et al., 2007).Thus, the main

signalling pathway of GFLs is mediated by RET-RTK (Sariola & Saarma, 2003).
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RET is activated upon binding of GDNF dimer to GFRal receptors linked to
the plasma membrane via a glycosyl phosphatidylinositol anchor (Airaksinen &
Saarma, 2002). Dimerization of RET triggers its autophosphorylation, thus,
initiating various intracellular signalling cascades, that regulate cell survival,
proliferation, differentiation, neurite outgrowth, synaptic plasticity and
morphogenesis (Airaksinen & Saarma, 2002). For example, it has been extensively
characterized and is known to activate a number of downstream signaling
pathways including Ras/ERK, phosphoinositol-3 kinase (PI3K)/Akt, phospholipase
C-gamma (PLCy), Janus kinase (JAK)/STAT, and ERK5, several of which have
pro-survival effects, most notably the PI3K/Akt pathway (Sariola & Saarma, 2003;
Pascual et al., 2011).

RET function was found to be important for striatal dopaminergic fiber
maintenance, while its role in cell body survival was relatively moderate (Aron et

al., 2010).

Thus, GDNF is a potent neuroprotective/neurorestorative factor that has
shown effects on dopamine-depleted striatum both in vitro (Jakobsen et al., 2005;
Zeng et al., 2006; Grandoso et al., 2007) and in experimental animal models of PD
(Shingo et al., 2002; Lindvall & Wahlberg, 2008). GDNF has also been shown to
induce resprouting of the lesioned nigrostriatal neuron system and thus may have
beneficial effects on deafferentiated neurons (Bjorklund et al., 1997; Love et al.,
2005). Fuelled by the encouraging results obtained in animal models, several
clinical trials have been carried out to investigate the effectiveness of GDNF in PD
patients. Nutt and collaborators administered GDNF intracerebroventricularly but
found no significant clinical improvement, and several negative effects were
reported (Nutt et al.,, 2003; Slevin et al.,, 2007). In addition, a clinical trial
conducted by Lang’s group was halted after showing no benefit from
intraputaminal administration (Lang et al., 2006). The major limiting factor in the

above-mentioned trials was suggested to be the suboptimal brain delivery of
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GDNF. Thus, new therapeutic approaches need (Piltonen et al.,, 2011) to be

explored to help overcome this limitation.
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5. Enriched environment

The study of experience-induced modification of brain morphology has
been performed by conducting studies in a laboratory setting where
environmental conditions can be modified by enriched environment (EE) in normal
and pathological conditions (Markham & Greenough, 2004). From the first studies
on environmental modifications, experiments have been performed in the two

opposite directions, enrichment and deprivation.

The first approaches to the effects of environment on development can be
traced back to the 19th century with Lamarck or Darwin (Lamarck, 1808; Darwin,
1859). The latter reported that rodents raised in nature had bigger brains that
caged domestic ones. At the end of the century, both Cajal and Sherrington
advanced the effects of learning on synaptic plasticity (Ramén y Cajal, 1894;

Foster, 1897).

Although the origin of the studies about effects of EE can be traced back to
centuries ago, the first systematic studies can be attributed to Donald Hebb in
1947, when he described how rats taken into his home and cared for as pets
performed better on problem solving tests than rats raised in cages (Hebb, 1947).
His group of disciples at Berkeley, Rosenzweig, Krech, Bennet and Diamond,
defined the concept of environmental enrichment as the combination of complex

inanimate and social stimulation (Rosenzweig et al., 1978).

From their first studies, the EE has been constantly implemented with cages
bigger than standard ones, full of toys of different colours and shapes, tunnels,
material to construct the nest and a shelter, as it has been recently described as
compulsory. These objects have been changed (the best schedule has been
established as once every two days) and the placement of food has also been
changed on a regular basis. Another element that has a substantial influence is

social interaction, since wider cages allow rearing a greater number of animals that
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interchange social stimulation. Another element of EE is physical exercise, forced
or voluntary, that in rodents is commonly implemented by free access to an
exercise wheel or by a treadmill (van Praag et al., 2000; Will et al., 2004). Some
authors doubt whether physical exercise should be included. However, as physical
exercise by itself induces brain changes, most EE paradigms, starting from Hebb,
have decided to include it. Recently it has also been reported that physical exercise
is required to recover, by EE, from the effects of visual deprivation (Argandoia et
al., 2009). In contrast, the role of physical exercise has been depreciated in

cognitive models (Pietropaolo et al., 2006).

Rearing in enriched environments induces effects from cellular, molecular
or genetic levels up to behavioral ones. Most of the changes at cellular level are in
concordance with changes in the expression of genes involved in synaptic function
and cell plasticity. Accordingly, the increase in neuronal activity induced by
environmental stimuli triggers a series of important events for cortical plasticity,
including an increase of the vascular network or an acceleration of visual system
development at behavioral, electrophysiological and molecular levels (Cancedda

et al., 2004; Sale et al., 2004).

Nevertheless, the effects of rearing in complex environments are not only
restricted to neurons. Early studies reported that astrocytic morphology changed
due to exposure to enriched environments (Diamond et al.,, 1964; Szeligo &
Leblond, 1977) and later studies showed increased size and density of astrocytes
(Sirevaag & Greenough, 1987, 1991). EE also increases vascular density (Black et
al., 1987, 1991; Sirevaag et al., 1988; Bengoetxea et al., 2008) and oligodendroglial

density (Sirevaag & Greenough, 1987).

Although most morphological studies have been carried out in the visual
cortex, (DIAMOND et al., 1964; Diamond et al., 1966; Volkmar & Greenough,
1972), other sensory and non-sensory areas have revealed morphological

responses to enriched stimuli, such as the auditory cortex (Greenough et al., 1973),
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the somatosensory cortex (Coq & Xerri, 1998), the hippocampus (Rampon et al.,
2000), the amygdala (Nikolaev et al., 2002), the basal ganglia (Comery et al., 1995,
1996) and the cerebellar cortex (Greenough et al., 1986).

Thus, EE increases sensory, cognitive and motor stimulation and promotes
activation, signaling and neuronal plasticity in all brain areas (Figure 13). An
increase in somatosensory or visual stimulus primarily affects these areas, just as
an increase of cognitive stimulation affects the hippocampus and motor
stimulation affects the motor cortex, striatum or cerebellum. Nevertheless, effects
are not so selective, as enrichment produces global effects all over the brain

(Nithianantharajah & Hannan, 2006, 2009).

Mmﬁ %ﬂmmve

Visual Somatosensory

Figure 13. Schematic illustration shows the effects of an enriched environment on different brain
areas due to sensorial, cognitive and motor stimulation (Nithianantharajah & Hannan, 2006).

It has been also demonstrated that EE increases the expression of several
growth factors, that play an important role in neuronal trophism: nerve growth
factor (NGF) (Pham et al., 2002), brain-derived neurotrophic factor (BDNF) (Sale et
al.,, 2004; Franklin et al., 2006), neurotrophin-3 (NT-3) (Ickes et al., 2000), VEGF
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that plays a key role in neuronal signaling (Bengoetxea et al., 2008) and although
levels of GDNF protein decrease markedly after development, there is evidence
that GDNF can increase after EE (Young et al., 1999). At the same time, it increases
the expression of synapse proteins and induces changes in the expression of the

subunits of the NMDA and AMPA receptors (Naka et al., 2005).

Additionally, the complexity of an animal’s environment has been shown to
affect not only brain structure and function, but also neurogenesis (van Praag et
al., 2000). In line with this, EE is widely proposed as a neuroprotective solution in
neurodegenerative diseases (Will et al., 2004; Nithianantharajah & Hannan, 2006;

Laviola et al., 2008).

In particular, rat studies showed that a stimulating environment, such as EE,
promote neuronal plasticity and glial cell proliferation (Pham et al., 2002; Bezard et
al., 2003). The enhanced structural plasticity is accompanied by improvement in
motor function, including skilled walking and climbing (Ohlsson & Johansson, 1995;
Johansson & Ohlsson, 1996; Risedal et al., 2002) and skilled reaching (Biernaskie &
Corbett, 2001).

Recent studies have outlined the importance of the duration of
environmental enrichment, as this is relevant to the persistence of its effects on

behavior (Amaral et al., 2008).

Due to the beneficial effects of EE on brain development, it is not surprising
that it has been postulated as a therapeutic, or at least neuroprotective strategy
for most brain diseases, as has been reviewed by Will (2004) and
Nithianantharajah (2006) (Will et al., 2004; Nithianantharajah & Hannan, 2006).
The concept of Cognitive Brain Reserve postulated by Nithianantharajah and
Hannah offers a comprehensive framework for all neurorestorative strategies

aimed at CNS diseases (Nithianantharajah & Hannan, 2006).
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In studies performed on neurodegenerative diseases, EE has proven a
useful tool to prevent the cognitive impairment induced not only by normal aging
but also by PD. However, improvements by EE are not only linked to
neurodegenerative diseases. In stroke models, stroke motor sequelae are
diminished by environmental enrichment (Saucier et al., 2010). EE also enhances
transplanted subventricular zone (SVZ) stem cell migration and functional recovery
(Hicks et al., 2007), diminishes ischemia-induced amyloidogenesis and enhances
functional recovery after stroke (Briones et al., 2009). Finally, EE even has
beneficial effects in tumours. It has been recently reported that mice living in an
enriched housing environment show reduced tumour growth and increased

remission via the BDNF/leptin axis (Cao et al., 2010).

In addition, clinically, physical activity and the experience of novelty have
been shown to improve motor and cognitive functions in patients suffering from
neurodegenerative disorders in general and PD patients in particular (BILOWIT,

1956; KNOTT, 1957; Hirsch, 2000; Toole et al., 2000).
5.1. Enriched environment and Parkinson’s disease

The incidence of PD might be influenced by lifestyle (Olanow & Tatton,
1999; Elbaz & Moisan, 2008) and physical exercise (Chen et al., 2005). Thus, it can
be hypothesized that the pathological processes of PD might also be modulated by
EE (Jadavji et al., 2006).

Housing in a complex environment with many cage mates and regularly
circulated toys, has been reported to be both neuroprotective (Bezard et al., 2003;
Faherty et al.,, 2005) and neurorestorative (Steiner et al., 2006; Goldberg et al.,
2012) in models of PD. In healthy animals, an EE can lead to increased growth
factor expression in the nigrostriatal pathway (Cohen et al., 2003; Li & Tang, 2005)
and hippocampus (Gémez-Pinilla et al., 1997). However, there have also been

controversial reports that an EE can stimulate neurogenesis or neural migration
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from the SVZ to the SN (Lie et al., 2002; Van Kampen & Robertson, 2005; Shan et
al., 2006; Steiner et al., 2006).

Thus, although the mechanism of EE induces neuroprotection and
neurorestoration in PD is unknown; numerous data suggest that synthesis and
release of NTFs may play a crucial role (Nithianantharajah & Hannan, 2006). EE
alters the expression of NTFs and their receptors in several brain areas (Pham et
al., 1999; Ickes et al., 2000; van Praag et al., 2000; Gobbo & O’Mara, 2004; Spires
et al., 2004) and induces astrogliogenesis (Steiner et al., 2006). In the nigrostriatal
system, EE-housed animals show increased BDNF expression in the striatum
(Bezard et al., 2003; Turner et al., 2003) and GDNF mRNA in the SN (Faherty et al.,
2005).

Abundant experimental evidence shows that EE is beneficial in animal
models of PD and studies have shown that EE with physical activity are robust
inducers of neuro- and gliogenesis in the adult dental gyrus (Steiner et al., 2006).
EE increases resistance to the neurotoxic effect of the Parkinson-inducing drug
MPTP and induces a variety of changes in the expression of genes in the striatum
against MPTP toxicity to mice (Bezard et al., 2003; Faherty et al.,, 2005). This is
compatible with the dramatic morphological changes induced by EE in the striatum
(Bezard et al., 2003; Thiriet et al., 2008). EE also improves motor function after

unilateral 6-OHDA injection in rats (Jadaviji et al., 2006).

Therefore, these findings suggest that EE might exert neuroprotective and
neurorestorative effects on dopaminergic neurons and preserve motor function in

rats with dopamine depletion.
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6. Tyrosine kinase inhibitors

Tyrosine kinase inhibitors (TKls) are small organic compounds that affect
tyrosine kinase-dependent oncogenic pathways by competing with ATP-binding

sites of the tyrosine kinase catalytic domains (Lorusso & Eder, 2008).

Occupation of these sites inhibits autophosphorylation and activation of the
tyrosine kinases and prevents the further activation of intracellular signaling
pathways. Remarkably, TKls can be specific to one or several homologous tyrosine

kinases.

Because the alterations of protein kinases and their pathways are involved
in cancer development, several RTK inhibitors have been tested in vitro, preclinical,
and clinical studies (Giunti et al., 2013). In this context, several mechanisms have
been shown to be involved in the activation of PI3K signaling in medullary thyroid
cancer (MTC). In fact, the PI3K/AKT/mTOR pathway was shown to be activated in
MTC. Thus, due to increased knowledge of the molecular pathogenesis of MTC,
therapeutic agents that target specific altered pathways have been developed. In
fact, several multitargeting tyrosine kinase inhibitors, such as vandetanib, that
block VEGFR2 and RET, have been performed, but there is not currently available
TKI to RET or to VEGFR2. Additionally, it seems that a modest significant
association has been observed between VEGFR2 expression and RET mutation
status in primary tumors (Rodriguez-Antona et al., 2010). In fact, because of there
is considerable cross talk between growth factor pathways, dual inhibition with
such agents has become an attractive strategy, in many cancer therapies

(Deshpande et al., 2011).
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6.1. Vandetanib

Vandetanib (ZD6474), is a reversible orally bioavailable TK-inhibitor, that
targets RET, VEGFR2, and VEGFR3, and at higher concentrations to EGFR also
(Knight et al., 2010). In fact, as illustrated in figure 14, vandetanib competes with
ATP binding in the catalytic domain of several tyrosine kinases, such as VEGFR2
and RET, inhibiting the autophosphorylation. Thus, vandetanib selectively inhibits
pathways that are critical for tumor growth and angiogenesis without leading to

direct cytotoxic effect on tumor or endothelial cells (Herbst et al., 2007).

It was selected through a subset of compounds after showing the Inhibition
of tyrosine kinase activity of the VEGFR-2 receptor in vitro. Thus, combining the
results in vitro with good oral bioavailability and sustained drug levels in vivo in

plasma, it allows the oral therapy support (Hennequin et al., 2002).

As therapeutic strategy this drug is mainly administered in patients with
advanced or metastatic MTC. However, in neurodegenerative disorders vandetanib
could not be considered a therapeutical option, but it has been used for

elucidating the role of NTF over the signaling pathways.

However, there is no study about the effects of vandetanib in
neurodegenerative  disorders.  Despite = vandetanib  administration in
neurodegenerative disorders could not be considered as a therapeutical strategy,
the administration of this drug could use for elucidating the role of NTFs over the

signaling pathways.
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Figure 14. Mechanism of action of vandetanib via VEGFR2 and RET.
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Hypothesis

Numerous works have been proposed for the study of the neuronal degeneration
in PD using different animal’s models, although none of them have been exact to
understand the pathogenesis of PD. Therefore, the mechanism by which TH activity may
be enhanced or how it may affect DA tissue content in either striatum or SN in a
progressive PD animal model is unknown. In spite of these considerations, the 6-OHDA-
induced model has resulted to be the most extensively used model in rats for
reproducing the loss of dopaminergic neurons in the SNc occurred in PD. Additionally,
the topological distribution of changes in the dopaminergic system is a factor to take

into account to describe the morphological changes occurred in a PD model.

Thus, current therapies presently available for PD are not effective in the long-
term and cannot repair the already damaged area. That is why, current research efforts
are being focused in new neuroprotective and neuroregenerative strategies that will halt
the neurodegenerative process. An interesting approach to raise this challenge is the use
of NTFs such as GDNF and VEGF. These proteins play critical roles in the genesis,
maturation, survival and protection of developing neurons. However, the critical
problems for the clinical application of NTFs are their rapid degradation rate and their
difficulty in crossing the BBB. Thus, an alternative to get a continuous drug delivery over
time and to allow for the simultaneous administration of different trophic factors is the
encapsulation of the NTFs in poly(lactic-co-glycolic acid) (PLGA) compound. Taken
together these data, we hypothesize that the characterization of the specific
morphological characteristics and the specific organization of the nigrostriatal system
may provide information about their physiological functions and responses to 6-OHDA
lesion in MFB or striatum. Since changes arising in different sections along the rostro-
caudal axis, it could provide the most appropriate parameters to assess the

neurorestorative potential of the therapeutic strategies.

On the other hand, we also hypothesize that the following strategies may be a
promising treatment to minimize or ameliorate the functional and morphological effects

induced by 6-OHDA in different models:
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=  Brain implantation of biodegradable PLGA nanospheres (NS) or microspheres
(MS) loaded with VEGF and GDNF in combination, which could show a synergistic
effect on both models.

= |ntraperitoneal administration of nanowired Cerebrolysin, which is the only drug
whose action is similar to various NTFs, in combination with housing rats in an

EE, which could potentiate the expression of NTFs in a Preclinical model.

The crucial role of NTFs in PD, specially VEGF and GDNF, could be supported,
among others, by the deleterious effects on the dopaminergic system of vandetanib
administration, a selective tyrosine kinase inhibitor blocking signal mediated by VEGFR2

and RET.
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lll. OBJECTIVES







1. Main objective

The aim of this work was to study the morphological changes occurring in a
severe, partial and preclinical rat models of PD induced by 6-OHDA injection and verify
the usefulness of the proposed approach to characterize these models and its suitability
for elucidating the benefits of therapeutic strategies such as neurotrophic factors (NTFs)

administration and housing in enriched environment (EE).

2. Procedural objectives

I. Characterization of the morphological changes in caudate putamen complex (CPC)
and substantia nigra (SN) after the administration of 6-hydroxydopamine (6-
OHDA) into striatum (Partial model of PD) or medial forebrain bundle (MFB)

(Severe model of PD).

Il. Analysis of the differential vulnerability of the CPC and SN to the 6-OHDA injection

following the rostro-caudal axis of both anatomical structures.

lll. Re-evaluation of conventional parameters for determining the progression of the
lesion in the model, looking for a more anatomical marker for the stereological

studies.
IV. Suitability of the model to test new therapeutic approach.

a. Morphofunctional studies in a Severe model of PD treated with
microspheres loaded with NTFs.

b. Morphofunctional studies in a Partial model of PD treated with
nanospheres loaded with NTFs.

c. Morphofunctional studies in a Preclinical model of PD treated with
nanowired Cerebrolysin compound or housing in an EE alone or with both

combined.
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V. Study of morphofunctional changes after VEGF-GDNF PLGA microspheres

administration in a Severe model of PD in rats.

VI. Evaluation of morphofunctional changes after administration of PLGA-

nanospheres loaded with VEGF and GDNF in a Partial model of PD in rats.

VII. Assessment of morphofunctional changes in a Preclinical model of PD in rats, of
housing in EE and intraperitoneally nanodelivery of Cerebrolysin in order to

elucidate the synergistic potentiating of combining both strategies.

VIIl.Elucidate the molecular pathways involved in the Preclinical model of PD
analyzing the effects of some therapeutic strategies (Cerebrolysin and EE) over

the expression of Akt/p-Akt and caspase-3 in striatum and SN.

IX. To assess the effect after administration of a selective tyrosine kinase inhibitor
(vandetanib) blocking the VEGFR2 and RET receptors in the Preclinical model of
PD.
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Materials and methods

1. Animals

For the present study a total of 40 adult female Sprague-Dawley rats between
150 to 175 g and 74 adult male Sprague-Dawley rats between 275 to 320 g were used:
16 for the characterization of the lesion and 98 for the treatments. Experiments were
performed in agreement with the Ethical Committee and Animal Welfare (CEBA) of the
University of the Basque Country (CEBA/154/2010//RUIZ ORTEGA), and in accordance
with Spanish Royal Decree RD 1201/2005, European Directive 2003/65/EC and the
European Recommendation 2007/526/EC on the protection of animals used for

scientific purposes.
2. Housing conditions

Rats were housed at standard conditions except to those that were assigned to
rise at enrichment environment as treatment after lesioning with 6-OHDA into striatum

(Figure 15).

= Standard conditions (SC): Rats raised in a standard laboratory cage (500 mm x
280 x 140 mm) at a constant temperature of 22°C, in a 12 hours dark/light cycle
and ad libitum access to water and food. The maximum number of animals per

cage was 4-5.

= Enriched environment (EE): Rats raised in a large cage (790 mm x 460 mm x 640
mm) at a constant temperature of 22 °C, in a 12 hours dark/light cycle and ad
libitum access to water and food. This cage was furnished with colorful toys and
differently shaped objects (shelters, tunnels), that were changed every 2 days

and the maximum number of animals per cage was 8.
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Figure 15. Housing conditions. (a) Standard conditions and (b) enriched environment

3. Drugs

= Poly(DL-lactide-co-glycolide) (PLGA) (Resomer_ RG 752H) with a copolymer ratio
of 75:25 (lactic/glycolic%) was acquired from Boehringer Ingelheim (Germany)
and PLGA-microspheres and PLGA-nanospheres were provided by NanoBioCel
Group (Laboratory of Pharmaceutics, School of Pharmacy, University of the

Basque Country (UPV/EHU), Vitoria, Spain.

=  6-OHDA-HCI, desipramine, pargyline, amphetamine and apomorphine were
acquired from Sigma (St. Louis, USA) and were provide by the Department of
Pharmacology from the University of the Basque Country (UPV/EHU) (Leioa,

Spain).

= Cerebrolysin (CBL) was provided by Dr. Hari Shanker Sharma from Uppsala

University, University Hospital (Dept. Surgical Sciences), Sweden.

= Vandetanib (Ref: V-9402) was acquired to LC Laboratories (USA).
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4. Experimental design

The present work was divided into three experimental assays according to the

induced model and the treatment used.

Assay I: Morphological characterization of a Severe model of Parkinson’s

disease and effects of microencapsulated neurotrophic factors
Animals were assigned to describe the model (n=8) or the treatment (n=32).
To characterize the Severe model of PD
a. 6-OHDA group (n=5 rats): Rats received 6-OHDA into the MFB.

b. Saline group (n=3 rats): Rats were injected only with saline solution into MFB

(control group).

Animals for the treatment study

Groups consisted of parkinsonized rat groups, which were again anaesthetized 4
weeks after the 6-OHDA injections and MS were implanted into the right striatum. For

this purpose rats were divided into 4 groups:
a. Empty-MS group (n=5): Rats received empty MS into striatum
b. VEGF-MS group (n=9): Rats received MS loaded with VEGF (2.5 pug) into striatum
c. GDNF-MS group (n=9): Rats received MS loaded with GDNF (2.5 pg) into striatum

d. VEGF+GDNF-MS group (n=9): Rats received MS loaded with VEGF and GDNF (2.5
+ 2.5 ug) into striatum

Behavioral evaluations were performed periodically in these groups. Rats were
sacrificed three weeks after lesion or 14 weeks after treatment and brains were

processed for histology.
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Assay Il: Morphological characterization of a Partial model of Parkinson’s

disease and effects of nanoencapsulated neurotrophic factors

As in assay 1, animals were assigned to describe the model (n=8 rats) or the

treatment (n=27 rats).
To characterize the Partial model of PD
a. 6-OHDA group (n=5 rats): Rats received 6-OHDA into the striatum.

b. Saline group (n=3 rats): Rats injected only with saline solution into striatum

(control group).
Animals for the treatment study

Groups consisted of parkinsonized rats, which were again anaesthetized 3 weeks
after the 6-OHDA injections into striatum and NS were implanted into the right striatum
using the same stereotaxic coordinates than 6-OHDA. For this purpose rats were divided

into 5 groups:

Q

. Vehicle-group (n=5 rats): Rats received only vehicle (phosphate buffered saline

[PBS]).

b. Empty-MS group (n=5 rats): Rats received empty NS into striatum.

c. VEGF-NS group (n=5 rats): Rats received MS loaded with VEGF (2.5 pg) into

striatum.

d. GDNF-NS group (n=6 rats): Rats received NS loaded with GDNF (2.5 pg) into

striatum.

e. VEGF-NS + GDNF-NS group (n= 6 rats): Rats received NS loaded with VEGF and
GDNF (1.25 pg VEGF + 1.25 pg GDNF) into striatum.
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Behavioral evaluations were performed periodically. Rats were sacrificed 3 weeks

after lesion or 14 weeks after treatment and brains were processed for histology.

Assay lll: Morphofunctional analysis and molecular study after combining
therapeutic strategies (Cerebrolysin and enriched environment) and

inhibiting VEGFR2 and RET in a Preclinical model of Parkinson’s disease.

Rats were partially lesioned with 6-OHDA into the right striatum and 2 weeks after

the injection; they were assigned to one of the following experimental groups
a. 6-OHDA group (n=8 rats): Rats were not treated (control).

b. Vandetanib group (n=8 rats): Rats received every day for one week the VEGFR2

inhibitor orally.
c. EE group (n=8 rats): Rats housed in EE for one week.
d. CBL group (n=8 rats): Rats received nanowired CBL i.p. every day for one week.

e. CBL + EE group (n=8 rats): Rats housed in an EE and receiving nanowired CBL i.p.

for one week.

Amphetamine motor test was developed at 2 week to assess the lesion and after 3
weeks in order to test the effectiveness of treatment. At 3 week rats were sacrificed and
brains were processing for histology (3-4 animals per group) or western blot (4 animals

per group).

5. 6-OHDA lesions

Sprague—Dawley rats were anaesthetized with isoflurane inhalation (1.5%—2%;
Esteve Quimica, Barcelona, Spain). Thirty minutes prior to 6-OHDA or saline solution
injection; the rats were pre-treated with desipramine (25 mg/kg, i.p.; Sigma-Aldrich,

Spain) and pargyline (50 mg/kg, i.p.; Sigma-Aldrich, Spain)(Morera-Herreras et al., 2011)
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to protect noradrenergic terminals and to inhibit monoamine oxidase activity,
respectively. Once rats were anaesthetized, they were placed on the Kopf stereotaxic
instrument (David Kopf Instruments, Tujunga, CA, USA). The head was then firmly
positioned within the stereotactic frame by means of ear bars which were placed in the
ear canals. Skin covering the skull was longitudinally cut and remaining connective tissue
was carefully removed aside by scalpel in order to achieve appropriate visualization of
the skull sutures and to define the bregma (a crossing point of parasagittal with coronal
sutures) on the surface of the skull as “zero” or “start” point and lambda. After achieving
flat positioning of the skull, the coordinates for the injection were calculated related to
bregma (Figure 16) as origin from anteroposterior (AP) y mediolateral (ML) coordinates,

and related to dura as origin from dorsoventral (DV) coordinates.

Figure 16. Bregma representation according to Paxinos
and Watson (Paxinos & Watson, 2013). '

6-OHDA (Sigma, St. Louis, USA) in distilled water containing 1 mg/ml ascorbate
was injected into right striatum or MFB according to the model. In both lesions, a
Hamilton syringe was used to slowly inject the 6-OHDA at a rate of 1 pl/min for 5
minutes into the right MFB or striatum. Following injection of the neurotoxin, the burr
hole was closed using bone wax and standard suturing techniques were used to close

the incision.

Depending on the site of unilateral 6-OHDA injection, two different models of PD

were described.
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5.1. Unilateral 6-OHDA lesion in the medial forebrain bundle (Severe

model)

Free base 6-OHDA was unilaterally infused through two injections of 8 and 7 g
performed at two coordinates (Figure 17), relative to the bregma and dura, with the
toothbar set at -2.4 and +3.4: 2.5 pl was injected at the first coordinate: AP -4.4 mm, ML
+1.2 mm and DV -7.8 mm; and 2 ul was injected into the right nigrostriatal pathway at
the second coordinate: AP -4.0 mm, ML +0.8 mm and DV -8.0 mm (Aristieta et al., 2012).
According to our established model of PD, this is a severe lesion equivalent to an
advanced stage of PD (Miguelez et al., 2011). Saline solution into the right MFB was
injected at the same coordinates instead of 6-OHDA for control rats following the same

procedure.
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Wezial7.8 mm
/4 ]

Bregma -4 mm

Figure 17. Schematic diagrams of coronal sections illustrating the stereotaxic coordinates corresponding
to injections of 6-OHDA in the Severe model. (a) First and (b) second coordinates are indicated below in
mm respect to the bregma. Lines show lateral and dorsoventral coordinates indicating the place of the 6-
OHDA injection for each antero-posterior coordinate. |

5.2. Unilateral 6-OHDA infusion into the striatum (Partial model)

6-OHDA was unilaterally infused in the right striatum through three different
injections (Figure 18). 2.5 ul (7.5 pg) of 6-OHDA were injected in each coordinate: AP
+1.3 mm ML +2.8 mm, and DV -4.5 mm; AP -0.2 mm, ML -3.0 mm, and DV -5.0 mm; AP -
0.6 mm, ML -4.0 mm, and DV -5.5 mm, relative to bregma and dura with the tooth bar
set at -2.4 and +3.4. Taking into account the protocol, this lesion produces a partial
degeneration (or parkinsonism) (Bjorklund et al., 1997). Saline solution into the right
striatum was injected at the same coordinates instead of 6-OHDA for control rats

following the same procedure.
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Bregma +1.3 mm

Bregma -0.2 mm

Bregma -0.6 mm

Figure 18. Schematic diagrams of coronal sections illustrating the stereotaxic coordinates corresponding
to the striatal injections of 6-OHDA in the Partial model. (a) First, (b) second and (c) third antero-
posterior coordinates are indicated below in mm respect to bregma. Lines show lateral and dorsoventral
coordinates indicating the place of the 6-OHDA injection for each antero-posterior coordinate.

Two weeks after the 6-OHDA surgery, the rotational behavior was tested with
amphetamine administration as a marker of dopaminergic degeneration to determine
the grade of the induced lesion. Only rats that rotated more than three full turns per
minute (tpm) were included in this study and were randomized divided into different

experimental groups previously described.
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6. Treatments

6.1. Microsphere implantation

Four weeks after the 6-OHDA lesion was made, the rats were anesthetized by
isoflurane inhalation and placed on a stereotactic frame again for poly(lactide-co-

glycolide acid) (PLGA)microsphere (MS) implantation.

Microspheres were suspended in PBS (0.1% w/v carboxymethylcellulose, 0.8%
w/v Tween and 0.8% w/v mannitol) before administration. Two implantation
coordinates were used, relative to the bregma and dura: AP +0.5 mm, ML -2.5 mm, DV -
5.0 mm and AP -0.5 mm, ML -4.2 mm, DV -5.0 mm. (Garbayo et al., 2009). Each rat
received 2.5 pg of either VEGF or GDNF in a volume of 20 pl or, in the combined group;
each rat received a total dose of 2.5 pg of VEGF and 2.5 ug of GDNF in a volume of 40 pl

in order to maintain the syringeability and injectability of the formulations.
6.2. Nanosphere implantation

PLGA nanospheres (NS) were implanted 3 weeks after the 6-OHDA injection. Rats
were anesthetized with isoflurane (1.5%—2%; Esteve Quimica) and mounted on a Kopf

stereotaxic instrument for NS implantation.

The NS were suspended in 15 pl of PBS (0.1% w/v carboxymethyl cellulose, 0.8%
w/v Tween 80 (Ref: P1754; Sigma-Aldrich, Spain) and 0.8% w/v mannitol) before
administration. The NS were implanted in the right striatum in three different
coordinates: AP +1.3 mm, ML +2.8 mm, and DV -4.5 mm; AP -0.2 mm, ML +3.0 mm, and
DV -5.0 mm; AP -0.6 mm, ML +4.0 mm, and DV -5.5 mm, relative to bregma and dura
with the tooth bar set at -2.4. Each rat received 2.5 ug of either VEGF or GDNF in a
volume of 20 ul or, in the combined group; each rat received a total dose of 1.25 ug of
VEGF and 1.25 pg of GDNF in a volume of 20 ul in order to maintain the syringeability

and injectability of the formulations.
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6.3. Enriched environment

The animals remained in EE after injecting 6-OHDA into striatum for one week
prior to sacrifice (Figure 19). Under this condition, as described previously, 8 rats were
housed in a large cage (790 mm x 460 mm x 640 mm) consisting of two floors which
were connected by a plastic ramp that enabled rats to move from one level to the next
and a large external running wheel provided with a device developed by our group to
record accurately the amount of turns. It was provided with various enrichment objects,
such as tunnels, running wheel, small houses, toys of different shapes, hiding house and
tubing that were changed and rearranged frequently to promote exploration and

provide to the animals with new sensorial stimulus.

Figure 19. Pictures of the enriched environment (EE) cage. (a) Side view of the EE cage with the running
wheel incorporated. (b) EE cage with the apparatus that registers the movements in the external wheel.
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6.4. Cerebrolysin administration

Cerebrolysin (CBL) (Ever NeuroPharma, Austria) is a mixture of various NTFs and
active peptide fragments and contains different low-molecular-weight peptides and free
amino acids in solution. CBL was administrated through engineered nanowires from
TiO2 in the size range of 50-60 nm (obtained from US Wright Patterson Air Force
Research Base, Dayton, OH, USA) suspended in 0.05% Tween 80 (Ref: P1754; Sigma-
Aldrich). This solution (215.2 mg/ml) was first diluted in distillated water (1:100) and

then administrated i.p. (5 mg/kg) once daily for one week.
6.5. Administration of the VEGFR2 and RET inhibitor (Vandetanib)

In order to inhibit the receptor VEGR2 the inhibitor vandetanib was
administrated orally for one week every day. In a NaCl solution at 0.9% (Ref:
121659.1211, Panreac Quimica SA, Barcelona, Spain) with a total volume of 0.15 ml

were dissolved:
- 30 mg of Vandetanib per Kg of weight of rat.

- Tween 80 at 1% (Ref: P1754; Sigma-Aldrich, Spain). It is an excipient that is used
to stabilize aqueous formulations of oral suspensions, increasing the ability of

retaining water.

- Sucrose at 5% (Ref: 131621. 1211; Panreac Quimica SA, Barcelona, Spain). It is a
disaccharide combination of the monosaccharides glucose and fructose. It was
used to neutralize the bitter flavour produced by the inhibitor due to oral

administration.

In order to achieve a homogenous solution, it was mixing during 24 hours at

room temperature (RT) before using.
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6.6. Combination of enriched environment housing and Cerebrolysin

administration

Parkinsonized rats were housed in EE one week receiving CBL i.p. every day. The

stress produced by the administration daily of CBL was taken into account.

7. Functional tests

Drug-induced rotational behaviour test is one of the most simple to perform and
widely used test for evaluation of the unilateral 6-OHDA lesion (Ungerstedt &
Arbuthnott, 1970). Unbalanced dopamine secretion in the brain results in preferable
turning of the animal to the side of the lesion. When the rat is challenged with certain
drugs such as amphetamine or apomorphine, this rotation tendency increased and leads

Ill

to a typical “rotational behaviour” ipsilateral or contralateral to the lesion depending on

the drug administrated (Figure 20).
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Figure 20. Schematic illustration of the two behavioral tests used in both 6-OHDA induced models of
Parkinson’s disease (PD). (Adapted from Rodrigues et al., 2003). Abbreviations: STR, striatum; SN:
substantia nigra; MFB, medial forebrain bundle; CL, contralateral; IL, ipsilateral. |

7.1. Amphetamine-induced rotational test

Two weeks after the lesion with 6-OHDA, animals were injected with D-
amphetamine (Sigma-Aldrich, St. Louis, USA) to screen for the severity of the
dopaminergic lesion prior to entry into the experimental conditions. After the

experimental period, the rats were tested again with the same test of PD motor severity.

After MS or NS implantation, the rats were tested at 2, 4, 6, 8, 10 and 12 weeks
by the amphetamine-induced rotational behavior test, as was described by Herran et al
(Herran et al., 2013, 2014). In the rest of treatments this test was assessed at 1 week
after treatment administration prior to sacrifice. Before each behavioral session, animals
were weighed and amphetamine (5 mg/kg) was i.p. administered. After 15 minutes of
latency, the full ipsilateral rotations were counted for 90 minutes with an automater
rotameter (multicounter LE3806; Harvard Apparatus, Holliston, MA, USA). Data were

expressed as the number of full tpm. In the assay 3, it was also calculated the rotations
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every 5 minutes for 90 minutes, and data were expressed as the number of full turns per

5 minutes.
7.2. Apomorphine-induced rotational test

The rotational behavior was tested with apomorphine to test contralateral
rotation behavior at 14 week after MS or NS implantation. The apomorphine (a
dopaminergic agonist) was used as a DA degeneration indicator because it induces
contralateral turning behavior after dopaminergic denervation. Thus, before each
behavioral session, animals were weighed and apomorphine (0.5 mg/kg) was
subcutaneously administrated. After 5 minutes of latency, the full contralateral rotations
were measured for 50 minutes with an automated rotameter (Harvard Apparatus

multicounter LE3806). Data were expressed as the number of full turns per 5 minutes.
8. Proliferation assay

BromodeoxyUridine (BrdU) was used to study the cell proliferation after MS or
NS administration. Different dose of BrdU (Ref: B5002; Sigma-Aldrich) administration

and timing was developed according to the treatment and model.

- In rats treated with MS (2 rats per group) 80 mg/kg body weight of BrdU diluted
in NaCl at 0.9%, was injected i.p. three times at intervals of three hours. One

hour after the last injection, animals were sacrificed.

- In rats treated with NS (5 vehicle rats, 5 rats treated with empty MS and 5 rats
treated with VEGF and GDNF in combination) 200 mg/kg body weight of BrdU

diluted in NaCl at 0.9%, was i.p. administered five days before sacrifice.
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9. Morphological analysis

After the survival period (3 weeks for rats used to describe the models and 14
weeks for rats treated with microspheres or nanospheres), the rats were i.p.
anaesthetized with chloral hydrate at 20% (Ref: 141975, Panreac Quimica SA, Barcelona,
Spain) and transcardially perfused with 0.9% NaCl solution in order to remove blood
cells from brain. When blood has been cleared from body, NaCl was replaced by 4%
paraformaldehyde (PFA) (Ref: 141541.1211, Panreac) in 0,1 M PBS (pH 7.4) for tissue
fixation. Fixation preserves the ultrastructure, stabilizes protein and peptide

conformation so that antibodies can bind to antigen sites.

Afterwards, the rats were decapitated and the brain carefully removed from the
skull and placed into 4% PFA solution overnight at 4 °C for post-fixation. The next day,
brains were transferred to a 30% sucrose solution in 0.1M PBS, for cryoprotection. After
1-3 days (when brain sank), fixed brains were photographed in order to assess

macroscopically the lesion induced in the right hemisphere by surgery.

Then, two coronal blocks containing the entire SN and the entire striatum, were
dissected using a Rodent Brain matrix (ASI Instruments, USA). For this purpose, brains
were cut transversally at different levels in order to obtain the striatal and nigral block
tissue. Firstly, brains were cut transversally at the level of olfactory bulb (Figure 21b1),
optic chiasm (Figure 21b2), stalk pituitary (Figure 21b3) and body trapezoid (Figure
20b4) Striatum block included from the level of optic chiasm to the level of stalk
pituitary, and nigral block included from the level of stalk pituitary to the level of body

trapezoid (Figure 21). The rest of blocks were removed.

82



Materials and methods

a Olfactory
bulb —

Olfactory tract
Neocortex‘\

Olfactory
tubercle T~

Optic chiasma £/
Hypothalamus -
Rhinal sulcus §
Pituitary stalk A
Pyriform lobe—{}
Cerebral _|
peduncle

i _V (motor root)

V (sensory root)

Trapezoid body —3%g vil
Pyramid IX
Xl (rootlets)

Ventral rootlets
of C1

Figure 21. Dissection of the caudate putamen complex and substantia nigra. (a) Ventral view of the rat
brain includes labels which indicate each anatomical structure (b) Schematic representation of the ventral
rat brain. The brain was firstly cut transversally at the level of the olfactory bulb (b1) and the optic chiasm
(b2). The striatum block was dissected with two horizontal (b2, b3) cuts at the level of the optic chiasm
and pituitary stalk. The nigral block was also dissected with two horizontal cuts (b3, b4) at the level of the
pituitary stalk and trapezoid body.

The block containing striatum and the block containing SN, were embedded in
Tissue-Tek OCT compound (Electron Microscopy Sciences, USA), frozen and coronally
sectioned with a freezing microtome (Ref: 1325, Leica Instruments, Germany). Serial 50
um thick coronal sections in series were obtained. Between levels +1.6 to -1-6 respect to
bregma were defined the sections for striatum and between levels from -4.52 to -6-3 the
sections for SN, as defined in the rat brain atlas of Paxinos and Watson (Paxinos &
Watson, 2013). Serial coronal sections were collected in free-floating with 0.1 M PBS

containing 0.6% sodium azide (Ref: S-2002, Sigma-Aldrich) for storage.

9.1. Histological analysis

Histology is the ability to visualize or differentially identify microscopic structures
and it is frequently enhanced through the use of histological stains. There are many
staining techniques that have been used to selectively stain cells and cellular

components.

83




Materials and methods

Thus, in order to assess structural changes after lesion and treatments in

striatum and SN, Nissl staining was developed.
9.1.1. Nissl staining

Nissl staining is a classic nucleic acid staining method traditionally used on nervous
tissue sections. A basic dye, in this case toluidine blue binds to negatively charged
nucleic acids like ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). Nissl staining
typically marks the endoplasmic reticulum due to ribosomal RNA, as well as the nucleus

and other accumulations of nucleic acid.

Sections for Nissl staining were mounted on gelatin coated slides, hydrated
through a battery of alcohols with decreased graduation, incubated in 1% toluidine blue
(pH 4.1) solution in distilled water for 1 minute. Then, sections were washed with
distilled water and dehydrated through a battery of alcohols with increased graduation,

and coverslipped and mounted in DPX mounting medium (Sigma-Aldrich, Germany).
9.2. Histochemistry

Histochemistry refers to the use of chemical reactions between chemicals and
components within tissue. In this study, butyrylcholinesterase and lectin histochemistry
were developed on 50 um thick free-floating sections in parallel to visualize the

microvascular changes after injecting 6-OHDA and after MS or NS implantation.
9.2.1. Butyrilcholinesterase histochemistry

Sections were histochemically processed for butyrylcholinesterase to visualize
the vascular pattern following the method referred by Argandofa and Lafuente, 1996.
Sections were washed twice in 0.1 M Tris Maleate Buffer (TMB) (pH 6),
acetylcholinesterase was inhibited with BW284CS1 (1,5-bis(4-

allyldimethylammoniumphenyl)-pentan-3-one dibromide) (Ref: A-9013, Sigma—Aldrich,
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Spain) 0.05 M for 20 minutes, then bath and sections were incubated overnight at RT in
dark conditions with the following incubation solution: butyrylthiocholine iodide (Ref:
108150250, Acros Organics, Barcelona, Spain) 1 mg/ml, 5% sodium citrate 0.1 M (Ref:
6448, Merck, Germany), 10% copper sulphate 30 mM (Ref: 1596, Sigma-Aldrich, Spain),
10% BW284CS1 0.05 mM, 10% potassium ferricyanide 5 mM Ref: 141503, Panreac
Quimica SA, Barcelona, Spain) and 65% TMB 0.1 M. The next day, sections were washed

in TMB, mounted on gelatin-coated slides, dehydrated and covered.
9.2.2. Lectin histochemistry

Lectins are vegetal glycoproteins with the capacity to bind selectively to foreign
glycoconjugates. Many lectins have demonstrated their utility as markers of the vascular
wall. For this study we have used the tomato Lectin (Lycopersycum esculentum

agglutinin, LEA).

This histochemistry was performed on sections with FITC-conjugated Lectin
lycopersycum (Ref: L0O401; Sigma-Aldrich; 1:100). The entire histochemistry is carried out
in dark conditions, because the LEA primary antibody is attached to a green fluorescent
molecule. Firstly, the sections were washed twice with PBS 0.1 M, then, the sections
were placed in a blocking solution of PBS 0.1 M+ bovine serum albumin (BSA) 5% (Ref:
A7906, Sigma-Aldrich) + Triton X-100 (Ref: T-6878, Sigma-Aldrich) 0.5% for 2 hours.
Primary antibodies diluted in the blocking solution like previously stated, was incubate
overnight at 4 2C. After washing three times with PBS 0.1 M, sections were incubated for
5 minutes with Hoechst 33258 (Sigma-Aldrich) 5ug/ml in PBS 0.1 M. After rinsing three
times with PBS 0.1 M, coronal slices were mounted in gelatinised slides and cover with

Vectashield (Ref: x-0517, Vector laboratories, USA) and cover-slides.

Fluorescence images were acquired with an Olympus Fluoview FV500 confocal
microscope using sequential acquisition to avoid overlapping of fluorescent emission
spectra. The images have been treated with FV 10-ASW 1.6 Viewer and Adobe Creative
Suite 4.
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9.3. Immunohistochemistry

Immunohistochemistry (IHC) combines anatomical, immunological and
biochemical techniques to identify discrete tissue components by the interaction of
target antigens with specific antibodies tagged with a visible label. In this study, IHC was
carried out by an enzymatic system, which uses the endogenous peroxidase activity of
the tissue and can be detected by reacting fixed tissue sections with the chromogenic
diaminobenzidine (DAB) substrate. Results were visualized by optical microscopy (Ref:

BH-2, Olympus Optical SA, Spain).

On the other hand, when the stain is a fluorescent molecule, it is named as
immunofluorescence. To visualize the results, images were acquired with an Olympus
Fluoview FV500 confocal microscope using sequential acquisition to avoid overlapping
of fluorescent emission spectra. The images have been treated with FV 10-ASW 1.6

Viewer and Adobe Creative Suite 4.

For immunohistochemistry and immunofluorescence parallel sections were

developed in free-floating.

9.3.1. Immunohistochemistry for tyrosine hydroxylase and glial fibrillary acidic

protein

Tyrosine hydroxylase (TH) is the rate-limiting enzyme in the biosynthesis of
dopamine. Therefore, it is a useful marker of DA neurons and projections and allows
their localization in different areas of the brain. Thus, TH immunostaining is the key to
assess the nigrostriatal degeneration induced by 6-OHDA injection or examine the

effects of the treatments on this system.

Glial fibrillary acidic protein (GFAP) is expressed in the central nervous system in
astrocyte cells. It is involved in many important CNS processes, such as the cell-

communication, and it has been shown as also been shown to be important in repair
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after CNS injury. For this purpose, this marker is useful to study the glial scar and the
activation of astrocytes produced by the lesion after injecting the toxin, the control and

the treatments.

For TH and GFAP immunochemistry, endogenous peroxidases were neutralized
with a solution of 3% hydrogen peroxide (H,0,), 10% methanol in potassium phosphate-
buffered saline (KPBS) (0.02 M, pH 7.1) for TH immunochemistry or PBS for GFAP
immunochemistry, during 30 minutes at RT. For TH immunostaining, cerebral slices were
preincubated with 5% normal goat serum (NGS) (Ref: S-1000, Vector Laboratories, USA)
and 1% Triton X-100 in KPBS (KPBS-T) for 1 hour and then incubated overnight with
rabbit polyclonal anti-tyrosine hydroxylase (Ref: AB-152, Millipore; 1:1000) in 5% NGS
KPBS/T at 4 oC. For GFAP immunostaining, coronal slices were preincubated with 5% BSA
and 0.05% Triton X-100 in 0.1 M PBS for 2 hours and after that these slices were
incubated with monoclonal mouse anti-GFAP (Ref: G-3893, Sigma-Aldrich; 1:400)
overnight at 4 2C. Sections incubated with anti-TH, after rinsing twice with KPBS and
once with 2.5% NGS KPBS-T, were exposed to 2 hours with a secondary biotinylated goat
anti-rabbit 1gG (Ref: BA1000, Vector Laboratories; 1:200) in KPBS-T containing 2.5% NGS.
Sections incubated with anti-GFAP were rinsed three times with PBS and exposed to
biotinylated anti-mouse secondary antibody (Elite ABC kit, Vector Laboratories) for 2
hours at RT. All slices were processed with avidin-biotin-peroxidase complex (Elite ABC
kit, Vector Laboratories, Inc., Burlingame, CA, USA) for 1 h and 3,3 diaminobenzidine
(DAB) (Ref: 8001, Sigma-Aldrich) as chromogen. Finally, slices were mounted,
dehydrated and coverslipped with DPX medium (Ref: 06522, Sigma-Aldrich, Spain).

9.3.2. Immunofluorescence for VEGF and 0X-42

For immunofluorescence, parallel sections were incubated with the following
primary antibodies: rabbit polyclonal anti-VEGF (Ref: sc-152; Santa Cruz Biotechnology,
Inc., USA, 1:200) and monoclonal anti-OX-42 (Ref: MCA275G Serotec; 1:200) to study
angiogenesis and inflammation in both 6-OHDA induced PD models. Firstly, sections

were rinsed with 0.1 M PBS (pH 7.4), preincubated for 1 hour with the blocking solution
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(5% BSA and 0.05% Triton X-100 in 0.1 M PBS) and these sections were incubated
overnight at 4 2C with the correspondent primary antibodies. The next day, section were
washed followed by the incubation with a secondary antibody conjugated with a
fluorochrome for 1 hour in the darkness and at RT: Alexa 568 conjugate goat anti-rabbit
IgG (Ref: A11036 Invitrogen; 1:400) or Alexa 488 conjugate goat anti-mouse 1gG (Ref:
A11029 Invitrogen; 1:400), respectively. After rinses, Hoechst 33258 was added to
counterstain the nuclei for 10 minutes. Slices were washed, mounted and coverslipped

with medium Vectashield (Vector laboratories).
9.3.3. Immunofluorescence for BromodeoxyUridine

For the detection of bromodeoxyUridine (BrdU) immunostaining free-floating
sections were rinsed with 0.1 M PBS and preincubated with the blocking solution PBS
0.1 M+BSA 5% (Sigma-Aldrich; ref: A7906) + Triton X-100 (Sigma-Aldrich ref: T-6878)
0.5% for 2 hours. Then, sections were incubated in HCl (Ref: 131020.1611; Panreac
Quimica) 2 N at 37 oC for DNA denaturalization for 30 minutes followed by a 10-minutes
rinsed in tetraborate sodium decahydrate (Ref: B9876; Sigma-Aldrich) 0,1 M at pH 8.5
for 10 minutes. Afterwards, coronal sections were incubated with the monoclonal
primary antibody anti-BrdU (Ref: sc-51514; Santa Cruz Biotechnology; 1:200) overnight
at 4 9C. After washes with PBS 0.1 M, sections were incubated with the secondary
fluorescent-dye-conjugated antibody Alexa 488 conjugate anti-mouse IgG (Ref: A11029;
Invitrogen; 1:400) diluted in the blocking solution, for 1 hour at RT. After rinsing with
PBS 0.1 M, Hoechst 33258 (Sigma-Aldrich) 5 pug/ml in PBS 0.1M, was added to
counterstain the nuclei for 10 minutes. The slices were washed with PBS 0.1 M,

mounted and coverslipped with medium Vectashield (Ref: x-0517; Vector laboratories).

The visualisation was made with a fluorescent microscope (Olympus Optical SA:

ref BX-41).
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9.3.4. Double immunofluorescence for BromodeoxyUridine and doublecortin

To detect BrdU and doublecortin (DCX), a double immunostaining was carried
out in order to assess the neurogenesis and differentiation respectively after
administration of NS loaded with VEGF and GDNF. Briefly, free-floating sections were
incubated overnight with goat polyclonal anti-DCX (Ref: sc-8066; Santa Cruz
Biotechnology; 1:200) at 4 9C and later visualized with an Alexa 633 conjugated donkey
anti-goat IgG (Ref: A-21082; Invitrogen; 1:400) for 1 hour at RT. After several washes,
sections were denatured with 2 N HCI for 30 minutes and incubated overnight with the
primary antibody anti-BrdU at 4 2C, followed by incubation with a secondary Alexa 488
conjugated goat anti-mouse 1gG (Ref: A11029; Invitrogen; 1:400) antibody. After rinsing,

Hoechst 33258 was added to counterstain the nuclei for 10 minutes. The slices were

washed, mounted and coverslipped with

laboratories, USA).

medium Vectashield (Ref: x-0517; Vector

First antibody

Secondary antibody

Rabbit anti-TH; 1:1000 (Ref: AB-152, Millipore,
USA)

Mouse anti-GFAP; 1:400 (Ref: G-3893, Sigma-
Aldrich; 1:400)

Rabbit anti-VEGF; 1:200 (Ref: sc-152; Santa

Cruz Biotechnology, Inc., USA)

Mouse anti-OX-42 ; 1:200 (Ref: MCA275G,

Serotec)

Mouse anti-BrdU; 1:200 (Ref: sc-51514; Santa

Cruz Biotechnology)

Biotinylated goat anti-rabbit I1gG; 1:2000 (Ref:
BA1000, Vector Laboratories)

Biotinylated Anti-mouse Ig G; 1:200 (Ref: PK-

6102, Vectastain ABC Kit, Vector Laboratories)

Alexa 568 conjugate goat anti-rabbit IgG; 1:400
(Ref: A11036 Invitrogen)

Alexa 488 conjugate goat anti-mouse IgG; 1:400
(Ref: A11029 Invitrogen)

Alexa 488 conjugate goat anti-mouse IgG; 1:400
(Ref: A11029 Invitrogen)

Goat anti-DCX; 1:200 (Ref: sc-8066; Santa Cruz

Biotechnology)

Alexa 633 conjugated donkey anti-goat IgG;
1:400 (Ref: A-21082; Invitrogen)

Table 1. Primary and secondary antibodies used for immunohistochemistry and immunofluorescence.
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10. Quantitative analysis

10.1. Quantification of BrdU-positive cells

To calculate the number of positive-BrdU cells, two sections per rat were
counted at high magnification (x40). The cells in the subventricular zone (SVZ) have been
counted taking into consideration all the cells of the subependymal zone and all the cells
25 um close to the most external lateral wall of the ventricle. The migratory cells have
been counted within an area as long as the lateral ventricular wall and 250 um wide
within the caudate putamen. All the counting has been made by the same person in a

“blind” way.
10.2. Stereological analysis

Stereology estimates quantities as a number, length, surface or volume. It gives a
set of convenient, unbiased and efficient tools and methods for quantification of multi-
dimensional characteristics of tissues. With the correct sampling strategy, and
depending on the orientation of the tissue to be analyzed, this add-on gives the access

to a large palette of stereological tools.

A total of 8 sections, one from every 8 sections of striatum and SN were
measured per brain for the animals involved in this study. All the measurements were
evaluated using a computerized image analysis system (Mercator Image Analysis system;
Explora Nova, La Rochelle, France) (Figure 22). After having defined the outlines of
regions of interest at x4 magnification, the estimation of cell numbers and prolongations
of the coronal sections were quantified at x40 magnification in the previously drawn
regions by using optical fractionator method. Volume data is also required for the

estimation of the number, because of that it is also implemented by this system.

Sum up, optical fractionator method uses thick sections and estimates the total

number of cells from the number of cells sampled with a Systematic Randomly Sampled
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(SRS) set of unbiased virtual counting spaces covering the entire region of interest with
uniform distance between unbiased virtual counting spaces in directions X, Y and Z.
Another method calculates the mean cell density (Nv) within the unbiased virtual
counting spaces by dividing the number of cells counted within all counting spaces by
the number of investigated counting spaces and their uniform volume. When
multiplying this average density with the volume of the investigated region of interest,

one obtains an unbiased estimate of the total number of cells in the region of interest.

Video camera
adapter

M icroscope Joystick

motorized plate

Figure 22 . Morphometric equipment used for the stereological analysis.

10.2.1. Integrated optical density

Digitalized images from coronal sections corresponding on rats treated with NS
and vehicle in the Partial model of PD were taken with a 1,200 dpi resolution digital
scanner (Epson, Suwa, Japan). The integrated optical density (IOD) reading was
corrected for background staining (subtracting the values of a region outside of the

tissue). For each animal, the IOD was estimated at two middle—caudal levels along the
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basal ganglia according to Paxinos and Watson (Paxinos & Watson, 2013) placing a
square of 900 um2 on the most degenerated lateral region: 1) middle striatum (bregma
-0.24 mm); 2) caudal striatum (bregma -0.60 mm). Optical density values are given as
percentage of ipsilateral striatum versus the contralateral non-lesioned striatum, which

was considered as 100% (Figure 23).

MIDDLE SECTION CAUDAL SECTION

Figure 23. The images show the middle and caudal sections of the caudate putamen complex for TH
immunohistochemistry. Squares placed on the lesioned and non-lesioned hemispheres delimit the |
surfaces in which integrated optical density was measured. Scale bar =2 mm. !

10.2.2. Volume of affected striatum

On each experimental group, the TH-negative volume of the CPC was calculated
in order to find an alternative histological marker to the 10D for evaluation of the lesion

and its recovery after 6-OHDA administration.

To achieve this aim, the TH-negative volume of the ipsilateral CPC and its entire
volume were both measured (Figure 24). Values were expressed as a percentage of the

TH-negative volume versus the entire volume of the ipsilateral CPC.

For each animal, the TH-negative volume was estimated at a whole CPC and at
three representative CPC levels according to Paxinos and Watson’s Atlas (Paxinos &
Watson, 2013): rostral (bregma +0.70 mm), middle (bregma -0.26 mm) and caudal

(bregma -0.80 mm) sections.
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Figure 24. Measurements of TH-negative volume in coronal striatal sections. CL and IL hemispheres are
delimited in yellow and green respectively to measure the TH volume. In blue the TH-negative volume in
IL hemisphere is also outlined to measure the TH-negative volume. All measurements are carried out by
the computerized image analysis system (Mercator Image Analysis system, Explora Nova, La Rochelle,
France). Results are expressed as the percentage of the TH-negative volume versus the entire volume of
the ipsilateral CPC. Scale bar = 2 mm. Abbreviations: CL, contralateral; IL, ipsilateral; TH, tyrosine
hydroxylase.

10.2.3. Tissue retraction of the caudate putamen complex

Tissue retraction of the CPC was calculated by measuring the volume occupied by
the ipsilateral CPC with respect to the contralateral one, on TH-immunostained sections.
The volume of both striata was calculated integrating all measurements of the CPC

sections.

For each animal, the tissue retraction was estimated at a whole CPC and at three
representative CPC levels according to Paxinos and Watson’s Atlas (Paxinos and Watson,
1997): rostral (bregma +0.70 mm), middle (bregma -0.26 mm) and caudal (bregma -0.80

mm) sections.

10.2.4. Neuron density and axodendritic network in substantia nigra

TH-immunoreactive (TH-ir) neurons and the axodendritic network (ADN) were
measured using optical fractionators method provided by the computerized image

analysis system (Mercator Image Analysis system, Explora Nova, La Rochelle, France),
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previously described. Probes of 50x50 um separated by 100 um were launched into the
entire SN and also into a delimited region, including SN-Lateral (SNI), one third of SN-
reticulata (SNr) and the lateral half of SN-compacta, which we named “external-SN “(e-
SN) and where the most prominent changes were observed (Figure 25). Subsequently,

ADN density only was analyzed in this e-SN in the Partial model.

ENTIRE SN e-SN

Figure 25. Pictures of the entire substantia nigra (SN) and the delimited external-SN (e-SN,) which
includes the SN par lateralis (SNI), one third of the SN reticulata (SNr) and the lateral half of the SN
compacta (SNc).

Immunopositive neurons and ADN inside the probe, or crossing the right side of
the X-Y axis, were counted (Figure 26). TH-ir neurons and ADN were calculated per
section and per animal considering all the SN slices and considering only three
representative rostro-caudal levels, according to Paxinos & Watson’s Atlas (Paxinos &
Watson, 2013): rostral SN (bregma, -5.20 mm), middle SN (bregma, -5.60) and caudal
SN (bregma, -6.04) sections. Data were expressed as a percentage of the neurons or

ADN present on the lesioned side versus the non-lesioned hemisphere.
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Figure 26. Computerized images represent the launched probes inside the delimited region. (a) Neurons
inside or crossing the sides of the probe. (b) Axodendritic network (ADN) crossing the sides of the probe.
Red crosses determine neurons and ADN are not taken into account. Green asterisks correspond to the
neurons or ADN counted.

10.2.5. Microvascular density

The number of vessels stained with butyrylcholinesterase histochemistry, were
measured in the striatum and SN also using the optical fractionator method referred
above. In striatum, probes of 50x50 um separated by 400 um were launched into the
previously delimited striatum. In contrast, probes of 50x50 um were separated by 150
um and launched into the previously delimited area corresponding to the entire SN.
Only vessels sections or profiles that were inside the probe or crossing on the right side

of the X-Y axis were counted (Figure 27).
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Figure 27. Computerized images represent the microvessels crossing the launched probes in the
delimited region. Red crosses determine two axes in which vessels are not taken into account. Green |
asterisks correspond to microvessels counted in the two green axes. '

Vascular density was calculated at all slices of the striatum and SN and also at the

three representative sections of striatum and SN, previously described.

11. Biochemical study

In assay 3, rat brains (4 per group) were also processed for western blot after

anaesthesia, rats were decapitated in order to study protein expression.

11.1. Microdissection

Rats were anaesthetized by chloral hydrate and decapitated by guillotine to
obtain brain in fresh. Brains were removed and placed on a cold metal plate for the
microdissection. For this purpose, coronal sections containing the striatum and SN were
cut out and subjected to biopsy with a small biopsy needle. Brains were rinsed with PBS
to remove any surface blood. Then, in order to examine the differences between the
lesioned side and non-lesioned side, striatum and SN were dissected for each
hemisphere; taking into account that right hemisphere was the lesioned one. Firstly,

cerebellum was separated, and brain was cut bi-half into right and left hemisphere. The
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next cut was for removing olfactory bulb in the level of the optic chiasm, and the fourth
cut was in the level of pituitary stalk, separating the two coronal slices, one containing
striatum and the other the SN. The frontal cortex from the slice contained striatum was
removed in the fifth cut, obtaining the striatum (Figure 28). Substantia nigra was
collected in the sixth cut, separating the cortex from the slice. Once each specimen was
collected, it was quickly frozen on dry ice coronal section containing the striatum and SN

for each hemisphere and stored at -80 °C.

sues
surrounding
the striatum

Tissue
surrounding
the striatu

Striatum

Figure 28. lllustrative representation of the microdissection of the striatum, involving removal of tissue
surrounding the striatum.

11.2. Tissue dissection and protein isolation

Brain slices were homogenized (1:20 w/v) in lysis buffer containing 25 ul of

protease inhibitor cocktail (Ref: P3840, Sigma-Aldrich, Spain) per ml of lysis buffer.
The lysis buffer was prepared following the next procedure:
= Mix 5 ml of phosphate buffer (PB) + 45 ml of distilled water

= Add to the mix 0.09305 g of ethylenediaminetetraacetic acid (EDTA) (Ref:
1.12029.0100, Merck, Germany), 0.09515 g of ethylene glycol tetraacetic acid
(EGTA) (Ref: E4378, Sigma-Aldrich, Spain) and 1 mM dithiothreitol (DTT) (Ref:
D5545, Sigma-Aldrich, Spain).
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The homogenization was performed by using a plastic homogenizer manually and
incubating on ice for 30 minutes. The lysates were then centrifuged (13,000 rpm at 4 2C
for 15 minutes) to remove the insoluble material. Solubilized proteins corresponding to
the membrane and cytosolic fractions form each striatum and SN for each hemisphere
were recovered in the supernatants after and quantified using the BioRad Protein Assay
(USA), based on Bradford’s method. This colorimetric assay is based on the absorbance
shift in the dye Coomassie induced by protein binding (change from red to blue). The
absorbance was read at 595 nm in a fluorometer (Ref: Sinergy HT, BioTek Instruments,
Inc.) and the obtained values were plotted to a standard curve made using BSA (Ref:

A7906, Sigma-Aldrich).
11.3. Western blot

Western blot is a semiquantitative technique to analyze proteins which combines
electrophoresis and immunological detection of proteins by means of antigen-antibody
reactions. In a first step, proteins are separated according to their molecular weight in
an electric field (electrophoresis). Afterwards, proteins are transferred to a
nitrocellulose or polyvinylidene difluoride (PVDF) membrane by means of electric force,
in a process known as electrotransfer. Finally, the target proteins are detected by
incubation with specific primary antibodies and secondary HRP-conjugated antibodies

that ensure the detection of the molecules.

Western blot was carried out in order to assess the survival and apoptotic
pathways in striatum and SN after administration of VEGFR2 inhibitor (to demonstrate
the neuroprotective role of VEGF on dopaminergic system and examine the effect of
inhibiting VEGR2 over the GDNF receptor) and the treatments developed in assay 3 in a
Preclinical model of PD. For this purpose, immunoblotting was developed against the

following antigens:
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= Phospho-Akt (Ser 473) (60 kDa)

= Akt (60 kDa)

= Caspase-3 (H-277) (39 kDa)

= Tyrosine hydroxylase (TH) (62 kDa)

= B-actin (47 kDa) as loading control
11.3.1. Protein electrophoresis and electrotransfer

Protein electrophoresis was done in denaturing conditions. Thus, disulphur
bonds between proteins were broken by boiling them in the presence of DTT. In
addition, the differences in charge between proteins were neutralized by a negatively
charged anionic detergent such as sodium dodecyl sulfate (SDS) to ensured that proteins

were separated along by their molecular weight.

Protein samples were boiled at 95 °C for 10 minutes in sample buffer 4X
containing 200 mM Tris (pH 6.8), 400 mM DTT, 8% SDS (Ref: 1.13760.0100, Merck,
Germany), 0.4% Bromophenol blue and 50% glycerol. After that, 20 ug of total protein
per sample were loaded into polyacrylamide CRITERION TGX del 12% (Ref: 567-1045,
BioRad Laboratories Inc, Spain) gels to separate proteins by molecular weight. A
prestained standard molecular weight ruler was included (Ref: 161-0318, BioRad
Laboratories Inc, Spain), in order to check the migration and transference of the
proteins, as well as to facilitate the detection of the molecular weight of the target

protein.

Electrophoresis was carried out in a Criterion Cell cuvette (BioRad, USA) using a
running buffer containing 25 mM Tris Base, 200 mM glycine and 0.1% SDS (pH 8.3), at a
voltage of 125 V for 15 minutes (to allow the package of the proteins) and at 200 V for

the rest of the running phase.
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Due to the fact that polyacrylamide gels do not allow antibody access to target
proteins, proteins in the gel have to be transferred to a PVDF membrane (Ref: 170-4157,
Transfer Pack Trans-Blot Turbo, BioRad Laboratories Inc, Spain) through electric current.
In this study, transference was routinely performed in a Trans-Blot Turbo Transfer

System (BioRad, USA) for 7 minutes.
11.3.2. Protein immunodetection

Once the proteins were transferred to a membrane all the incubations were
made in tris phosphate saline + Tween buffer (TBS-T) (50 mM Tris Base, 200 mM NaCl,
0.05% Tween-20, pH 7.4) at 0.5 %. After blocking the unspecific binding sites with 5%
BSA and 1% normal goat serum (NGS) (Ref:S-1000, Vector Laboratories, USA) in TBS-T
for 1 hour at RT, membranes were incubated overnight at 4 2C with the primary
antibody in blocking buffer (Table 2). Membranes were subsequently washed 3 times for
10 minutes at RT with TBS-T to eliminate excess of antibody, and incubated for 1 hour at
RT with an HRP-conjugated secondary antibody (Table 2). Following 3 washes for 10
minutes with TBS-T and an additional wash in TBS (50 mM Tris Base, 200 mM NacCl, pH
7.4) at RT, antibody labeling was visualized with an enhanced chemiluminescence kit
(Ref: RPN 2232, GE Healthcare Life Science, UK). The luminescence of the reaction
product was detected in a personal scanner Licor C-DiGit (Li-Cor, Bonsai Advanced
Technologies SL, Spain) and visualized with the Image Studio Lite 4.0 software (Li-Cor,
Bonsai Advanced Technologies SL, Spain). After developing, membrane was recovered
again and incubated with a solution for washing antibodies linked to the membrane
(stripping) (Ref: 21059, Thermo Fisher Scientific,USA) for 20 minutes at RT in order to
repeat the protein immunodetection with different primary and secondary antibodies
performing the same procedure previously described. It was performed for those
experiments in which it was necessary to detect several antibodies in the same
membrane, such as the detection of phosphorilated isoforms and total levels of one

protein (Figure 29).
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Detection signal by
chemiluminiscence

D Substrate

Enzyme conjugated - - .

Secondary antibody------ ‘ ‘

77\

Primary antibody-- - --

Target Protein

——————————— Membrane containing transferred protein —-—- -

Figure 29. Schematic representation of protein detection by western blot.

The intensity of the obtained band was quantified by densitometry analysis using

the Image Studio Lite 4.0 software (Li-Cor, Bonsai Advanced Technologies SL, Spain).

Results were normalized to B-actin to correct errors in sample loading and/or protein

transfer, except p-Akt which was normalized with Akt.
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First antibody

Secondary antibody

Rabbit anti-Phospho-Akt (Ser 473); 1:1000 (Ref:
9271, Cell Signaling Technology Inc, USA)

Rabbit anti-Akt; 1:1000 (Ref: 9272, Cell Signaling

Technology Inc, USA)

Rabbit anti-caspase 3 (H-277); 1:1000 (Ref: sc-

7148 ,Santa Cruz Biotechnology Inc, Spain)

Rabbit anti-TH; 1:1000 (Ref: AB-152, Millipore,
USA)

Rabbit anti-Actin; 1:2000 (Ref: A2066, Sigma-
Aldrich, Spain)

Anti-rabbit IgG peroxidase conjugate; 1:2000 (Ref:
A-6154, Sigma-Aldrich, Spain)

Anti-rabbit 1gG peroxidase conjugate; 1:2000 (Ref:
A-6154, Sigma-Aldrich, Spain)

Anti-rabbit IgG peroxidase conjugate; 1:2000 (Ref:
A-6154, Sigma-Aldrich, Spain)

Anti-rabbit 1gG peroxidase conjugate; 1:2000 (Ref:
A-6154, Sigma-Aldrich, Spain)

Anti-rabbit 1gG peroxidase conjugate; 1:2000 (Ref:
A-6154, Sigma-Aldrich, Spain)

Table 2. Primary and secondary antibodies used for protein detection and quantification.

12. Statistical analysis

All values are expressed as the mean + SE (standard error). All statistical analysis
was performed with GraphPad Prism (v 5; GraphPad Software, Inc., La Jolla, CA, USA)
and SPSS Statistics (v 20; IBM Corporation, Armonk, NY, USA). Prior to analysis, the
Shapiro—Wilk test was used to assess the normal distribution of samples, and the Levene
test was used to determine the homogeneity of variance. One-way analysis of variance
(ANOVA) with the Tamhane post hoc test was used to explore differences between
groups in multiple comparisons. In the behavioral studies, we used Student’s t-test to
compare intergroup differences and differences between rostro-caudal gradients within

each experimental group. Values are considered statistically significant when p<0.05.
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Results were divided into three assays according to the severity of the PD model
and the treatments performed. A morphological approach for each model was
described. In contrast, functional assessment was only assigned to describe the effects

of the treatments.

In addition, all of the rats included in each study gained weight and none of them
presented differences in weight gain between the experimental groups at any time point

(p>0.05).

1. Assay I: Morphological characterization of a Severe model
of Parkinson’s disease and effects of microencapsulated

neurotrophic factors

Since unilateral 6-OHDA lesion of the nigrostriatal projection was chosen as a
possible model for the evaluation of treatment based on MS loaded with NTFs, the
criteria for successful surgery and appropriateness of the produced lesion had to be

developed first.

In the rat, the most complete unilateral lesions are achieved via injection of the
toxin into the MFB where the ascending nigrostriatal pathway is quite compact (Heuer
et al., 2012).Thus, we first examined the model assessing the lesion induced by 6-OHDA
injection in the MFB and by saline solution as control of lesion, in order to describe
morphologically the model. In contrast, functional evaluation was not assessed due to

the fact that behavioral test between saline group and 6-OHDA group had not sense.

Then, once the severe lesion induced by 6-OHDA into MFB was morphologically
described, we proceed to study the effectiveness of the treatment in this model to test
functional and morphologically the suitability of the model. For this purpose rats
lesioned with 6-OHDA were used to assess the treatment based on injecting MS loaded

with VEGF and GDNF into striatum individually and in combination.
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Group Number (n) Comments
6-OHDA 5 6-OHDA lesion
Saline 3 Saline solution injection
Empty-MS 5 6-OHDA lesion, striatal

administration of empty MS

VEGF-MS 9 6-OHDA lesion, striatal
administration of MS loaded with
2.5 pg VEGF

GDNF-MS 9 6-OHDA lesion, striatal
administration of MS loaded with
2.5 ug GDNF

VEGF+GDNF-MS 9 6-OHDA lesion, striatal
administration of MS loaded with
2.5 ug VEGF and 2.5 ug GDNF

Table 3. Experimental groups from Assay 1 for each condition. Abbreviations: 6-OHDA, 6-5
hydroxydopamine, MS, microspheres, VEGF, vascular endothelial growth factor, GDNF, glial cell line-
derived neurotrophic factor.

Thus, for this study different experimental groups were used. Groups were

assigned according to the description of the model or the treatment (Table 3).

The experimental design of assay 1 (Figure 30) runs over almost 5 months

demanding weekly hard tasks.
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Treatment
' MS implantation l
-Empty-MS
-VEGF-MS
[ -GDNF-M5S -Nissl staining
6-OHDA injection
! - VEGFGDNF-MS Sacrifice |-Histochemistry
Basal Amphetamine -Immunostaining
rotations rotations
-4 | -2 | -1 0 2 | 4 | 6 | 8 | 10 | 12 | 14 15 weeks

BrdU injection
-Nissl staining
-Histochemistry
-Immunostaining

6-OHDA injection Sacrifice
Saline injection

Apomorphine
rotations

Characterization of the lesion

Figure 30. Time course for characterization of the lesion into medial forebrain bundle (green) and for
the microsphere treatment (red). Abbreviations: 6-OHDA, 6-hydroxydopamine; MS, microspheres; BrdU:
bromodeoxyUridine.

1.1. Morphological features of the Severe model of Parkinson’s disease

Sprague Dawley rats were a suited for an effective and reproducible stereotaxic

approach to the MFB. The dose of 6-OHDA was used to achieve the complete lesion of

the nigrostriatal system, because all rats in this study exhibited more than 3 rotations
per minute in the rotational tests.

After three weeks of injecting 6-OHDA or saline solution into MFB, rats were

sacrificed by transcardial perfusion, brains were removed and sections from both

striatum and SN were collected for morphological evaluation.

Brain surface in the right hemisphere showed the mark of puncture. Both

experimental groups did not present any macroscopic difference (Figure 31).
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Saline 6-OHDA

Figure 31. Rat brains representative of each experimental group. Black arrows indicate the puncture scar
(lesioned hemisphere) where the 6-OHDA or saline solution was injected into medial forebrain bundle.
Scale bar =2 mm. |

Histological changes were evaluated by Nissl staining, TH and GFAP
immunostaining and by immunofluorescence for VEGF and OX-42 and histochemistry for

LEA in striatum and SN.

To examine morphological changes in the structure, to confirm that the striatum
itself was not structurally damaged by the surgical procedure, and to assess the
extension of dopamine depletion in striatum and SN after 6-OHDA or saline solution
administration, Nissl staining and TH immunostaining was developed in serial coronal

sections.

Coronal slices corresponding on Nissl and TH staining respectively from striatum
and SN in saline rats did not reveal any morphological change. However, 6-OHDA
injection into MFB decreased almost completely the positivity for TH in striatum and SN
compared to animals receiving saline alone, confirming the success of the complete MFB
lesion (Figure 32). Moreover, macroscopic examination of the Nissl-stained sections
showed that rats injected with 6-OHDA had enlargement of the ipsilateral ventricle on
the lesioned hemisphere; but comparing ipsi- and contralateral striatum is to be noted
the retraction of one (Figure 32e). Nissl-staining for SN in this group also revealed
weakly Nissl-stained areas corresponding to the lack of neurons in the ipsilateral region
and this is also associated with the loss of positivity observed in TH immunostaining

(Figure 32¢,f, g, h).
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Nevertheless, there were no differences between both groups in terms of injure

to other adjacent structures.

Saline

Figure 32. Loss of staining after 6-OHDA administration. (a-d) Coronal sections from the saline group,
stained for Nissl (a, b) and tyrosine hydroxylase (TH) immunostaining (c, d). (e-h) Coronal sections from
the 6-OHDA group, stained for Nissl (e, f) and TH immunostaining (g, h). The black arrow indicates the loss
of neuron somata in the substantia nigra (SN) (f) and the lack of TH immunoreactivity in the striatum and
SN due to 6-OHDA (g, h). Scale bar (b, d, f, h) =1 mm; scale bar (a, c, e, g8) =2 mm.

We studied astrocytic activation characterized by GFAP upregulation in the
Severe model of PD. For that purpose we compared astrocytic activation at ipsilateral

and contralateral side to the lesion in striatum and SN in both groups, respectively.

There was no difference in striatum between saline and 6-OHDA group, showing both

groups similar GFAP positivity in both hemispheres (Figure 33).

109



CL

d
O
. 3 \' p 3
et Pl
RIS Y
NS 1' ¢ . 3
¥
z 2
CL
5

Ny i A

Saline

IL

AN b S \\ b
S ) —
\

Ty

Figure 33. GFAP staining in coronal sections of ipsilateral and contralateral hemispheres of striata from
rats injected with 6-OHDA or saline solution into the medial forebrain bundle. Photomicrographs at
different magnifications from the striatum of the saline (a-d) and 6-OHDA groups (e-h). While (a, b, e, f)
show an overview of these structures, (c, d, g, h) show higher magnifications of the area in the rectangle
depicted above. In the middle of the figure a representative striatum is represented with delimited
contralateral (CL) and ipsilateral (IL) regions, scale bar= 2 mm. Scale bars (a, b, d, f) = 500 um; (c, d, g, h) =

50 um.

In contrast, 6-OHDA group showed in the SN an increase of positivity for GFAP

cells in the lesioned side compared to the contralateral hemisphere (Figure 34).
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However, this GFAP immunoreactivity seen in the ipsilateral region was not very strong
in saline group. The nigrostriatal damage produced by 6-OHDA injection in MFB resulted
in apparently more intense staining of astrocytic cell bodies with more branched

appearance than the injection of saline solution in the ipsilateral hemisphere of SN

(Figure 34h).
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Figure 34. GFAP staining in coronal sections of ipsilateral and contralateral hemispheres of the
substantia nigra (SN) of rats injected with 6-OHDA or saline solution into the medial forebrain bundle.
Photomicrographs at different magnifications of the SN of the saline group (a-d) and 6-OHDA group (e-h).
While (a, b, e, f) show an overview of these structures, (c, d, g, h) show higher magnifications of the area
in the rectangle depicted above. In the middle of the figure a representative SN is shown with delimited
contralateral (CL) and ipsilateral (IL) regions, scale bar= 2 mm. Scale bars: (a, b, d, f) = 500 um; (c, d, g, h) =
50 um.
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1.1.1. Quantitative analysis

The effects of 6-OHDA and saline injection into MFB on dopaminergic system
were evaluated measuring the TH-ir and the vascular density in striatum and SN by
stereology. Measurements were taken place considering the entire structure and three
rostro-caudal sections to determine whether 6-OHDA or the simple lesion due to inject
saline solution differentially affected to the innervations throughout the striatal complex

and to the survival of the neurons in the SN from rostral to caudal levels.

1.1.1.1. Injection of 6-OHDA into the medial forebrain bundle caused a loss of

TH-ir and tissue retraction in the injured side of the striatum

To evaluate the TH-ir dopaminergic fibers in striatum, the TH-immunonegative
volume of CPC was measured as a histological alternative to 10D. 6-OHDA group
decreased almost completely the TH-positivity in the lesioned striatum compared to
saline group which did not present loss of the TH-positivity (Figure 35a). The TH-
immunonegative volume in rats received 6-OHDA into MFB in the ipsilateral striatum
was 3.06+0.16 mm?, 94.21+2.8 % respect to the contralateral one and in rats injected
with saline solution was 00 mm?® and 0+0 % (***p<0.001; Student’s t-test) (Figure 35a).
The intact TH-ir volume observed in saline group showed that the saline administration
into MFB did not affect to the TH-positivity in the striatum. In this context, saline and 6-
OHDA group did not show a rostro-caudal gradient for the TH-ir in striatum. However,
due to the fact that 6-OHDA injection originated an extreme loss of TH-positivity along
the rostro-caudal axis, saline and 6-OHDA group showed statistically significant

differences in all rostro-caudal sections (***p <0.001; one way ANOVA) (Figure 35b).
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Figure 35. Injection of 6-OHDA into the medial forebrain bundle decreases almost completely the
tyrosine hydroxylase (TH)-positive volume in the striatum. (a) The % of TH-negative volume in 6-OHDA
was close to 100%; in contrast, the saline group did not show loss of TH positivity in the striatum.
Significance ***p<0.001 6-OHDA vs. saline group. (b) There was no rostro-caudal gradient in either group.
Data are shown as the meanzSE. |

The enlargement of the ipsilateral ventricle in 6-OHDA group described
previously in the morphological analysis was quantified. It was probably as a
consequence of the tissue retraction produced during the administration of 6-OHDA by
the puncture injury. This tissue retraction was measured on TH-immunostained sections
in both experimental groups and it was expressed as a percentage of the volume
occupied by the injured CPC with respect to the contralateral non-lesioned hemisphere
considered as 100%. The volume obtained in the ipsilateral CPC in vehicle group was
3.48+0.14 mm? and 3.7£0.16 mm?® on the contralateral side, showing a 5.4+0.82% of
tissue retraction. In rats received 6-OHDA the ipsilateral volume was 3.35+0.13 mm? and
in contralateral hemisphere the volume was 3.74+0.13 mm3, showing a 10.21+£1.54% of
tissue retraction. These results showed that 6-OHDA group increased more the tissue
retraction than saline group and these results were statistically significant (**p<0.01;
Student’s t-test) (Figure 36a). On the other hand, these data showed that the lesion into
MFB was the responsible for the decrease of 5% in the ipsilateral volume on both groups
(Figure 36a). Furthermore, this tissue retraction decreased from rostral to caudal

sections in both experimental groups (Figure 36b).
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Figure 36. Tissue retraction. The 6-OHDA group showed more tissue retraction than the saline group. (a)
Significant increase in tissue retraction after 6-OHDA injection. Significance **p<0.01 6-OHDA vs. saline.
(b) There was a tendency towards decreased tissue retraction from rostral to caudal levels in both groups.
Data are shown as mean#SE.

1.1.1.2. Gradual loss of TH-ir cells and axodendritic network in the substantia nigra due
to the unilateral administration of 6-OHDA into the medial forebrain bundle following

a rostro-caudal gradient

TH-immunohistochemical analysis showed a significant depletion in the number
of TH-ir neurons and ADN in 6-OHDA group, remaining only 5.54+2.25% of positive
neurons and 3.81+0.75% of TH-ir ADN in the ipsilateral side respect to contralateral one.
In contrast, the effect of saline solution in the number of neurons and axodendritic
network (ADN) was not stronger, remaining 74.9618.86% of TH-ir neurons and
68.37+2.32% of TH-ir ADN in the lesioned hemisphere respect to the non-lesioned side
(Figure 37a, c). Both experimental groups were statistically different regarding the
number of TH-ir neurons and ADN density (***p<0.000; Student’s t-test). Remarkably,
the puncture was responsible for the loss of around 30% of TH-ir neurons and ADN

respect to the non-lesioned side in saline group (Figure 373, c).

When rostro-caudal sections of SN were analyzed for neuronal density and ADN
density, 6-OHDA group and saline group decreased these values rostro-caudally.
However, rats received 6-OHDA presented significantly a lower neuronal density and a
lower ADN density at all considered levels than rats injected with saline solution (Figure

37b, d).
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Measurements for the percentage of TH-ir neurons in 6-OHDA group were
6.24+3.9% at rostral, 2.31+0.28% at middle, and 0+0% at the caudal sections; and
74.81+7.59% at rostral, 74.44+6.44% at middle, and 53.64+10.03% at the caudal sections
for saline group. Saline group and 6-OHDA group were statistically different at all
analyzed levels (***p<0.000, for the rostral sections, ***p<0.000, for the middle
sections, ***p<0.000 for the caudal sections; Student’s t-test) (Figure 37b). There was
also statistically significant difference between the rostral and the caudal sections within

saline group (*p<0.05; ANOVA) (Figure 37b).

Regarding rostral, middle and caudal levels of the SN, the percentage of TH-ir
ADN density for the 6-OHDA group was 7.64+3.1%, 3.72+1.15% and 2.87+1.1% for the
rostral, middle and caudal sections respectively. In saline group was not found
remarkable differences in the three analyzed levels. There were statistically significant
differences between both experimental groups at all studied levels (***p<0.000, for the
rostral sections, ***p<0.000, for the middle sections, **p<0.01 for the caudal sections;

Student’s t-test) (Figure 37d).
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Figure 37. 6-OHDA injection into the medial forebrain bundle induces loss of tyrosine hydroxylase-
immunoreactive (TH-ir) neurons in the substantia nigra (SN). (a) 6-OHDA administration produced a
significant loss of TH-ir neurons in the SN. Significance ***p<0.001 6-OHDA vs. saline group. (b) Both
groups showed a rostro-caudal gradient, which decreased from rostral to caudal levels. Significance
***p<0.001 6-OHDA vs. saline group in rostral, middle and caudal sections. * p<0.005 middle section vs.
caudal section in the saline group. (c) The 6-OHDA group presented the most loss of axodendritic network
(ADN). Significance ***p<0.001 6-OHDA vs. saline group. (d) Only the 6-OHDA group showed a rostro-
caudal distribution of ADN. Significance ***p<0.001 group in rostral and middle sections. Significance
***p<0.01 6-OHDA vs. saline group in caudal sections. Data are shown as the mean+SE.

1.1.1.3. No effect was observed on microvascular density after 6-OHDA or saline

solution administration

Microvessels density was measured by butyrylcholinesterase histochemistry,
which is a reproducible and reliable method (Argandofia y Lafuente, 1996) that exposes
the complete capillary network (vessels between 5-50 um) homogeneously in every

brain areas on a thick section. This method is ideal for the quantification by stereology.
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Results showed that the microvessel density was similar in rats receiving 6-OHDA
and saline solution in striatum and SN and in both hemispheres. In addition, looking at
the rostro-caudal sections in striatum and SN, 6-OHDA and saline rats trended to
decrease the vascular density along the rostro-caudal axis in both studied anatomical

regions (Figure 38).
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Figure 38. 6-OHDA injected into the medial forebrain bundle did not induce changes in microvascular
density. (a, c) No changes were found in microvascular density in the striatum and substantia nigra (SN)
between both experimental groups. (b, d) Both groups showed a tendency to decrease the microvascular
density from rostral to caudal sections in striatum and SN. Data are shown as mean#SE. i
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1.2. Treatment with microencapsulated neurotrophic factors

In order to evaluate the degree of the lesion or recovery after MS implantation
rotational behavior test and histological evaluation of the brain slices have been
performed after 14 weeks of MS administration in rats lesioned with 6-OHDA after four

weeks previously.

All the rats in the study were subjected to the rotational test at 2 weeks after the
6-OHDA lesion to confirm that the lesion was complete and to exclude from the study
those rats which exhibited less than 3 rotations per min in order to study the

effectiveness of the treatment on the Severe model.
1.2.1. Motor evaluation

The motor function was proved with the amphetamine-induced rotation test.
There were no differences in the basal number of rotations between the groups (Figure
39). The evolution in time of the mean number of amphetamine-induced rotations of
the control group (empty-MS) showed a tendency to increase from 5.29+1.37 ipsilateral
tpm at 0 week to 12.824+0.96 tpm at 12 weeks. Conversely, after GDNF-MS implantation,
the number of rotations started to decline at week 4, but the differences between this
group and the empty-MS treated group were statistically significant (one-way ANOVA,
*p<0.05) only at 10 weeks (empty-MS: 14.84+1.399 tpm; GDNF-MS: 5.45+2.50 tpm) and
12 weeks (empty-MS: 12.82+1.45 tpm; GDNF-MS: 3.45+2.33 tpm) after implantation.
VEGF-MS administration resulted in lower levels of ipsilateral rotations than those
observed for empty-MS (empty-MS: 14.84+1.399 tpm; VEGF-MS: 7.78+1.96 tpm) at
week 10. In this group, the number of rotations decreased beginning in week 8, although
the decrease was not significant. The tendency of the combined group treated with both
VEGF-MS and GDNF-MS (empty-MS: 12.82+1.45 tpm; VEGF+GDNF-MS: 6.374£1.15 tpm)
at week 12 (not statistically significant) was similar to that of the GDNF-MS-treated

group. The number of rotations began to decline in week 6, but the results were not as
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pronounced as those obtained with the dose of GDNF-MS administered alone (Figure

39a).

To confirm the results obtained with amphetamine, rats were subjected to the
apomorphine-induced rotational behavior test at week 14. While no statistically
significant differences were observed in the number of rotations induced by
apomorphine, a tendency was noted that confirms the results obtained in the previous
rotational behaviour test. Therefore, Figure 39b showed that the empty-MS-treated
group had the highest level of neuronal damage after 3 months of treatment due to its
high number of contralateral rotations (Herran et al.,, 2013). The GDNF-MS- and
VEGF+GDNF-MS-treated groups had the best results with respect to damage area
recovery, displaying fewer contralateral rotations (empty-MS: 3.94 + 1.73 t/5 min; VEGF-
MS: 2.69 £ 0.94 t/5 min; GDNF-MS: 1.19 + 0.46 t/5 min; VEGF+GDNF-MS: 1.17 + 0.55 t/5

min.

Ipsilateral rotations/min
Contralateral rotations/ 5 min

0 2 4 6 8 10 12 Empty-MS VEGF-MS GDNF-MS  VEGF+GDNF-MS

Time (weeks)

’Q Empty-MS M VEGF-MS oy GDNF-MS e 3 \I'(;I-‘&(;I)\I-\I\I

Figure 39. Behavioral tests to assess the functionality after neurotrophic factors administration (Herran
et al., 2013) (a) Data obtained from the amphetamine rotational behavior test after microspheres (MS)
implantation after 12 weeks: black triangle: empty-MS; black square: VEGF-MS; open triangle: GDNF-MS;
black circle: VEGF + GDNF-MS. The empty-MS and GDNF-MS showed statistically significant differences (p
<0.05). (b) The results obtained from the apomorphine rotational behavior test 14 weeks after
implantation. The VEGF + GDNF-MS treated group shows the best recovery of the damaged area. The data
are shown as the meanzstandard desviation.
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1.2.2. Histological changes

Rats were sacrificed after the apomorphine-test evaluation, at 14 week after MS
administration. Rat brain surfaces presented macroscopically difference among the
experimental groups. Rats received microspheres loaded with VEGF and GDNF had
major mark in the right hemisphere than the other studied groups due to the volume of

VEGF and GDNF administrated was high (Figure 40).

To examine the morphological changes occurred after MS administration and the
effects of combined VEGF and GDNF delivery in striatum; Nissl staining and

immunohistochemistry studies were carried out.

Empty-MS VEGF-MS

GDNF-MS

Figure 40. Rat brain surfaces from different groups. The black arrow indicates the puncture scar in the
lesioned hemisphere in which the microspheres were injected. Scale bar =2 mm.

Nissl-stained sections showed a heavily blue area corresponding to the needle
track after administration of MS. It was also observed an enlarged ipsilateral ventricle
with a contracted striatum on the injured hemisphere due to the subsequent striatal

injection of MS and the effect of 6-OHDA lesion (Figure 41). In addition, along the needle
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track, it was also possible to observe macrophages and hemosiderin. According to this,

rats received VEGF and GDNF had more retracted the striatum than the other groups.

VEGF+GDNF-MS

Figure 41 Coronal sections of rats injected with empty microspheres or with microspheres containing
VEGF+GDNF at the level of the striatum. The black arrow points to the trajectory of the lesion in the
injured hemisphere. Scale bar=2 mm. !

On the other hand, TH-immunostaining sections of striatum and SN revealed
more positivity in rats receiving MS loaded with both NTFs than the groups receiving

empty MS or the NTF individually (Figure 42).
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Figure 42. Representative picture of the substantia nigra (SN) after tyrosine hydroxylase (TH)-
immunostaining of a control rat implanted with empty microspheres and rats treated with
microspheres (MS) loaded with neurotrophic factors individually or in combination. The black arrow
points to the SN of the lesioned hemisphere where VEGF+GDNF-MS administration increased
regeneration. Scale bar =1 mm.

Activation of astrocytes after MS implantation was evaluated by GFAP
immunostaining. All groups showed increase of GFAP levels in the lesioned side
compared to the non-lesioned hemisphere (Figure 43). The implantation of MS induced
a remarkable GFAP reaction around the site of the injection (Figure 43b, d, f, h).
However, rats receiving both NTFs presented the most expression of GFAP in the injured

side of the striatum compared to the rest of studied groups (Figure 43a, b, c, d).
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The astrocytes of ipsilateral hemisphere displayed a swollen soma and more
branched appearance (Figure 43d, h). These processes suggested an activated state and

up-regulation of astrocytes in the lesioned hemisphere.
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CL IL
a b

Figure 43. GFAP expression is increased after neurotrophic factors administration into the striatum. (a-
d) Coronal sections of ipsilateral (IL) and contralateral (CL) hemispheres of the striatum stained with GFAP
from lesioned rats treated with microspheres (MS) loaded with VEGF and GDNF. (e-h) Photomicrographs
from the striatum of lesioned rats treated with empty-MS. While (a, b, e, f) show an overview of these
structures, (c, d, g, h) show higher magnifications of the area in the rectangle depicted above. In the
middle of the figure., a representative coronal section is shown with delimited CL and IL regions; scale bar

=2mm. Scale bars: (a, b, d, f) = 500 um; (c, d, g, h) = 50 um.
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1.2.3. Proliferative effects of microspheres loaded with neurotrophic factors

To study possible expression of BrdU-positive cells along the SVZ striatum axis in
rats treated with NTFs, rats were injected with 3 i.p. injections of BrdU (80 mg/kg) at 3-
hour intervals. One hour after the last injection, animals were sacrificed and coronal

brain sections were stained for nuclear BrdU incorporation.

Rats received NTFs showed a large number of cells BrdU-positive in the SVZ,
indicating a high level of proliferation (Figure 44). In rats received empty-MS the number
of BrdU detected in SVZ was decreased in the ipsilateral side respect to the contralateral
one (60.16%) compared to the groups treated with NTFs. In fact, the increase in the
percentage of BrdU-positive cells of the injured hemisphere respect to the contralateral
one, was higher in groups received VEGF individually (286.04%) or combined with GDNF
(160.62%) than the group received GDNF individually (95.48%) (Figure 44b). These
changes were not statistically significant because BrdU analysis was only developed in
two animals per group. Overall, these results highlighted the neurogenic and

proliferative effect of VEGF in this model.
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Figure 44. Effect of neurotrophic factors administration on proliferation. (a) Confocal photomicrographs
for each experimental group showed the BrdU -positive nucleus in the subventricular zone (SVZ). (b) VEGF
increased the percentage of BrdU-positive cells, whereas empty microspheres did not exhibit any effect on
proliferation. Scale bar = 250 um. Data are shown as means*SE.

1.2.4. Quantitative analyses

To assess stereological and morphological changes in the striatum and SN
induced by the administration of MS into the striatum of 6-OHDA lesioned rats, tissue
retraction, process occurred after MS implantation and 6-OHDA lesion, TH-
immunoreactive cells and ADN were measured in the whole striatum and SN and along
the rostro-caudal axis in both structures in order to evaluate the topological distribution
of the dopaminergic system. Quantification of density of vessels was also carried out in

order to find modifications related to angiogenesis after NTFs administration.
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1.2.4.1. VEGF and GDNF in combination induced tissue retraction

Tissue retraction previously described was measured in order to estimate the
morphological effects produced after MS implantation into the striatum of rats. Results
showed that groups received MS loaded with GDNF in combination with VEGF or GDNF
individually, presented more percentage of tissue retraction (19.13+2.34% and
18.94+1.54% respectively) than those groups received empty-MS (6.07+1.98%) or VEGF
individually (10.09+0.98%) (Figure 45a). These differences were statistically significant
respect to empty-MS group (**p<0.01, one-way ANOVA), and respect to VEGF-MS group
(##p<0.01, one-way ANOVA), suggesting that the volume of both NTFs in MS should

have been lower to reduce the damage.

Topological analysis indicated that tissue retraction decreased from rostral to
caudal level at all groups considered because of the site of MS injection was closer to the
rostral and middle sections (Figure 45b). In rats receiving empty-MS the tissue retraction
was lower at all sections studied compared to the other groups. Statistically significant
differences were found regarding the rostral and middle sections between empty-MS
group (8.17+2.95% at rostral and 3.76+3.37% at middle level) and GDNF-MS group
(21.34+3.43% and 16.45+2.89% respectively) (*p<0.05, one-way ANOVA) and regarding
middle sections between empty-MS group (3.76%£3.37%) and VEGF+GDNF-MS group
(20.15%+3.5%) (**p<0.01, one-way ANOVA). Differences within GDNF-MS group were also
appreciated between rostral (21.34+3.43%) and caudal sections (9.861£4.7%) (*p<0.05,
one-way ANOVA).
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Figure 45. Quantification of tissue retraction in rats treated with microspheres. (a) The group treated
with GDNF and the group treated with VEGF+GDNF showed a higher percentage of tissue retraction.
Significance (***p<0.001, VEGF+GDNF-MS and GDNF-MS group vs. empty-MS; ### p<0.001 VEGF-GDNF-
MS and GDNF group vs. VEGF-MS). (b) Tissue retraction decreased from rostral to caudal levels in all
experimental groups, being statistically different in rostral and middle sections in the GDNF-group
(*p<0.05 rostral vs. middle sections from the GDNF group). Statistical differences were also found in the
rostral and middle sections of the GDNF-MS group and in the middle sections of the VEGF+GDNF-group
with respect to the rostral and middle sections of the empty-MS group (*p<0.05 VEGF+GDNF group and
GDNF-MS group vs. empty-MS). Data are shown as mean+SE.

1.2.4.2. Positive effects in the substantia nigra after VEGF and GDNF delivery

Measurements obtained after TH-immunostaining were based on changes seen
in SN. The decrease in TH-ir caused by 6-OHDA was ameliorated when NTF was
administrated individually or in combination (Figure 46). In fact, the number of TH-ir
cells was higher in rats receiving VEGF and GDNF (26.71+4.28%), while rats received
empty-MS showed an almost depletion of TH-ir cells (5.79+1.88% (Figure 46a). The
percentage of TH-ir cells remaining in the injured side was also increased when rats
received VEGF (11.88%3.22%) or GDNF (20.47+4.28%) individually in comparison to
empty-MS group (5.79+1.88%). Differences were statistically significant between
VEGF+GDNF-MS group and empty-MS group (**p<0.01, one-way ANOVA), and between
GDNF-MS group and empty-MS group (**p<0.01, one-way ANOVA).

The topographical distribution revealed that the density of TH-ir neurons

decreased from rostral to caudal levels at all groups (Figure 46b). Rats received VEGF
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and GDNF showed the most recovery at all levels (39.6814.72% at rostral, 23.74+3% at
middle and 15.97+0.82% at caudal section) and differences were statistically significant
between rostral and middle level (Figure 46b). Nevertheless, the most statistically
significant differences were found at rostral level. Thus, there were statistically
significant differences at rostral sections between empty-MS (6.13+3.69%) or VEGF-MS
group (11.57+4.71%) respect to VEGF+GDNF-MS group (39.68+4.72%) (**p<0.01, one-
way ANOVA). In addition, rats received GDNF also presented more remaining of TH-ir
neuron at rostral level (28.62+4.4%) compared to empty-MS group (6.13+3.69%)
(#p<0.05, one-way ANOVA) (Figure 46b).

The effect of GDNF administration was appreciated in the sprouting of ADN,
which was higher when GDNF was individually administrated (Figure 46¢). However, the
differences in the percentage of TH-ir ADN remaining in the lesioned hemisphere
respect to the contralateral one, between rats received GDNF alone (43.01+2.27%) or in
combination (39.23+5.21%) were practically inexistent (Figure 46c). In contrast, the TH-ir
density of ADN was statistically lower in rats received empty-MS (24.96+2.78%) or VEGF
(27.48+3.27%) compared to rats received GDNF alone (**p<0.01, ## p<0.01; one-way
ANOVA).

Distribution from rostral to caudal sections showed an increase in the TH-ir
density of ADN on all sections of the GDNF-MS and VEGF+GDNF-MS group. However, no
statistic differences were observed either between groups or into themselves (Figure

46d).
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Figure 46. Recovery of neuronal density after VEGF and GDNF administration. (a) Rats treated with VEGF
and GDNF in combination showed highest neuronal density. Significance (**p<0.01 VEGF+GDNF and
GDNF-MS group vs. empty-MS). (b) Neuronal density decreased from rostral to caudal levels in all
experimental groups, being statistically different at rostral and caudal levels in the VEFG+GDNF-MS group
(*p<0.05 rostral sections vs. caudal sections in VEGF+GDNF-MS group). The highest difference was found
at the rostral level between experimental groups (**p<0.01 VEGF+GDNF-MS group and GDNF-MS group
vs. empty-MS, #p<0.05 VEGF-MS vs. VEGF+GDNF-MS group). (c) The GDNF-MS group and the VEGF+GDNF-
MS group showed the highest percentage of axodendritic network (ADN). Significance (**p<0.01, GDNF-
MS group vs. empty-MS; ##p <0.01, GDNF-MS group vs. VEGF-MS group). (d) Rats treated with GDNF
individually and with VEGF and GDNF in combination showed a tendency to decrease the density of ADN
from rostral to caudal parts. Data are shown as means+SE.
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1.2.4.3. GDNF increased the density of microvessels

Microvascular density was measured in the striatum in order to examine changes

in angiogenesis as a response of NTF implantation.

Administration of NTFs caused an increase in the density of vessels in comparison
to the administration of empty-MS in the striatum (94.63+1.93%) (Figure 47a).
Interestingly, when GDNF is injected individually the percentage of blood vessels
remaining in the injured hemisphere was higher as compared to the non-lesioned
hemisphere, reaching this group the most microvascular density (103.47+:2.23%). In
contrast, in the other treated groups the density of vessels trends to be less in the
lesioned side than in the contralateral one (Figure 47a). Rats received VEGF alone
presented a percentage of microvascular density close to the 100% (99.95+1.51%) and in
rats received VEGF and GDNF the density of vessels was a 97.04+2.54%. There were
statistically significant differences between GDNF-MS group and empty-MS group
(*p<0.05, one-way ANOVA).

Rostro-caudal distribution of vessels in striatum showed that the microvascular
density decreased from rostral to caudal sections at all groups, indicating that the effect
of NTF and of the lesion in the density of blood vessels was lower the more it was
distanced from the site of the injection (Figure 47b). In fact, these differences from
rostral to caudal levels were statistically significant in rats received VEGF and GDNF
between middle (97.75+4.69%) and caudal levels (88.33+5.47%) respect to the rostral
level (115.7942.73%) (*p<0.05, one-way ANOVA). On the other hand, rats received MS
loaded with GDNF presented the most density of vessels at all levels considered
(120.4145.16% at rostral, 104.7+7.16% and 104.7+8.22% at caudal sections). Differences
were also statistically significant at rostral level between GDNF-MS group

(120.41+5.16%) and empty-MS group (96.17+7.1%) (*p <0.05, one-way ANOVA).
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These results showed that the dose used for VEGF in combination with GDNF in

microspheres was high, highlighting its neuroprotective effect instead of its angiogenic

effect.
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Figure 47 Microvascular density in the striatum of rats treated with microspheres. (a) The GDNF-MS
group showed the highest microvascular density in the striatum. Significance (*p<0.05 GDNF-MS group vs.
empty-MS). (b) Experimental groups showed a rostro-caudal distribution of microvascular density in the
striatum, decreasing from rostral to caudal parts. The VEGF+GDNF-MS group showed statistically
significant differences between middle and caudal sections (#p<0.05 middle vs. caudal sections from
VEGF+GDNF-MS group). Statistically significant differences were also reached in rostral sections between
experimental groups (*p<0.05 GDNF-MS group vs. empty-MS group). Data are shown as means+SE.
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2. Assay ll: Morphological characterization of the Partial
model of Parkinson’s disease and effects of nanoencapsulated

neurotrophic factors

Once assessed the Severe model and the treatment based on microspheres to
ameliorate the effects of injecting 6-OHDA into MFB, Partial model was also examined in
order to achieve rather selective lesion of the CPC. Following the clinical diagram
showed in figure 1 this should be a PD model situated at diagnosis time. However,
regarding the problems obtained with the size of particles and with the volume
administrated of NTFs, in this study we used nanospheres and adjusted the volume of
NTFs administrating low doses (half that of individual treatment) of VEGF-loaded PLGA

NS and GDNF-loaded PLGA NS in combination to obtain better results.

To reproduce the partial lesion, 6-OHDA was unilaterally administrated and
divided over three injection sites in the lateral sector of the striatum, inducing a
progressive, retrograde degeneration of the nigrostriatal pathway. Thus, it is a good
model to study the pathophysiological features in the first stage of development of PD,
as well as the effects and neuropathological changes of new therapeutic strategies like

nanoparticles releasing NTFs.

Firstly, we established and assessed morphologically the model, injecting saline
solution again as control of lesion into striatum. For this purpose, 6-OHDA and saline rats
was processed at 3 weeks postlesion and used to assess the morphological changes of

the model.

Then, other 6-OHDA lesioned rats were used for testing the treatment. For that,
during and after the nanospheres or vehicle administration the animals were tested for
drug-induced rotation test and used to assess the morphological recovery along the

nigrostriatal pathway.
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Regarding the treatment a new experimental group was also included, the
vehicle group to evaluate the lesion produced by injecting twice into striatum. Table 4
showed the different experimental group used in this study following the experimental

condition assigned for each one and the time course of the study is illustrated in the

Figure 48.
Group Number (n) Comments
6-OHDA 5 6-OHDA lesion
Saline 3 Saline solution injection
Vehicle 5 6-OHDA lesion, striatal
administration of PBS
Empty-NS 5 6-OHDA lesion, striatal
administration of empty NS
VEGF-NS 5 6-OHDA lesion, striatal
administration of NS loaded with
2.5 ug VEGF
GDNF-NS 6 6-OHDA lesion, striatal
administration of NS loaded with
2.5 ug GDNF
VEGF+GDNF-NS 6 6-OHDA lesion, striatal
administration of NS loaded with
1.25 pg VEGF and 1.25 pug GDNF

ETabIe 4. Experimental groups from assay 2 for each condition. Abbreviations: 6-OHDA, 6-5
hydroxydopamine, NS, nanospheres, VEGF, vascular endothelial growth factor, GDNF, glial cell line-
| derived neurotrophic factor. '
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Characterization of the lesion

Figure 48. Time course for characterization of the lesion of the striatum (green) and for nanosphere
treatment (red). Abbreviations: 6-OHDA, 6-hydroxydopamine; NS, nanospheres; BrdU: |
bromodeoxyuridine; VEGF, vascular endothelial growth factor; GDNF, glial cell line-derived neurotrophic
factor. |

2.1. Morphological features of the Partial model of Parkinson’s disease

Sprague Dawley rats were also found to be suited for effective and reproducible
stereotaxic targeting of the striatum. The effective dose of 6-OHDA was used to achieve

the partial lesion of the nigrostriatal system.

Like in assay 1, for the evaluation of the model, after three weeks of injecting 6-
OHDA or saline solution into striatum, rats were sacrifice by transcardial perfusion,
brains were removed and sections from both the striatum and SN were collected for the

morphological evaluation.

Rat brain surfaces showed the three injections marks where either the 6-OHDA
or the saline solution was administered. No macroscopically differences were observed

between both groups (Figure 49).
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Saline 6-OHDA

Figure 49. Rat brain surfaces from rats lesioned in the striatum. The black arrows indicate the mark of the
puncture where 6-OHDA or saline solution was injected. Scale bar =2 mm.

Coronal sections stained with Nissl showed the needle trajectory into the
striatum (Figure 50a), which was almost imperceptible in the TH-immunostaining
sections (Figure 50b). On the lesioned side, a slight enlargement of the lateral ventricle
was observed, probably due to scar retraction. Rats from the 6-OHDA group showed
negativity for TH-immunohistochemistry on the dorsolateral region of the striatum

(Figure 50).

In the histopathological analysis, GFAP expression levels were higher on the
lesioned sides (Striatum and SN) than on the intact ones. Furthermore, most of the
GFAP-positive cells seen in the lesioned side showed a swollen soma. In addition, 6-
OHDA rats showed a stronger positivity to GFAP than rats only receiving the saline

solution.
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Figure 50. Needle trajectory: Coronal sections from the saline group, Nissl stained (a) and tyrosine
hydroxylase (TH) immunostained (b). The black arrow indicates the needle trajectory in the striatum. Both
striata continue to exhibit intense TH-immunoreactivity. Scale bar =2 mm. |

In the SN the main loss of immunoreactivity in 6-OHDA rats was observed in the
lateral middle region of the SN, which due to the anatomical distribution allows to
identify as ” external SN” (e-SN). e-SN includes SN-Lateral, a part of the SN-reticulata and
a half of the SN-compacta. In addition, this new delimited area was topologically related

to the lesioned part of striatum (see figure 25).

2.1.1. Immunofluorescence study of VEGF, OX-42 and LEA histochemistry

In order to visualize morphological changes in microglia in striatum and SN, an
immunofluorescent staining was performed using OX-42 antibody, a specific microglial
marker. Owing to VEGF is a key mediator of angiogenesis, immunofluorescence for VEGF
was also carried out to detect VEGF positive cells and a LEA staining to study the

morphology of the vessels.

The lesioned striatum and the ipsilateral SN exhibited more intense
immunopositivity OX-42, VEGF and LEA immunoreactivity than the control side. Both
structures showed a more conspicuous microglial reaction. Meanwhile in healthy side a
spotty pattern was found corresponding to ramified microglia, the lesioned one showed

a rough pattern of reactive microglia (Figure 51a). Lectin histochemistry for LEA showed
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conspicuous microvascular network with abundant amoeboid microglia around the

needle trajectory (Figure 51b) and the immunostaining for VEGF displays the

microvasculature in the affected CPC.

Figure 51. Striatal injection of 6-OHDA increased the expression of OX-42, VEGF and LEA in the
ipsilateral hemisphere. Confocal microscopic images of OX42 (green), VEGF (red) and LEA (green) to verify
the lesion in the ipsilateral (IL) striatum (a) and substantia nigra (b) compared to the contralateral (CL)
one. Samples were also stained with Hoechst (blue) to visualize nuclei. Scale bar = 275 um.
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2.1.2. Quantitative analysis

The effects of 6-OHDA and saline injection into striatum on dopaminergic system
were evaluated measuring the TH-ir and the vascular density in striatum and SN by
stereology. Measurements were taken place considering the entire structure and rostro-
caudal sections to assess the vulnerability from each region in order to examine the

topological distribution of the lesion in both dopaminergic regions of our study.
2.1.2.1. Volume of affected striatum

Degeneration of dopaminergic fibers after the injection of 6-OHDA was evaluated
measuring the volume of immunonegative CPC for TH. A significant decrease of the TH-
positivity was observed in rats injected with 6-OHDA versus those only injected with the
saline solution (Figure 52). The TH-negative volume in 6-OHDA rats was 2.10+0.15mms,
65.8814.59% for the entire ipsilateral striatum and in the saline group was

0.02+0.008mms, (0.54+0.34%) (***p<0.001; Student’s t-test) (Figure 52b).

Regarding rostral, middle and caudal levels of the CPC, the percentage of TH-
negative volume was 54.49+11.54%, 63.65+11.29% and 84.51+6.73% for the rostral,
middle and caudal sections of the 6-OHDA group respectively (Figure 52c). Significant
changes were found comparing both groups at these three considered levels
(***p<0.001, for the rostral sections, ***p<0.001, for the middle sections, ***p<0.001
for the caudal sections; Student’s t-test) (Figure 52c). However, no significant differences

were found between the different levels within the saline or 6-OHDA groups.

After the histopathological analysis, the previously referred enlargement of the
ipsilateral ventricle was appreciated; probably due to tissue retraction caused scarring
after the puncture injury. Therefore, a quantification of this tissue retraction was
performed and expressed as a percentage of the volume occupied by the ipsilateral CPC

with respect to the contralateral one, on TH-immunostained sections. This contralateral
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non-lesioned CPC was considered as 100%. The volume was calculated integrating all

measurements of the CPC sections using the above referred image analysis system.

The average volume of the entire CPC in the saline group was 2.9610.23mm?on
the ipsilateral side and 3.41+0.3mm?on the contralateral one (the ipsilateral hemisphere
values were found to be 8.65+3.45% lower than those of the contralateral hemisphere).
In the 6-OHDA group the average volume for the injured side was 3.19+0.11 mm?and
3.651£0.14 mm? for the non-injured one (ipsilateral hemisphere values 12.80+1.21%
lower than those of the contralateral hemisphere) (Figure 52d). These data show that
the puncture is responsible for circa a 10% decrease in tissue volume on both groups,
though tissue retraction did not reach any significant differences between the saline and
6-OHDA groups. Moreover, tissue retraction decreased from the rostral to the caudal

level in both groups (Figure 52e).
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Figure 52. Affected caudate putamen complex (CPC). Series of coronal sections (a) show differential
tyrosine hydroxylase (TH)-positivity depending on the injected substance and the level considered (rostral,
middle and caudal). Scale bar: 2.5 mm. (b, c) Loss of TH-positive innervation in the striatum was
determined by the percentage of TH-negative volume of the ipsilateral striatum with respect to the total
ipsilateral one. Significance ***p<0.001 saline vs. 6-OHDA group. (d, e) The size of the ipsilateral CPC was
assessed by the remaining volume percentage of the ipsilateral vs. the contralateral one. Data are shown

as meantSE.
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2.1.2.2. Neuron Density and Axodendritic Network in the entire SN and in the

“external-SN”

The main neuron loss was observed in the previously defined “external SN” (e-
SN) (Figure 53a), where the decrease in TH-ir neurons was comparatively more

prominent than in the entire SN.

The number of TH-immunoreactive (TH-ir) cells in SN decreased significantly after
the administration of 6-OHDA, with only 20.45+2.33% of positive neurons remaining in
the ipsilateral side. The saline group showed minimal variations (85.59+2.20%). There
was a highly significant difference between both groups (***p<0.000; Student’s t-test)
(Figure 53b). When rostro-caudal sections of SN were analyzed for neuronal density, a
significant reduction in the 6-OHDA group compared to the saline group was found at all

levels, being most relevant in the caudal sections (Figure 53c).

Stereological studies showed more significant changes in the e-SN than in the
entire SN, indicating that this region is more susceptible to changes using this model.
Thus, in rats receiving 6-OHDA, 14.5+2.55% of TH-positive neurons remained, and in the

saline group 77.91+4.90% (***p<0.001; Student’s t-test) (Figure 53d).

Interestingly, the rostro-caudal gradient was much more remarkable in the e-SN
than in the entire SN, attaining statistically significant differences between the rostral
and caudal sections within the same group (Figure 53e). Measurements for the e-SN
were 23.84+1.39% at rostral, 12.9+3.64% at middle, and 6.75%2.53% at the caudal
section for the 6-OHDA group; and 90.58+5.97% at rostral, 80.16+5.25% at middle and
62.9945.56% at the caudal section for the saline group (Figure 53e). In contrast, the
entire SN did not show remarkable differences throughout the rostro-caudal axis
(21.24+4.15%, 16.93+4.92%, and 21.4214.85% for the 6-OHDA group; and 86.42+3.95%,
85.42+46.29%, and 79.62+2.3% for the saline group) (Figure 53e).

Owing to the significant changes in neuronal density obtained when analyzing

the e-SN, we proceeded to quantify the ADN in this specific region. As expected, 6-OHDA
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rats presented a lower ADN density than saline rats (40.45%1.96% vs. 81.82+1.96%,
***p<0.001; Student’s t-test) (Figure 53f).

As for the rostro-caudal distribution, rats receiving 6-OHDA presented a
significantly lower ADN density (45.94%3.39% at rostral, 39.9+2.47 at middle, and
37.6%1.3 at the caudal section) than rats receiving just the saline solution (86.62+2.52 at
rostral, 94.18+2.34 at middle, and 87.9+2.24 at the caudal section), at all studied
sections; however, no trend or differences within the same group were appreciated
(***p<0.001 6-OHDA vs. saline rats at rostral and middle sections and **p<0.01 at the

caudal section; Student’s t-test) (Figure 53g).
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Figure 53. Effects on the substantia nigra (SN). (a) Photomicrographs of the rostral, middle and caudal
sections of the SN immunostained for tyrosine hydroxylase (TH) in the saline and 6-OHDA groups. Scale
bar: 1 mm. (b, c) 6-OHDA produced a significant loss of TH-ir neurons in the entire SN and no differences
between sections along the rostro-caudal axis were observed. ***p<0.001 saline vs. 6-OHDA group. (d, e)
In the e-SN, the density of neurons decreased in both groups (***p<0.001) and a decreasing rostro-caudal
gradient was evident, being significantly different in the rostral and caudal sections (*p<0.05) in both
groups. Saline vs. 6-OHDA rats presented significant differences in all analyzed sections (***p<0.001). (f, g)
The density of the axodendritic network (ADN) was measured only in the e-SN. There was a significant
difference between both experimental groups (***p<0.001). Analyzed by section, a tendency was only
observed in the 6-OHDA group. Data are shown as means + SE.
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2.1.2.3. No change was observed in microvascular density after 6-OHDA into the

striatum

Microvessels density was higher in 6-OHDA rats in striatum and SN. However,

there was no statistical difference between both groups (Figure 54).

Regarding rostro-caudal sections in striatum, 6-OHDA rats trended to increase
the vascular density from rostral to caudal level (Figure 54b). Saline rats did not show

changes in the values along this axis (Figure 54b).
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Figure 54. Quantitative analysis of microvascular density in the striatum and substantia nigra (SN) after
6-OHDA injection into the striatum. (a, c) Microvascular density was similar in the 6-OHDA and saline
groups, in both the striatum and SN. (b, d) Graphs show a rostro-caudal distribution of microvessels in the
striatum and SN. Saline administration decreases microvascular density from rostral to caudal parts in the
striatum and SN. However, 6-OHDA injection increases the microvasculature from rostral to caudal
sections in the striatum (b), but in the SN this gradient is inverted, with microvessel density decreasing
from rostral to caudal sections in this group (d). Data are shown as means+SE.
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2.2. Treatment with nanoencapsulated neurotrophic factors

In order to analyze the potential of VEGF and GDNF nanoencapsulated in the
Partial model, rats were previously parkinsonized and after three weeks NS were
implanted. Rotational behavioral tests were developed to assess the functional recovery
and morphological evaluation of the brain slices have been performed after 14 weeks of

NS administration, when rats were sacrificed.

Only the rats that presented more than three tpm at 2 week after 6-OHDA lesion
were included in the study to confirm that the lesion was effective in order to evaluate

the effectiveness of the treatment on the Partial model.
2.2.1. Behavioral study: Functional effects of implanted PLGA-nanospheres

In vivo functionality of nanoencapsulated VEGF and GDNF releasing PLGA-NS was
assessed by amphetamine-induced rotational test. For that, rats were divided into five
experimental groups: (1) vehicle; (2) empty-NS; (3) VEG- NS (2.5 pg VEGF); (4) GDNF-NS
(2.5 pg GDNF); and (5) VEGF-NS and GDNF-NS (1.25 pg VEGF and 1.25 g GDNF).

In amphetamine-induced experiments, no differences were found in the initial
number of rotations between groups, as shown in Figure 55 (Herran et al., 2014). After a
unilateral 6-OHDA lesion, animals receiving only the vehicle administration did not show
significant recovery of the rotational behavior at any time (sham: 10.15+2.19 ipsilateral
tpm at 0 weeks to 11.5742.49 tpm at 10 weeks). Rats receiving empty-NS, VEGF-NS, and
GDNF-NS treatments showed a slight reduction in rotations at the end of the study
(week 10). GDNF-NS implantation, in particular, showed a statistical reduction in the
number of rotations when compared with sham group (empty-NS: 9.71+2.92 tpm; VEGF-
NS: 6.3742.11 tpm; GDNF-NS: 4.43+2.75 tpm; P<0.05 GDNF NS with respect to sham
group, Student’s t-test). In addition, we observed that striatal implantation of the
combined VEGF-NS and GDNF-NS treatment at half the dose of the factors administered

individually achieved the best behavioral results and significantly reduced the number of
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rotations (VEGF-NS and GDNF-NS: 0.874+0.53 tpm) when compared to the empty NS and
sham groups (***p<0.001 with respect to empty-NS and sham groups, Student’s t-test
(Figure 53a).

Once the amphetamine test was completed, rats were exposed to the
apomorphine-induced test. The data obtained from this test confirmed the promising
results obtained previously, showing statistically significant changes between the VEGF-
NS and GDNF-NS group and sham and empty-NS treatment groups (**p<0.01 with
respect to empty-NS and p<0.05 with respect to sham group, Student’s t-test (Figure
53b). As can be seen from Figure 55, the VEGF-NS and GDNF-NS treated group
presented the smallest number of contralateral rotations, demonstrating the highest

level of behavioral recovery (Herran et al., 2014).

Assays with NTFs administered alone were not remarkably taken into account
because statistically significant differences in functional tests were only to be found
where both factors (VEGF+GDNF) were synergistically administrated. Therefore, the
advanced stereological study was focused exclusively on this group and the control

groups.
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Figure 55 Behavioral study: amphetamine and apomorphine rotational tests. (a) The results obtained
from the amphetamine rotational behavior test after nanosphere (NS) administration. The GDNF-NS group
vs. the sham group showed statistically significant differences (*p<0.05). The VEGF-NS and GDNF-NS
groups vs. the sham and empty NS groups showed statistically significant differences (***p<0.001). (b)
Data obtained from the apomorphine rotational behavior test 14 weeks after NS implantation. The VEGF
NS and GDNF NS-treated groups exhibited the best behavioral recovery (*p<0.05, VEGF-NS and GDNF-NS
vs. empty-NS; **p<0.01, VEGF-NS and GDNF-NS vs. sham). Data are shown as mean + standard deviation.e
data are shown as the meanzstandard desviation.

2.2.2. Histological changes after nanospheres implantation

Rats were sacrificed at 14 week after apomorphine-test evaluation. Rat brain
surfaces did not present macroscopically difference among the experimental groups. To
examine the morphological changes occurred after NS administration and the effects of
combined VEGF and GDNF delivery in striatum; Nissl staining and immunohistochemistry

studies were carried out.

Some Nissl slices show two trajectories corresponding to the initial
administration of 6-OHDA and a subsequent administration due to the treatment (Figure
56a). Tissue around the needle track appeared rarefied with a conspicuous glial reaction
and macrophages or hemosiderin are sometimes present along the track. A mild
enlargement of the lateral ventricle is frequently appreciated. The astroglial reaction
consists of a hypertrophy of cellular processes and up-regulation of GFAP expression.

Nanospheres loaded with NTF induced a remarkable glial reaction around the trajectory.
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Morphological evidences of tissue damage after NS implantation were
undistinguishable to the vehicle, indicating that histological changes around the needle

track were induced by the needle itself, and the NS themselves being well tolerated.

Rats receiving 6-OHDA showed an asymmetrical distribution of the toxin effects.
These were localized mainly over the dorsolateral region of the striatum. Slices including
the needle track frequently displayed an abrupt transition between TH-

immunohistochemistry positivity and negativity (Figure 56b).

d . N b

Figure 56. Abrupt limit in the striatum: Coronal sections from the 6-OHDA-treated (vehicle) group,
stained for Nissl and tyrosine hydroxylase (TH)-immunohistochemistry (a, b respectively). (a) Black arrows
mark the trajectory of both surgical procedures (6-OHDA and treatment administration), (b) At this level
an abrupt limit between TH-positivity and TH-negativity was observed. Scale bar =2 mm. '

2.2.3. Proliferation assay: BrdU/DCX immunofluorescence

Double immunofluorescence for BrdU and DCX was performed to investigate the
ability of NTF to promote neurogenesis, cell migration and neuronal differentiation in
the SVZ after 6-OHDA lesion. For this reason, striatal tissue sections corresponding on
rats treated with vehicle, empty-NS and with NS loaded with VEGF and GDNF in

combination were doubly immunostained with BrdU and DCX.

A large amount of cells expressing BrdU-positivity was found in the SVZ and
surrounding areas in the group receiving NTFs, which indicates a high level of

proliferation. Some of these cells co-expressed DCX (marker of immature neurons) and
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were extended all over the SVZ. Some of them were located in areas adjacent to the
striatum, suggesting a possible SVZ to striatum migration. In the animals of the vehicle
group, the number of BrdU-positive cells was clearly lower and there were no DCX-
positive cells (Figure 57), confirming that NTFs induce or maintain neuron differentiation

and proliferation levels.

Inferaural 10.00 mm Bregma 1.00 mm

b VEHICLE NTF

Figure 57. A proliferative and neurogenic effect was observed in the neurotrophic factor (NTF) group: (a)
Pictures show of the subventricular zone (SVZ) localization, according to the Paxinos and Watson Atlas.
(Paxinos & Watson, 2013) (b) Confocal micrographies show the BrdU-positive nucleus (green) and the
DCX-positive soma (red) in the SVZ and periventricular areas. The NTF group presented more positivity for
BrdU and DCX than the vehicle group. In the NTF group, most of the BrdU-positive cells co-expressed DCX.
Scale bar =275 um.
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2.2.4. Quantitative analysis

Stereological analysis was carried out taking into account rats treated with both
NTFs, although we also considered all the experimental groups in order to underline the
reason of chosen the groups previously mentioned. Thus, the efficacy of each treatment
was also analyzed with TH-immunohistochemistry, measuring 10D of TH-positive fibers
of the striatum for all experimental groups. However, due to the remarkable differences
observed in rats treated with VEGF and GDNF in combination respect to the groups
treated with VEGF or GDNF individually, the rest of stereological studies were only

focused on rats treated with both NTF in combination.
2.2.4.1. Integrated optical density of striatum

To further investigate the lesioned striatum, we also measured the 10D of TH-
positive fibers considering all the experimental groups. To estimate 10D for each animal,
we placed a square on the most degenerate region, where we found the significant
differences. In addition, IOD was measured at two medial-caudal levels along the basal

ganglia according to Paxinos and Watson (Paxinos & Watson, 2013).

The TH+ fiber intensity of the lesioned side expressed as percentage over the
control side observed in the striatal area of the VEGF NS and GDNF NS-treated group
was 5814.19%, while that of the vehicle group was 42+2.87%. The combined treatment
enhanced the restoration of TH+ fibers and neurons to a greater extent than the
treatments with only VEGF or GDNF (p<0.05) with respect to the vehicle group, one-way
ANOVA. Figure 58 demonstrates enhanced restoration of the lesioned striatum in the

VEGF-NS and GDNF-NS group.
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Figure 58. Integrated optical density (IOD) was measured in the striatum. (a) The images give an
illustrative overview of the medial and caudal sections of the caudate putamen complex for tyrosine
hydroxylase immunohistochemistry. Squares placed on lesioned and non-lesioned (control) hemispheres
delimit the surfaces where the IOD was measured using a computerized image analysis system. Scale bar =
4 mm. (b) The histogram shows the percentage of 10D of the lesioned hemisphere with respect to the
non-lesioned hemisphere (control) for each experimental group. Data are shown as the mean * SE
(*p<0.05 VEGF-NS and GDNF-NS group vs. vehicle groups.

Owing to groups treated with both NTFs presented the best results, we focused

on this group in further studies, as we mentioned previously.
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2.2.4.2. Volume of affected striatum

In NTF treated animals, the TH-negative volume of the CPC was 0.94+0.082 mm?
(41.2743.21% of the total volume of the ipsilateral CPC). It was less than in the other
studied groups (Figure 59) (1.21+0.08 mm?, 52.92+3.71% in the vehicle group, and
1+0.07 mm?, 43.7443.3 % in the empty-NS group). The difference between the NTF and
the vehicle group was statistically significant (*p<0.05; one way ANOVA) (Figure 59b)

and indicated the increased recovery of the treated group.

Distribution from rostral to caudal sections showed a reduction in the TH-
negative volume (that is, a TH positivity recovery) on all sections of the NTF group.
However, no statistic differences were observed either between groups or into

themselves (Figure 59c).

Regarding tissue retraction, measurements did not show significant differences
between groups. Owing to the two lesions carried out in these groups, the percentage of
tissue retraction was somewhat higher than in the first assay, almost 25%, though, the

lowest percentage belonged interestingly to the NTF group (Figure 59d).

The topographical analysis showed that in spite of a lack of statistic differences,
the NTF group displayed a gradient showing a remarkable recovery on the rostral

sections compared to the control groups (Figure 59e).
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Figure 59. Recovery of tyrosine hydroxylase-immunoreactive (TH-ir) striatal volume. (a) Coronal sections
from the neurotrophic factor (NTF) group immunostained for TH show a recovery in TH-positive volume at
all rostro-caudal levels. Scale bar = 2 mm. (b) The % of TH-negative volume is lower in the NTF group with
respect to the vehicle and empty-NS groups. Significance (*p<0.05, NTF vs. vehicle group). (c) TH-negative
volume increased from rostral to caudal sections, being lowest in the NTF group. (d) Histogram showing
tissue retraction. The group receiving NTF showed less tissue retraction than the other groups. (e) Tissue
retraction increased slightly from rostral to caudal sections, with the decreasing effect of NTF being
apparent at all levels studied. Data are shown as means*SE.

155




2.2.4.3. Neuronal density and axodendritic network in the subtsantia nigra

The SN in the vehicle group and the empty-NS group showed an extreme loss of
dopaminergic neurons and fibers, while rats receiving NTFs showed more cells and a TH-
positive neuropil (Figure 60). Changes mainly occurred on the external area of SN (e-SN)
(Figure 60a), where the most important changes related to neuronal and ADN density
were found. This specific region was more affected by the lesion and showed a higher

recovery level after NTF administration.

Regarding the entire SN, the number of TH-positive neurons were statistically
higher in the NTF group than in the vehicle one (Figure 60b). This increase took place in
all sections studied but only achieved significant levels in the rostral section (Figure 60c)

(4.23£1.12% vs. 19.32+3.22%, *p<0.05, one way ANOVA).

When e-SN was considered, differences were statistically significant and even
more marked between the three groups (Figure 60d). The topographical distribution
showed that the NTF group increased from rostral to caudal (36.70+10.22%, 44.02+7.19,
and 51.11+17.42%) but was only significant vs. the vehicle group at the middle level
(9.55+4.02% vs. 44.02+7.19%, ***p<0.001, one way ANOVA) (Figure 60e).

Stereological studies showed changes in SN regarding neuron density and ADN.
These changes were statistically significant (*p<0.05, one way ANOVA) between the
three groups considered, and were highly significant (***p<0.001; one way ANOVA)

when the e-SN was considered exclusively (Figure 60f).

Evaluations of the ADN in the e-SN revealed that the NTF group presented a
higher density of TH-positive ADN (55.7+4.51%) compared to the empty-NS group
(45.13+3.97%) or the vehicle group (35.01%+3.08%). Differences were statistically
significant between the NTF and the vehicle group (***p<0.0001, one way ANOVA)
(Figure 60f). Analyzing rostro-caudal sections, its ADN density was statistically significant

only at the middle level of these two groups (*p<0.05, one way ANOVA) (Figure 60g).
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Figure 60. Rescue of tyrosine hydroxylase immunoreactive (TH-ir) neurons and axodendritic network
(ADN). (a) Photomicrographs of the rostro-caudal sections of TH—immunostained SN from the group
receiving neurotrophic factors (NTF). This group showed a significant increase in the number of positive
neurons in the ipsilateral hemisphere compared to the control groups. Scale bar = 1 mm. Black arrows
point to the e-SN of the lesioned hemisphere, where recovery is more outstanding. (b) The histogram
shows the percentage of neurons in the entire SN (*p<0.05, NTF vs. vehicle group). (c) Rostro-caudal
distribution is depicted regarding percentage of neurons in the entire SN. There are statistically significant
differences at the rostral level between the vehicle and the NTF groups (*p<0.05). (d) When the e-SN is
considered, more outstanding differences appear between groups (***p<0.001, NTF vs. vehicle group;
*p<0.05 NTF vs. empty-NS group). (e) The effect of NTF increased the rostro-caudal percentage of TH-ir
neurons in the e-SN. Statistical differences were found between the middle sections of the NTF vs. the
vehicle group in the e-SN (***p<0.01). (f) The ADN in the e-SN was significantly more dense in the NTF
group (***p <0.01, NTF vs. vehicle group). (g) When ADN percentage data in the e-SN are segregated for
all rostro-caudal levels, only the middle one presents a mild difference between the NTF and the vehicle
group (*p<0.05), and a moderate decreasing rostro-caudal gradient is apparent. Data are shown as
meansSE.
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2.2.4.4. VEGF and GDNF did not show effecst on microvascular density

Microvascular density in striatum and SN did not reveal statistical differences
among experimental groups; although, after a topological analysis a higher density in
rostral sections decreasing to caudal ones in striatum, and in the opposite sense for SN

was found (Figure 61a).

Rostro-caudal distribution of vessels in striatum and SN was the opposite to the
distribution of TH+ fibers in striatum and, neuronal and ADN density in SN, indicating

that the lesion increased the vascular density on the dopaminergic system in this model

(Figure 61b).
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Figure 61. Microvascular density in the striatum and substantia nigra after neurotrophic factors
administration. Experimental groups did not show changes in microvascular density in the striatum (a, c).
There was a tendency towards increased microvascular density from rostral to caudal sections in the
striatum (b), but this distribution of microvascular density decreased from rostral to caudal levels in the
SN (d). Data are shown as means * SE. |
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3. Assay lll: Morphofunctional analysis and molecular study
after combining therapeutic strategies (Cerebrolysin and
enriched environment) and inhibiting VEGFR2 and RET in a

Preclinical model of Parkinson’s disease.

For this assay it has been used the Partial model with short time of evolution, the
Partial model was described in assay 2, therefore we only focused on the treatments
and at the same time we developed an early Partial model, in which motor symptoms
were almost undetectable. For this purpose, 6-OHDA was intrastriatally injected in rats,
and after 2 weeks with the toxin, treatments were performed during one week prior to

be sacrificed.

In this study, regarding the synergistic effect observed in assay 1 and 2 after
administering VEGF and GDNF encapsulated and being the Partial model an ideal model
to study further therapies and to evaluate mechanism of compensation, we assessed
other treatments also based on nanodelivery of NTFs or/and inducing their expression
via housing in a EE. In addition, we also wanted to demonstrate the endogenous effect
of NTF on this model, for that we also tested the inhibition of VEGFR2 and RET, both are

the VEGF and GDNF receptors respectively, in 6-OHDA lesioned rats (Table 5).
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Group Number (n) Comments
6-OHDA 7 6-OHDA lesion
CBL 8 6-OHDA lesion, 5 mg/kg of CBL

i.p. administered

EE 8 6-OHDA lesion, housed in EE

CBL+EE 8 6-OHDA lesion, 5 mg/kg of CBL
administered and housed in EE

Vandetanib 8 6-OHDA lesion, VEGFR2 and RET
inhibitor (vandetanib 30 mg/kg)
orally administered

Table 5. Experimental groups from assay 3. Abbreviations: 6-OHDA: 6-hydroxydopamine; CBL,E
Cerebrolysin; EE, enriched environment; i.p., intraperitoneal. !

The efficacy of the treatments and the detriment of inhibiting VEGFR2 were
functionally analyzed with amphetamine-induced rotational behavioral test and
morphologically evaluated with TH-immunostaining, measuring the TH+ fibers of the
striatum and density of dopaminergic neurons in the SN. Western blot was also carried

out in order to assess the survival and apoptotic pathways (Figure 62).
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Figure 62. Schematic illustration of the experimental design showing the time course for the assay 3.
Abbreviations: EE, enriched environment; CBL, Cerebrolysin; 6-OHDA, 6-hydroxydopamina; TH, tyrosine
hydroxylase.

3.1. Improvement of rotational behavior

The behavioral effect after combining or not the administration of CBL and the
housing in EE was compared with parkinsonized rats not treated and with those who

received the VEGFR2 and RET inhibitor in a unlilateral partial 6-OHDA lesion model.

Amphetamine-induced rotational behavioral test was carried out to corroborate
functional deficits due to intrastriatal injection of 6-OHDA at 2 week. There were not
differences in the basal number of rotations between animals (Figure 63). Once the
motor deficit induced by 6-OHDA was assessed, parkinsonized animals were randomly
divided into 5 experimental groups assigned to test each of the conditions under
investigation (Table 5). After one week with the treatment or after 3 weeks in case of
the group with only toxin, behavioral test was again performed in order to evaluate
whether the treatments modified the behavioral dysfunction. Results were expressed as
the increase or decrease in the number of rotations before and after treatment. This
new strategy for representing the rotations was developed because in this study we only

assessed two time points.
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However, in this assay no rats turned more than 3 tpm and we represented the
results for each experimental group as the total number of rotations in 90 minutes after
amphetamine administration. Because of that we considered this assay as a prodromal

or preclinical partial 6-OHDA induced model.

Only CBL group (-42.9412.14 turns) and CBL+EE group (-8.53+5.58 turns)
decreased the number of rotations. Rats received vandetanib showed the highest
number of ipsilateral rotations (23.294£19.35 turns), even more than the 6-OHDA rats
without treating, which were the control group (7.11+14.56 turns) (Figure 63). The
improvement seen in rats treated with CBL were statistically significant respect to 6-
OHDA rats (*p<0.05, one way ANOVA). In addition, rats treated with CBL and housed in

EE showed a tendency to ameliorate the number of rotations (Figure 63).
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Figure 63. Behavioral effects after treatments. The graph shows the results obtained using the
amphetamine-induced behavioral test for 90 minutes. The number of rotations before and after
treatment decreased in rats after administering Cerebrolysin (CBL) and CBL combined with housing in an
enriched environment (EE) for one week, while rotations in rats treated with vandetanib or housing in EE
increased. Results are expressed as the difference in the number of rotations before and after treatments.
The CBL group vs. the 6-OHDA group show statistically significant differences (*p<0.05). Data are shown as
meanstSE.

We also assessed the rotations every 5 minutes for 90 minutes in order to
elucidate differences in amphetamine metabolism in each experimental group in order
to find the time of most activity prior to stabilization. It was also expressed as the
increase or decrease in the number of rotations before and after treatment every 5

minutes during 90 minutes (Figure 64). The number of rotations began to decline after
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60 minutes, but the results were not as pronounced as those obtained with the CBL
administration, which showed the lowest number of rotations in that time (Figure 64).
The most relevant decrease in rotation has been achieved by the CBL group although

not with differences enough to reach statistical significance.
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Figure 64. Rotational behavior induced by amphetamine recorded every 5 minutes. 60 minutes after
administration, the effects of amphetamine diminished for all experimental groups. Rats treated with
Cerebrolysin (CBL) showed the largest difference in metabolizing the amphetamine, whereas the
remaining groups did not show differences. Results are expressed as the difference in the number of
rotations every 5 minutes before and after treatment. Data are shown as means*SE.

Thus, the results obtained in motor behavioral test support an early partial lesion
of the nigro-striatal system induced by intra-striatal injection of 6-OHDA and likely the

existence of compensation mechanism following partial dopaminergic lesion.

3.2. Morphological evaluation

Following unilateral injection of 6-OHDA, treatments were administrated and the
morphological effects of the treatments on dopaminergic system were examined. Thus,

after the last behavioral assessment, rats were sacrificed by transcardial perfusion and

brains were removed and processed for TH-immunostaining.
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Rat brain surfaces showed the three injections marks where the 6-OHDA was

administered. No macroscopically differences were observed between groups.

Macroscopic examination of coronal sections was performed to evaluate

structural changes after 6-OHDA injection and TH-ir in the striatum and SN brain regions.

As we described previously, not only the neurotoxicity induced by 6-OHDA but
also the neurosurgical procedure itself can lead to an impairment of cerebral structures.
Conversely, striatal lesion induced by surgery produced an enlargement of the lateral
ventricle in the injured side, which was also assessed and then quantified as tissue
retraction. In spite of treatment with neuroprotective substances or conditions, as CBL
administration and EE housing, could reduce this side effect; we did not find differences

between all the studied groups (Figure 65).

On the other hand, a general reduction in the TH+ staining was seen in many
fibers, many of them surrounding the main lesion site in the striatum. Thus, the most
loss of TH expression in striatum was located in the middle sections, where the toxin was
injected. Indeed, the most caudal sections presented the highest positivity for TH owing
to be distant from the lesion (Figure 65). However, as exception, rats received
vandetanib showed an intense reduction of TH-positivity in dorsolateral part of striatum,
decreased from rostral to caudal sections (Figure 65). This fact indicated that this
treatment affected negativity to the dopaminergic fibers in the striatum and showing
the same tendency to decrease the positivity for TH than the rest of the partially

lesioned groups previously studied in the other study.
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Figure 65. Rostro-caudal distribution after 6-OHDA injection. The loss of tyrosine hydroxylase (TH)-
positivity in the striatum was different along the rostro-caudal axis and this topological distribution was
different in 6-OHDA, CBL, EE and CBL+EE groups with respect to the vandetanib group. (a)
Photomicrographs of the rostral, middle and caudal sections of the striatum from the 6-OHDA group. The
arrow indicates the enlarged ventricle in the lesioned hemisphere due to scar retraction after 6-OHDA
injection. In contrast, (b) the vandetanib group showed a decrease in TH-positivity from rostral to caudal
sections. Scale bar =2 mm.

Regarding SN, the loss of positivity for TH was focused on the previous region
delimited and described as external SN. Interestingly, we observed changes in TH
expression, showing rats received CBL and were housed in EE the most positivity for TH.
In contrast, rats only received 6-OHDA and rats administered with vandetanib presented
the lossest in positivity for TH, indicating that vandetanib induced degeneration. In

addition, only group received vandetanib presented a topological distribution for TH-
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positivity, decreasing the positivity from rostral to caudal sections, like in striatum. In the

rest of the experimental groups these differences were undetectable.
3.2.1. Quantitative analysis

Stereological analysis was carried out in order to assess the ability of CBL and EE
housing to restore in striatum and SN the level of TH following unilateral injection of 6-
OHDA. For this purpose, we measured the affected volume and the tissue retraction in
striatum and the density of dopaminergic neurons in SN. However, changes did not
occur along the rostro-caudal axis in the SN, since the differences were not found to be

statistically significant.

3.2.2.1. Vandetanib increased the loss of TH-positive terminals in the striatum after 6-

OHDA injection

As we previously describe, two stereological approaches have been used to
evaluate the structural injury induced by 6-OHDA in the striatum. The administration of
vandetanib dramatically increases the volume of CPC negative for TH-immunoreaction
(Figure 66a). In fact, in the vandetanib group the TH-negative volume was 2.09+0.13
mm? (showed 72.28+3.64% of the total volume of the ipsilateral CPC). This group
presented more affected volume than the other experimental groups (1.18+0.13 mm?,
33.9£2.58% in the 6-OHDA group, 1.31#0.2 mm?®, 42.05+2.18% in the CBL group,
1.36+0.11 mm?, 40.39+2.27% in the EE group and, 1.33+0.15 mm?, 44.06+2.67% in the
CBL+EE group). Only rats received vandetanib presented statistically significant
differences respect to the other groups (***p<0.001; one way ANOVA) (Figure 66a).
Thus, rats lesioned with 6-OHDA without any additional treatment did not show

differences respect to rats received NTF and/or rats housed in EE.

Concerning to tissue retraction, measurements did not show significant
differences between groups. However, owing to the lesion induced by the striatal 6-

OHDA administration, the percentage of tissue retraction was around 10-15% in all
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groups (Figure 66b). Remarkably, 6-OHDA group showed the most tissue retraction
15.08%.
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Figure 66. Quantitative analysis in the striatum. (a) The graph shows the results obtained after measuring
TH-negative volume. The vandetanib group showed the highest percentage of TH-negativity with respect
to the other groups and these differences were statistically different. Significance ***p<0.01 vandetanib
vs. 6-OHDA groups. Results are expressed as the percentage of TH-negative volume of the ipsilateral
striatum with respect to the total ipsilateral one. (b) The percentage of tissue retraction. Results are
expressed as the total volume of the percentage of the ipsilateral striatum vs. the contralateral one. Data
are shown as means+SE.

Moreover, when comparing topological distribution of vandetanib treated
animals, quantitative analysis revealed that the most abundant denervation (% of TH-
negative volume) was found within caudal levels of the striatum and significant
differences were noticed between rostral (57.61+7.68%) and middle section
(66.71+10.13) respect to the caudal one (84.95+5.45%) within this group (***p<0.001
for rostral sections and *p<0.05 for middle sections; one way ANOVA). In contrast, in the
rest of the animals, including those only treated with the toxin, the highest percentage
of TH-negative volume was found in the middle level, which corresponded to the levels
located closer to the 6-OHDA injection sites. However, statistically significant differences
between groups were only found in caudal levels comparing vandetanib group respect

to the other groups. Remarkably, we also found statistically significant differences within
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6-OHDA group between middle and caudal sections (44.33+1.75% and 21.52+4.18%

respectively) (*p<0.05; one way ANOVA).

3.2.2.2. Combination of Cerebrolysin and enriched environment housing promoted

neurorestorative effects in the SN

In spite of CBL administration and EE housing did not show any protective effect
on dopaminergic fibers in striatum, a neurorestorative effect was appreciated combining
both strategies in SN. Vandetanib administration also presented the highest loss of

dopaminergic neurons in SN in agreement with the results showed in the striatum.

TH-ir neurons were counted in the entire SN and in the external SN; this specific
region was more affected by vandetanib administration, although showed more recover

after CBL administration and after housing in EE than in the entire SN (Figure 67).

Regarding the entire SN, the density of dopaminergic neurons was statistically
higher in the group combining both strategies (CBL administration and housing in EE),
with respect to the 6-OHDA and vandetanib groups (51.55+4.55% vs. 28.72+3.17% and
26.53+2.64%) (***p<0.001 respect to vandetanib group and ###p<0.001 respect to 6-
OHDA group; one way ANOVA) (Figure 67a). On the other hand, rats only administered
with CBL or only housing in EE also presented statistically significant differences respect
to 6-OHDA rats and vandetanib group (43.7742.87% and 42.13+3.41% vs. 28.72+3.17%
and 26.53%2.64%), although these differences were not as remarkably as combining
both strategies (**p<0.01 respect to vandetanib group and ##p< 0.01 respect to 6-OHDA

group; one way ANOVA).

However, when the e-SN was considered statistically significant differences were
only found for CBL and EE groups respect to rats treated with vandetanib (56.44+8.425%
and 54.34+7.65% vs. 22.80+4.33%) (#p<0.05; one way ANOVA) (Figure 67b). Remarkably,
rats combining both strategies also presented the most statistically significant
differences respect to vandetanib group (66.61+13.37% vs. 22.80+4.33%) (##p<0.01;
one way ANOVA).
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Figure 67. The density of TH-positive neurons in the substantia nigra (SN) increased in the CBL+EE group.
(@) Photomicrographs of the TH-immunostained SN for every group. Scale bar = 1 mm. (a-b) Graphs show
the density of neurons in the SN. Results are expressed as the percentage of the ipsilateral SN vs. the
contralateral one. (b) Regarding the entire SN, the CBL+EE group showed the highest neuronal density
(***p<0.001, CBL+EE vs. 6-OHDA group and ###p<0.001, CBL+EE group vs. vandetanib group). (c) The
CBL+EE group also showed the highest increase in neuronal density in the external SN (##p<0.01, CBL+EE
group vs. vandetanib group). Data are shown as means%SE.

These data suggested that the i.p. administration of a NTF mixture (as
Cerebrolysin) resulted in a neurorestorative effect as well as preservation of functional
behavior in rats partially lesioned (allowing the development of a Preclinical model).

However, results also supported a synergistic effect of combining drug administration
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with EE housing. All of it resulted the highest significant neuronal density accompanied

by a tendency of functional recovering.

Overall, results showed that 6-OHDA injection into the striatum in this study only
induced a partial and moderate lesion of dopamine cells in the SN. Thus, we also
suggested in this assay an early partial lesion, which could correspond to the preclinical

state.

3.3. Effects of the treatments on the signaling pathways

Biochemical study was carried out in order to assess signaling pathways related
to survival and apoptotic mechanisms by western blot. In addition, TH was also analyzed
by western blot to corroborate results obtained by immunohistochemical analysis. For
that, rats were sacrificed by decapitation and the brains were then removed, ipsilateral

and contralateral striatum and SN were dissected and processed.

Thus, western blot was used as a technique to evaluate the markers of
dopaminergic neurons (TH), apoptotic process (cleaved caspase-3) and survival
mechanism (p-Akt/Akt) in striatum and SN. B-actin was used as loading control for
caspase-3 and TH expressing the results as the percentage of caspase-3/ R-actin and TH/
B-actin ratios of the lesioned hemisphere respect to the non lesioned one set as 100%.
In contrast, p-Akt was normalized by total Akt levels and the activation of Akt was
evaluated as the percentage of p-Akt respect to Akt in ipsilateral hemisphere respect to

contralateral one set as 100%.
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3.3.1. Analysis of TH by western blot in the striatum and substantia nigra

TH protein level was also determined by western blot analysis in striatum and SN.
Remarkably, no statistically significant differences were found between experimental
groups. Consistent with the results in TH-immunostaining, the CBL and CBL+EE group
showed a tendency to restore the TH levels compared to 6-OHDA group and vandetanib
group in SN (85.75+4.21% and 77.33+10.53% vs. 52.75%+11.06% and 70%3.51%,

respectively).

3.3.2. Combination of Cerebrolysin and enriched environment housing induced

an increase in Akt signaling

To elucidate further any role of an intracellular-signaling pathways in cell survival
that lead to neuroprotection and neuroregeneration induced by CBL administration
or/and EE housing in SN, the activation of protein kinase Akt was evaluated. In fact, Akt
can be activated after the binding of growth factors on many specific cell-surface
receptors. Thus, Akt could be also a potential down-stream target of VEGFR2 and RET in

order to also study the effects of vandetanib administration.

Combining strategies, rearing in EE and nanodelivery of CBL, induced
phosphorylation of Akt by 129.7427.61% in striatum and by 155£29.67% in SN, showing

more phosphorylation of Akt in SN.
a) Striatum

CBL+EE group in striatum increased the protein expression of p-Akt/Akt against
6-OHDA toxicity compared to the other groups (129.7+27.61% in CBL+EE group vs.
97.67+10.17% in 6-OHDA group, 10217.95% in vandetanib group, 111.3+13.88% in EE
group and 106.5+11.5% in CBL group) (Figure 68). In spite of presenting the most

percentage of Akt activation respect to the other groups, 6-OHDA lesioned rats treated
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with CBL and housing in EE did not present statistically significant differences respect to

the 6-OHDA group.
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Figure 68. p-Akt protein expression in the striatum. Western blot (upper panel) of p-Akt and Akt protein
expression in the contralateral (CL) and ipsilateral (IL) caudate putamen complex for each experimental
group; quantification (lower panel) of band density. Results are expressed as the percentage of the p-
Akt/Akt ratio in the lesioned hemisphere with respect to the non-lesioned one. The ratio of p-Akt/Akt in
the CL hemisphere was set as 100%. Differences were not statistically significant, although the p-Akt/Akt
ratio showed the highest increase in the CBL+EE group.

b) Substantia nigra

When the SN was analyzed, the activation of Akt was only found in CBL+EE
group, showing statistically significant differences respect to the other experimental
groups, even respect to rats only treated with CBL or only housing in EE (155%£29.67% in
CBL+EE group vs. 69+7.37% in EE group, 76.5£4.5% in CBL group, 82.67+6.49% in 6-
OHDA group and 81.67+7.45% in vandetanib group) (*p<0.05; one way ANOVA) (Figure
69).
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As expected, data also showed that vandetanib administration did not induce
activation of Akt in SN, indicating that inhibition of VEGFR2 and RET produced negative

effects on cellular survival.
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Figure 69. p-Akt protein expression in the substantia nigra. Western blots (upper panel) and
quantification (lower panel) of p-Akt/Akt ratios. Results are expressed as the percentage of the p-Akt/Akt
ratio in the lesioned hemisphere (IL) with respect to the non-lesioned one (CL). The CBL+EE group showed
a significant increase in p-Akt expression compared to the other experimental groups (*p<0.05, CBL+EE
group vs. 6-OHDA group; #p<0.05, CBL+EE group vs. vandetanib group).

3.3.3. Vandetanib increased caspase-3 expression

To verify that vandetanib is involved in neuronal cell death in the context of PD,
apoptotic-related protein was evaluated by examining the expression levels of caspase-3

in every treatment.
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Interestingly, the evaluation of the expression of casapase-3 levels followed the
same tendency in striatum and SN for every experimental group, increasing this

expression in vandetanib group and decreasing in CBL+EE group.

a) Striatum

In the striatum, statistically significant differences were found in CBL+EE and
vandetanib groups respect to 6-OHDA group (68+3.61% and 134.3+14.19% vs. 10216 %)
(*p<0.05, CBL+EE and vandetanib group vs. 6-OHDA group; one way ANOVA).
Interestingly, the most differences in caspase-3 expression were differences in CBL+EE
and vandetanib groups (##p<0.01, CBL+EE vs. vandetanib group; one way ANOVA)
(Figure 80).
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Figure 70. Caspase-3 expression in the striatum. Western blots (upper panel) and quantification (lower
panel) of caspase-3 protein expression. Data were normalized to R-actin protein levels and are presented
as the percentage of the caspase-3/actin ratio in the lesioned hemisphere (IL) vs. the non-lesioned one
(CL). Caspase-3 levels were significantly increased in the vandetanib group and significantly decreased in
the CBL+EE group (*p<0.05, CBL+EE group and vandetanib group vs. 6-OHDA group, #p<0.05, CBL+EE
group vs. vandetanib group).
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b) Substantia nigra

The vandetanib group showed the highest expression of caspase-3 (144.7+10.9%)
and rats treated with CBL and housing in EE exhibited the lowest levels of expression

(96£19.04%), but the differences in the SN were not statistically different (Figure 71).

SN
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Figure 71. Caspase-3 expression in the substantia nigra. Western blots (upper panel) and quantification
(lower panel) of caspase-3 protein expression. Results were normalized to B-actin protein expression and
are expressed as the percentage of the caspase-3/actin ratio in the lesioned hemisphere (IL) with respect
to the non-lesioned one (CL). There were no significant differences between groups. The vandetanib group

showed a tendency to increase the caspase-3 levels, whereas caspase-3 expression decreased in the
CBL+EE group.

These data indicated that the cotreatment with CBL administration and housing
in EE could prevent and reverse 6-OHDA-induced cell death in this model, inducing
antiapoptotic effect on this model. On the other hand, inhibition of VEGFR2 and RET
remarkably increased apoptotic effect induced by 6-OHDA.
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VI. DISCUSSION







Discussion

The classical method of intracerebral injection of 6-OHDA depending on the site
of injection, involving different degrees of nigrostriatal dopaminergic neurons and it is
largely used to investigate motor, morphological and biochemical dysfunctions in PD. In
fact, in this study, 6-OHDA induced model provides the assessment of three different
severity grades of PD and it was suitable to test the lesion morphologically and the
effects of different treatments. We also propose innovated stereological procedures to

assess the striatum and SN involvement in these models.

NTFs are considered a hopeful treatment for PD (Krakora et al., 2013),
demonstrating positive effects in rodent and primates models. There are few works
about the therapeutic effectiveness of using NTFs in combination as treatment of
various neurodegenerative disorders (Herran et al., 2013, 2014; Krakora et al., 2013;
Requejo et al., 2015). Our results are promising, although it should be essential to adjust
the dose of both NTFs in the severe model in order to reduce the tissue damage in

further studies.

Rostro-caudal gradients of the morphological changes exhibited in the striatum
and in the SN, in addition to the specific anatomic distribution of the dopaminergic
system, suggest a differential selective vulnerability of this system. A deeper knowledge
of this distribution could be useful in order to assess the lesion, as well as the
administration and diffusion of treatments. The measurements carried out on the e-SN —
topographically related to the lesioned area of the striatum- reach more specific and
significant results than those carried out in the entire SN, emerging as a promising

region for further studies.

Functional improvement and morphological recovery after VEGF and GDNF
implantation is related to the preservation of the TH-positive volume, cells and ADN in
the striatum and SN. In addition, these findings support the neurorestorative role of
VEGF+GDNF on the dopaminergic system and the synergistic effect between both

factors.
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Partial model exhibited the best option to assess the treatment, because of that
the intrastriatal injection of 6-OHDA in adult rats with more weight, provided us the
insight to assess a Preclinical model. This model was presymptomatic, because no rat
showed 3 tpm, although molecular mechanisms were activated in these rats leading to
assess molecular changes after the treatments. Thus, this model was suitable to test
neuroprotective strategies and clues to develop future treatments against PD. In this
context, targeting of neuroprotective treatments should focus on the midbrain and in
the restoration of DA levels in the striatum will also be required in order to achieve

functional behavioral outcomes.

1. Morphological changes in the caudate putamen complex
and substantia nigra after 6-OHDA administration into the

medial forebrain bundle

It is well known that the unilateral injection of 6-OHDA into MFB is the most
widely used model of PD in rats (Deumens et al., 2002) because the lesion results in an
extensive depletion of dopaminergic fibers in the striatum as well as cells in the SN,
leading to the motor impairments. In fact, it is necessary approximately the 80% of loss
in DA levels of striatum in order to manifest the symptoms (Deumens et al., 2002).
Therefore, this model is very useful to mimic behavioral, biochemical, and
histopathological abnormalities observed in advanced stages of patients with PD
(Henderson et al., 2003). On the other hand, oxidative stress, which is considered an
important pathogenic factor in PD because it could affect the survival of dopaminergic
neurons, displays a pivotal role in the neurotoxicity induced by 6-OHDA

(Baluchnejadmoijarad et al., 2010; Tapias et al., 2014).

Morphological changes induced by injection of 6-OHDA into MFB were observed.
To assess the degeneration in striatum and SN produced by the administration of 6-

OHDA into the MFB, we developed different morphological approaches.
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Examination of coronal sections after 6-OHDA or saline solution administration
into MFB revealed an enlarged homolateral ventricle with a retracted striatum on the
injured hemisphere, which was more remarkable in 6-OHDA rats. It was also observed in
works carried out in a Partial model of PD, where 6-OHDA was injected into striatum
(Przedborski et al., 1995). Therefore, in rats treated with MS injected into striatum this

homolateral enlargement of the ventricle was more pronounced.

Nissl-staining did not reveal any significant change in the striatum of the 6-OHDA
or saline-treated rats. However, in rats in which microspheres had been implanted into
the striatum, striatal sections stained with Nissl showed and hypocromic areas
corresponding to the needle track. Accordingly, it has been reported that Nissl staining
correlated well in the striatal model, but there was a discrepancy between measures
obtained in the MFB-lesioned animals (Yuan et al., 2005). Nevertheless, Nissl staining
could be useful for getting a better estimation of the size and trajectory of the lesion

when administrating some treatment in the striatum in this model.

It has been reported an evaluation of the loss of dopaminergic neurons requires
concomitant loss of a DA marker, such as the TH-ir, and loss of a general neuronal
marker, such as staining for Nissl staining (Sauer & Oertel, 1994; Przedborski et al.,
1995). However, we have to take into account that Nissl staining considers all neuronal
populations existent in the SN, i.e. dopaminergic neurons and non-dopaminergic

neurons.

In order to protect against the toxicity produced by the injection of 6-OHDA into
the MFB, we encapsulated VEGF and GDNF, individually and in combination, in
biodegradable and biocompatible poly(lactic-co-glycolic) acid (PLGA) polymers for the
controlled brain release of NTFs in the brain, using this pharmacological strategy as a
possible therapy (Herran et al., 2013). PLGA-microspheres were well tolerated; they do
not present toxic effects and the appearance of an immune response is very unlikely
(Herran et al., 2013, 2014). These treatments were administered into the striatum,

according to previous studie, which indicated that in PD the degeneration of
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dopaminergic neurons was the consequence of an insult which mainly takes place in the
terminals of the striatum (Fearnley & Lees, 1991). In fact, it was reported a protective
effect of GDNF on the TH-positive axons terminals in the striatum only when it was
administrated into the striatum (Kirik et al., 2000). Thus, the delivery of the treatment

into striatum could have more positive effects than injecting into other regions.

1.1. 6-OHDA injection into the medial forebrain bundle increased GFAP

expression in the ipsilateral substantia nigra

Injection of 6-OHDA into the MFB increased GFAP levels in the injured SN, while
in the striatum there was no difference between the lesioned and non-lesioned
striatum. On the other hand, saline injected rats did not show differences between the
ipsilateral and contralateral hemispheres in both anatomical structures, suggesting that
injury produced by lesioning was not responsible for the gliosis observed in the SN. In
contrast, if we had been able to observe the MFB where the saline solution was injected,
we would have seen an activated astrocytic response to the insult. This increase in the
expression of GFAP in the SN after 6-OHDA injury could be because GFAP plays a
supportive and anti-inflammatory role in protecting dopaminergic neurons in the SN in
PD models (Jakel et al., 2005, 2007; Burton et al., 2006), because they express dopamine
transporters (Karakaya et al.,, 2007), enabling them to take up 6-OHDA. Astrocytes
produce cytokines which modulate inflammation and NTFs, which are involved in the
antioxidant pathway in which they control the neurotoxin levels and to cellular
homeostasis (Eddleston & Mucke, 1993). In fact, one study carried out by Steiener and
collaborators, suggested that the protection induced by EE is mediated by astrocyte

activation in the SN (Steiner et al., 2006).

The fact that we observed an increase in GFAP levels in the SN, but not in
striatum also corroborates the findings supported by Henning and collaborators, who
demonstrated that astrocyte activation could result at sites remote to the lesion in a

partial lesion, but not in a severe lesion (Henning et al., 2008). Severe lesion of the MFB
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or SN produces anterograde degeneration from the SN to the striatum, with the
striatum being distant from the lesion carried out in the MFB in this case. They
suggested that astrocytic networks may transmit activation signals to neuronal pathways
because they were connected by gap-junctions. This connection could remain if the
neuronal pathways degenerate but the total loss of degeneration disrupts glial
communication. The present findings support this hypothesis because this increase in
GFAP expression observed in the SN was associated with the marked decline of TH+ in
the number of neurons in the SN. In addition, these observations corroborated our
results showing that the degeneration of neurons and/or their projections induced
reactive astrogliosis (Sofroniew, 2005; Wachter et al., 2010). In contrast, other groups
have shown a delay in the astrocyte response following 6-OHDA lesion (Walsh et al.,
2011; Stott & Barker, 2014), indicating that it is possible that more than 2 weeks is
required for astrocyte activation and recruitment to the nigrostriatal structures more

distal from the lesion site (Walsh et al., 2011; Stott & Barker, 2014).

These discrepancies related to the lack of GFAP expression in remote sites of the
lesion in this model could be because of the use of different rat strains, or varying 6-

OHDA doses and injection sites.

2. Morphological changes in the caudate putamen complex

after 6-OHDA administration into the striatum

A unilateral infusion of 6-OHDA into the striatum results in several
histopathological changes, being the most prominent the loss of TH-ir fibers, terminals
and neurons (Gibb, 1997). An analysis of the Nissl staining sections of all experimental
groups showed enhanced cellularity around the needle track. The increase of astroglial
reaction and reactivity for GFAP is widely used to determine the wound-healing
response in SNC (Brodkey et al., 1993). Astrocytes play a major role buffering the
environment of neuronal cells (Clarke & Barres, 2013) and, because of this, it would be

important to determine which other functions develop in PD, apart from wound healing.
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For instance, Fuller and collaborators suggest that astrocytes could increase the viability
of endogenous nigrostriatal neurons (Fuller et al., 2014). Rats treated with NTFs showed
a potentially regenerative response, increasing their GFAP-positivity compared with the

striatum and SN of other treated groups.

Degeneration of nigral dopaminergic neurons in PD is believed to be associated
with a glial reaction and inflammatory changes (Barcia et al., 2005). The increased
expression of activated microglia, vasculature and VEGF levels showed in the striatum
and SN of rats lesioned with 6-OHDA has been also reported in patients with PD
(Faucheux et al., 1999). In this context, neuroinflammation mediators are known to be
crucial in the progression of PD (Block et al., 2006). In addition, one study developed in
monkeys lesioned with MPTP by Barcia et al reported an increase of VEGF expression in
non-dopaminergic neurons suggesting that plastic changes also occur in other types of
neurons in response to the toxin (Barcia et al., 2005). Therefore, we have corroborated
that microglia activation and recruitment of VEGF-positive cells among others are

processes implicated in the pathogenesis and progression of PD.
2.1. Remarkable limit inside the striatum

Administration of 6-OHDA into the striatum, rather than a progressive model for
PD —as it requires time to check changes after the lesion-, is a suitable model to test
neuroprotective and neurotrophic drugs. 6-OHDA produces a selective destruction of
the dopaminergic system and provides a suitable model, where it is possible to elucidate
the optimal time, in order to initialize the treatment (Agid et al., 1973; Brodkey et al.,
1993; Jankovic et al., 1994; Sarre et al., 2004). Intrastriatal administration of 6-OHDA,
following the proposed coordinates, induces a lesion in the dorsolateral striatum

corresponding to areas with poor expression of calbindin.

Calbindin is a calcium-binding protein that acts as an endogenous calcium buffer
(Li et al., 1995). Alterations in the amount of this protein have been found all through

the brain in PD patients (Hurley et al., 2013). Stress and neuronal death are mediated by
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calcium, and the distribution of calcium-binding proteins is not homogenous in the
striatum and in other parts of the brain, being partially responsible for the selective
vulnerability of some neuron populations in the CNS (Cervés-Navarro & Lafuente, 1991;
Andres-Mateos et al., 2007). Most cases showed a remarkable limit between negative
lateral region and positive medial areas. This may probably be a result of the selective
vulnerability of these areas to the oxidative stress, previously mentioned, due to lack of
calbindin. Neurons require high amounts of energy to maintain their functions, needing

an efficient calcium buffering ability (Surmeier et al., 2011).

3. Intratriatal 6-OHDA administration in adult male rats as a

Preclinical model

A Preclinical model of Parkinson’s disease induced by the intrastriatal administration

of 6-OHDA in adult male rats

Models of partial dopaminergic degeneration have been developed with the aim
of revealing finer motor deficits (Simola et al., 2013). Regarding this fact, we achieved to
get a presymptomatic model to study a podromal stage of PD. Thus, in assay 3,
intrastriatal administration of 6-OHDA induced an early Partial model, in which motor
symptoms were not appreciated. No rat from assay 3 turned more than 3 tpm after
amphetamine behabioral test, before and after treatment. However, morphological
assessment revealed DA depletion in striatum and SN in these rats as shown by the TH

immunohistochemistry results.

Most studies have examined the behavioral and neurochemical effects of 6-
OHDA administration after behavioral deficits first occur, which is typically more than 2
weeks after the injection, even though toxicity to dopaminergic neurons certainly
begins almost immediately after the toxin administration (Anastasia et al., 2009).
However, we studied the effects after 3 weeks of 6-OHDA injection, without hardly

functional amelioration, to assess early changes in dopaminergic system and their
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modifications by CBL administration and exposure to EE, and by inhibition of VEGFR2

and RET in this early model.

Athough lesioning conditions were identical in assay 2 and 3, striatal atrophy and
neuronal loss was more remarkable in animals from assay 2. In order to the symptoms
become apparent, it is thought to be necessary about 80% of DA loss in striatum and the
about 70-80% of neuronal loss in SN because of the compensatory mechanisms
(Deumens et al., 2002). In fact, before symptoms of PD become apparent, 50—-60% of the
neurons in the SN and about 20% of the DA innervation in the putamen can still be
found (Deumens et al., 2002). In this context, the loss of DA neurons found in this model
was around 60-70%. The protection or preservation of neurons seen in this model can
be due to alterations in toxin availability, changes in the expression of neuroprotective
factors such as the neurotrophins, or interference with activation of the cell death
pathways (Faherty et al., 2005). Therefore, we consider this model to be preclinical
because there are not motor symptoms or they are scarcely present but it was
appreciated an early DA loss. There is growing evidence that a number of symptoms can
precede the classical motor features of PD. The period when these symptoms arise can
be referred to as the premotor phase of the disease and this notion has been
strengthened by recent epidemiological, pathological, and clinical studies which have

provided data in favor of the existence of this premotor phase in PD (Tolosa et al., 2007).

Regarding this presymptomatic stage induced in this Preclinical model, we also
tested molecular changes, such as marker from survival and apoptotic pathways, and
the results obtained showed that in this model 6-OHDA induced an increase in apoptotic
pathway and decrease in survival pathways. Thus, we highlight that in the

presymptomatic model 6-OHDA was able to activate significantly the neuronal death.

We assessed different treatments in this presymptomatic model, such as i.p.
administration of nanowired Cerebrolysin and housing in EE, at 2 week after intrastriatal
injection during one week. Effects of inhibiting VEGFR2 and RET were also assessed by

administration of vandetanib orally. Neuroprotective effects become apparent after CBL
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administration and EE in SN, and the detriment of the inhibition of tyrosine kinase
receptors lead to consider this model as appropriate to study molecular changes and to

test neuroprotective strategies against degeneration of dopaminergic neurons.

4. Behavioral evaluation

4.1. Recovery after neurotrophic factors administration in a Severe and

Partial model

In the Severe model, the results of the amphetamine-induced rotation test
showed statistically significant differences between the GDNF-MS and empty-MS groups
(*p<0.05), but no differences (*p>0.05) occurred between the empty-MS and
VEGF+GDNF-MS groups (Figure 37a). This finding was unexpected, and it suggests that
the greater microsphere volume received by the VEGF+GDNF-MS group could

complicate the recovery of the damage area (Herran et al., 2013).

Other research groups have previously shown the abilities of GDNF to improve 6-
OHDA-damaged areas (Jollivet et al., 2004; Garbayo et al., 2009). However, it is worth
mentioning that these studies used partially lesioned animal models instead of the
complete lesions made in the present experiment, which are significantly more difficult
to restore. Previous studies have shown that the recovery of the damaged area in this
animal model is possible (Grandoso et al., 2007). Instead of this limitation, the results
obtained in this behavioral study show that GDNF-MS and VEGF+GDNF-MS are

promising treatments for an advanced state of PD.

In a Partial model, during the 10 weeks of treatment we corroborated the
behavioral benefits generated by VEGF and GDNF administration (Herrdn et al., 2014). In
the amphetamine-induced rotation test, the results obtained from GDNF treatment
were consistent with those of other studies and corroborated the beneficial effects of
GDNF in the behavioral recovery. Furthermore, VEGF-NS and GDNF-NS combined

treatment presented a lower number of ipsilateral rotations, demonstrating higher
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recovery levels when compared with other treatment groups in the lesioned animals.
This result was supported by the experimental data obtained from the apomorphine-
induced rotation test. Therefore, the positive behavioral results obtained in the
combined treatment group suggest that a sufficient recovery in the lesioned brain tissue

could have occurred.

4.2. Recovery after Cerebrolysin administration in a Preclinical model

Results obtained after behavioral analysis in the Preclinical model revealed
discrete motor changes that were induced by the unilateral nigrostriatal dopamine
depletion. In fact, all the 6-OHDA lesioned rats treated or not, did not turn enough
compared to the results in the amphetamine-induced rotation test from assay 2 in those
rats that were with the toxin for 3 weeks, the same time than these rats. This behavioral
improvement could be due to a spontaneous reinnervation from surviving fibers
(Jollivet, 2004) because of DA depletion induced by intrastriatal injection of 6-OHDA was
not elevated. Accordingly, it was reported that rats are sensitive to changes in motor
function associated with neuronal plasticity (Biernaskie & Corbett, 2001), hormonal

changes (Metz et al., 2005) and diet.

CBL administration and combination of CBL administration and housing rats in an
EE induced a functional recovery, decreasing the number of ipsilateral rotations after
the treatment, in comparison with the other groups. In fact, it has been suggested that
motor activity induced by EE can reduce the effect of the neurotoxins on the
nirgrostriatal dopaminergic system (Tillerson et al.,, 2001; Cohen et al., 2003) and
promote recovery of function (Tillerson et al., 2001). However, in this study the effect of
EE individually was not appreciated functionally, because the functional improvement
mediated by EE is related to its duration (Jadavji et al., 2006). In this context, while the
most studies indicated an exposure to EE for 7 weeks (Jadaviji et al., 2006; Steiner et al.,
2006), rats in this assay was only exposure to EE during one week. On the other hand,
studies have also suggested that the concept of EE mediates compensatory behavior

rather than recovery of function (Rose et al., 1993; Johansson et al., 1999).
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According to the functional recovery was observed after CBL administration,
studies have revealed the effect of CBL administration in functional recovery as

consequence of its neuroprotective effect (Masliah & Diez-Tejedor, 2012).

Animals were sacrificed 1 week after treatment in the assay 3 to verify whether
the functional improvement seen in rats treated with CBL (CBL group and CBL+EE group)
and the behavioral deficit observed after vandetanib administration accomplished the
same results morphologically. Remarkably, morphological analysis was also in

accordance with functional improvement in rats receiving CBL and housing in EE.
5. Aninnovative strategy to evaluate striatal degeneration

Striatal degeneration was evaluated taking into account the volume occupied by
the TH-negative fibers (Requejo et al., 2015). Degeneration and regeneration are both
progressive processes and in order to accurately assess them, the affected surface of the
stereological collected sections was delimited, measured and integrated to obtain the
exact volume occupied by the TH-negative fibers inside the striatum. Consequently, it is
easy to avoid striosomes or vascular sections which might distort conventional 10D
measurements. In fact, several works have mentioned the discrepancies in the results of
the density measurements due this background (Yuan et al., 2005). Furthermore,

positive sprouting of new fibers may be also taken into account.

In fact, we also assessed the IOD in the Partial model after NTF administration
(Herran et al., 2014), but we obtained better results when we assessed the TH-negative
volume (Requejo et al., 2015). Due to these artifacts previously described above, we
measured the IOD placing an square in the most negative zone from the ipsilateral
striatum and in the corresponding region of the contralateral hemisphere following the
work carried out by Garbayo et al (Garbayo et al., 2009). These results also showed a
significant reinnervation when rats were treated with NS loaded with VEGF and GDNF in

combination.
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To evaluate the innervations of the striatum after 6-OHDA administration into
MFB or striatum we used the innovate procedure previously described; It consisted on

measuring the volume occupied by the TH-negative fibers inside the striatum.

In a Severe model , animals injected with 6-OHDA into MFB presented around
95% of TH-negative ipsilateral volume of striatum, while rats received saline solution
into MFB did not show negativity for TH in striatum. These results showed in saline

group indicated that the injury was not involved in the striatal degeneration.

Despite the lesion was not carried out in the striatum, the volume of the injured
hemisphere decreased around 10% in 6-OHDA rats and a 5% in saline-rats respect to the
contralateral one. Despite values of tissue retraction from rats received saline solution
into MFB were lower that obtained when we administered saline solution into striatum,
when rats received 6-OHDA into MFB this retraction was similar to rats received the
toxin into striatum (Requejo et al., 2015). In addition, there were significant differences
between saline and 6-OHDA groups, indicating in this model that not only the scar
produced by the lesion, but also the toxin by itself increased this retraction and this

injury presented a deleterious effect on SNC.

Remarkably, when rats were treated with MS loaded with NTFs into striatum,
presented higher values of tissular retraction than rats only injected with 6-OHDA, which
were used for the description of the lesion. However, empty-MS group presented
around 6% of tissue retraction in the injured side similar to rats from assay 1 that were
only injected with saline solution, despite the fact that the striatum from these rats was
injured to administrate the MS. In contrast, the percentage of lesioned volume when MS
were loaded with VEGF and GDNF in combination or with GDNF was around 18%,
reaching significant differences respect to rats receiving empty MS or MS loaded with
VEGF. These results suggested that the volume of NTFs was high and because of this the
tissue damage observed bigger. It was in agreement with our previous work also
developed in this model and where we showed mild functional recovery probably

because of it (Herran et al., 2013) and according to our previous work, in which we also
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suggested that treated groups, which undergo a double injury, present remarkable

stereological changes (Cervés-Navarro & Lafuente, 1991; Requejo et al., 2015).

Due to the strong tissue damage produced by the implantation of MS loaded
with NTFs and based on the assumption that 6-OHDA induced denervation of the
striatum instead of intrastriatal GDNF administration were started 3 weeks postlesion
(Rosenblad et al.,, 2000), we only focused on the SN in order to assess TH-

immunostaining in this model.

In the Partial model, animals injected with 6-OHDA showed 66% of negative
ipsilateral striatum for TH. Rats receiving the saline solution lost only 0.5% of the TH-
positive volume. This indicated that the injury was barely involved in the degeneration

of TH-positive fibers.

Administration of VEGF and GDNF resulted in a recovery of the TH-positive
volume in the CPC, protecting and restoring the dopamine (DA) terminals. Parkinsonized
rats treated with both NTFs showed a statistically significant increase in volume (13%)

compared to rats treated only with the vehicle.

The functional recovery and increase of TH-positive fibers in the striatum of
parkinsonized rats has also been previously reported when rats were treated with GDNF
alone (Jollivet, 2004; Garbayo et al., 2009). In fact, previous studies have shown that
intrastriatal administration of GDNF stimulates regenerative sprouting from preserved
axons (Rosenblad et al., 2000). The TH-positive area recovers out of the remaining cells,
showing that the neuroplasticity of axons and dendrites is better preserved than its

soma.

The retraction rate of the striatum was evaluated in order to assess the effect of

the injury by itself and of recovery after NS implantation in the Partial model.

The volume of the injured hemisphere decreased around 10% in saline and 6-
OHDA group, while it was of about 25% for treated groups, which received two striatal

lesions, firstly the 6-OHDA injection and then the vehicle or the NS administration. The
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lesion by itself produced tissue retraction and, as a side effect, an enlargement of the
lateral ventricle, though it did not evidence significant changes between the studied
groups of each assay. Only the action of injuring the rats twice clearly increased this
retraction (Cervdés-Navarro & Lafuente, 1991). Regardless of the administered
substance, the injury by itself has a deleterious effect on CNS, and the treated groups,
which undergo a double injury, present remarkable stereological changes. Therefore,
the effectiveness of therapy must be supposed to be pretty high since a significant

functional and morphological recovery was appreciated (Herran et al., 2014).

On the other hand, in the Preclinical model the intrastriatal injection of 6-OHDA
did not induce a remarkable loss of positivity for TH. The TH-negative volume was
around 1.2-1.3 mm® (33-44%) in rats lesioned with 6-OHDA without treatment and in
rats treated with CBL and housed in an EE. Thus, there was not significant differences
among these experimental groups likely due to the loss of DA was not remarkable to
induce changes in these groups. It was in accordance with Yuan and collaborators, who
showed that striatal dopaminergic fibers in a Partial model lead to a moderate
denervation (55% DA loss) of the striatum after 2 and 5 weeks after lesion (Yuan et al.,

2005).

However, vandetanib administration induced a remarkable denervation of
striatum similar to rats from assay 2. In fact, rats received the inhibitor of VEGFR2 and
RET showed 72% of negative lesioned striatum for TH, presenting statistically significant
differences respect to the other groups. These results confirmed the behavioral
dysfunction observed in vandetanib group. Thus, the inhibition of VEGFR2 and RET
affected negatively to the DA content in the striatum in this Preclinical model, indicating
that the inhibition of these TK receptors leads to degeneration of dopaminergic
terminals into striatum. In fact, vandetanib group displayed a worse situation that the 6-

OHDA group

On the other hand, striatal injection of 6-OHDA in this model induced a retraction

of the injured striatal hemisphere similar to rats 6-OHDA rats from assay 1 and 2.
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However, this tissue retraction was similar in all groups, showing that the volume of the
injured hemisphere decreased around 10-15%. These results indicated that the
treatment used in this assay did not induce tissue damage compared to treatment based
on striatal injection of MS or NS. Remarkably, rats receiving 6-OHDA showed the most
decrease in the lesioned hemisphere (about 15%) confirming the toxic effects of 6-

OHDA.

6. Synergistic effects of VEGF and GDNF

Some studies have demonstrated a cooperative crosstalk between VEGF-A and
GDNF signalling pathways mediated by VEGFR2 and RET, and suggesting a possible
feedback loop between these two growth factors (Tufro et al., 2007). However, the

molecular link between VEGF and GDNF pathway remains unknown.

Both cytokines bind tyrosine kinase receptors (VEGF-R1 & 2 and GDNF the c-RET),
therefore, it is likely that the protective effects of VEGF may be mediated using different
signalling cascades in diverse cellular targets compared with GDNF. In fact, we also
assessed the effect of inhibiting the VEGFR2 and RET by administrating vandetanib orally
in a Partial model carried out in assay 3 in order to determine the effect of these
receptors in early states of PD and we obtained interesting results which supported the

important effect that these receptors carried out in the nigrostriatal system.

Although neuroprotective effects of VEGF-A overexpression in models of PD were
reported (Yasuhara et al., 2004), detrimental vascular effects, such as edema and
disruption of the blood-brain barrier, occurred (Harrigan et al., 2003; Rite et al., 2007).
These negative side effects have not been observed in our assays , despite VEGF-A binds
to the neuroprotective VEGFR1 and, in addition, to VEGFR2, and the receptor is thought

to mediate in angiogenic effects (Olsson et al., 2006; Falk et al., 2010).

On the other hand, studies have shown an neuroprotective effect after sustained

VEGF-B delivery into a rodent brain (Poesen et al., 2008) or genetic VEGF-B
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overexpression (Dhondt et al., 2011; Yue et al., 2014), which is not surprising given that
VEGF-B only binds to the protective VEGFR-1, whereas VEGF-A binds to both VEGFR-1
and VEGFR-2, the receptor thought to mediate the angiogenic effects (Olsson et al.,
2006; Falk et al., 2010). VEGFR-1 on the other hand is tied to protective effects in many
organs, including the brain. However, in dopaminergic neurons the pathways for VEGF-B
have not yet been elucidated. There is a work that evidences the effectiveness of the
treatment with VEGF-B and GDNF in a preclinical in vivo model of PD (Yue et al., 2014).
The role of VEGFR-1 remains more enigmatic, and its binding to the non-tyrosine kinase
receptors NP-1 and NP-2 might be involved in axon guidance (Lafuente et al., 2012). In
addition, Huang et al showed that the expression of VEGF was increased in response to

GDNF stimulation in several situations (Huang et al., 2014).

VEGF and GDNF induce improvements in behaviour and an enhancement of the
surviving neurons, sprouting in order to neurorescue cells and activate neurogenesis.
Furthermore, it would be necessary to investigate the signalling pathway of VEGF and

GDNF, in order to assess the possible intracellular interaction.

Taken together, our data suggested that the trophic effects of VEGF and GDNF on
nigrostriatal pathways complex likely involves multiple mechanisms and/or mediators.
We supported the synergistic effect of combining VEGF and GDNF in the severe and
Partial model of PD, these NTFs used different receptors, and both could potentially be
additive or even synergistic with each other to produce more profound effects. In fact,
GDNF can be considered as the most used growth factor in Preclinical models of PD.
However, our data in the complete model showed that VEGF in combination with GDNF
was only slightly inferior to GDNF in terms of plasticity in this model. Indeed,
administration of VEGF and GDNF produced dopaminergic regeneration and it was
supported by increasing of astrocytes, vessels and neurogenesis in the striatum after

VEGF and GDNF administration.

Therefore, a major finding in the present work, a part from the differences found

in the study of the rostro-caudal topology, is the preservation of the ADN network after
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treatment with VEGF and GDNF. Combining both NTFs not only preserves the neuronal
bodies, it also has the ability to restore nigrostriatal axons in the severe and Partial

models.

6.1. Inhibition of VEGR2 and RET induced a deleterious effect in a

Preclinical model

The negative effects by inhibiting VEGFR2 and RET after the administration of the
TKI inhibitor vandetanib, lead us to consider VEGF and GDNF as a therapeutic target in
PD. Thus, the search of treatments which stimulate or introduce ligands (VEGF and
GDNF) of these receptors could be a strategy that opens windows to understand the

molecular mechanism of PD.

Motor behavioral deficit and morphological impairment were observed after
vandetanib administration, which induced a drastic loss of TH-positive volume in
striatum accompanied by a remarkable loss of TH-ir neurons in SN. In fact, vandetanib
displayed more injury on the dopaminergic system than the toxicity induced via 6-OHDA

by itself.

On the other hand, despite the amount of studies developed about vandetanib in
cancer, any study has been developed in order to study the effects of vandetanib
administration in neurodegeneration. In fact, vandetanib is used as a therapeutic
strategy in several cancers blocking the expression of VEGFR2 and RET, among others

(Deshpande et al., 2011).

VEGF and GDNF induce neuroprotection via the PI3K/Akt, pathways downstream
of VEGFR2 and RET (Kilic et al., 2006; Pascual et al., 2011). In line with that, it has also
been reported that dopamine can function through the Akt/GSK3 signalling cascade
(Beaulieu et al., 2007). Because of that we studied the levels of phosphorylated Akt (p-

Akt), in order to assess the effects of inhibiting both receptors in this pathway on the
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dopaminergic system. We confirmed that vandetanib indeed inhibits p-Akt in SN,

showing reduction in the p-Akt/Akt levels, even more than 6-OHDA in striatum and SN.

In contrast, the inhibition of both receptors increased remarkably the expression
of caspase-3, inducing apoptosis in striatum and SN. In fact, the expression of caspase-3
was also more remarkable in 6-OHDA rats received vandetanib than rats only receiving
6-OHDA. It is accordance with a study developed in breast and MTC cancer, which
indicated that TKI treatment could be effective in increasing apoptosis (Kunnimalaiyaan
et al.,, 2006; Spanheimer et al., 2014). In this context, our results could suggest that
inhibition of VEGFR2 and RET lead to DA neuronal loss and DA denervation by activating
apoptotic pathways (caspase-3) and inhibiting the survival pathways (p-Akt/total Akt) in

striatum and SN.

Thus, the deleterious effect produced by blocking the VEGF and GDNF expression
through the inhibition of VEGFR2 and RET, supporting the synergistic effect of VEGF and
GDNF, indicating that receptors from both NTF could exhibit their neuroprotective
action in PD by Akt signaling cascade, probably activating the PI3K/Akt signaling
pathway.

7. Synergistic effect after combining Cerebrolysin and

enriched environment housing

We found for the first time that the combination of housing rats in an EE and the
i.p. administration of Cerebrolysin resulted in overall nigrostriatal dopaminergic system
neuroprotection in a presymptomatic 6-OHDA model. The combination of both
strategies lead to the preservation of dopaminergic neurons and their striatal
connections, as well as preservation of motor function for one week of treatment. In
addition, survival pathway (Akt signaling pathway) was remarkably activated and
apoptotic process (caspase-3 activation) reduced in rats treated with both strategies in

striatum and SN from 6-OHDA rats. In fact, studies have revealed that the PI3K/Akt
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pathway mediates Cerebrolysin-induced progenitor cell proliferation (Zhang et al., 2010)
and apoptosis was prevented after CBL administration promoting functional recovery
after stroke (Masliah & Diez-Tejedor, 2012). Thus, CBL is a good candidate to protect TH

or dopaminergic neurons from apoptosis.

CBL is a mixture of various NTFs, which could contribute to enhanced the
neuroregeneration and this preparation has exhibited beneficial effects on
neurodegenerative diseases and stroke, enhancing neurogenesis in the dental gyrus,
which is the basis for neuronal replacement therapy (Zhang et al., 2010; Masliah & Diez-
Tejedor, 2012). In fact, it is the only drug whose action is similar to the various NTFs in

combination such as BDNF, GDNF, CNTF and NGF and others (Sharma et al., 2011).

In line with that, one PD study carried out by Lukhanina and collaborators
demonstrated that Cerebrolysin may be recommended as an additional neuroprotective

drug for brain function improvement in the earlier stages of PD (Lukhanina et al., 2004).

EE increase the expression of NTFs (Bengoetxea et al., 2008). In fact, studies have
reported that BDNF (Oliff et al., 1998), VEGF (Ortuzar et al., 2013) and GDNF (Anastasia
et al., 2009) are involved in the effects of EE, which expression is increased by exercise
(Bezard et al., 2003). Thus, NTFs are upregulated in animals exposed to EE, contributing
to the protection against the toxicity of 6-OHDA or MPTP (Bezard et al., 2003). EE imply
exercise, in concert with continued mental activity and social interactions, which may
provide a non-invasive, non-pharmaceutical mechanism to protect against the onset of

parkinsonian symptoms (Faherty et al., 2005).

We corroborate these finding, suggesting that combining CBL administration with
EE exhibited functional and morphological improvement after 6-OHDA lesion. In fact, EE

is an alternative to invasive treatment.

In spite of a functional improvement was seen by combining these strategies, this
functional recovery was not significant. Accordingly, in rats exposed only to EE we did

not observe any functional recovery, maybe because the time in which rats remained
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under an EE was only for one week. However, we chose this time course in order to
check the morphological changes in earlier stage of PD to evaluate the neuroprotective
effects of the treatments before the progression of the disease. On the other hand, in a
study developed by Jadavji and collaborators indicated a delay in EE animals, beginning
at two weeks after lesion (Jadavji et al., 2006). Thus, the mild improvement shown in
behavioral results could be related to a late onset of EE exposure starting at two weeks
after lesion. In addition, others authors have demonstrated that stress increases motor
impairments in the 6-OHDA model (Snyder et al., 1985; Smith et al., 2002). In line with
that, although rats exposure to EE and receiving daily i.p. administration of CBL, the
possible stress produced by the daily administration of CBL did not affect to increase the

vulnerability of dopaminergic neurons to subsequent insult.

Taken together, EE in combination with CBL may provide a neuroprotective
therapeutic option in the earlier stage of PD via the stimulation and potentiation of NTFs
expression through the activation of signaling pathways implied in survival, supporting a
synergistic effect between both strategies. In fact, these strategies are not supposed as

invasive effect as intracerebral administration of NTFs.

8. Neurotrophic factors increased GFAP levels in the striatum

in the Severe model

Interestingly, the highest GFAP expression was reached in rats treated with VEGF
and GDNF in combination, finding the most GFAP expression in the restricted area that

demarcated the needle tract, extending to the striatal parenchyma.

In fact, glial proliferation has been described as response to administration of
several NTFs in vitro (Rabchevsky et al., 1998) and in vivo (Krum et al., 2002; Krum &
Khaibullina, 2003; Mani et al., 2005). In addition, other study revealed that astrocytes
are responsible for VEGF-A and GDNF expressions in the ischemia plus G-cerebrospinal

fluid (CSF) condition (Chen et al., 2013). Related to this finding, we could suggest that it
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would be possible than the exogenous administration of VEGF and GDNF could activate
astrocytes to express these factors endogenously after an insult. Regarding the neuronal
loss in SN produced by 6-OHDA,; it could be possible that the combination of both factors
apart from inducing the activation of astrocytes as an anti-inflammatory mechanism to
reduce the damage, they could also induce the transdifferentiation of active astrocytes
into mature neurons to restore the loss of dopaminergic neurons. In fact, new neurons
are described to originate from cells expressing GFAP (Doetsch, 2003; Kronenberg et al.,
2003; Garcia et al., 2004; Kempermann et al., 2004; Burton et al., 2006; Steiner et al.,
2006) and a recent results have demonstrated that striatal endogenous reactive
astrocytes in response to ischemic injury can transdifferentiation into new neurons
(Magnusson et al., 2014). Therefore, the combination of these NTFs could promote the
transdiferenciation of these reactive astrocytes into dopaminergic neurons in response
to the 6-OHDA lesion. The modulation of reactive microglia and astrocytes may have
triggered trophic responses in the lesioned nigrostriatal pathway that may have
interfered with the degree of DA lesion. The synthesis of neurotrophic substances is
then up-regulated in the reactive astrocytes which via paracrine actions may help
maintain lesioned dopamine neurons as well as promote wound/repair (Rodrigues et al.,

2003).

Therefore, GFAP expression could display different roles in this model depend on
the context and it is supported by other works (Berg et al., 2015). It could act as an anti-
inflammatory factor providing neuroprotection/neurorestorative effect by expressing
antioxidant enzymes (Makar et al., 1994; Calkins et al., 2009; Coquery et al., 2012;
Fernandez-Fernandez et al.,, 2012) and it could be related to potential GFAP-positive
neural precursors. Otherwise, it could act as inflammatory factor due to injure, inducing

reactive gliosis in terms of inflammation.
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9. Neurogenic effects of VEGF and GDNF

To evaluate whether the NTF group could activate or maintain neuronal
proliferation and cellular differentiation so as to support a possible neurogenic effect,
we stained cells against BrdU in the Severe model and against BrdU and DCX in the

Partial model.

Several studies have described in rats injected with 6-OHDA in the MFB a
decrease in cell proliferation in the SVZ (Baker et al., 2004; Hoglinger et al., 2004;
Winner et al.,, 2006). In fact, DA depletion is correlated with the decrease in the
proliferation and it leads to significantly impaired neurogenesis (Steiner et al., 2006)
considering the hypothesis of a direct positive DA regulation of cell proliferation in SVZ
region (Hoglinger et al., 2004). These suggestions could be reinforced by the lack of TH-ir
and neurogenesis found in dopaminergic lesions and besides by the ability of growth

factors for promoting the neurogenesis in SVZ.

Accordingly, in the Severe model, we used BrdU in order to detect newly-cells
formed after NTFs administration. We described an increase in the number of BrdU-
positive cells in the SVZ of rats treated with VEGF individually or in combination, showing
that VEGF expression promoted the proliferation. VEGF induced proliferation and
differentiation of dopaminergic cells in vivo (Xiong et al., 2011), it has been implicated in
adult neurogenesis (Cao et al., 2004) and increases the neurogenesis after injury (Jin et
al., 2000, 2002; Sun et al., 2003; Wang et al., 2009). In addition, one study has recently
described that exogenous administration of VEGF increased the neurogenesis in

ischemic injured brains (Duan et al., 2015).

Rats treated with GDNF presented less BrdU-positive cells than VEGF-Ms group,
because it was reported that GDNF is more involved in the survival and differentiation
(Birling & Price, 1995; Schwartz et al., 1997). In addition to this, our results also
supported the role of GDNF in promoting plasticity in SN because it was reported that

GDNF reduce the degeneration dopamine fibers (McNaught et al., 2002) and induces
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sprouting of dopamine axons (Batchelor et al., 2000). Thus, it is important to distinguish
between mechanism of cellular plasticity in neurogenic zones and other parts of the
adult CNS like the SN, where cellular plasticity, but potentially no neurogenesis takes

place (Steiner et al., 2006).

Due to the increase in neurogenesis when we administered MS loaded with VEGF
and the intense activation of astrocytes in the striatum of rats treated with VEGF and
GDNF, these finding could be in agreement with the recent publication in which they
suggest that the VEGF enhance the neurogenesis by the transdifferentiation of
astrocytes into mature neurons in injured brains (Duan et al., 2015). We highlight the
necessity of further investigation to corroborate if exogenous administration of VEGF
due to its neurogenic effect is also able to induce the transdifferentiation of astrocytes

into mature dopaminergic neurons in parkinsonized rats.

In Partial model, BrdU/DCX double immunofluorescence staining showed an

enhanced proliferation near the SVZ in rats treated with VEGF and GDNF.

Correspondingly, the number of BrdU-positive cells from parkinsonized rats
treated in the vehicle groups was lower than in the NTF group, and these cells did never
co-express with DCX, suggesting that VEGF and GDNF could induce not only an increase

but also a differentiation of neurons to migrate towards the injured regions.

Growth factors promote neurogenesis in the SVZ/olfactory bulb (OB)-system
while the dopaminergic lesion has the opposite effect. In fact, GDNF is involved in
neuronal survival and differentiation during development (Birling & Price, 1995;
Schwartz et al., 1997) and VEGF promotes the proliferation and differentiation of
dopaminergic cells in vivo (Xiong et al.,, 2011). In addition, it was also reported that
growth factors in combination could induce neurogenesis in a synergistic way (Pellegrini

et al., 2013; Sopova et al., 2014).

However, it is necessary to difference between proliferation, newly generated

cells, and differentiation, in which newly generate cells can take place a new cellular
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lineage regarding the requirements. Because of this, new additional experiments would
be interesting to carry out with adult neuronal and proliferative markers, such as TH and
BrdU in order to corroborate whether the newly cells induced by the administration of
VEGF and GDNF, could become dopaminergic neurons to restore the loss induced by the
administration of 6-OHDA. Thus, regarding the fact that NTFs are involved in inducing
proliferation and differentiation (Requejo et al., 2015). It could be possible that NTFs are
able to induce the differentiation of neuroblasts into dopaminergic neurons. In line with
this hypothesis, a study developed by Prensa and collaborators, suggested that the
primate striatum is able to recruit new neuroblasts as a means to compensate for the
lack of DA that characterizes the parkinsonian state would be a major breakthrough in
our understanding of the functional organization of the basal ganglia (Prensa et al.,

2000).

10. GDNF increased microvascular density in the striatum in

the Severe model

Angiogenesis has been reported to be impaired in aging in several tissues
including brain (Wang et al., 2004; lemitsu et al., 2006). In fact, perfusion deficits have
also been observed before the onset of clinical symptoms in neurodegenerative
disorders, which suggests that the deficits contribute to the pathogenesis of the disease
(Carmeliet & Storkebaum, 2002). However, results obtained through measuring
microvascular density did not provide any further information neither striatum nor SN
between 6-OHDA and saline-group in the Severe model, there were not practically

difference between them.

On the other hand, in the same model, GDNF administration increased the
angiogenesis/ or the microvascular network in the striatum on the lesioned side respect
to empty-MS group. Owing to the ability of GDNF to induce sprouting from spared axons
near the injection site in the striatum (Jollivet, 2004), it is likely to GDNF is able to induce

increase in vessel density, as a plastic response, increasing oxygen and nutrient supply to
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the affected brain region. We suggested the increase of microvessel density as a plastic
response stimulated by GDNF, because on a cellular level brain plasticity involves
functional and structural modifications of synapses, neurons, and non-neuronal cells
(Cenci et al., 2009). Due to the fact that an increase in vascular permeability in response
to VEGF may result in the release of trophic factors, such as GDNF, which promote
dopaminergic neuronal survival (Yasuhara et al., 2004). We also hypothesize that VEGF
instead of increasing the microvascular density; it developed its neurogenic effect in
order to stimulate GDNF production. Thus, we also suggested that GDNF increased

vascular density to induce dopaminergic neuronal survival.

In contrast, results obtained through measuring microvascular density in the
Partial model did not provide further information neither striatum nor SN in all
experimental groups, there were not practically difference between them. However,
there was a differential topological distribution of vessels in striatum and SN. It may be
relevant because we did not find differences when we studied the microvascular density
in the treated rats. It could be because it has been reported that VEGF at low dose
induced neuroprotection but did not induce angiogenesis (Yasuhara et al., 2005). Other
studies suggest that exercise promoted angiogenesis in the brain of chronic parkinsonian
mice (Al-Jarrah et al., 2010). Therefore, whether parkinsonized rats treated with NS had
practiced exercise, maybe the microvascular density would have increased in these

groups received NTFs.
11. Neuronal rescue and axodendritic sprouting

There is an emerging need for further investigations focusing on the role of
compensatory responses after striatal fibers depletion and the decrease of ADN and
neurons in SN regarding the pathophysiology of PD. Neurogenesis is a complex process,
as it takes a long time for dopaminergic neurons to reach the SN in order to replace
neuronal loss due to the lesion. Because of this, the remaining neurons re-innervate this

damaged area. Thus, in addition to the cell loss that follows DA denervation (Rosenblad
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et al., 2000), it would be essential to examine what occurs upon treatment with VEGF
and GDNF on axodendritic sprouting, such as a possible plasticity compensatory
response in SN. Synaptic plasticity may contribute to ameliorate brain dysfunction in
case of extreme neurodegeneration (Gittis et al., 2011). In fact, authors have showed
previously that dopamine plays a key role in cellular plasticity in the SN in PD models

(Steiner et al., 2006; Klaissle et al., 2012).

In the Severe model, results indicated that this plasticity compensatory response
may not be possible in a Severe model of PD due to the high degree of neuronal
degeneration. On the other hand, injection of saline solution resulted in a 25% of
neuronal and ADN loss, remaining about 75% and 70% of TH-ir neurons and axons
respectively in the injured side. These results indicated that ADN and neurons followed

the same tendency to decrease after 6-OHDA or saline solution administration.

In contrast, we found differences in terms of neuronal surviving and axonal
sprouting when rats were treated with NTFs. Our results showed that ADN was more
conserved than neuronal density after MS implantation, highlighting the ability of NTFs

in neurons to reach and reinnervate the most vulnerable regions after 6-OHDA lesion.

Therefore, rats receiving VEGF and GDNF showed the highest neuronal density
(about 27%), while rats treated with empty MS only about 5% of TH-ir neurons survived.
In contrast, regarding axodendritic sprouting a slight difference in rats treated with VEGF
and GDNF in combination (about 39%) and in rats treated with GDNF individually (about
43%) was found. Only GDNF-MS group presented statistically significant differences
respect to empty-MS (24%) and VEGF-MS group (27%).

In line with these results, it is reported that GDNF induces a sprouting and
regrowth of the preserved striatal dopaminergic fibers and stimulates axonal sprouting

from the axons of injured dopaminergic neurons (Kirik et al., 2000; Jollivet, 2004).

On the other hand, these newly formed fibers would be the remaining axons of

terminals originating from spared or rescued neurons and NTFs could maintenance or
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enhanced axodendritic sprouting or regrowth from surviving TH-positive dopaminergic
neurons (Rosenblad et al., 2000). Nevertheless, it is necessary to clarify whether these
newly formed fibers are originate from spared intact axons or from surviving lesioned
axon stumps within the nigrostriatal pathway. In fact, presynaptic plasticity has been
long proposed to be one possible mechanism by which locomotor impairment does not
manifest until loss of DA exceeds 70% (Bezard et al., 2001; Zigmond et al., 2002),
supporting the ability from preexistent neuron to reinnervate the affected regions

induced by the effect of NTFs.

In Partial model, ADN density decreased less than neuronal density in all groups.

This may be due to the compensatory plasticity of pre-existent neurons.

The group receiving NTFs (VEGF and GDNF) showed more significant signs of
axodendritic sprouting than the other groups. Hence, a combination of both NTFs not
only preserves the neuronal bodies, it also has the ability to restore nigrostriatal axons

(Batchelor et al., 2000).

On the other hand, instead of the neuronal loss was not remarkable in the
Preclinical model compared to the other models, there was significant differences in
neuronal preservation in the experimental groups. In fact, optimal protection of TH-ir
neurons was found in SN from rats receiving CBL and housing in EE against the toxicity
induced by 6-OHDA. CBL+EE group presented the highest neuronal density in SN (about
67%) and showing the most statistically significant differences respect to rats only
received 6-OHDA and those administered with the inhibitor of VEGFR2 and RET, which
showed the most loss of dopaminergic neurons (about 27-29% of neuronal density,

respectively).

Remarkably, although we did not observe a functional improvement in rats only
housed in EE, this group showed neuronal recovery. These results were consistent with
previously reported EE protection, in which EE housing in 6-OHDA lesioned rats led to
preservation of SN cell numbers three weeks post-lesion (Anastasia et al., 2009).

Likewise, regarding behavioral improvement after CBL administration was also in

205



Discussion

accordance with the neuroprotective effects, because rats received CBL (alone and in
combination with EE) showed the most neuronal recovery. In fact, it has been
demonstrated that CBL protects the integrity of the neuronal circuits and its
administration improved cognitive and behavioral performance (Masliah & Diez-Tejedor,
2012). Additionally, CBL has been found to support the survival of neurons in vitro and in

vivo (Deigner et al., 2000).

Interestingly, we found in the Preclinical model that the dopaminergic neurons
are more affected by the 6-OHDA than the DA content in the striatum (58% of positivity
for TH in striatum vs. 29% of TH-ir neurons in SN in 6-OHDA group). It was in agreement
with Kirik and collaborators, who provided the direct demonstration that survival of
dopaminergic neurons in SN and preservation of functional striatal denervation were
distinctly regulated in the striatal 6-OHDA model (Kirik et al., 2000). On the other hand,
our results confirmed that in this Preclinical model the mild functional effects were
related to the mild DA loss in striatum. Although we did not observe remarkable changes
in motor behavior, the depletion of DA in striatum and the consequent decrease in
neuronal density, may be responsible for other non-motor symptoms already described
in an early stage of PD, such as negative emotional state (Tadaiesky & Dombrowski,

2008).

Taken together, we highlighted the neuroprotective/neurorestorative effect of
treatment based on CBL and EE housing and the deleterious effects of inhibiting VEGFR2

and RET on the neuronal surviving in this Preclinical model.

12. Neuronal density in the substantia nigra in the partial and

Preclinical models

Parkinsonized rats showed changes regarding their neuronal density in the entire
SN and in e-SN in the Partial model. Rats receiving NTFs (VEGF and GDNF) showed a
higher neuronal density in the e-SN (about 44%) than in the entire SN (about 32%).
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These changes in the distribution of neurons was also found in rats receiving CBL and
housed in an EE in the Preclinical model, showing more density of neurons in the e-SN
(about 63%) than in the entire SN (56%). However, in the Preclinical model, the
differences in neuronal density in e-SN were not as remarkable among groups as in rats
received VEGF and GDNF in the Partial model. We only found statistically significant
differences in treated groups with CBL and housing in EE in e-SN respect to rats received
vandetanib, because vandetanib administration induced the most neuronal loss in this
region (about 23% of surviving dopaminergic neurons). In fact, the reduction in neuronal
density was more remarkable in e-SN in rats treated with the inhibitor of VEGFR2 and
RET. On the other hand, the time course for the treatments followed for both assays was
different, which could explain the differences found in the e-SN for both assays, owing

to rats in the Partial model remained much more time with NTFs before to be sacrificed.

Dopaminergic projections reach the entire striatal complex, following a rostro-
caudal topography of the elongated terminals fields. Additional dopaminergic
projections reach the amygdala body (Lindvall et al., 1984) and projections to the
amygdala arise from the VTA and lateral SNc and SNI (Bayer, 1984). Connected to these
topological gradients and taking into account that the topography of SN provides for the
organization of the nigrostriatal projection, we identified the “e-SN”, which is
topologically associated with the dorsolateral region of the CPC, where the 6-OHDA
lesion was induced (Deumens et al., 2002). In fact, a significant component of this e-SN
is the SNI, which projects to the amygdala. This structure is preserved from the inflicted
lesion. Therefore, remaining neurons from the SNI projecting towards the amygdala
would be the basis for re-innervation using sprouting mechanisms. These could be
reinforced by NTF spreading from CPC areas, making the recovery of functions possible

as reported by several authors (Herran et al., 2014; Yue et al., 2014).
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13. Rostro-caudal gradients

We paid attention in the extreme denervation observed in the striatum and the
almost depletion of dopaminergic cells reached in SN. Because of that and owing to the
results obtained in our recently paper (Requejo et al., 2015), we also studied the
degeneration of the striatum and SN considering rostro-caudal levels, in order to search
what was the most affected regions after administrating the 6-OHDA and the most

susceptible area to be recovered after treatment.

In terms of tissue damage we also examined the topological distribution in

striatum according to tissue retraction rate.

In the Severe model, parkinsonized rats showed a significant topological
distribution along the rostro-caudal axis. Rats decreased tissue retraction rate rostro-
caudally, although statistically significant differences only were found in treated rats
with MS. Our results indicated that the ipsilateral volume decreased when it was closer
the site of injection. It was supported by the fact that GDNF-MS and VEGF+GDNF-MS
group presented statistically significant differences respect to empty-MS group, which
had the lowest values in tissue retraction rate compared to the others in rostral and

middle sections, while caudally these groups did no present statistical differences.

At striatum level, due to the almost complete denervation after 6-OHDA
injection, there was not topological distribution of TH-ir fibers. Every striatal section
considered presented an intense loss of TH-ir fibers. Thus, in a severe lesion it is not
possible to examine the topological distribution of TH-ir fibers into striatum due to the
extreme depletion of DA in striatum caused by the 6-OHDA administration into MFB. In
addition, no difference was found regarding topological distribution of TH-ir fibers in

striatum when saline solution was injected into MFB.

In contrast, we demonstrated a selective vulnerability along the rostro-caudal

axis of dopaminergic neurons and ADN to 6-OHDA, revealing very few TH-ir neurons and
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ADN remaining in the rostral parts and decreasing from rostral to caudal parts. This
topological reduction as a consequence of the toxicity induced by 6-OHDA was also

reported by Rosenblad and collaborators (Rosenblad et al., 1999).

These findings were in accordance with other authors that found within SN that
neurons of ventrolateral and caudal region were more vulnerability than those in the
rostromedial and dorsal region of SN in PD (German et al., 1989; Damier et al., 1999;
Gonzalez-Hernandez et al., 2010), progressing the loss of TH+ neurons from lateromedial

and rostro-caudal direction (Hernandez-Baltazar et al., 2013).

Saline-group also showed a topological distribution of neuronal density along the
rostro-caudal axis, showing differences between middle and caudal sections (74% vs.
54%). These results indicated that injure in MFB resulted in a significant reduction of
neuronal density at caudal levels, and we suggested a possible anterograde
degeneration in SN because of lesioning MFB. This distribution was also demonstrated
recently in a Partial model of PD (Requejo et al., 2015). Nevertheless, this group did not

present differences in ADN density along the rostro-caudal axis.

Thus, saline group in terms of TH-ir fibers distribution in a Severe model did not

show topological distribution neither striatum nor SN.

Interestingly, rats treated with MS also presented this reduction of neuronal
density along the rostro-caudal axis. Remarkably, rats receiving VEGF and GDNF
presented the highest neuronal density at all levels, showing large differences between
rostral and caudal level (40% vs. 16%). Rats injected with VEGF and GDNF in combination
also showed statistically significant differences at rostral level respect to empty-MS
group (6%) and VEGF-MS group (11%). In addition, rats received GDNF individually only
presented statistically significant differences at rostral level respect to empty-MS group

(29% vs. 6%).

On the other hand, this reduction in neuronal density along the rostro-caudal axis

was not observed after VEGF and GDNF administration in a Partial model of PD (Requejo
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et al., 2015), it was only observed in groups untreated with NTFs. We suggested that
these differences found between both PD models regarding the effectiveness of the
treatment were originated because neurotoxicity induced by 6-OHDA into MFB was
completely different when it was injected into striatum, in which the neuroregeneration
could be more effective. Additionally, it was more difficult to restore caudal parts in a

Severe model due to the main loss of dopaminergic neurons was focused on this level.

Regarding ADN density, as occurring in 6-OHDA and saline group, rats treated
with MS did not show a significant gradient rostro-caudally, it trended to decrease from
rostral to caudal levels. Remarkably, groups received VEGF and GDNF presented the
most ADN density in caudal parts, instead of GDNF-MS group showed the highest ADN
density at rostral and at middle levels. It was relevant, due to the fact that caudal levels
were the most affected and VEGF+GDNF-MS group showed the best recovery in terms

of surviving cells and ADN sprouting at this level.

Supporting this topological distribution in the dopaminergic system there are
developmental studies of the rat nigrostriatal system indicate the rich anatomical
interconnections between the striatum and SN in adults are likely to be the outcome of
precisely timed developmental events because of pattern of axonal terminations and
neurogenetic gradients between them are correlated (Bayer, 1984) (see figure 11). This
suggested that due to the fact that rostral levels were less affected by the toxin and
more recovery after NTF administration, it would be likely that neurons from rostral part

could migrate to caudal levels in long term.

In fact, in a previous study carried out with human embryos implanted after 6-
OHDA lesion of the intrinsic mesotelencephalic dopamine pathways, was demonstrated
that transplanted nigral neurons placed their natural position within the rostral
mesencephalon , extending positive axons on the rostral, but not caudal direction along
the myelinated fiber bundles (Lindvall et al., 1984). Other studies carried out in other

models of PD have observed this gradient rostro-caudal (Rosenblad et al., 2000).
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Anatomical connections could explain that the changes observed in SN were
induced by the activity of NTFs in the striatum, i.e. their place of projection (Ortuzar et
al., 2013). In addition, previous studies in unilateral 6-OHDA lesion animal model
reported that crossed nigrostriatal projections were related to the underlying
mechanisms of recovery requiring feedback from behavior activity or the involvement of
learning process (Fornaguera et al.,, 1994; Schwarting & Huston, 1996). Moreover, a
recent study revealed that striatal interneurons could develop a role in the
compensative response in a 6-OHDA induced model of PD by modulation of

dopaminergic projection neurons in the nigrostriatal pathway (Ma et al., 2014).

In addition, topological distribution of microvessels was also observed in striatum
and in SN. Saline solution or 6-OHDA administration into MFB trended to decrease from
rostral to caudal level in both anatomical parts. This topological distribution was also
found in treated rats. In fact, when rats were treated with MS, rats receiving VEGF and
GDNF in combination presented statistically significant differences in rostral sections
respect to middle and caudal sections (109% vs. 86% and 19%). Thus, this increase in
microvascular density at rostral levels of striatum could be related to the lesion due to
MS administration, enhancing the microvascular density in order to increase oxygen and
nutrient supply due to the lesion. Furthermore, this decrease rostro-caudal was in
accordance with the loss of dopaminergic neurons and ADN, showing the same pattern
the microvascular distribution and the distribution of dopaminergic cells and their
prolongations. Accordingly, previous studies have shown relations between changes in
the vascularization and neuronal loss in Parkinsonism (Barcia et al., 2005). In addition,
we added the possibility of considering the neurovascular coupling to explain this

relation.

Taken together, despite the extensive depletion of DA produced by the
administration of 6-OHDA into MFB, we can support a topological distribution in the
dopaminergic system, showing the same pattern for neurons and vessels. It trend to
decrease from rostral to caudal parts, showing a selective vulnerability to 6-OHDA and

recovering after the treatment.
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In Partial model, the quantitative analysis of the rostro-caudal sections of the
striatum revealed that rats receiving 6-OHDA presented the highest increase in TH-
negative volume at caudal levels, while the saline group did not present any difference
throughout the rostro-caudal axis (remaining TH-ir). This supports the special
vulnerability of the dorsolateral and caudal regions. Parkinsonized rats also showed a
similar distribution in the vehicle group; but rats receiving NTFs showed a significant
recovery in TH-positive volume at all levels. However, most of this incipient plasticity
consists of wide territories occupied by fine positive fibers. This is a crucial point to
reinforce this innovative proposal of using the volume of TH-negative fibers instead the
IOD. Areas with positive fibers were usually undervalued when the 10D was measured.
These lightly positive areas are the basis for recovery, and these observations are in
agreement with other reports concerned with the sprouting of TH-positive fibers in the

striatum close to the GDNF injection (Rosenblad et al., 1999, 2000).

A rostro-caudal reduction in the number of neurons was already reported by
Rosenblad (Rosenblad et al., 2000), which was attributed to the toxicity of 6-OHDA.
However, in the present study a statistically significant difference was also found in the

saline group (91% vs. 63%).

Interestingly, this rostro-caudal reduction of the neuronal density was observed
in rats treated with the vehicle (22% vs. 14%) and the empty-NS (33% vs. 15%), but not
with NTFs. This group showed opposite results like a marked rostro-caudal increase in
the number of neurons in the entire SN (19% at the rostral, 25% at the middle, and 43%
at caudal section) and in e-SN (37%, 44%, and 51% respectively), which shows a
significantly higher density at all levels. This implied a success in the recovery of neurons

in the SN, presenting large differences between the rostral and the caudal levels.

ADN density showed a rostro-caudal decrease in all groups of both assays,
following the same pattern than the TH-positive fibers in the striatum. This corresponds
to the anatomical organization of basal ganglia (Garcia-Amado & Prensa, 2013). The

group receiving the NTFs showed a regenerative and plasticity response, the ADN
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increasing at all considered levels with respect to the vehicle or the empty-NS group.
Anatomical connections could explain that the changes observed in SN were induced by
the activity of NTFs in the striatum, i.e. their place of projection (Ortuzar et al., 2013).
However, further studies are necessary to assess these effects according to the

anatomical connections between the striatum and the SN along the rostro-caudal axis.

Regarding microvascular density, results showed that microvascular density
trend to increase from rostral level to caudal level in striatum and to decrease in SN in
case of parkinsonized rats and to increase in rats treated. These results obtained in
striatum corresponding on opposite sense to the distribution of TH+ fibers or TH+
volume in striatum. Previous studies show relations between changes in the
vascularization and neuronal loss in Parkinsonism (Barcia et al., 2005). The results
obtained in this model suggest that the increase in microvascular density at caudal levels
in striatum could be related to the lesion; because we observed that the most loss of
positivity for TH is located in caudal sections. Furthermore, this increase of the
microvascular density focused on this part could be in order to increase oxygen and
nutrient supply due to the lesion. On the other hand, the gradients shown in SN
indicated that the most loss of neurons or ADN corresponding with the reduction of
microvascular density in caudal levels. However, when rats were parkinsonized and after
that were treated with vehicle or NS, therefore injuring twice at the same coordinates,
this gradient was also inverted. It suggested that the passage from the onset of the
experiments to sacrifice of the animals could be the explication, because it was different

in both experiments.

Topological distribution in the Preclinical model was only remarkable when
vandetanib was administered, increasing the striatal denervation and nigral loss from
rostral to caudal parts. In fact, the denervation and neurodegeneration induced by
vandetanib was similar to 6-OHDA in a Partial model, showing the same effect on the
nigrostriatal system. Remarkably, 6-OHDA in the Preclinical model induced less
degeneration than vandetanib, not showing topological distribution in striatum and SN

because of the activation of compensatory changes that may underline the preclinical
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stage of this disorder in this model (Zigmond, 1997). Thus, administration of VEGFR2 and
RET inhibitor displayed an effect similar to results observed in a Partial model, in which
the degeneration was remarkable affecting to the all dopaminergic system (Requejo et

al., 2015).

On the other hand, treated groups and 6-OHDA group in this Preclinical model,
showed a striatal gradient related to the localization of the lesion (Przedborski et al.,
1995). Middle sections showed the most loss of positivity for TH corresponding on with
the stereotaxic coordinates of the lesion, while in caudal section the loss of TH-positivity
was very low due to these sections was situated farther of the site of 6-OHDA injection.
However, the differences were not statistically significant within each one or between
groups. Thus, this topological distribution of slight striatal DA depletion found at the
middle levels and different to the other models, could be related to the compensation

mechanisms by low degeneration induced by 6-OHDA on this early stage of the disease.

14. Changes in protein expression involved in survival and

apoptosis

We carried out a systematic characterization by western blot of the molecular
changes induced by 6-OHDA in a Preclinical model in order to assess the whether
neuroprotective effects of the different treatments in the morphological recovery was
due to changes on survival and apoptotic pathways. For this purpose, we assessed p-Akt
and caspase-3 activation within striatum and SN. Results showed the same tendency in

the expression of both markers in striatum and SN for all experimental groups.

In addition, we also assessed TH expression in striatum and SN by western blot.
Our results showed the same tendency between groups than in immunohistochemical

study.

Although the pathways involved in cell death are now understood at the

molecular level, the precise nature of the role that plays in PD remains unknown (Burke,
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2010). In fact, Burke and collaborators suggested that an early molecular event in PD
may be the loss of survival signalling provided by phosphorylated Akt (Burke, 2010). In
fact, activation of PI3K/Akt signaling pathway has been shown to be linked to cell
survival (Dudek et al., 1997; Kauffmann-Zeh et al.,, 1997). In line with that, due to
PI3K/Akt pathway has been reported to be neuroprotective for the dopaminergic
neurons of the SNc in rats model of PD (Quesada et al., 2008), the activation of protein
kinase Akt was evaluated to elucidate any role of cellular-signalling in neuroprotection
seen previously by the morphological analysis upon treatment with CBL and EE in
combination. Our findings showed that the combination of both strategies prevented
the activation of caspase-3 and induced significantly activation of p-Akt in the lesioned
SN. In ipsilateral striatum, we also observed increase of p-Akt, compared to the other
groups, but was not significant. Remarkably, only combination of EE and CBL induced the

activation of p-Akt in SN.

Thus, regarding the possible intracellular signaling pathways implicated in the
neuroprotective mechanism related to CBL and EE, our results indicated that Akt
signaling cascade plays a key role. In fact, p-Akt expression may be the way in which NTF

induces neuroprotection, by increasing the survival of dopaminergic neurons.

On the other hand, our data strongly suggest the participation of caspase-3 in
vandetanib and 6-OHDA group in neuronal degeneration in striatum and SN, activating
the enzyme responsible for apoptotic DNA fragmentation. It was in agreement with
previous studies, which have revealed that apoptosis plays a major role in neuronal
degeneration (Hartmann et al., 2001; Cheng et al., 2007) and that activation of caspase-
3, plays a crucial role in the 6-OHDA-activated apoptosis of dopaminergic cells
(Hernandez-Baltazar et al., 2013). Furthermore, neurotoxins commonly used to induce
experimental PD, such as 6-OHDA and MPTP, have been shown to exert their pro-
apoptotic actions via the activation of caspase-3 (Wang et al., 2005) which is believed to

be the final executor of apoptotic DNA damage.
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Thus, the 6-OHDA-caused neurodegeneration in a Preclinical model was
supported by the results of western blot, suggesting the activation of caspase-3 and
inhibition of Akt activation, as a mechanism by which 6-OHDA and vandetanib induced
the dopaminergic cell death. Results were in accordance with a study in which showed
that 6-OHDA injected into the striatum leads to a progressive apoptosis of nigral

dopaminergic neurons and activation of caspase-3 (Hernandez-Baltazar et al., 2013).

Therefore, this analysis not also provides a detailed description of changing in
protein expression within striatum and SN after 6-OHDA lesion in a Preclinical model,
but also could reveal the mechanisms, by which the different strategies used in this

study could display their effect.
15. Future perspectives

It is relevant that the morphological and functional results obtained after NTFs
administration were consistent. In the Severe model, we obtained better functional
results after GDNF-MS and VEGF+GDNF-MS administration. In contrast, the same
groups increased tissue retraction in striatum, but reached the most relevant results in
the SN, because we found in this model that the dose used of VEGF and GDNF in
combination was not as effective in improving the outcome of this model as the lower
dose we used in treated rats with both NTFs in a Partial model of PD (Herran et al., 2014;
Requejo et al., 2015). Therefore, regardless of the dose used, VEGF and GDNF seem to
be unable to preserve the tissue against the lesion made directly by their administration,

suppressing part of the VEGF+GDNF effects.

Thus, instead of these groups developing tissue damage after implantation in the
striatum, they are able to induce positive effects, such as restoring the dopaminergic
degeneration and developing other important morphological benefits. Therefore, it is
especially important to highlight the possible synergistic effect in the Severe model.
Regarding the effects of NS loaded with VEGF and GDNF in combination reducing the

dose by half in the Partial model, it would be interesting to test this strategy in the
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Severe model in order to reduce the tissue damage and enhance the synergistic effect of

both NTFs.

We also wanted to highlight the importance of including saline-injected rats as a
control because it is a good way to discriminate between the host’s response to the
surgery and the response induced by the neurotoxin. It is important to have knowledge
about the host brain’s normal physiological response to injury in order to assess in detail
whether injuring is able to produce a significant insult, which could indicate whether the

model is suitable for the pathology studies and further treatments.

On the other hand, alterations in cells size, dendrite length and gene expression
have been observed in 6-OHDA models (Stott & Barker, 2014). Thus, it would be
interesting to analyze these morphological patterns after administration of VEGF and
GDNF, to assess whether these NTFs in combination, apart from restoring the loss of
dopaminergic neurons are able to revert to the normal cellular morphology and dendrite
length. Furthermore, to study the cellular morphology, genetic expression of
dopaminergic markers and dendritic size following a rostro-caudal distribution along the
nigrostriatal system could reveal differences along this gradient which should be taken
into account in order to determine what part is more vulnerable or recovers more easily
after a lesion to study in future clinical trials. It is fundamental to keep in mind that
when we study one system like unique, we pay no heed to the changes that are

occurring in each part.

Concerning to the results obtained in rats housed in EE, it would be necessary to
increase the time in EE conditions in order to improve the functional and morphological
effects. Studies have demonstrated the effectiveness of the housing in EE as a
neuroprotective strategy against PD, and in these studies the time in which rats
remained under EE conditions was about 7 weeks (Steiner et al., 2006). Thus, regarding
the synergistic effect observed combining CBL administration and EE, if we had
increased the remaining of rats in EE, clearer results might have been. Because VEGF and

GDNF in combination induced neurogenesis in SVZ after a 6-OHDA lesion it was also
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reported that neurogenesis and gliogenesis in neurogenic zones are robustly stimulated
by physiological stimuli, physical activity and an EE, respectively (Steiner et al.,
2006).Thus, housing rats in an EE together with the i.p. administration of CBL could be a

strategy to increase neurogenic effects.

Diagnosis of a presymptomatic stage is a useful strategy to ameliorate the effects
of DA decline in the progression of PD. Therefore, it could be interesting in further
studies to test the emotional and cognitive deficits associated with premotor behavioral
signs through behavioral tests that assess a variety of psychological functions, including
locomotor activity, emotional reactivity and depression, anxiety and memory in the rat
model of early phase PD and to assess the effects of the treatments proposed in this
study (VEGF-NS+GDNF-NS, CBL and housing in EE). In fact, it is known that 6-OHDA in
rats is able to induce premotor behavioral signs similar to a preclinical stage of the
disease (Tadaiesky et al., 2008). Cognitive impairments are also common in PD. Between
15% and 20% of PD patients develop a frank dementia, and less severe cognitive
impairment is a well recognized feature early in the disease that has been shown to be
an important predictor of future quality of life (Schrag et al., 2000). On the other hand,
to assess the administration of vandetanib using these tests could give us information

about the effects of inhibiting the VEGF2 and RET in the processing of memory.

Accordingly, related to the e-SN, where we observed a recovery after NTFs
administration and at the same time this region of the SN was more vulnerable to 6-
OHDA and vandetanib administration. This region is associated with the dorsolateral
striatum, which is involved in learning and memory processes. Furthermore, neurons
from e-SN also project to the amygdala. Because of that the evaluation of the cognitive
and emotional effects after 6-OHDA and after NTFs administration could support the
importance of focusing on this region in future studies in order to consider e-SN as a
promising region to test the neuroprotective and neuroregenerative treatments against
PD. In addition, to assess fluorogold retrograde labeling of neurons in this e-SN could
demonstrate the integrity of the axonal projections in this region along the nigrostriatal

and mesolimbic pathways.
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Conclusions

1. The 6-OHDA model is a very suitable model to correlate morphological and

functional changes with molecular ones.

2. A Preclinical model allows an assessment of the presymptomatic state of
Parkinson’s disease in which morphological and molecular changes are present in

order to test strategies to protect against neurodegeneration.

3. Stereological quantification of delimited tyrosine hydroxylase negative volume of
the caudate putamen complex seems to be more accurate than the integrated
optical density estimation; this parameter is more affected by the heterogeneous
distribution of striosomes and sections of striatal blood vessels. In addition the
new proposed marker is sensitive to mild changes in the axodendritic network due

to neuroplasticity.

4. The different rostro-caudal gradients exhibited in the striatum and substantia
nigra after 6-OHDA injection and VEGF and GDNF administration, suggest a
specific anatomical distribution of dopaminergic neurons and terminals in the
rostro-caudal axis, which could be useful in order to assess the lesion,

administration and diffusion of treatments.

5. Measurements focused on the “external substantia nigra”, which are
topographically related to the lesioned area of the striatum, achieve more specific

and significant results than when the whole substantia nigra is measured.

6. Functional improvement and morphological recovery after implantation of
nano/microspheres loaded with VEGF and GDNF is associated with the
preservation of tyrosine hydroxylase positive cells and the axodendritic network in

the striatum and substantia nigra.

7. Mild evidence of lesion recovery after combination of VEGF and GDNF in the

Severe model points to the necessity for further studies, such as investigating this
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recovery in a Partial Parkinson’s disease model in which the plasticity potential is

better conserved.

8. The combination of VEGF-nanospheres and GDNF-nanospheres at half the dose of
their individual administration could represent a suitable and promising treatment
for neuron regeneration and protection in the Partial model of Parkinson’s

disease.

9. The combination of Cerebrolysin and enriched environment provided evidence of
protective mechanisms by which this combined strategy promoteed functional
and morphological improvement by activation of survival signaling pathways after

dopamine depletion in a preclinical rat model of Parkinson’s disease.

10. Inhibition of VEGFR2 and RET by the oral administration of vandetanib produced
deleterious effects on the dopaminergic system, supporting the potent and

synergistic effects exerted by VEGF and GDNF in Parkinson’s disease.

11. These findings support the neurorestorative role of VEGF+GDNF on the
dopaminergic system and the synergistic effect between both factors. Similar
beneficial effects were also found with the combination of Cerebrolysin and

enriched environment.

In summary, intracerebral injections of 6-OHDA can produce selective DA
depletion in the striatum and destruction of dopaminergic neurons in the SN, allowing
the study of different degrees of severity of PD and the synergistic effects of different
therapeutic strategies. Our findings suggest protective and/or restorative mechanisms
mobilized by NTFs, CBL and EE, which significantly reduced 6-OHDA degeneration of
dopaminergic neurons in the SN of adult rats, preserved nigrostriatal projections, and
improved dopaminergic function, showing selective vulnerability along the rostro-caudal
axis in the dopaminergic system. We also demonstrate for the first time the deleterious
effect of inhibiting VEGFR2 and RET on the dopaminergic system, confirming the

beneficial and synergistic effect exhibited by NTFs in PD.
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In this work, the neuroregenerative potentials of microencapsulated VEGF, GDNF and their combination
on a severely lesioned rat model were compared with the aim of developing a new strategy to treat
advanced stages of Parkinson’s disease. Both neurotrophic factors were separately encapsulated into
polymeric microspheres (MSs) to obtain a continuous drug release over time. The regenerative effects
of these growth factors were evaluated using a rotation behaviour test and quantified by the number
of surviving TH + cells. The biological activities of encapsulated vascular endothelial growth factor (VEGF)
and glial cell line-derived neurotrophic factor (GDNF) were investigated in HUVEC and PC12 cells, respec-
tively. The treatment of 6-OHDA-lesioned rats with GDNF microspheres and with both VEGF and GDNF
microspheres resulted in improved results in the rotation behaviour test. Both groups also showed higher
levels of neuroregeneration/neuroreparation in the substantia nigra than the control group did. These
results were confirmed by the pronounced TH + neuron recovery in the group receiving VEGF + GDNF-

Growth factors

MS, demonstrating regenerative effects.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disorder in the world. Due to the current high life expec-
tancy of our society, the number of cases of PD is increasing, and this
disease is becoming a serious public health problem. This disease oc-
curs most frequently in people over 80 years old, with a prevalence
of 1-3%. However, a younger onset of PD is also possible, occurring
in 0.5-1% of people between 65 and 69 years of age [1].

PD is characterised by the progressive degeneration of the
nigrostriatal dopaminergic pathway. This gradual loss of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc)
consequently reduces the dopamine (DA) levels in the striatum
[2], which is believed to cause motor function impairments such
as rest tremors, rigidity, bradykinesia and postural abnormalities
[3]. Current therapies are based on dopamimetic treatments,
including the administration of the dopamine precursor levodopa
(L-dopa). However, levodopa cannot repair the already damaged
area and does not provide neuroprotection to the remaining
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dopaminergic neurons [4]. Therefore, current research is focused
on the development of therapeutic strategies that will halt the
neurodegenerative process, rather than simply treat the clinical
symptoms. An interesting and promising approach to this chal-
lenge is the use of neurotrophic factors (NTFs). NTFs are proteins
that act as growth factors and play an important role in the
maintenance, survival, specification and maturation of specific
neuronal populations [5,6].

Among the NTFs, glial cell line-derived neurotrophic factor
(GDNF) is a potent neuroprotective/neurorestorative factor that
has shown effects on dopamine-depleted striatum both in vitro
[7,8] and in experimental animal models of PD [9-12]. Fuelled by
the encouraging results obtained in animal models, several clinical
trials have been carried out to investigate the effectiveness of
GDNF in PD patients. Nutt et al. administered GDNF intracerebro-
ventricularly but found no significant clinical improvement, and
several negative effects were reported [13,14]. In addition, a clini-
cal trial conducted by Lang et al. was halted after showing no ben-
efit from intraputamenal administration [15]. The major limiting
factor in the above-mentioned trials was suggested to be the sub-
optimal brain delivery of GDNF. Thus, new therapeutic approaches
need to be explored to help overcome this limitation.

Vascular endothelial growth factor (VEGF) is an endothelial-
specific growth factor predominantly involved in the formation
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of new blood vessels [16]. In addition to its important role in angi-
ogenesis, VEGF also has specific roles in the central nervous sys-
tem, stimulating axonal outgrowth and increasing neuronal
survival [17]. Multiple studies have argued the potential of VEGF
to promote the growth, survival and rescue of dopaminergic neu-
rons in vitro [18,19]. It may also protect against 6-hydroxidop-
amine (6-OHDA)-induced cell death in both a PD rat model and
neuronal cultures [20].

The critical problems for the clinical application of GDNF and
VEGEF are their rapid degradation rate and their difficulty in cross-
ing the blood-brain barrier. Thus, different intracranial administra-
tion strategies have been used in PD animal models to obtain a
continuous and direct release of the factors into the brain [21].
Over the past several years, one strategy that has gained the atten-
tion of the scientific community is the encapsulation of neurotro-
phic factors into biodegradable poly(lactic-co-glycolic acid)
(PLGA) microspheres (MSs) [22]. This approach allows for the
intracranial administration of microspheres by stereotactic tech-
niques, achieving a continuous drug release over time and over-
coming the problem of repeated administrations. Several
previous studies have demonstrated the efficacy of this technique.
Studies carried out by Benoit et al. and Blanco-Prieto et al., in
which rats were implanted with GDNF-loaded PLGA microparti-
cles, showed improvements in the amphetamine behavioural assay
and increases in the fibre density of the striatum [23,24]. To eval-
uate these new therapies, animal models of PD are essential. For
this purpose, the unilateral 6-OHDA-lesioned rat model has been
used more frequently. However, animals in this model can present
different severity grades and lesion progressions depending on the
location of the 6-OHDA injection. In this work, a middle forebrain
bundle injection was performed, inducing a profound and com-
plete lesion and resulting in the loss of more than 90% of nigral
cells. This lesion is equivalent to an advanced stage of PD [25,26].

The neurorestorative effects of VEGF and GDNF have been
tested separately in previous studies. However, their possible syn-
ergistic effects have not yet been evaluated. Thus, the aim of this
work was to compare the neuroregenerative potential of VEGF
and GDNF PLGA microspheres individually and their combination
in a severy lesioned rat model with the aim of developing a new
strategy to treat advanced stages of PD.

2. Materials and methods
2.1. Materials

Poly(pL-lactide-co-glycolide) (PLGA) (Resomer® RG 752H) with
a copolymer ratio of 75:25 (lactic/glycolic%) was provided by Boeh-
ringer Ingelheim (Ingelheim, Germany). Methylene chloride, ace-
tone and poly-ethylene-glycol 400 (PEG 400) were purchased
from Panreac (Barcelona, Spain).

Human recombinant VEGF165, murine recombinant GDNF and
the Human VEGF ELISA Development Kit were provided by Pepro-
tech EC Ltd., UK. A GDNF E,,,® ImmunoAssay System was obtained
from Promega Corporation (Madison, WI, USA).

Poly(vinyl alcohol) (PVA; average MW = 30,000-70,000), hu-
man serum albumin (HSA), poly-i-lysine, 6-OHDA-HCI, desipra-
mine, pargyline, amphetamine, apomorphine and a Cell Counting
Kit-8 (CCK-8) were acquired from Sigma (St. Louis, USA).

Pheochromocytoma of adrenal rat gland (PC-12) and human
umbilical vein endothelial cells (HUVEC) were obtained from ATCC
LGC Standards (Barcelona, Spain). Cell culture reagents were pur-
chased from GIBCO and PromoCell GmbH (Germany).

Antibodies were provided by Pel Freez Biologicals and Vector
Laboratories (Burlingame, CA, USA).

2.2. Preparation of microspheres

VEGF- and GDNF-containing PLGA (50:50) microspheres were
prepared by modifying a previously described double-emulsion
solvent evaporation technique (W/O/W,) [27]. The organic phase
consisted of 100 mg of PLGA (75:25) dissolved in a 3:1 methylene
chloride/acetone mixture. The aqueous solution consisted of
150 pg of either hVEGF or mGDNF, 2.5% poly-ethylene-glycol 400
(PEG 400) and 7% human serum albumin (HSA) dissolved in
150 pl of PBS (pH 7.4). These two phases were sonicated (Branson®
sonifier 250) for 15s at 50 W. The W/O emulsion was added to
30 ml of a 1.5% (w/v) PVA aqueous solution and homogenised at
9500 rpm for 5 min (Ultra Turrax T25, IKA-Labortechnik, Staufen,
Germany). The final emulsion thus obtained (W;/O/W,) was stir-
red on a magnetic stir plate at room temperature for 3 h to com-
plete the evaporation of the solvent. The resulting microspheres
were collected by centrifugation at 10,000g (Sigma 3-30K),
washed three times with distilled water and freeze-dried for 24 h
(LyoBeta 15, Telstar, Tarrasa, Spain). Empty MSs were prepared
using the above-described method but omitting the VEGF or GDNF.

2.3. Characterisation of microspheres: particle size analysis and
morphological evaluation

The microsphere morphology and surface characteristics were
examined by scanning electron microscopy (SEM, Jeol® JSM-
7000F). The mean particle diameter and size distribution were
determined by laser diffractometry using a Coulter Counter LS
130 (Amherst, MA, USA). The zeta potential was measured by pho-
ton correlation using a Malvern® Zetasizer Nano ZS, Model Zen
3600 (Malvern Instruments Ltd.).

2.4. Encapsulation efficiency (EE) and surface-associated proteins

The microsphere encapsulation efficiency was determined
using the Human VEGF ELISA Development Kit and the GDNF E;,.,®
ImmunoAssay System after microsphere disruption with dimethyl
sulfoxide (DMSO). The surface-associated proteins were assessed
by suspending 1.5 mg of microspheres in PBS (pH 7.4) and main-
taining an orbital rotation at 37 °C for 30 min. Both supernatants
were collected after centrifugation (10,000g, 10 min) and mea-
sured by ELISA.

2.5. In vitro microsphere release studies

The release profiles of VEGF and GDNF from PLGA microspheres
were determined by incubating 1.5 mg of the microspheres in a
test tube containing 1 ml of 20 mM PBS (pH 7.4) at 37 £0.5°C
and shaking the mixture with a rotator shaker at 25 rpm. At de-
fined time intervals, the release medium was removed by centrifu-
gation (10,000g, 10 min) and replaced with 1 ml of fresh buffer.
The amounts of VEGF and GDNF in the supernatant were measured
by ELISA. This release test was performed in triplicate.

2.6. VEGF and GDNF bioactivity assays

The biological activities of the VEGF and GDNF released from
the microspheres were also assessed.

VEGF bioactivity was tested in the HUVEC (human umbilical
vein endothelial cells) (PromoCell GmbH, Germany) cells because
VEGF induces high proliferation in these cells [28]. HUVEC cells
were maintained in endothelial cell growth medium (PromoCell
GmbH, Germany) supplemented with a supplement kit and were
cultured in special cell culture flasks (Corning® CellBIND® Surface)
at 37 °C in humidified air with 5% CO,. Cells between passages 2
and 3 were seeded into 96-well poly-L-lysine-coated culture plates



E. Herrdn et al./ European Journal of Pharmaceutics and Biopharmaceutics 85 (2013) 1183-1190 1185

at a density of 5 x 10> cells/well. After 24 h, the culture medium
was removed, and fresh medium (without the supplement Kkit)
was added and supplemented with one of four options: 1 ng/ml
or 10 ng/ml of VEGF released from PLGA microspheres, 1 ng/ml
of VEGF solution as a positive control, or the released medium from
empty MSs as a negative control. The cells treated with VEGF were
incubated for 72 h under standard conditions, and the cell prolifer-
ation was measured using a Cell Counting Kit-8 (CCK-8 assay).

The GDNF bioactivity assay was carried out in the PC-12 Adh
cell line. This cell line can differentiate in the presence of GDNF
to a neuronal phenotype [29], inducing neurite outgrowth. PC12
cells were maintained in F-12K medium supplemented with 15%
horse serum, 2.5% foetal bovine serum and 1% penicillin/strepto-
mycin at 37 °C in humidified air with 5% CO,. Cells between pas-
sages 3 and 4 were used for the bioactivity assay. The cells were
seeded in culture plates that had previously been coated with an
attachment factor (sterile solution containing gelatin at 0.1%). Once
the cells were attached, they were treated with 25 ng of GDNF re-
leased from MSs. After 7 days in culture, neurite outgrowth was
visualised using inverted optical microscopy (microscope model
Eclipse TE2000-S Nikon).

2.7. 6-OHDA lesions

Female albino Sprague-Dawley rats (150-175 g) were anaes-
thetised with isoflurane inhalation and mounted on a Kopf stereo-
taxic instrument. Thirty minutes prior to 6-OHDA injection; the
rats were pre-treated with desipramine (25 mg/kg, i.p.) and pargy-
line (50 mg/kg, i.p.) [30]. Free base 6-OHDA was unilaterally in-
fused through two injections of 7.5 and 6 pg performed at two
coordinates, relative to the bregma and dura, with the toothbar
set at —2.4 and +3.4: 2.5 pl was injected at the first coordinate,
anteroposterior (AP) —4.4 mm, mediolateral (ML) +1.2 mm and
dorsoventral (DV) —7.8 mm; and 2 pl was injected at a rate of
0.5 pl/min into the right nigrostriatal pathway at the second coor-
dinate, AP —4.0 mm, ML +0.8 mm and DV -8.0 mm [31,33].
According to our established model of PD, this is a severe lesion
equivalent to an advanced stage of PD [32]. Two weeks after induc-
ing the 6-OHDA lesion, the rats were tested in an amphetamine-in-
duced rotational behaviour test to determine the grade of the
induced lesion. Only well-lesioned rats were selected for inclusion
in the study (>3 turn/min).

2.8. Microsphere implantation

Four weeks after the 6-OHDA lesion was made, the rats were
anesthetised by isoflurane inhalation and placed in a stereotactic
frame for microsphere implantation. The rats were divided into
four groups of six animals: (1) empty-MS, (2) VEGF-MS, (3)
GDNF-MS and (4) VEGF + GDNF-MS. The microspheres were sus-
pended in PBS (0.1% w/v carboxymethylcellulose, 0.8% w/v tween
80 and 0.8% w/v mannitol) before administration. Two implanta-
tion coordinates were used, relative to the bregma and dura: AP
+0.5mm, ML —-25mm, DV —-50mm and AP —-0.5mm, ML
—4.2 mm, DV —5.0 mm. [23].

Each rat received 2.5 pg of either VEGF or GDNF in a volume of
20 pl or, in the combined group, each rat received a total dose of
2.5 pg of VEGF and 2.5 pg of GDNF in a volume of 40 pl in order
to maintain the syringeability and injectability of the formulations.
After microsphere implantation, the rats were housed in standard
conditions with a constant temperature of 22 °C, a 12-h dark/light
cycle and ad libitum access to water and food. All experimental pro-
cedures were performed in compliance with the Ethical Committee
of Animal Welfare (CEBA) at the University of the Basque Country.

2.9. Behavioural study

After MS implantation, the rats were tested at 2, 4, 6, 8, 10 and
12 weeks by the amphetamine-induced rotational behaviour test,
as previously described [32]. Animals were weighed throughout
the study before amphetamine administration. Amphetamines
were injected intraperitoneally (3 mg/kg) after 15 min of latency,
and the total number of full turns in the direction ipsilateral to
the lesion was counted for 90 min with an automatised rotameter
(Harvard Apparatus multicounter LE3806). The results are ex-
pressed as the number of ipsilateral turns per minute.

At week 14, the rotational behaviour was tested with apomor-
phine to test contralateral rotation behaviour. Apomorphine, a
dopaminergic agonist, was injected subcutaneously (0.5 mg/kg)
after 5 min of latency, and the total number of full turns in the
direction contralateral to the lesion was counted for 50 min. The
results are expressed as the number of contralateral turns per
5 min.

2.10. Tyrosine hydroxylase (TH) immunohistochemistry

The rats were transcardially perfused with 0.9% NaCl and ice-
cold 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The brains were re-
moved and post-fixed for 48 h in paraformaldehyde and then
transferred to a 30% sucrose solution in 0.1 M PBS for cryoprotec-
tion. After 1-3 days, brains were sectioned coronally on a freezing
microtome (50 pum thick) and collected in PBS containing 0.6% so-
dium azide for a free-floating TH immunochemistry assay. Tyro-
sine hydroxylase immunostaining was used to analyse the degree
of dopamine denervation in the SN. For TH immunostaining, the
endogenous peroxidases were first quenched using 3% H,0, and
10% methanol in potassium phosphate-buffered saline (KPBS)
(0.02 M, pH 7.1) for 30 min at room temperature. The brain sec-
tions were preincubated with 5% normal goat serum (NGS) and
1% Triton X-100 in KPBS (KPBS/T) for 1 h and then incubated over-
night with rabbit polyclonal anti-tyrosine hydroxylase (1:1000) in
5% NGS KPBS/T at 4 °C. After rinsing twice with KPBS and once with
KPBS/T, the sections were incubated for 2 h with a secondary bio-
tinylated goat anti-rabbit IgG, which was diluted 1:200 in KPBS/T
containing 2.5% NGS. All sections were processed with an avidin-
biotin-peroxidase complex (Elite ABC kit, Vector Laboratories) for
1 h, and the reaction was visualised using 3,3’-diaminobenzidine
as the chromogen. Finally, the brain sections were mounted, dehy-
drated and coverslipped with DPX mounting media.

2.11. Integrated optical densitometry (IOD)

The optical density of the substantia nigra TH + dopaminergic
structures was measured using a computerised image analysis sys-
tem (Mercator Image Analysis system, Explora Nova, La Rochelle,
France). Fig. 4 shows the delimited area (the entire substantia ni-
gra, SN), where the integrated optical densities were read as grey
levels. Images from sections including both SN were taken with a
3200 ppp resolution digital scan (Epson). The 10D reading was cor-
rected for background staining by subtracting the values of an area
outside of the SN tissue from the obtained IOD of the SN. Optical
density values for the SN on the ipsilateral side were expressed
as a percentage of the contralateral non-lesioned side, which was
set as 100%.

2.12. Number of neurons and neurite density

Using a stereological tool (optical dissector) provided by the
previously referred to Mecator system, probes of 50 x 50 um sep-
arated by 100 pm were launched into the previously delimited
area corresponding to the entire substantia nigra (Fig. 4). Positive
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cells and neurites that were present inside the probe or crossing on
the right side of the X-Y axis were counted. A minimum of three
histological sections per animal and four animals from each exper-
imental group were used. Measurements from each slice were ta-
ken, and the mean value per animal was calculated.

2.13. Statistical analysis

Statistical analyses were performed with GraphPad Prism 5. A
one-way ANOVA and a post hoc test were used in multiple com-
parisons. The normal distribution of samples was assessed by the
Shapiro-Wilk test, and the homogenity of variance was deter-
mined by the Levene test. In the behavioural studies, the Bonfer-
roni post hoc test was applied, and in the histological analyses,
intergroup comparisons were assessed for significance using
Tamhane post hoc analyses. Values were considered statistically
significant when p < 0.05.

3. Results
3.1. Microsphere characterisation
The mean particle size of the microspheres was 16.81 + 0.01 pm

for VEGF-MS, 20.08 + 0.07 pm for GDNF-MS and 17.95 + 0.01 pm
for empty-MS. When observed using scanning electron microscopy

(SEM), the microspheres appeared spherical with small pores on
the surface (Fig. 1A). These pores were produced by the addition
of PEG 400 during microsphere preparation with the aim of achiev-
ing a suitable release profile. The EE was 54.14% for VEGF-MS and
was slightly lower for GDNF-MS (31.64%). However, in contrast to
the difference in EE values, both formulations had similar percent-
ages of surface-associated proteins (approximately 10%) and simi-
lar zeta potential values. Table 1 shows the characteristics of the
microsphere formulations we prepared.

3.2. In vitro microsphere release study

Fig. 1B shows the release profiles of VEGF and GDNF from the
PLGA microspheres. Both formulations had a similar release profile,
with an initial burst in the first 24 h and a second constant release
rate continuing until the end of the assay. In the first 24 h, 19% of
the encapsulated VEGF was released. Between days 2 and 4, VEGF
was released at a rate of 3 ng/day/mg from the microspheres. From
day 4 until the end of the study, a mean constant release rate of
600 pg/day/mg was observed. Regarding to GDNF, the release of
this factor from the microspheres showed a similar profile. In the
first day, 19.88% of the encapsulated factor was released. Between
days 2 and 4, 5 ng/day/mg and from day 4 until the day 31, a re-
lease rate of 800 pg/day/mg was observed.
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Fig. 1. (A) SEM photomicrograph of the PLGA-MS. The microspheres appear spherical, with small pores on the surface. (B) The in vitro GDNF-MS and VEGF-MS release profiles
at 37 °C in PBS buffer (pH 7.4). The data are shown as the mean + SD (n = 3). (C) The neurite outgrowth of PC12 cells. (A) GDNF-MS-released medium (25 ng/ml). (B) Empty-
MS-released medium. (C) PC12 culture medium. The addition of 25 ng/ml of released GDNF generated high neurite outgrowth. In contrast, groups treated with empty-MS or
with culture medium showed no evidence of neurite outgrowth. (D) The viability evaluation of the HUVEC cell line. Treatment with both 1 and 10 ng/ml of VEGF resulted in a
significant increase in the proliferation of HUVEC cells with respect to the control (p < 0.05, one-way ANOVA). The data are shown as the mean + SD.
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Table 1
Microspheres characterisation. One batch was prepared for each peptide.
Formulation Size (pum) Zeta Encapsulation  Surface
potential efficiency adsorbed
(mV)? (E.E. %)? peptide
(S.AP. %)
Empty-MS  17.95 (95% (-) - -
1.46-33.7) 159+0.25
VEGF-MS 16.81 (95% (=) 54.14+0.83 104 +0.84
1.21-27.3) 15.35+£0.75
GDNF-MS 20.08 (95% (=) 31.64+5.93 10.91 £ 1.09
1.52-28.5) 13.05+0.01

2 Each batch was measured in triplicate, and results were expressed as
mean * SD.

3.3. VEGF and GDNF bioactivity assays

To confirm the biological activity of VEGF and GDNF after their
microencapsulation, bioactivity assays were performed in HUVEC
and PC12 cell lines, respectively.

Two different concentrations of VEGF released from MS, a VEGF
solution (non-encapsulated) and the empty-MS release medium
were added to HUVEC cell cultures. Fig. 1D shows that after 3 days
of contact with the VEGF released from MS, cell proliferation in-
creased. No differences were observed among the three VEGF-trea-
ted groups (VEGF solution, 1 ng/ml and 10 ng/ml of released VEGF).
However, significant differences (one-way ANOVA, p < 0.05) were
observed when the VEGF groups were compared to the control
group (empty-MS-released medium).

When studying GDNF bioactivity, a high neurite outgrowth was
observed after adding 25 ng/ml of the GDNF released from MSs to
the PC12 cell cultures (Fig. 1C). The images in Fig. 1C illustrate that
no neurite outgrowth was detected in the groups treated with
either empty-MS-released medium or basic culture medium.

3.4. Behavioural study

The in vivo functionality of encapsulated factors was proved
with the amphetamine-induced rotation test. For this purpose,
the animals were divided into four experimental groups: (1)
empty-MS, (2) VEGF-MS, (3) GDNF-MS and (4) VEGF + GDNF-MS.

All of the rats included in the study gained weight and pre-
sented no differences in weight gain between the experimental
groups at any time point (p > 0.05).

As illustrated in Fig. 2A, there were no differences in the basal
number of rotations between the groups. The evolution in time
of the mean number of amphetamine-induced rotations of the con-
trol group (empty-MS) showed a tendency to increase from
5.29+1.37 ipsilateral tpm at Oweek to 12.82+0.96tpm at
12 weeks. Conversely, after GDNF-MS implantation, the number
of rotations started to decline at week 4, but the differences be-
tween this group and the empty-MS treated group were
statistically significant (one-way ANOVA, p<0.05) only at
10 weeks (empty-MS: 14.84 + 1.399 tpm; GDNF: 5.45 + 2.50 tpm)
and 12 weeks (empty-MS: 12.82 +1.45 tpm; GDNF-MS: 3.45 +
2.33 tpm) after implantation.

VEGF-MS administration resulted in lower levels of ipsilateral
rotations than those observed for empty-MS (empty-MS:
14.84 £ 1.399 tpm; VEGF-MS: 7.78 £ 1.96 tpm) at week 10. In this
group, the number of rotations decreased beginning in week 8,
although the decrease was not significant.

The tendency of the combined group treated with both VEGF-
MS and GDNF-MS (empty-MS: 12.82 +1.45 tpm; VEGF + GDNF-
MS: 6.37 £ 1.15 tpm) at week 12 (not statistically significant) was
similar to that of the GDNF-MS-treated group. The number of rota-
tions began to decline in week 6, but the results were not as pro-
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Fig. 2. (A) This graphic illustrates the data obtained from the amphetamine
rotational behaviour test after MS implantation after 12 weeks: black triangle:
empty-MS; black square: VEGF-MS; open triangle: GDNF-MS; black circle:
VEGF + GDNF-MS. The empty-MS and GDNF-MS showed statistically significant
differences (p < 0.05, one-way ANOVA). (B) The results obtained from the apomor-
phine rotational behaviour test 14 weeks after implantation. The VEGF + GDNF-MS-
treated group shows the best recovery of the damaged area. The data are shown as
the mean +SD (n=6).

nounced as those obtained with the dose of GDNF-MS
administered alone.

To confirm the results obtained with amphetamine, rats were
subjected to the apomorphine-induced rotational behaviour test
at week 14. While no statistically significant differences were ob-
served in the number of rotations induced by apomorphine, a ten-
dency was noted that confirms the results obtained in the previous
rotational behaviour test (Fig. 2B). Therefore, Fig. 2B shows that the
empty-MS-treated group had the highest level of neuronal damage
after 3 months of treatment due to its high number of contralateral
rotations. The GDNF-MS- and VEGF + GDNF-MS-treated groups had
the best results with respect to damage area recovery, displaying
fewer contralateral rotations (empty-MS: 3.94 +1.73 t/5 min;
VEGF-MS: 2.69£0.94 t/5 min; GDNF-MS: 1.19 +0.46 t/5 min;
VEGF + GDNF-MS: 1.17 £ 0.55 t/5 min).

3.5. Immunohistochemical analysis

The TH immunostaining was quantified by measuring the inte-
grated optical density (IOD), the positive neuronal density (ND)
and the positive fibre density (FD) by stereology.

Twelve weeks after MS implantation, sections were analysed by
TH-immunohistochemistry to examine the presence of dopaminer-
gic structures in the SN.
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Fig. 3. (A) The optical density (OD) of Th + fibres in the lesioned hemisphere
compared to the non-lesioned hemisphere. The OD in the VEGF + GDNF-MS group
was greater than that of the remainder of the groups. The results are expressed as a
percentage of the intact hemisphere compared to the lesioned side. (B) The density
of dopaminergic neurons is expressed as a percentage of the events of the lesioned
hemisphere compared to the intact side. The VEGF + GDNF-MS group increased the
density of dopaminergic neurons. (C) The density of TH + fibres is expressed as a
percentage of the intersections of fibres with the random grid launched inside the
delimited SN, and the lesioned hemisphere is compared to the intact one. The
GDNF-MS group yielded the best results. The data are shown as the mean + SEM
(n=6).

Although the three sets of measured values display no statisti-
cally significant differences, a consistent tendency of differences
between the sets was observed.

The integrated optical density of the delimited SN in the le-
sioned hemisphere was compared with that of the non-lesioned
area. Fig. 3A shows the percentage of remaining positivity in the
ipsilateral hemisphere compared to the non-lesioned half. The
optical density in the group receiving both VEGF-MS and GDNF-
MS was greater than that of the other groups (p = 0.06), suggesting

A

EMPTY-MS

VEGF/GDNF-MS

Fig. 4. (A) Photomicrographs showing the extensive loss of TH + cells in the SN
(encircled by lines) ipsilateral to the 6-OHDA lesion. All of the 6-OHDA-lesioned rats
showed >95% reduction in the optical density of the TH fibre in the lesioned side.
The left side corresponds to the intact hemisphere, and the right side corresponds to
the lesioned hemisphere. (B) A representative picture of the SN after TH immuno-
staining of a control rat implanted with empty-MS and VEGF + GDNF-MS. The black
arrow points to the SN of the lesioned hemisphere where VEGF + GDNF-MS
administration increased regeneration. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

that the combined treatment improved the recovery of TH + struc-
tures better than the treatments with only one of the growth fac-
tors did (empty-MS: 38.87 + 1.08; VEGF-MS: 36.68 + 7.05; GDNF-
MS: 49.07 + 3.67; VEGF + GDNF-MS: 60.01 + 7.01).

A stereological study showed that the loaded microspheres in-
creased the density of dopaminergic neurons (Fig. 3B). The
VEGF + GDNF-MS group showed a 19.79 + 7.37% increase in the le-
sioned side with respect to the contralateral side; the empty-MS,
VEGF-MS and GDNF-MS groups showed 8.51+5.82%,
9.39 +4.18% and 18.83 + 4.98% increases, respectively.

The density of TH + fibres was strongly reduced in each group
after the lesion was made (Fig. 3C). The group given GDNF-MS
showed the highest density improvement values (45.85 = 6.11%).
The empty-MS, VEGF-MS and VEGF + GDNF-MS groups showed
31.33 £2.23%, 28.36 + 4.61% and 37.97 + 6.062% density increases,
respectively, in the lesioned side when compared to the contralat-
eral half.

Fig. 4 shows a clear trend of improved recovery of the lesion in
the group receiving the combined therapy (VEGF+ GDNF-MS)
compared to the control group. The black arrow indicates the loca-
tion of observed neuroregeneration.
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4. Discussion

PD is one of the most common progressive neurodegenerative
disorders and is characterised by the continuous degeneration of
the nigrostriatal dopaminergic pathway. Current therapies in the
treatment of PD are not effective long term. Thus, current research
focuses on novel neuroprotective and neuroregenerative strategies
[6,34]. One of these strategies is the encapsulation of neurotrophic
factors such as GDNF and VEGF in biodegradable microspheres.
This strategy makes possible the administration of treatments by
stereotaxy into the brain, achieving a continuous drug release over
time and allowing the simultaneous administration of different
trophic factors [23,24].

In the present work, we aimed to address this important issue
by designing a novel combined therapy of VEGF and GDNF factors
formulated in PLGA microspheres. In this way, we tested whether
the joint administration of both factors improves upon the results
obtained separately.

To raise this challenge, we designed PLGA microspheres contain-
ing either GDNF or VEGF. The local administration of these poly-
meric microspheres has been found to reduce the possibility of
dose dumping, decrease the frequency of drug administration and
improve overall systemic effects [35]. Our designed microspheres
had spherical shapes with particle sizes of 16-20 um. In our
in vitro MS release study, the biphasic delivery pattern was consid-
ered suitable to obtain the desired effect. The initial burst release of
a significant amount of the encapsulated factor could help to man-
age the tissue injury caused by the invasive administration process.
However, the constant release profile observed over time may play
a key role in restoring the lesion caused by the 6-OHDA injection.

The microencapsulation process may lead to modifications of
the growth factors that could cause the loss of activity. Thus, VEGF
and GDNF bioactivity was tested in cell cultures after the factors
underwent encapsulation. The VEGF-MS release medium was
added to HUVEC cells, and after 3 days, the cell proliferation was
found to be increased (Fig. 1D). In addition, the GDNF-MS release
medium was added to PC12 cells, and after 7 days in culture, a high
neurite outgrowth was observed (Fig. 1C). The PC12 cell line differ-
entiates to a neuronal phenotype in the presence of neurotrophic
factors such a NGF [36,37] and GDNF [29], a change that can be de-
tected when the cells begin to extend their neurites. These results
suggest that both VEGF and GDNF maintained their biological
activity through the microencapsulation process.

As mentioned above, recent in vivo studies have clearly shown
that both VEGF and GDNF are able to restore the damaged areas in-
duced in different animal models of PD. However, their possible
synergistic effects have not been evaluated in the current litera-
ture. Thus, our goal was to investigate the neuroregenerative ef-
fects of VEGF and GDNF microencapsulated into PLGA
microparticles that were injected into a severely lesioned rat mod-
el of PD [26] and to determine whether the combination of these
factors led to synergic effects.

The results of the amphetamine-induced rotation test showed
statistically significant differences between the GDNF-MS and
empty-MS groups (p < 0.05), but no differences (p > 0.05) occurred
between the empty-MS and VEGF + GDNF-MS groups (Fig. 2A).
This finding was unexpected, and it suggests that the greater
microsphere volume received by the VEGF + GDNF-MS group could
complicate the recovery of the damage area.

Other research groups have previously shown the abilities of
GDNF and VEGF to improve 6-OHDA-damaged areas [23,38]. How-
ever, it is worth mentioning that these studies used partially le-
sioned animal models instead of the complete lesions made in
the present experiment, which are significantly more difficult to
restore. Our research group has shown in previous studies that

recovery of the damaged area in this animal model is possible
[12]. The results obtained in this behavioural study show that
GDNF-MS and VEGF + GDNF-MS are promising treatments for an
advanced state of PD.

It is interesting to note that the experimental data obtained in
the amphetamine test could not be confirmed by the apomor-
phine-induced rotational behaviour test (Fig. 2B). However, a ten-
dency was observed that was not statistically significant. This lack
of significance may be a result of the severity of the model we used,
and it suggests that the regeneration that had occurred was not
sufficient to alter the results of the apomorphine test [12]. From
the data obtained from an immunohistochemical analysis (Figs. 3
and 4), we determined that the association of VEGF and GDNF is
more suitable for neuroregeneration. However, the administration
of GDNF alone was better for neuroplasticity because the combined
administration of both factors inverted the improvement trend.
These results may be explained by the larger microsphere volume
received by the combined group. Another possible explanation is
the concurrent competition of both factors for their main recep-
tors. The crosstalk between these cytokines has been described
for the kidney and hypothesised for other organs such as the brain
[39]. However, the primary role of VEGF in the neuroplasticity of
the hippocampus rather than in influencing the number of neurons
has been recently postulated [40].

The mild evidences of lesion recovery found in this paper re-
quire greater support, which can be obtained by performing this
study in a partial PD model in which the plasticity potential is bet-
ter conserved.

5. Conclusion

In the present study, both GDNF alone and the combination of
GDNF and VEGF microencapsulated into polymeric microsphere
demonstrated regenerative effects of in a severely lesioned rat
model of PD. Although these results are promising, the volume of
microsphere administration and the doses of VEGF and GDNF
should be adjusted in the combined group to achieve better results.
Such an adjustment would reduce the tissue damage caused during
injection and improve the competition of these factors for their
receptors.
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Abstract: Current research efforts are focused on the application of growth factors, such
as glial cell line-derived neurotrophic factor (GDNF) and vascular endothelial growth factor
(VEGF), as neuroregenerative approaches that will prevent the neurodegenerative process in
Parkinson’s disease. Continuing a previous work published by our research group, and with the
aim to overcome different limitations related to growth factor administration, VEGF and GDNF
were encapsulated in poly(lactic-co-glycolic acid) nanospheres (NS). This strategy facilitates
the combined administration of the VEGF and GDNF into the brain of 6-hydroxydopamine
(6-OHDA) partially lesioned rats, resulting in a continuous and simultaneous drug release. The
NS particle size was about 200 nm and the simultaneous addition of VEGF NS and GDNF
NS resulted in significant protection of the PC-12 cell line against 6-OHDA in vitro. Once the
poly(lactic-co-glycolic acid) NS were implanted into the striatum of 6-OHDA partially lesioned
rats, the amphetamine rotation behavior test was carried out over 10 weeks, in order to check for
in vivo efficacy. The results showed that VEGF NS and GDNF NS significantly decreased the
number of amphetamine-induced rotations at the end of the study. In addition, tyrosine hydroxy-
lase immunohistochemical analysis in the striatum and the external substantia nigra confirmed
a significant enhancement of neurons in the VEGF NS and GDNF NS treatment group. The
synergistic effect of VEGF NS and GDNF NS allows for a reduction of the dose by half, and may
be a valuable neurogenerative/neuroreparative approach for treating Parkinson’s disease.
Keywords: nanoparticles, PLGA, 6-OHDA, neuroregeneration, neurotrophic factors, tyrosine
hydroxylase

Introduction

In recent years, there has been increasing interest in the struggle against neurodegen-
erative diseases such as Parkinson’s disease (PD). PD is characterized by selective
degeneration of the nigrostriatal pathway and a concomitant reduction in the striatal
concentration of dopamine, giving rise to motor function impairments such as rigidity,
rest tremors, bradykinesia, and postural abnormalities.!

Although PD is a major priority for health care systems, current dopamimetic
therapies, such as L-dopa, focus on modifying motor symptoms without treating the
neurodegenerative process and without providing neuroprotection to the surviving
dopaminergic neurons.? Thus, current research efforts are focused on halting neuro-
degeneration using promising alternatives such as antioxidants, antiapoptotic agents,
cell-based therapies, and neuroprotective agents.*

An interesting and promising approach is the use of growth factors (GFs), and
specifically the subfamily of the neurotrophic factors (NTFs), which are potentially
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major players in therapeutic interventions for neurodegen-
erative disorders such as PD.> NTFs represent one of the
most important challenges in the treatment of neurodegenera-
tive diseases due to their roles in the survival and phenotypic
differentiation of developing neurons, as well as maintenance
and protection of mature and injured neurons.*®

According to the scientific literature, and fueled by the
positive results obtained in a previous study published by our
group,” we decided to continue with the application of NTFs
in future works, and, in particular, with the promising combi-
nation of glial cell line-derived neurotrophic factor (GDNF)
and vascular endothelial growth factor (VEGF). GDNF is a
potent factor that is able to act in vitro and in vivo, promoting
the survival and differentiation of dopaminergic neurons and
protecting these cells from dopaminergic toxins.*!? Several
clinical trials have been conducted to analyze the potential
of GDNF in PD patients; however, in all these studies,
intracerebroventricularly or intraputaminally administered
GDNF solution presented numerous negative side effects
and no significant clinical improvements."*!* VEGF has
prosurvival effects in neuronal culture and was demonstrated
to be protective against 6-hydroxydopamine (6-OHDA) in
a PD rat model. In the present study, we used this potent
angiogenic growth factor in combination with GDNF, in
order to enhance the action of the latter.'!”

Major problems for the clinical use of VEGF and GDNF
is their rapid degradation rate, their short half-life in vivo,
their difficulty in crossing the blood—brain barrier, and, con-
sequently, the need for direct and continuous administration
of the factors into the brain.'®!* One approach that has been
examined by our group,’? to overcome these drawbacks is
the encapsulation of VEGF and GDNF into biocompatible
and biodegradable poly(lactic-co-glycolic acid) (PLGA)
microspheres and nanospheres (NS). This strategy permits
the intracranial administration of the formulations, allowing
for a sustained drug release, with promising results obtained
for PD and Alzheimer’s disease recovery in preclinical
studies.”?® The intracranial administration of GDNF-loaded
PLGA microspheres has also been demonstrated by other
groups to be successful in improving behavioral deficits and
reversing anatomical changes.?!"?

To appraise novel formulations in animal models of PD,
various 6-OHDA lesioned rat models have been developed,
in which the toxin was injected into different parts of the
nigrostriatal pathway. In our previous work,” we used a
severely lesioned rat model of PD, whereas, in this new study,
subregions in the caudoputamen complex were selected as a
target for the lesion. This is a partial, more selective damage
of the nigrostriatal dopaminergic pathway, which appears to

be a particularly effective site in which to assess regeneration
accompanied by recovery of motor behavior.??*

Thus, in the present work, we studied the combined
potential of low doses (half that of individual treatment) of
VEGF-loaded PLGA NS and GDNF-loaded PLGA NS in a
partially lesioned PD rat model, with the aim of studying their
synergistic effects in neuronal recovery and protection.

Materials and methods

Preparation of NS

Recombinant human VEGF (PeproTech, London, UK) and
recombinant murine GDNF (Peprotech) enclosing PLGA
(50:50; lactic/glycolic [%]) (Resomer® RG 503; Boehringer
Ingelheim, Ingelheim, Germany) NS were prepared as previ-
ously described.?

Briefly, 133 mg PLGA 50:50 (previously sterilized
by gamma radiation) were dissolved in 3.33 mL dichlo-
romethane and emulsified with 200 L of 0.15% w/v recom-
binant human VEGF or recombinant murine GDNF aqueous
solution (containing 7% [w/v] human serum albumin and
2.5% [w/v] poly-ethylene-glycol 400) by probe sonication for
30 seconds at 50 W (Branson® Sonifier® 250, Biogen, Derio,
Spain). The first emulsion was poured into 5% (w/v) polyvinyl
alcohol solution and sonicated again for 1 minute, in order to
obtain a double emulsion (w,/o/w,). This emulsion was poured
into 2% (v/v) isopropanol solution and stirred at room tem-
perature for 2 hours to promote the removal of the organic sol-
vent. The newly formed NS were separated by centrifugation
at 20,000x g, resuspended in 2.5% (w/w in respect to PLGA)
trehalose aqueous solution and freeze-dried for 24 hours.
The entire process of NS preparation was conducted under
aseptic conditions. Empty NS (without VEGF or GDNF) were
prepared using the same method described above.

Characterization of NS

The mean particle diameter, size distribution, and zeta
potential were determined by the Malvern® Zetasizer Nano
ZS (model Zen 3600; Malvern Instruments, Malvern, UK).
Different surface characteristics of the NS were examined by
scanning electron microscopy (JEOL® JSM-7000F; JEOL,
Tokyo, Japan).

The encapsulation efficiencies of VEGF and GDNF
were determined using a Human VEGF ELISA (enzyme-
linked immunosorbent assay) Development Kit (Peprotech)
and the GDNF Emax® ImmunoAssay System (Promega
Corporation, Fitchburg, WI, USA) after NS disruption
with dimethyl sulfoxide. To evaluate the surface-associ-
ated protein, 3 mg of NS were suspended in phosphate-
buffered saline ([PBS] pH 7.4) and maintained at 37°C
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for 30 minutes, under continuous orbital rotation. The
resulting supernatant was collected and measured by the
corresponding ELISA Kkit.

Finally, the release profile of VEGF and GDNF from
PLGA NS was assessed. Three milligrams of NS was placed in
an Eppendorftube (containing 1 mL of PBS 20 mM [pH 7.4])
at 37°C+0.5°C and shaken with a rotator shaker at 25 rpm.
At determined time intervals, the release medium was with-
drawn by centrifugation (20,000x g, 15 minutes) and replaced
with 1 mL of fresh PBS. The amount of VEGF and GDNF
in the supernatants was determined by VEGF ELISA and
GDNF ELISA kits. The test was carried out in triplicate,
representing the obtained results as the percentage of the
total amount entrapped in the NS.

Establishment of neurotoxic cell model

with 6-OHDA

This assay was conducted in the PC-12 Adh cell line (American
Type Culture Collection [ATCC], Manassas, VA, USA), a
specific cell lineage of dopaminergic neurons. PC-12 cells
were sustained in specific medium (F-12K Gibco®; Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with
2.5% fetal bovine serum, 15% horse serum, and 1% penicillin/
streptomycin in standard conditions. The culture plates were
previously coated with attachment factor (Gibco®) in order
to promote the attachment of seeded cells. After 24 hours,
freshly prepared 6-OHDA (Sigma-Aldrich, St Louis, MO,
USA), at different concentrations (0.05 mM, 0.1 mM, and
0.2 mM), was added into the cell culture. Cell viability was
examined at 16 hours after the exposure to 6-OHDA, and
CCK-8 (Cell Counting Kit-8 for quantization of viable cell
number in proliferation and cytotoxicity assays; Sigma-
Aldrich) and 4’,6-diamidino-2-phenylindole (DAPI) immu-
nostaining assays were conducted.

Protective effect of VEGF and GDNF

on PC-12 cell cultures

Once the 6-OHDA concentration was selected, VEGF and
GDNF protection assays were also conducted in the PC-12 cell
line. Cells were seeded in 96-well culture plates at a density
of 150x103 cells/well, previously treated with an attachment
factor, and maintained in standard conditions for 24 hours
prior to experimentation. Then, culture medium was replaced,
and cells were treated for 16 hours with 6-OHDA (0.1 mM)
and 5 ng/mL or 10 ng/mL of the factors released from the
NS: 1) 0.1 mM 6-OHDA; 2) 0.1 mM 6-OHDA +10 ng/mL of
VEGF; 3) 0.1 mM 6-OHDA +10 ng/mL of GDNF; 4) 0.1 mM
6-OHDA +10 ng/mL VEGF +10 ng/mL GDNF; 5) 0.1 mM
6-OHDA +5 ng/mL VEGF +5 ng/mL GDNF. The bioactivity

of the samples was evaluated by measuring cell proliferation
by adding 10 puL of CCK-8 to each well.

Animals and 6-OHDA lesion

Thirty minutes before the surgery, male albino Sprague
Dawley (150-175 g) rats were pretreated with desipramine
(25 mg/kg, intraperitoneally [ip]; Sigma-Aldrich) and par-
gyline (50 mg/kg, ip; Sigma-Aldrich), to protect noradren-
ergic terminals and to inhibit monoamine oxidase activity,
respectively.?

Then, rats were deeply anesthetized with isoflurane
(1.5%—2%; Esteve Quimica, Barcelona, Spain) and placed
on a Kopf stereotaxic instrument (David Kopf Instruments,
Tujunga, CA, USA). 6-OHDA was unilaterally infused
in the right striatum through three different injections.
Seven point five micrograms of 6-OHDA were injected in
each coordinate: anteroposterior (AP) +1.3 mm, medio-
lateral (ML) +2.8 mm, and dorsoventral (DV) —4.5 mm;
AP —0.2 mm, ML +3.0 mm, and DV —5.0 mm; AP —0.6 mm,
ML +4.0 mm, and DV —5.5 mm, relative to bregma and
dura with the tooth bar set at —2.4. Taking into account
the protocol, this lesion produces a partial degeneration
(or parkinsonism).?

Two weeks after the 6-OHDA surgery, the rotational
behavior was tested with amphetamine administration as
a marker of dopaminergic degeneration. Only the rats that
rotated more than three full turns/minute were included in
this study.

NS implantation surgery

NS were implanted 3 weeks after the 6-OHDA injection. Rats
were anesthetized with isoflurane (1.5%—2%; Esteve Quimica)
and mounted on a Kopf stereotaxic instrument for NS implan-
tation. Five different groups of animals were used (six to
eight rats per group): 1) vehicle; 2) empty-NS; 3) VEGF NS
(2.5 ug VEGF); 4) GDNF NS (2.5 ug GDNF); and 5) VEGF
NS and GDNF NS (1.25 ug VEGF and 1.25 ug GDNF). The
NS were suspended in 15 pL of PBS (0.1% w/v carboxym-
ethyl cellulose, 0.8% w/v Tween 80 [Sigma-Aldrich] and
0.8% w/v mannitol) before administration.

The NS were implanted in the right striatum in three differ-
ent coordinates: AP +1.3 mm, ML +2.8 mm, and DV —4.5 mm;
AP —0.2 mm, ML +3.0 mm, and DV —=5.0 mm; AP —0.6 mm,
ML +4.0 mm, and DV —5.5 mm, relative to bregma and dura
with the tooth bar set at —2.4.

To carry out this in vivo assay, the rats were housed in usual
conditions with a invariable temperature of 22°C, a 12-hour
dark/light cycle and ad libitum access to water and food.
All experimental methods were carried out in agreement
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with the Ethical Committee of Animal Welfare (CEBA)
at the University of the Basque Country, Leioa, Spain
(CEBA/154/2010//RUIZ ORTEGA).

Behavioral study

Amphetamine-induced turning behavior tests were developed
2,4, 6,8, and 10 weeks after the NS implantation, as previ-
ously described.?

Before each behavioral session, animals were weighed
and amphetamine (5 mg/kg) was intraperitoneally admin-
istrated. After 15 minutes of latency, the full ipsilateral
rotations were counted for 90 minutes with an automatized
rotameter (multicounter LE3806; Harvard Apparatus,
Holliston, MA, USA). Data were expressed as the number
of full turns per minute.

Fourteen weeks after NS implantation, apomorphine-
induced rotational behavior was tested. The apomorphine
(a dopaminergic agonist) was used as a dopamine (DA)
degeneration indicator because it induces contralateral
turning behavior after dopaminergic denervation. Thus,
before each behavioral session, animals were weighed and
apomorphine (0.5 mg/kg) was subcutaneously administrated.
After 5 minutes of latency, the full contralateral rotations
were measured for 50 minutes with an automatized rotame-
ter (Harvard Apparatus multicounter LE3806). Data were
expressed as the number of full turns per 5 minutes.

Figure 1 shows a schematic illustration of the experimen-
tal design for the treatments in 6-OHDA lesioned rats.

Tyrosine hydroxylase (TH)

immunohistochemistry

Animals underwent transcardial perfusion with saline
solution and 4% paraformaldehyde in 0.1 M PBS, pH 7.4.
Brains were removed and postfixed for 48 hours in the same
fixative solution and then cryopreserved in 30% sucrose

PLGA-NS administration
6-OHDA lesion o%

| /°

e

diluted in 0.1 M PBS. Three days after, brains were sec-
tioned on a freezing microtome (52 pm thick) and coronal
slices collected in PBS containing 0.6% sodium azide. TH
immunochemistry assay was performed in free-floating
slices and used to evaluate dopamine loss in basal ganglia
and substantia nigra (SN). For TH immunostaining, we
neutralized endogenous peroxidases with a solution of 3%
H,0,, 10% methanol in potassium PBS (KPBS) (0.02 M,
pH 7.1) for 30 minutes at room temperature. Cerebral slices
were preincubated with 5% normal goat serum (NGS) and
1% Triton™ X-100 (Sigma-Aldrich) in KPBS (KPBS/T) for
1 hour and then incubated overnight with rabbit polyclonal
anti-TH (1:1000) in 5% NGS KPBS/T at 4°C. After rinsing
twice with KPBS and once with 2.5% NGS KPBS/T, slices
were incubated for 2 hours with a secondary biotinylated
goat anti-rabbit immunoglobulin G (1:200 in KPBS/T
containing 2.5% NGS). All slices were processed with
avidin—biotin—peroxidase complex (Elite ABC kit; Vector
Laboratories, Inc., Burlingame, CA, USA) for 1 hour with
3,3’-diaminobenzidine (DAB) as the chromogen. Finally,
slices were mounted, dehydrated, and coverslipped with
permanent mounting DPX medium (Sigma-Aldrich).

Integrated optical density (IOD)

The optical density of basal ganglia was evaluated using a
computerized image analysis system (Mercator Image Analy-
sis system; Explora Nova, La Rochelle, France). Digitalized
images from coronal sections were taken with a 1,200 dpi
resolution digital scanner (Epson, Suwa, Japan). The 10D
reading was corrected for background staining (subtracting
the values of a region outside of the tissue). For each animal,
the IOD was estimated at two medial-caudal levels along the
basal ganglia according to Paxinos and Watson,” placing a
square of 900 um? on the most degenerated lateral region:
1) medial striatum (bregma —0.24 mm); 2) caudal striatum

TH immunostaining

!

4 wk

3wk | -1wk “ 2 wk

6 wk 8 wk 10wk | 14 wk

Sacrificed

e

Basal Administration
rotations

Figure | Experimental design for the NS treatments in 6-OHDA lesioned rats.

Amphetamine rotations

S

Apomorphine
rotations

v

Abbreviations: 6-OHDA, 6-hydroxydopamine; NS, nanosphere; PLGA, poly(lactic-co-glycolic acid); TH, tyrosine hydroxylase; wk, weeks.
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(bregma —0.60 mm). Optical density values are given as
percentage of ipsilateral striatum versus the contralateral
non-lesioned striatum, which was considered as 100%.

Number of neurons
Immunoreactive neurons were measured using a stereo-
logical tool (optical dissector) provided by the computerized
image analysis system (Mercator Image Analysis system;
Explora Nova, La Rochelle, France). Probes of 50x50 um
separated by 100 wum were launched into the previously
delimited region belonging to the lateral region of the
SN. This region is topologically related to the dorsolateral
caudoputamen complex, where the 6-OHDA lesion was
produced.?!2

Immunopositive neurons inside the probe or crossing on
the right side of the X—Y axis were counted. A minimum of
three histological sections per animal and five animals from
each experimental group were analyzed. Density of neurons
per slice and per animal were calculated.

Statistical analysis

All statistical analysis was performed with GraphPad Prism
(v 5; GraphPad Software, Inc., La Jolla, CA, USA) and SPSS
Statistics (v 20; IBM Corporation, Armonk, NY, USA).
Prior to analysis, the Shapiro—Wilk test was used to assess
normal distribution of samples, and Levene’s test was used to
determine the homogeneity of variance. One-way analysis of
variance (ANOVA) with Tamhane’s post hoc test was used to
explore differences between groups. In the behavioral studies,
we used Student’s #-test to compare intergroup differences.
Significance was declared when P<<0.05.

Results

Characterization of NS

NS presented particle sizes of around 235.6+£0.111 nm
for VEGF NS, 221.1£0.065 nm for GDNF NS, and
267.00£0.111 nm for empty NS. The zeta potential was simi-
lar for all the formulations, around —25 mV. When visualized
by scanning electron microscopy, the NS showed a spherical
shape without irregularities (Figure 2). The encapsulation
efficiency (EE) was 44% for VEGF NS and was higher for
GDNF NS, at 74% (Figure 2A and Table 1). Both formula-
tions had similar percentages of surface-associated protein
(approximately 23%) and similar in vitro release profiles.
Figure 2B shows that VEGF and GDNF released from PLGA
NS presented similar release profiles, with an initial burst
release of 28%0.5% of the total loaded protein in the first
24 hours, and a second continuous release rate of 1 ng/day/
mg persisting until the end of the assay.

Table | Characteristics of the NS

Empty-NS GDNF-NS VEGF-NS
Size (nm) 267.1£0.11 221.1£0.65 235.6£0.11
Zeta potential (mV)  (-) 25.9+4.44  (-) 22.8£6.65  (-) 28.9£6.01
EE % 74.93+4.86 44.06x5.61
SAP % 22.91+6.41 23.28+8.95

Note: The results are presented as the mean * standard deviation.
Abbreviations: EE, encapsulation efficiency; GDNF, glial cell line-derived neur-
otrophic factor; NS, nanospheres; SAP, surface associated protein; VEGF, vascular
endothelial growth factor.

The combination of VEGF and GDNF
released from PLGA NS increases cell
viability against 6-OHDA

In this assay, we tested whether VEGF and GDNF released
from PLGA NS were able to protect PC-12 cells from
6-OHDA toxicity. As shown in Figure 3A, when the
PC-12 cell line was exposed to different 6-OHDA concen-
trations, the damage to cells was evident under fluorescence
microscopy when 0.1 mM and 0.2 mM concentrations were
added. These results have been convincingly corroborated
by cell viability assay, giving rise to a selection of 0.1 mM
6-OHDA as the ideal dose with which to damage half of the
cells (data not shown).

A

VEGF-NS GDNFE-NS

[ 40 -
2
=
© 35
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-] 15 1
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Figure 2 GDNF NS and VEGF NS characterization and in vitro toxicity study.
Notes: (A) Scanning electron microscope (SEM) photomicrographs of GDNF NS
and VEGF NS. (B) The in vitro VEGF NS and GDNF NS release profiles at 37°C
in phosphate-buffered saline (pH 7.4). The results are represented as the mean *
standard deviation (n=3).

Abbreviations: GDNF, glial cell line-derived neurotrophic factor; NS, nanospheres;
VEGF, vascular endothelial growth factor.
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Once the optimal 6-OHDA dose was selected, we found
that a combined administration of reduced doses of VEGF
and GDNF released from PLGA NS was able to protect
dopaminergic cells from 6-OHDA-induced neurotoxicity
in vitro. The incubation of PC-12 cells with VEGF (5 ng/mL)
and GDNF (5 ng/mL) resulted in a 51% increase in cell viabil-
ity (negative control: 0.19+0.03; VEGF 5 ng/mL and GDNF
5ng/mL: 0.2940.07; P<<0.001 with respect to control group,
one-way ANOVA [Figure 3B]), achieving a synergistic effect
when administered together.

Behavioral study: evaluation of in vivo
effects of implanted PLGA NS

In vivo functionality of nanoencapsulated VEGF and
GDNF releasing PLGA NS was assessed by amphetamine-
induced rotation test. Only the rats that presented more than
three turns/minute after the 6-OHDA lesion were included
in the study, and were divided into five experimental groups:
1) vehicle; 2) empty NS; 3) VEGF NS (2.5 ng VEGF);
4) GDNF NS (2.5 ug GDNF); and 5) VEGF NS and GDNF NS
(1.25 pg VEGF and 1.25 pg GDNF). There was no obvious
change in the body weight of the rats receiving the different
treatments throughout the experiment (data not shown).

In the amphetamine-induced behavioral experiments,
no differences were found in the initial number of rotations
between groups, as shown in Figure 4A. After a unilateral
6-OHDA lesion, the animals receiving only the vehicle
administration did not show significant recovery of the
rotational behavior at any time (sham: 10.15%2.19 ipsilat-
eral turns/minute at 0 weeks to 11.5742.49 turns/minute
at 10 weeks). Rats receiving empty NS, VEGF NS, and

A

Negative control

Figure 3 In vitro neurotoxicity assay.

GDNF NS treatments showed a slight reduction in rotations
at the end of the study (week 10). GDNF NS implantation,
in particular, showed a statistical reduction in the number
of rotations when compared with sham group (empty NS:
9.71£2.92 turns/minute; VEGF NS: 6.37£2.11 turns/minute;
GDNF NS: 4.434+2.75 turns/minute; P<<0.05 GDNF NS with
respect to sham group, Student’s #-test). In addition, we
observed that striatal implantation of the combined VEGF
NS and GDNF NS treatment at half the dose of the factors
administered individually achieved the best behavioral results
and significantly reduced the number of rotations (VEGF NS
and GDNF NS: 0.87£0.53 turns/minute) when compared to
the empty NS and sham groups (P<<0.001 with respect to
empty NS and sham groups, Student’s #-test [Figure 4A]).

Once the amphetamine test was completed, rats were
exposed to the apomorphine-induced test. The data obtained
from this test confirmed the promising results obtained pre-
viously, showing statistically significant changes between
the VEGF NS and GDNF NS group and sham and empty
NS treatment groups (P<<0.01 with respect to empty NS
and P<<0.05 with respect to sham group, Student’s #-test
[Figure 4B]). As can be seen from Figure 4B, the VEGF
NS and GDNF NS-treated group presented the smallest
number of contralateral rotations, demonstrating the highest
level of behavioral recovery.

Histological evaluation of the treatments
The efficacy of the treatment was also analyzed with immu-
nohistochemical techniques, measuring 10D of TH+ fibers
of the striatum and density of dopaminergic neurons in the
SN (Figure 5A).

—C-

mm C— (+6-OHDA)

5 V 10 (+6-OHDA)

B8 G 10 (+6-OHDA)
Hkk m V 5 + G 5 (+6-OHDA)
B V 10 + G 10 (+6-OHDA)

Notes: (A) DAPI immunostaining after different 6-OHDA concentration treatments to establish the neurotoxic cell model. (B) PC-12 cell viability evaluation after 6-OHDA
induced toxicity in vitro. *P<<0.05, V 10 + G 10 (+6-OHDA) versus C—, and C— (+6-OHDA) groups. **P<0.001, V 5 + G 5 (+6-OHDA\) versus C—, and C— (+6-OHDA) groups.
Abbreviations: 6-OHDA, 6-hydroxydopamine; C—, negative control; DAPI, 4’,6-diamidino-2-phenylindole; G 5, GDNF 5 ng/mL; G 10, GDNF 10 ng/mL; GDNF, glial cell
line-derived neurotrophic factor; OD, optical density; V 5, VEGF 5 ng/mL; V 10, VEGF 10 ng/mL; VEGF, vascular endothelial growth factor.
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Figure 4 Behavioral study: amphetamine and apomorphine rotational tests.

Notes: (A) The results obtained from the amphetamine rotational behavior test after NS administration. GDNF NS group versus sham group show statistically significant
differences (*P<<0.05). The VEGF NS and GDNF NS group versus sham and empty NS groups showed statistically significant differences (***P<0.001). (B) Data obtained
from the apomorphine rotational behavior test 14 weeks after NS implantation. The VEGF NS and GDNF NS-treated group exhibited the best behavioral recovery
(*P<<0.05, VEGF NS and GDNF NS versus empty NS; *P<0.01, VEGF NS and GDNF NS versus sham). The data are shown as the mean * standard deviation (n=6-8).
Abbreviations: GDNF, glial cell line-derived neurotrophic factor; NS, nanospheres; VEGF, vascular endothelial growth factor.
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Figure 5 Histological evaluation of the treatments in the striatum.

Notes: (A) The images give an illustrative overview of the medial and caudal sections of the caudoputamen complex for TH immunohistochemistry. Squares placed on
lesioned and non-lesioned (control) hemispheres delimit the surfaces where the integrated optical density was measured using a computerized image analysis system. Scale
bar =2 mm. (B) The graphic shows the percentage of integrated optical density of the lesioned hemisphere with respect to the non-lesioned hemisphere (control) for each
experimental group. Data are shown as the mean + standard error of the mean (n=6-8) (*P<<0.05 VEGF NS and GDNF NS group versus sham group). (C) Photomicrographs
of striata immunostained for TH from a representative intact hemisphere (control) and 6-OHDA lesioned hemispheres from the different experimental groups.
Abbreviations: 6-OHDA, 6-hydroxydopamine; GDNF, glial cell line-derived neurotrophic factor; NS, nanospheres; TH, tyrosine hydroxylase; VEGF, vascular endothelial
growth factor.
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From the data shown in Figure 5B, we can see that,
14 weeks after NS implantation, the percentage of TH+ fibers
remaining in the ipsilateral hemisphere, in comparison with
the non-lesioned half, was greater in the group receiving the
combined treatment. The TH+ fiber intensity of the lesioned
side expressed as percentage over the control side observed in
the striatal area of the VEGF NS and GDNF NS-treated
group was 58%, while that of the sham group was 42%.
The combined treatment enhanced the restoration of TH+
fibers and neurons to a greater extent than the treatments
with only VEGF or GDNF (P<<0.05 with respect to the
sham group, one-way ANOVA [Figure 5B]). Figure 5C
demonstrates enhanced restoration of the lesioned striatum
in the VEGF NS and GDNF NS group.

Further evidence of this improvement was found when
neuron density of the SN was analyzed. Stereological study
showed changes in whole SN neuron density, demonstrat-
ing that VEGF NS and GDNF NS increased the density of
dopaminergic neurons in a satisfactory way. Moreover, these
changes were significantly higher among groups when the
“external SN was considered (Figure 6A and B). The results
obtained from the analysis of this specific area showed a
considerable increase in neuron density in the VEGF NS
and GDNF NS-treated group, the neuronal density being
43% of that of the contralateral side, compared to only
11% in the sham cases (P<<0.001 with respect to sham and
empty NS groups, one-way ANOVA [Figure 6C]). This
improvement can be clearly observed in the serial pictures
of Figure 6D.

Discussion

Extensive work has been carried out in recent years toward PD
treatments aiming at reducing or slowing down the progression
of neurodegenerative processes. Concerning new treatments,
GFs, and especially neurotrophic factors, offer one of the most
compelling opportunities for significantly improving the treat-
ment of this serious neurological disorder, treating both the
symptoms of the disease as well as its pathogenesis.?’

In particular, the efficacy of NTFs such as GDNF, or
angiogenic factors like VEGF, in the upregulation of essen-
tial neurogenic processes makes them ideal candidates for
modifying the evolution of this disorder.*>?* Previous stud-
ies published by our group, as well as research conducted
by numerous other laboratories,'®?** has demonstrated that
the administration of VEGF or GDNF improves behavioral
deficits as well as decreases neuronal degeneration in differ-
ent animal models of neurodegenerative disorders.”!-?

Nevertheless, the essential problems for the application
of these hydrophilic molecules are their short half-life and

rapid degradation rate in vivo. That is why many studies focus
on designing different drug delivery systems to enhance the
release of these proteins into the brain tissue, either through
invasive or noninvasive methods.'*?

Considerable attention has been paid to the improve-
ment of PLGA nanoparticles, making the local delivery of
neuroprotective agents into the brain possible. In fact, PLGA
NS can preserve the encapsulated unstable therapeutic drug
from enzyme degradation, release the drug in a controlled
and continuous manner, enhance its biodistribution, and
permit drug targeting. In addition, numerous studies have
demonstrated that PLGA is well tolerated by the brain tis-
sue without toxic effects, with few adverse effects, and in
the absence of immune response.*3*

Thus, the aim of this study was to administer VEGF-
loaded and GDNF-loaded PLGA NS directly into the
striatum, and analyze their synergic ability to restore the
6-OHDA-damaged areas, as well as their capability to
improve behavioral deficits in a partially lesioned model
of PD.

The formulation and characterization of the NS employed
in this paper was performed in a similar manner to as reported
in our previous work,” generating NS of around 250 nm
particle size and zeta potential around —30 mV, which is
considered sufficient to form stable dispersions. In the cur-
rent study, the in vitro release experiment conducted with
VEGF NS and GDNF NS showed a similar biphasic profile
with a sustained VEGF and GDNF release for 30 days. Once
NS were administered, VEGF and GDNF were released due
to diffusion and erosion mechanisms, and, consequently,
a constant drug release in therapeutic concentrations in a
localized area was obtained, achieving desired effects during
the in vivo study.

As soon as the NS were characterized, and with the goal of
defining the doses for the in vivo study in 6-OHDA partially
lesioned rats, the efficacy of the combined administration of
VEGF NS and GDNF NS in the protection of PC-12 cells
from degeneration was assessed in vitro. After establishing
an in vitro model of PC-12 cell damage using 6-OHDA
toxin, we provided new evidence on the protective effect
of the mixed administration of VEGF and GDNF released
from NS against 6-OHDA neurotoxicity. In this assay, we
demonstrated that the combination of VEGF and GDNF
increased the cell viability and attenuated 6-OHDA-induced
apoptosis, even when half of the dose of the individual factors
was administered, showing the synergistic effects of VEGF
and GDNF as suggested by Tufro et al.*

After the combined administration was successfully
proven to be the most effective in PC-12 cell line cultures, we
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Figure 6 Histological evaluation of the treatments in the SN.

Notes: (A) Schematic illustration of the SN with the “external SN” delimited. This area is topologically related to the lesioned area of striatum and includes SNL, a part of
the SNR, and half of the SNC. (B) Picture of whole SN and delimited “external SN”. Scale bar =I mm. (C) Density of dopaminergic neurons in “external SN”. The results
are expressed as a percentage of lesioned hemisphere compared to the non-lesioned one (control). Data are shown as the mean + standard error of the mean (n=6-8)
(*P<<0.05 GDNF NS group versus sham group; ***P<<0.001 VEGF NS and GDNF NS group versus sham and empty NS groups). (D) Photomicrographs of SN immunostained
for tyrosine hydroxylase from a representative intact hemisphere (control) and 6-OHDA lesioned hemispheres from the different experimental groups. Scale bar =1 mm.

Abbreviations: 6-OHDA, 6-hydroxydopamine; GDNF, glial cell line-derived neurotrophic factor; NS, nanospheres; SN, substantia nigra; SNC, SN pars compacta;

SNL, SN lateral; SNR, SN pars reticulata; SNE, SN externa; VEGF, vascular endothelial growth factor.

investigated the in vivo potential of the combined administra-
tion at lower doses of VEGF NS and GDNF NS for inducing
the restoration of the damage brain areas. The data of this new
in vivo study showed improvements on the results obtained in
our previous work, carried out in a totally lesioned rat model,
using microspheres to administer the factors.’

In the present study, we selected a partially lesioned rat
model, with the aim of proving the efficacy of our therapy

at an incipient stage of PD and with the possibility of com-
paring with other similar studies published by Garbayo et al
and Jollivet et al.??° During the 10 weeks of treatment, we
corroborated the behavioral benefits generated by VEGF NS
and GDNF NS. In the amphetamine-induced rotation test, the
results obtained from GDNF NS treatment were consistent
with those of other studies and corroborated the beneficial
effects of GDNF in the behavioral recovery. Furthermore,
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VEGF NS and GDNF NS combined treatment presented a
lower number of ipsilateral rotations, demonstrating higher
recovery levels when compared with other treatment groups in
the lesioned animals. This result was supported by the experi-
mental data obtained from the apomorphine-induced rotation
test. Therefore, the positive behavioral results obtained in the
combined treatment group suggest that a sufficient recovery
in the lesioned brain tissue could have occurred.

Because the injection of 6-OHDA is directly related to
the loss of dopaminergic neurons, and, consequently, is asso-
ciated with disturbed behavioral function, we investigated
the number of TH+ fibers in the striatum of the lesioned
rats. The immunohistochemical analysis correlated with the
result obtained in the behavioral study, showing increased
fiber density in the striatum in the combined treatment
group. A particularly interesting finding was the statisti-
cally significant changes found in “external SN dopamin-
ergic neurons after GDNF NS and VEGF NS and GDNF
NS treatments. It is well documented that neurons located
on the most “external SN” are topologically related to the
dorsolateral caudoputamen complex, corresponding to the
most lesioned area in this partially lesioned PD rat model.
Thus, the restorative changes we observed in SN may be
due to the activity of GFs in the striatum.?'2® These find-
ings support the neurorestorative role of nanoencapsulated
VEGF and GDNF on the dopaminergic system, where func-
tional improvement was accompanied with a morphological
restoration in a partial-lesion model of PD. The synergistic
effects of VEGF NS and GDNF NS allow for a reduction of
the dose by half, thus reducing possible side effects, and is
a promising neuroregenerative/neuroreparative approach for
the treatment of PD.

Conclusion

The data obtained from behavioral studies and immuno-
histochemical analysis of the striatum and SN confirm that
the combination of VEGF NS and GDNF NS at half the
dose of their individual administration can be a suitable and
promising treatment for neuronal regeneration and protec-
tion in a partially lesioned rat model of PD. In addition, the
measurements focused on the “external SN achieve more
specific and significant results. Therefore, the administration
of VEGF NS and GDNF NS is an interesting potential strat-
egy for the treatment of PD.
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Abstract Administration of various neurotrophic factors is a
promising strategy against Parkinson’s disease (PD). An
intrastriatal infusion of 6-hydroxidopamine (6-OHDA) in rats
is a suitable model to study PD. This work aims to describe
stereological parameters regarding rostro-caudal gradient, in
order to characterize the model and verify its suitability for
elucidating the benefits of therapeutic strategies. Administra-
tion of 6-OHDA induced a reduction in tyrosine hidroxylase
(TH) reactivity in the dorsolateral part of the striatum, being
higher in the caudal section than in the rostral one. Loss of
TH-positive neurons and axodendritic network was highly
significant in the external third of substantia nigra (e-SN) in
the 6-OHDA group versus the saline one. After the adminis-
tration of nanospheres loaded with neurotrophic factors (NTF:
vascular endothelial growth factor (VEGF) + glial cell line-
derived neurotrophic factor (GDNF)), parkinsonized rats
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showed more TH-positive fibers than those of control groups;
this recovery taking place chiefly in the rostral sections. Neu-
ronal density and axodendritic network in e-SN was more
significant than in the entire SN; the topographical analysis
showed that the highest difference between NTF versus con-
trol group was attained in the middle section. A high number
of bromodeoxyuridine (BrdU)-positive cells were found in
sub- and periventricular areas in the group receiving NTF,
where most of them co-expressed doublecortin. Measure-
ments on the e-SN achieved more specific and significant
results than in the entire SN. This difference in rostro-caudal
gradients underpins the usefulness of a topological approach
to the assessment of the lesion and therapeutic strategies.
Findings confirmed the neurorestorative, neurogenic, and syn-
ergistic effects of VEGF+GDNF administration.

Keywords Parkinson’s disease - Rostro-caudal gradient -
VEGF - GDNF - Neuroregeneration - 6-OHDA

Introduction

Parkinson’s disease (PD) is characterized by a selective loss of
dopaminergic neurons in the substantia nigra (SN) and a con-
comitant reduction in the striatal concentration of dopamine.
From a clinical point of view, it is associated with motor im-
pairments involving cardinal movement symptoms, resting
tremor, muscle rigidity, and postural abnormalities [1, 2].
Among the local factors that may be involved in the motor
symptoms of PD, the following have been observed: a degree
of dopamine loss, the distribution of changes in the ventral or
dorsal parts of SN, an effect on direct and indirect pallidal
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pathways, and the topographical representation of the body in
the striatum [3].

Administration of 6-hidroxidopamine (6-OHDA) is a suit-
able model to reproduce PD. In rats, 6-OHDA can be injected
into the SN-compacta (SNc), the medial forebrain bundle and
the caudate-putamen complex (CPC) in order to induce a se-
lective differential damage of the nigrostriatal dopaminergic
pathway. Intrastriatal 6-OHDA administration induces a pro-
gressive, retrograde degeneration of the nigrostriatal pathway.
Thus, it is a good model to study the pathophysiological fea-
tures in the first stage of development of Parkinson’s disease,
as well as the effects and neuropathological changes of new
therapeutic strategies like nanoparticles releasing neurotrophic
factors (NTF) [4].

Loss of dopaminergic neurons in SN leads to a denervation
of the posterolateral striatum [5]. This happens because
nigrostriatal projections are topographically distributed so
the oldest neurons, placed on the most lateral SN, project to
the posterolateral CPC. Axons of early originated nigral neu-
rons spread via the medial forebrain bundle into the ventrolat-
eral part of the CPC [6]. The chronology of neuronal produc-
tion is a necessary requisite for the proper anatomical and
functional development of the central nervous system
(CNS). Following anatomical and topological distributions
in a partial murine model of PD, we focused our attention on
the changes arising in this sector [6].

Among the factors implied in neurodegeneration, a de-
crease in energetic cellular efficiency together with the syn-
thesis and activity of neurotrophic factors (NTF) play a crucial
role. Both are involved in differential regional vulnerability
[7]. The neurotoxic effect of 6-OHDA is based on its potent
inhibitory effect on the mitochondrial respiratory enzymes
(chain complexes I and IV) [8].

Current therapies are not effective in the long term. There-
fore, the proposed neurotrophic factor (NTF) alternative, as
glial cell line-derived neurotrophic factor (GDNF) and vascu-
lar endothelial growth factor (VEGF), provides the opportuni-
ty to protect and regenerate the dopaminergic neurons affected
in PD. Nevertheless, the clinical application of NTF presents
some difficulties, like the cross of the blood-brain barrier
(BBB) and a rapid degradation. Brain implantation of biode-
gradable poly-lactic-co-glycolic acid (PLGA), nanospheres
(NS), and microspheres (MS) loaded with NTF is an alterna-
tive to attain a continuous drug release over time and to allow
for the simultaneous administration of different trophic factors
[4, 9].

Regarding the cellular and molecular heterogeneity of the
CPC and SN, attention has been paid to changes arising in
different sections along the rostro-caudal axis. The aim of this
work was to study a set of the morphological changes occur-
ring in a partial murine model of PD and verify the usefulness
of the proposed approach, analyzing the findings after the
administration of NTF (VEGF and GDNF). The anatomical

@ Springer

rostro-caudal distribution of said changes could give us accu-
rate information to assess the reliability of the model and the
effectiveness of treatments.

Materials and Methods

For the present study, a total of 24 male Sprague—Dawley rats
between 150 and 175 g were used: 8 for the characterization of
the lesion and 16 for the treatment assay. Those rats used for
the characterization of the lesion were housed in standard
conditions, at a constant temperature of 22 °C, in a 12-h
dark/light cycle and ad libitum access to water and food. Ex-
periments were performed in agreement with the Ethical Com-
mittee and Animal Welfare (CEBA) of the University of the
Basque Country (CEBA/154/2010//RUIZ ORTEGA) and in
accordance with Spanish Royal Decree RD 1201/2005, Euro-
pean Directive 2003/65/EC, and the European Recommenda-
tion 2007/526/EC on the protection of animals used for scien-
tific purposes.

For Assay 1 (characterization of the lesion), the animals
were divided into two groups: (a) 6-OHDA group (n=5 rats)
receiving 6-OHDA into the striatum and (b) saline group (n=3
rats) injected only with saline solution, and for Assay 2 (the
treatment assay), 16 parkinsonized rats were used, coming
from a prior study where the functional effectiveness of syn-
ergistic administration of VEGF-GDNF was demonstrated
[4]. Assay 2 consisted of three previously parkinsonized rat
groups, which were again anesthetized 3 weeks after the 6-
OHDA injections and NS or vehicle were implanted into the
right striatum using the same stereotaxic coordinates: the ve-
hicle rat group (n=5 rats) receiving only the vehicle, the
empty-NS rat group (n=>5 rats) receiving empty nanospheres,
and the neurotrophic factor rat group (n=6 rats) receiving NS
loaded with VEGF and GDNF (1.25 pg+1.25 pg). In addi-
tion, bromodeoxyuridine (BrdU) was injected (200 mg/kg
body weight) into these groups (Ref: B5002; Sigma-Aldrich),
dissolved in 1 ml of 0.9 % NaCl and administered intraperi-
toneally 5 days before sacrifice.

No assays with neurotrophic factors administered alone
were taken into account because previous studies have report-
ed that statistically significant differences in functional tests
were only to be found where both factors (VEGF+GDNF) [4]
were synergistically administrated. Therefore, an advanced
stereological study was focused exclusively on this group
and the control groups.

Surgical Procedures

Rats were deeply anesthetized with isoflurane (1.5-2 %;
Esteve Quimica, Barcelona, Spain) and placed on a Kopf ste-
reotaxic instrument (David Kopf Instruments, Tujunga, CA,
USA). Prior to the injection of 6-OHDA (7.5 micrograms) or
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saline (2.5 ul) into the right striatum, the animals were
pretreated with desipramine (25 mg/kg, i.p., Sigma, St. Louis,
USA) and pargyline (50 mg/kg, i.p., Sigma, St. Louis, USA),
to protect the noradrenergic terminals and to inhibit mono-
amine oxidase activity [10], respectively. The stereotaxic co-
ordinates were established according to Paxinos and Watson
atlas [11] in order to get a partial degeneration of the
nigrostriatal dopaminergic system [12]: anteroposterior (AP)
+1.3 mm, mediolateral (ML) +2.8 mm, and dorsoventral (DV)
—4.5 mm; AP —0.2 mm, ML +3.0 mm, and DV —5.0 mm; AP
—0.6 mm, ML +4.0 mm, and DV —5.5 mm, relative to the
bregma and dura, and with the tooth bar set at —2.4.

Histological and Immunohistochemical Analysis

After the survival period (4 weeks for Assay 1 and 14 for
Assay 2), the rats were intraperitoneally anesthetized again
and transcardially perfused with 0.9 % NaCl and 4 % parafor-
maldehyde (PFA) in a 0.1 M phosphate buffer (PBS) with a
pH value of 7.4. The brains were removed and post-fixed
overnight during 24 h in the same fixative and later transferred
to a 30 % sucrose solution in a 0.1 M PBS, for cryoprotection.
After 1-3 days (when they sank), coronal sections were ob-
tained with a freezing microtome (50 pum thick) and collected
in PBS containing 0.6 % sodium azide for storage.

Nissl Staining

Sections for Nissl staining were mounted on gelatin-coated
slides, hydrated through a battery of alcohols with decreased
graduation, incubated in toluidine blue (pH 4.1) for 1 min,
dehydrated through a battery of alcohols with increased grad-
uation, and coverslipped.

Immunohistochemistry

Tyrosine hydroxylase (TH) and glial fibrillary acidic protein
(GFAP) immunochemistry examinations were performed in
free-floating slices. Endogenous peroxidases were neutralized
with a solution of 3 % H,0,, 10 % methanol in potassium
phosphate-buffered saline (KPBS) (0.02 M, pH 7.1) for the
TH-immunochemistry, and PBS for the GFAP-immunochem-
istry, during 30 min and at room temperature (RT). For TH
immunostaining, cerebral slices were preincubated with 5 %
normal goat serum (NGS) and 1 % Triton X-100 in KPBS
(KPBS-T) for 1 h, and later incubated overnight with rabbit
polyclonal anti-tyrosine hydroxylase (Ref: AB-152;
Millipore; 1:1000) in 5 % NGS KPBS/T at 4 °C. For GFAP
immunostaining, coronal slices were preincubated with 5 %
BSA and 0.05 % Triton X-100 in a 0.1 M PBS for 2 h, and
later incubated overnight with monoclonal mouse anti-GFAP
(Ref: G-3893; Sigma-Aldrich; 1:400) at 4 °C. Sections incu-
bated with anti-TH, after being rinsed twice with KPBS and

once with 2.5 % NGS KPBS/T, were exposed for 2 h to a
secondary biotinylated goat anti-rabbit IgG (Ref: BA1000;
Vector Laboratories; 1:200) in a KPBS/T containing 2.5 %
NGS. Sections incubated with anti-GFAP were rinsed three
times with PBS and exposed to biotinylated anti-mouse sec-
ondary antibody (Elite ABC kit; Vector Laboratories; USA)
for 2 h at RT. All slices were processed for 1 h with avidin-
biotin-peroxidase complex (Elite ABC kit; Vector Laborato-
ries; Inc., Burlingame, CA, USA) and 3,3 diaminobenzidine
(DAB) as a chromogen. Finally, slices were mounted,
dehydrated, and coverslipped with DPX medium (Sigma-
Aldrich).

Immunofluorescence for BrdU and doublecortin

To detect BrdU and doublecortin (DCX), a double immuno-
staining was carried out. Briefly, free-floating sections were
incubated overnight with goat polyclonal anti-DCX (Ref: sc-
8066 Santa Cruz Biotechnology; 1:200) at 4 °C and later
visualized with an Alexa 633 conjugated donkey anti-goat
IgG (Ref: A-21082; Invitrogen; 1:400) for 1 h at RT. After
several washes, sections were denatured with 2 N HCI for
30 min and incubated overnight with the monoclonal primary
antibody anti-BrdU (Ref: sc-51514; Santa Cruz Biotechnolo-
gy; 1:200) at 4 °C, followed by incubation with a secondary
Alexa 488 conjugated goat anti-mouse IgG (Ref: A11029;
Invitrogen; 1:400) antibody. After rinsing, Hoechst 33258
was added to counterstain the nuclei for 10 min. The slices
were washed, mounted and coverslipped with medium
Vectashield (Vector laboratories). To visualize the results, the
sections were analyzed with a confocal laser microscope
(Olympus Fluoview FV500).

Quantitative Analysis
Volume of Affected Striatum

On each experimental group, the TH-negative volume of the
CPC was calculated in order to find an alternative histological
marker to the integrated optical density (IOD) for evaluation
of the lesion and its recovery after 6-OHDA administration.

To achieve this, the TH-negative volume of the ipsilateral
CPC and its entire volume were both measured using a com-
puterized image analysis system (Mercator Image Analysis
system, Explora Nova, La Rochelle, France). Values were
expressed as a percentage of the TH-negative volume versus
the entire volume of the ipsilateral CPC.

For each animal, the TH-negative volume was estimated at
a whole CPC and at three representative CPC levels ac-
cording to Paxinos and Watson atlas [11]: rostral (bregma
+0.70 mm), medial (bregma —0.26 mm), and caudal (breg-
ma —0.80 mm) sections.

@ Springer



Mol Neurobiol

Neuron Density and Axodendritic Network in SN

TH-immunoreactive (TH-ir) neurons and the axodendritic net-
work (ADN) were measured using a stereological tool (an
optical dissector) provided by the computerized image analy-
sis system (Mercator Image Analysis system, Explora Nova,
La Rochelle, France). Probes of 50x50 um separated by
100 um were launched into the entire SN and also into a
delimited region, including SN-lateral (SNI), one third of
SN-reticulata (SNr), and the lateral half of SN-compacta,
which we named “external-SN” (e-SN) and where the most
prominent changes were observed (Fig. 3a). Subsequently,
ADN density was only analyzed in this e-SN.

Immunopositive neurons and ADN inside the probe, or
crossing the right side of the X—Y-axis, were counted. TH-ir
neurons and ADN were calculated per section and per animal
considering all the SN slices and considering only three rep-
resentative rostro-caudal levels, according to Paxinos and
Watson atlas [11]: rostral SN (bregma, —5.20 mm), middle
SN (bregma, —5.60), and caudal SN (bregma, —6.04) sections.
Data were expressed as a percentage of the neurons or ADN
present on the lesioned side versus the non-lesioned
hemisphere.

Statistical Analysis

All values are expressed as the mean=S.E. (standard error).
Statistical analysis was performed with SPSS Statistics (v 20;
IBM Corporation, Armonk, NY, USA). Prior to analysis, the
Shapiro—Wilk test was used to assess the normal distribution
of samples and Levene’s test was used to determine the ho-
mogeneity of variance. One-way analysis of variance
(ANOVA) with Tamhane’s post hoc test was used to explore
differences between rostro-caudal gradients within each ex-
perimental group. The Student’s ¢ test was used to compare
intergroup differences. Values are considered statistically sig-
nificant when p<0.05.

Results
Assay 1: Characterization of the Lesion
Morphological Study

In the autopsy, rat brain surfaces showed the three injections
marks where either the 6-OHDA or the saline solution was
administered. No macroscopically differences were observed
between both groups.

Coronal sections stained with Nissl showed the needle tra-
jectory into the striatum (Fig. 1a), which was almost imper-
ceptible in the TH immunostaining sections (Fig. 1b). On the
lesioned side, a slight enlargement of the lateral ventricle was
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observed, probably due to scar retraction. Rats from the 6-
OHDA group showed negativity for TH immunohistochem-
istry on the dorso-lateral region of the striatum (Fig. 2a).

In the histopathological analysis, GFAP expression levels
were higher on the lesioned sides (striatum and SN) than on
the intact ones. Furthermore, most of the GFAP-positive cells
seen in the lesioned side showed a swollen soma. In addition,
6-OHDA rats showed a stronger positivity to GFAP than rats
only receiving the saline solution.

Quantitative Analysis

Volume of Affected Striatum Degeneration of dopaminergic
fibers after the injection of 6-OHDA was evaluated measuring
the volume of immunonegative CPC for TH. A significant
decrease of the TH positivity was observed in rats injected
with 6-OHDA versus those only injected with the saline solu-
tion (Fig. 2). The TH-negative volume in 6-OHDA rats was
2.10+0.15 mm?, 65.88+4.59 % for the entire ipsilateral stria-
tum, and in the saline group was 0.02+0.008 mm® (0.54+
0.34 %) (***p<0.000; Student’s ¢ test) (Fig. 2b).

Regarding rostral, middle, and caudal levels of the CPC,
the percentage of TH-negative volume was 54.49+11.54,
63.65+11.29, and 84.51+6.73 % for the rostral, middle, and
caudal sections of the 6-OHDA group, respectively (Fig. 2¢).
Significant changes were found comparing both groups at
these three considered levels (***p<0.001, for the rostral sec-
tions; ***p<0.001, for the middle sections; ***p<0.001 for
the caudal sections; Student’s ¢ test) (Fig. 2¢). However, no
significant differences were found between the different levels
within the saline or 6-OHDA groups.

After the histopathological analysis, the previously referred
enlargement of the homolateral ventricle was appreciated,
probably due to tissue retraction caused scarring after the
puncture injury. Therefore, a quantification of this tissue re-
traction was performed, expressed as a percentage of the vol-
ume occupied by the ipsilateral CPC with respect to the con-
tralateral one, on TH-immunostained sections. This contralat-
eral non-lesioned CPC was considered as 100 %. The volume
was calculated integrating all measurements of the CPC sec-
tions using the above referred image analysis system.

The average volume of the entire CPC in the saline group
was 2.96+0.23 mm® on the ipsilateral side and 3.41+0.3 mm’
on the contralateral one (the ipsilateral hemisphere values
were found to be 8.65+3.45 % lower than those of the con-
tralateral hemisphere). In the 6-OHDA group, the average
volume for the injured side was 3.19+0.11 and 3.65=+
0.14 mm® for the non-injured one (ipsilateral hemisphere
values 12.80+1.21 % lower than those of the contralateral
hemisphere) (Fig. 2d). These data show that the puncture is
responsible for circa a 10 % decrease in tissue volume on both
groups, though tissue retraction did not reach any significant
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Fig. 1 Needle trajectory: coronal
sections from the saline group,
stained for Nissl stain (a) and
TH immunostaining (b). Black
arrow indicates the needle \
trajectory into the striatum. Both

striata remain strong TH-

immunopositive. Scale bar: NP |
2.5 mm

a =

differences between the saline and 6-OHDA groups. More-
over, tissue retraction decreased from the rostral to the caudal
level in both groups (Fig. 2e).

Neuron Density and Axodendritic Network in the Entire
SN and in the “External-SN” The main neuron loss was
observed in the previously defined “external SN” (e-SN)
(Fig. 3a, b), where the decrease in TH-ir neurons was compar-
atively more prominent than in the entire SN.

The number of TH-immunoreactive (TH-ir) cells in SN
decreased significantly after the administration of 6-OHDA,
with only 20.45+2.33 % of positive neurons remaining in the
ipsilateral side. The saline group showed minimal variations
(85.59+2.20 %). There was a highly significant difference
between both groups (***p<0.000; Student’s ¢ test)
(Fig. 3c). When rostro-caudal sections of SN were analyzed
for neuronal density, a significant reduction in the 6-OHDA
group compared to the saline group was found at all levels,
being most relevant in the caudal sections (Fig. 3d).

Stereological studies showed more significant changes in
the e-SN than in the entire SN, indicating that this region is
more susceptible to changes using this model. Thus, in rats
receiving 6-OHDA, 14.5+2.55 % of TH-positive neurons
remained and in the saline group, 77.91£4.90 %
(***p<0.001; Student’s ¢ test) (Fig. 3¢).

Interestingly, the rostro-caudal gradient was much more
remarkable in the e-SN than in the entire SN, attaining statis-
tically significant differences between the rostral and caudal
sections within the same group (Fig. 3f). Measurements for
the e-SN were 23.84+1.39 % at the rostral, 12.9+3.64 % at
the middle, and 6.75+2.53 % at the caudal section for the 6-
OHDA group and 90.58+5.97 % at the rostral, 80.16+5.25 %
at the middle, and 62.99+5.56 % at the caudal section for the
saline group (Fig. 3f). By contrast, the entire SN did not show
remarkable differences throughout the rostro-caudal axis
(21.24+4.15, 16.93+4.92, and 21.42+4.85 % for the 6-
OHDA group and 86.42+3.95, 85.42+6.29, and 79.62+
2.3 % for the saline group) (Fig. 3d).

SALINE

Caudal

Middle

Rostral

6-OHDA

S |

)

. 4 Caudal
Middle

Rostral

" EmRostral
EZZ3Middle:
E=3Caudal

@ volume

% of TH-negative volume

% of TH-negative

Saline. 6-0HDA

_*

% of tissue retraction
% of tissue retraction

saline

Fig. 2 Affected caudoputamen complex (CPC): series of coronal section
a show differential TH positivity depending on the injected substance and
the level considered (rostral, middle, and caudal). Scale bar: 2.5 mm. b, ¢
Loss of TH-positive innervation in the striatum was determined by the

percentage of TH-negative volume of the ipsilateral striatum respect to
the total ipsilateral one. Significance ***p<0.001 saline versus 6-OHDA
group. d, e The size of the ipsilateral CPC was assessed by the remaining
volume percentage of the ipsilateral versus the contralateral one
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ENTIRE-SN EXTERNAL-SN

a.

6-OHDA

Middle

Fig. 3 Effects on substantia nigra (SN). a Entire SN and the delimited e-
SN. b Photomicrographs of the rostral, middle, and caudal sections of SN
immunostained for TH in the saline and 6-OHDA groups. Scale bar:
1 mm. ¢, d 6-OHDA produced a significant loss of TH-ir neurons in
the entire SN and no differences between sections along the rostro-
caudal axis were observed. ***p<0.001 saline versus 6-OHDA group.
e, f In e-SN, the density of neurons decreased in both groups
(*¥**p<0.001) and a decreasing rostro-caudal gradient was evident,

Owing to the significant changes in neuronal density ob-
tained when analyzing the e-SN, we proceeded to quantify the
axodendritic network (ADN) in this specific region. As ex-
pected, 6-OHDA rats presented a lower ADN density than
saline rats (40.45+1.96 vs. 81.82+£1.96 %, ***p<0.001; Stu-
dent’s ¢ test) (Fig. 3g).

As for the rostro-caudal distribution, rats receiving 6-
OHDA presented a significantly lower ADN density
(45.94+3.39 % at the rostral, 39.9+2.47 % at the mid-
dle, and 37.6+1.3 % at the caudal section) than rats
receiving just the saline solution (86.62+2.52 % at the
rostral, 94.18+2.34 % at the middle, and 87.9+2.24 %
at the caudal section), at all studied sections; however,
no trend or differences within the same group were
appreciated (***p<0.001 6-OHDA vs. saline rats at ros-
tral and middle sections and **p<0.01 at the caudal
section; Student’s ¢ test) (Fig. 3h).

Assay 2: Treatment with Nanoencapsulated Neurotrophic
Factors

Morphological Study

Some Nissl slices show two trajectories corresponding
to the initial administration of 6-OHDA and a subse-
quent administration due to the treatment (Fig. 4a). Tis-
sue around the needle track appears rarefied with a con-
spicuous glial reaction and macrophages or hemosiderin
is sometimes presented along the track. A mild enlarge-
ment of the lateral ventricle is frequently appreciated.
The astroglial reaction consists of a hypertrophy of cel-
lular processes and up regulation of GFAP expression.
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being significantly different at the rostral and caudal sections (*p<0.05)
in both groups. Saline versus 6-OHDA rats presented significant
differences at all analyzed sections (***p<0.001). g, h The density of
axodendritic network (ADN) was measured only in the e-SN. There was a
significant difference between both experimental groups (***p<0.001).
Analyzed by section, a tendency was only observed in the 6-OHDA

group

Nanospheres loaded with NTF induced a remarkable
glial reaction around the trajectory.

Morphological evidences of tissue damage after NS im-
plantation were undistinguishable to the vehicle, indicating
that histological changes around the needle track were induced
by the needle itself, and the NS themselves being well
tolerated.

Rats receiving 6-OHDA showed an asymmetrical dis-
tribution of the toxin effects. These were localized
mainly over the dorso-lateral region of the striatum.
Slices including the needle track frequently displayed
an abrupt transition between TH immunohistochemistry
positivity and negativity (Fig. 4b).

The TH immunohistochemistry of the striatal sections dis-
plays a region showing TH-positive fiber loss which appears
to be higher both in the vehicle and empty-NS groups than in
the NTF ones. This loss will be quantified.

Proliferation Assay: BrdU/DCX Immunofluorescence

A large amount of cells expressing BrdU positivity was
found in the subventricular zone (SVZ) and surrounding
areas in the group receiving NTFs, which indicates a high
level of proliferation. Some of these cells co-expressed
DCX (marker of immature neurons) and were extended
all over the SVZ. Some of them were located in areas
adjacent to the striatum, suggesting a possible SVZ to
striatum migration. In the animals of the vehicle group,
the number of BrdU-positive cells was clearly lower and
there were no DCX-positive cells (Fig. 5), confirming
that NTF induces or maintains neuron differentiation
and proliferation levels.
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Fig. 4 Abrupt limit in the striatum: coronal sections from the 6-
OHDA-treated (vehicle) group, stained for a Nissl and b TH
immunohistochemistry. Black arrows in a mark the trajectory of

Quantitative Analysis

Volume of Affected Striatum In NTF-treated animals, the
TH-negative volume of the CPC was 0.94+0.082 mm?
(41.2743.21 % of the total volume of the ipsilateral CPC). It
was less than in the other studied groups (Fig. 6) (1.21+
0.08 mm>, 52.92+3.71 % in the vehicle group and 1+
0.07 mm?, 43.74+3.3 % in the empty-NS group). The differ-
ence between the NTF and the vehicle group was statistically
significant (*p<0.05; one-way ANOVA) (Fig. 6b) and indi-
cated the increased recovery of the treated group.

both surgical procedures (6-OHDA and treatment administration); in
b, at this level, an abrupt limit between TH-positivity and TH-
negativity was observed. Scale bar: 2.5 mm

Distribution from rostral to caudal sections showed a reduc-
tion in the TH-negative volume (that is, a TH positivity recov-
ery) on all sections of the NTF group. However, no statistic
differences were observed either between groups or into them-
selves (Fig. 6¢).

Regarding tissue retraction, measurements did not show
any significant difference between groups. Owing to the two
lesions carried out in these groups, the percentage of tissue
retraction was somewhat higher than in the first assay, almost
25 %, though the lowest percentage belonged interestingly to
the NTF group (Fig. 6d).

Fig. 5 A proliferative and
neurogenic effect is observed in
the NTF group: a SVZ a
localization, according to Paxinos
and Watson atlas. b Confocal
micrographs show the BrdU-
positive nucleus (green) and the
DCX-positive soma (red) in the
SVZ and periventricular areas.
The NTF group presents more
positivity for BrdU and DCX than
the vehicle group. In the NTF
group, most of the BrdU-positive
cells co-express DCX. Scale bar:
275 um

Interaural 10.00 mm

b VEHICLE

g

Bregma 1.00 mm

NTF
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Fig. 6 Recovery of TH-ir striatal

volume. a Coronal sections from

the NTF group immunostained a
for TH show a recovery in the

TH-positive volume at all rostro-

caudal levels. Scale bar: 2.5 mm.

b TH-negative volume

percentage is lower in the NTF

with respect to the vehicle and

empty-NS groups. Significance,

*p<0.05 (NTF vs. vehicle group).

¢ The TH-negative volume

increases from rostral to caudal

sections, being the lowest in the

NTF group. d Tissue retraction.

The group receiving NTF shows b

‘ Caudal
Middle
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i lightly fi tral t 3 H
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The topographical analysis showed that in spite of a lack of
statistic differences, the NTF group displayed a gradient
showing a remarkable recovery on the rostral sections com-
pared to the control groups (Fig. 6e).

Neuron Density and Axodendritic Network in the Entire
SN and in the “External-SN” Substantia nigra from the ve-
hicle group and the empty-NS group showed an extreme loss
of dopaminergic neurons and fibers, while rats receiving NTF
showed more cells and a TH-positive neuropil (Fig. 7).
Changes mainly occurred on the external area of SN (e-SN)
(Fig. 7a), where the most important changes related to neuro-
nal and ADN density were found. This specific region was
more affected by the lesion and showed a higher recovery
level after NTF administration.

Regarding the entire SN, the number of TH-positive neu-
rons was statistically higher in the NTF group than in the
vehicle one (Fig. 7b). This increase took place in all sections
studied but only achieved significant levels in the rostral sec-
tion (Fig. 7c) (4.23£1.12 vs. 19.32£3.22 %, *p<0.05, one-
way ANOVA).

When e-SN was considered, differences were statistically
significant and even more marked between the three groups
(Fig. 7d). The topographical distribution showed that the NTF
group increased from rostral to caudal (36.70+10.22, 44.02+
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7.19, and 51.11+17.42 %) but was only significant versus the
vehicle group at the middle level (9.55+4.02 vs. 44.02+
7.19 %, ***p<0.001, one-way ANOVA) (Fig. 7e).

Stereological studies showed changes in SN regarding neu-
ron density and ADN. These changes were statistically signif-
icant (*p<0.05, one-way ANOVA) between the three groups
considered and were highly significant (***p<0.001; one-
way ANOVA) when the e-SN was considered exclusively
(Fig. 71).

Evaluations of the ADN in the e-SN revealed that the NTF
group presented a higher density of TH-positive ADN (55.7+
4.51 %) compared to the empty-NS group (45.13+3.97 %) or
the vehicle group (35.01£3.08 %). Differences were statisti-
cally significant between the NTF and the vehicle group
(***p<0.0001, one-way ANOVA) (Fig. 7f). Analyzing
rostro-caudal sections, its ADN density was statistically sig-
nificant only at the middle level of these two groups (*»<0.05,
one-way ANOVA) (Fig. 7g).

Discussion
Rostro-caudal gradients of the morphological changes exhib-

ited in the striatum and in the SN, in addition to the specific
anatomic distribution of the dopaminergic system, suggest a
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Fig. 7 Rescue of TH-ir neurons
and axodendritic network (ADN): a a
photomicrographs of the rostro-
caudal sections of TH immunostain
SN from the group receiving NTF.
This group shows a significant
increase of positive neurons in the
ipsilateral hemisphere compared to
the control groups. Scale bar-

1 mm. Black arrows point to the e-
SN of the lesioned hemisphere,
where the recovery is more
outstanding. b Percentage of
neurons in the entire SN (*¥p<0.05,
NTF vs. vehicle group). ¢ Rostro-
caudal distribution is depicted
regarding percentage of neurons in
the entire SN. There are statistically
significant differences at rostral
level between the vehicle and the
NTF group (*p<0.05). d When e-
SN is considered, more outstanding
differences appear between groups
(¥*%p<0.001, NTE vs. vehicle b

Rostral

Middle

Caudal

group; *p<0.05 NTF vs. empty-
NS group). e The effect of NTF
increases the rostro-caudal
percentage of TH-ir neurons in e-
SN. Statistical differences are found
between the middle sections of the
NTF versus the vehicle group in the Vehicle
e-SN (**#p<0.01). f The

axodendritic network in the e-SN is d
significantly more dense in the

NTF group (***p<0.01, NTF vs.

vehicle group). g When ADN

percentage data in the e-SN are

segregated for all rostro-caudal

levels, only the middle one presents

a mild difference between the NTF

and the vehicle group (*p<0.05), f
and a moderate decreasing rostro-
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differential selective vulnerability of this system. A deeper
knowledge of this distribution could be useful in order to
assess the lesion, as well as the administration and diffusion
of treatments. The measurements carried out on the e-SN—
topographically related to the lesioned area of the striatum—
reach more specific and significant results than those carried
out in the entire SN, emerging as a promising region for fur-
ther studies.

Functional improvement and morphological recovery after
VEGF and GDNF implantation is related to the preservation
of the TH-positive volume, cells, and ADN in the striatum and
SN. In addition, these findings support the neurorestorative

EmRostral
EERMiddle
E=Caudal

% of TH-ir axodendritic network

Empty-NS

role of VEGF+GDNF on the dopaminergic system and the
synergistic effect between both factors.

Morphological Changes in the CPC and SN

A unilateral infusion of 6-OHDA into the striatum results in
several histopathological changes, being the most prominent
the loss of TH-ir fibers, terminals, and neurons [13]. An anal-
ysis of the Nissl staining sections of all experimental groups
showed an enhanced cellularity around the needle track. The
increase of astroglial reaction and reactivity for GFAP is wide-
ly used to determine the wound-healing response in SNc [14].
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Astrocytes play a major role buffering the environment of
neuronal cells [15] and, because of this, it would be important
to determine which other functions develop in PD, apart from
wound healing. For instance, Fuller et al., 2014, suggest that
astrocytes could increase the viability of endogenous
nigrostriatal neurons [16].

Rats treated with NTF showed a potentially regenerative
response, increasing their GFAP positivity compared with the
striatum and SN of other treated groups. Degeneration of ni-
gral dopaminergic neurons in PD is also associated with a glial
reaction and inflammatory changes [17]. Neuroinflamation
mediators are known to be crucial in the progression of PD
[18].

Remarkable Limit Inside the Striatum

Administration of 6-OHDA into the striatum, rather than a
progressive model for PD—as it requires time to check chang-
es after the lesion—is a suitable model to test neuroprotective
and neurotrophic drugs. 6-OHDA produces a selective de-
struction of the dopaminergic system and provides a suitable
model, where it is possible to elucidate the optimal time, in
order to initialize the treatment [13, 19-21]. Intrastriatal ad-
ministration of 6-OHDA, following the proposed coordinates,
induces a lesion in the dorso-lateral striatum corresponding to
areas with a poor expression of calbindin.

Calbindin is a calcium-binding protein that acts as an en-
dogenous calcium buffer [22] Alterations in the amount of this
protein have been found all through the brain in PD patients
[23]. Stress and neuronal death are mediated by calcium, and
the distribution of calcium-binding proteins is not homoge-
nous in the striatum and in other parts of the brain, being
partially responsible for the selective vulnerability of some
neuron populations in the central nervous system (CNS) [22,
24]. Most cases showed a remarkable limit between negative
lateral region and positive medial areas. This may probably be
a result of the selective vulnerability of these areas to the
oxidative stress, previously mentioned, due to lack of
calbindin. Neurons require high amounts of energy to main-
tain their functions, needing an efficient calcium buffering
ability [25].

An Innovative Strategy to Evaluate Striatal Degeneration

Striatal degeneration was evaluated taking into account the
volume occupied by the TH-negative fibers. Degeneration
and regeneration are both progressive processes and in order
to accurately assess them, the affected surface of the stereo-
logical collected sections was delimited, measured, and inte-
grated to obtain the exact volume occupied by the TH-
negative fibers inside the striatum. Consequently, it is easy
to avoid striosomes or vascular sections which might distort
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conventional IOD measurements. Furthermore, positive
sprouting of new fibers may be also taken into account.

Animals injected with 6-OHDA showed 66 % of negative
ipsilateral striatum for TH. Rats receiving the saline solution
lost only 0.5 % of the TH-positive volume. This indicated that
the injury was barely involved in the degeneration of TH-
positive fibers.

Administration of VEGF and GDNF resulted in a recovery
of the TH-positive volume in the CPC, protecting and restor-
ing the dopamine (DA) terminals. Parkinsonized rats treated
with both NTF showed a statistically significant increase in
volume (13 %) compared to rats treated only with the vehicle.

The functional recovery and increase of TH-positive fibers
in the striatum of parkinsonized rats has also been previously
reported when rats were treated with GDNF alone [26, 27]. In
fact, previous studies have shown that intrastrial administra-
tion of GDNF stimulates regenerative sprouting from pre-
served axons [28]. The TH-positive area recovers out of the
remaining cells, showing that the neuroplasticity of axons and
dendrites is better preserved than its soma.

The retraction rate of the striatum was evaluated in order to
assess the effect of the injury by itself and of recovery after NS
implantation.

The volume of the injured hemisphere decreased around
10 % in both Assay 1 groups, while it was of about 25 %
for Assay 2. The lesion by itself produced tissue retraction
and, as a side effect, an enlargement of the lateral ventricle,
though it did not evidence significant changes between the
studied groups of each assay. Only the action of injuring the
rats twice clearly increased this retraction [24]. Regardless of
the administered substance, the injury by itself has a deleteri-
ous effect on CNS, and the treated groups, which undergo a
double injury, present remarkable stereological changes.
Therefore, the effectiveness of therapy must be supposed to
be pretty high since a significant functional and morphological
recovery was appreciated [4].

Suitability of the Model
Synergistic Effect of VEGF and GDNF

Some studies have demonstrated a cooperative crosstalk be-
tween VEGF-A and GDNF signaling pathways mediated by
VEGFR2 and RET and suggesting a possible feedback loop
between these two growth factors [29].

Both cytokines bind tyrosine kinase receptors (VEGF-R1
and 2 and GDNF the c-RET); therefore, it is likely that the
protective effects of VEGF may be mediated using different
signaling cascades in diverse cellular targets compared with
GDNF.

Although neuroprotective effects of VEGF-A overexpres-
sion in models of PD were reported [30], detrimental vascular
effects, such as edema and disruption of the blood—brain
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barrier, occurred [31, 32]. These negative side effects have not
been observed in our assays, despite VEGF-A binds to the
neuroprotective VEGFR-1 and, in addition, to VEGFR-2,
and the receptor is thought to mediate in angiogenic effects
[33, 34]. VEGF and GDNF induce improvements in behavior
and an enhancement of the surviving neurons, sprouting in
order to neurorescue cells and activate neurogenesis. Further-
more, it would be necessary to investigate the signaling path-
way of VEGF and GDNF, in order to assess the possible
intracellular interaction.

A major finding in the present work, apart from the differ-
ences found in the study of the rostro-caudal topology, is the
preservation of the ADN network after treatment with VEGF
and GDNF. Combining both NTFs not only preserves the
neuronal bodies but also has the ability to restore nigrostriatal
axons.

Neurogenic Effect of VEGF and GDNF

To evaluate whether the NTF group could activate or maintain
neuronal proliferation and cellular differentiation so as to sup-
port a possible neurogenic effect, we stained cells against
BrdU and DCX. BrdU/DCX double immunofluorescence
staining showed an enhanced proliferation near the SVZ in
rats treated with VEGF and GDNF.

Correspondingly, the number of BrdU-positive cells from
parkinsonized rats treated in the vehicle groups was lower
than in the NTF group, and these rats did never co-express
with DCX, suggesting that VEGF and GDNF could induce
not only an increase but also a differentiation of neurons to
migrate towards the injured regions.

Growth factors promote neurogenesis in the SVZ/olfactory
bulb (OB)-system while the dopaminergic lesion has the op-
posite effect. In fact, GDNF is involved in neuronal survival
and differentiation during development [35, 36] and VEGF
promotes the proliferation and differentiation of dopaminergic
cells in vivo [37]. In addition, it was also reported that growth
factors in combination could induce neurogenesis in a syner-
gistic way [38, 39].

Axodendpritic Sprouting in Substantia Nigra

There is an emerging need for further investigations focusing
on the role of compensatory responses after striatal fibers de-
pletion and the decrease of ADN and neurons in SN regarding
the pathophysiology of PD. Neurogenesis is a complex pro-
cess, as it takes a long time for DA neurons to reach the SN in
order to replace neuronal loss due to the lesion. Because of
this, the remaining neurons re-innervate this damaged area.
Thus, in addition to the cell loss that follows DA dennervation
[28], it would be essential to examine what occurs upon treat-
ment with VEGF and GDNF on axodendritic sprouting, such
as a possible plasticity compensatory response in SN.

Synaptic plasticity may contribute to ameliorate brain dys-
function in case of extreme neurodegeneration [40]. ADN
density decreased less than neuronal density in all groups.
This may be due to the compensatory plasticity of pre-
existent neurons.

The group receiving NTF showed more significant signs of
axodendritic sprouting than the other groups. Hence, a com-
bination of both NTFs not only preserves the neuronal bodies
but also has the ability to restore nigrostriatal axons [41].

Differential Distribution of the Neuronal Density
in Substantia Nigra

Parkinsonized rats showed changes regarding their neuronal
density in the entire SN and in e-SN. Rats receiving NTF
showed a higher neuronal density in the e-SN (about 44 %)
than in the entire SN (about 32 %). The time course of the
experiments for both assays was different; this could explain
the differences found in the e-SN for both assays.

Dopaminergic projections reach the entire striatal complex,
following a rostro-caudal topography of the elongated termi-
nal fields. Additional DA projections reach the amygdala
body [42], and projections to the amygdala arise from the
ventral tegmental area (VTA) and lateral SNc and SNI [6].
Connected to these topological gradients—and taking into
account that the topography of SN provides for the organiza-
tion of the nigrostriatal projection—we identified the “e-SN,”
which is topologically associated with the dorso-lateral region
of the CPC, where the 6-OHDA lesion was induced [43]. A
significant component of this e-SN is the SNI, which projects
to the amygdala. This structure is preserved from the inflicted
lesion. Therefore, remaining neurons from the SNI projecting
towards the amygdala would be the basis for re-innervation
using sprouting mechanisms. These could be reinforced by
NTF spreading from CPC areas, making the recovery of func-
tions possible as reported by several authors [4, 44].

Rostro-Caudal Gradients

A quantitative analysis of the rostro-caudal sections of the
striatum revealed that rats receiving 6-OHDA presented the
highest increase in TH-negative volume at caudal levels,
while the saline group did not present any difference through-
out the rostro-caudal axis (remaining TH-ir). This supports the
special vulnerability of the dorso-lateral and caudal regions.
Parkinsonized rats from Assay 2 also showed a similar distri-
bution in the vehicle group, but rats receiving NTF showed a
significant recovery in TH-positive volume at all levels. How-
ever, most of this incipient plasticity consists of wide terri-
tories occupied by fine positive fibers. This is a crucial point
to reinforce this innovative proposal of using the volume of
TH-negative fibers instead the IOD. Areas with positive fibers
were usually undervalued when the IOD was measured. These
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lightly positive areas are the basis for recovery, and these
observations are in agreement with other reports concerned
with the sprouting of TH-positive fibers in the striatum close
to the GDNF injection [28, 45].

A rostro-caudal reduction in the number of neurons was
already reported by Rosenblad [28], which was attributed to
the toxicity of 6-OHDA. However, in the present study, a
statistically significant difference was also found in the saline
group (91 vs. 63 %).

Interestingly, this rostro-caudal reduction of the neuronal
density was observed in rats treated with the vehicle (22 vs.
14 %) and the empty-NS (33 vs. 15 %), but not with NTF. This
group showed opposite results like a marked rostro-caudal
increase in the number of neurons in the entire SN (19 % at
the rostral, 25 % at the middle, and 43 % at the caudal section)
and in e-SN (37, 44, and 51 % respectively), which shows a
significantly higher density at all levels. This implied a suc-
cess in the recovery of neurons in the SN, presenting large
differences between the rostral and the caudal levels.

ADN density showed a rostro-caudal decrease in all groups
of both assays, following the same pattern than the TH-
positive fibers in the striatum. This corresponds to the anatom-
ical organization of basal ganglia [46]. The group receiving
the NTF showed a regenerative and plasticity response, the
ADN increasing at all considered levels with respect to the
vehicle or the empty-NS group. Anatomical connections
could explain that the changes observed in SN were induced
by the activity of NTF in the striatum, i.e., their place of
projection [47]. However, further studies are necessary to as-
sess these effects according to the anatomical connections
between the striatum and the SN along the rostro-caudal axis.
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ANGIOGLIONEURINAS Y ENRIQUECIMIENTO AMBIENTAL:
UNA PROMETEDORA ALIANZA PARA LA RESTAURACION DEL CEREBRO

RESUMEN

El término angioneurinas ha sido propuesto para nombrar moléculas con efectos
neuroprotectores, neurogénicos y neurotroficos. Estas moléculas inducen una
variedad de respuestas, no sélo en células vasculares y neuronales, también en
células gliales. Estas moléculas desempenan un papel fundamental en el desarrollo
del Sistema Nervioso Central (SNC) y en el mantenimiento de las condiciones
optimas para la supervivencia de las células nerviosas en adultos, tomando
parte en la proteccion, division y proliferacion de las células neuronales, gliales
y endoteliales. Entre las angioneurinas mas importantes se encuentran: el factor
de crecimiento endotelial vascular (VEGF), el factor derivado del cerebro (BDNF),
el factor de crecimiento insulinico tipo-1 (IGF-1) o la eritropoyetina (EPO). Se ha
encontrado disminucion en la expresion de las angioneurinas en el envejecimiento
y en condiciones patolégicas, tales como las enfermedades neurodegenerativas
o las lesiones cerebrales de origen traumatico e isquémico. La administracion
de estas moléculas actia como un restaurador del SNC. Dado que sus acciones
involucran tanto a las neuronas como a la glia y a los vasos, propusimos el
término angioglioneurinas para nombrar a las moléculas que actuan sobre los
tres componentes de |a unidad neurogliovascular, que la agrupa e identifica como
un todo y le confiere ademas el rango de unidad morfo-funcional del SNC.

El enriquecimiento ambiental ha sido descrito como la combinacion de elementos
inanimados, la estimulacion social, y el ejercicio fisico. El enriquecimiento
ambiental es la modificacion o adicion de elementos en el entorno de un
animal cautivo de tal manera que con ello se estimulan conductas semejantes
a las propias del animal sano en su medio natural. El enriquecimiento pretende
estimular comportamientos que satisfagan las necesidades fisicas y psicologicas
del animal, mejorando con ello las funciones tanto en salud como en la
enfermedad, incluyendo cambios morfologicos como fisiologicos. Estos cambios
incluyen el aumento de la actividad neuronal y la plasticidad, de la poblacion glial,
asi como de la remodelacion y maduracion de la red microvascular. Criarse en
ambientes enriquecidos adelanta el inicio del periodo critico, reduce el deterioro
cognitivo fisiologico relacionado con la edad o protege contra disfunciones del
comportamiento como por ejemplo las debidas a la adicion a drogas.

Entre los efectos beneficiosos de los ambientes enriquecidos en condiciones
patolégicas se encuentra la recuperacion funcional tras procesos traumaticos
o isquémicos, la prevencion ante las enfermedades neurodegenerativas,
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etc. Estos efectos son atribuidos, en parte, a un aumento de la produccién de
angioglioneurinas.

En conclusion, la exposicion a un ambiente enriquecido implica un aumento
de la expresion de estas moléculas que podria mejorar la evolucion de la
mayoria de las enfermedades cerebrales. La combinacion de la administracion
de angioglioneurinas y enriquecimiento ambiental podria ser una estrategia
terapéutica prometedora para restaurar el cerebro, si bien hay que conocer mejor
algunos efectos secundarios que podria conllevar esta combinacion.

1. Introduccion

Hay un determinado grupo de citoquinas o factores de crecimiento que debido a
su accion tanto sobre neuronas como sobre la microvascularizacion cerebral han
sido denominadas “angioneurinas” [1]. Una angioneurina tipica es el factor de
crecimiento vascular endotelial (VEGF), otras que se describieron primeramente
como neurotrofinas, son por ejemplo el factor neurotréfico derivado del cerebro
(BDNF), el factor de crecimiento insulinico tipo 1 (IGF-1) o la eritropoyetina (EPO).
Independientemente de su origen, todas estas moléculas actian sobre la unidad
neurovascular [2] y la mayoria de ellas presentan también efectos sobre la
neuroglia por ello se propone el término de anglioglioneurina [3, 4].

Entrelos mecanismosfundamentales paralasupervivenciadelascélulas nerviosas,
estan las cadenas metabdlicas inducidas por las neurotrofinas. Estas desempenan
un papel clave como agentes antiapoptéticos [5]. Las angioglioneurinas pueden
llegar a ser un importante recurso terapéutico en la restauracion del SNC,
especialmente en patologias como apoplejias o lesiones cerebrales traumaticas

[4].

El VEGF es un factor angiogénico fundamental durante el desarrollo [6], en la
angiogénesis patolégica, y como mediador de la permeabilidad vascular [7].
Este factor también presenta propiedades neuroprotectoras, neurotréficas y
neurogénicas [8, 9, 10]. La funcidon neuroprotectora del VEGF parece ser debida
a una combinacion de efectos neuroprotectores directos y a la estimulacion
de la angiogénesis. En la misma direccion, estudios recientes encontraron, que
la neurotrofina BDNF desempeniaba un importante papel en la regulacion del
desarrollo vascular y en la respuesta a lesiones [11, 12]. Por otra parte, el IGF-1,
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ademas de sus efectos sobre las neuronas, se ha descrito también, como un
modulador de la formacién de vasos durante el desarrollo del cerebro [13], y como
un importante factor promotor en el desarrollo de los vasos [14], y la EPO como la
promotora de la angiogénesis [15,16]. Por tanto, y teniendo en cuenta las funciones
previamente descritas, se ha propuesto la administracion de angioglioneurinas
en modelos de isquemia [17,18,19], trauma cerebral [20, 21, 22, 23] y enfermedades
neurodegenerativas como el Parkinson, Alzheimer o Esclerosis Multiple [24, 25,
26, 27, 28, 29, 30, 31, 32].

Efectos similares se han descrito para el enriquecimiento ambiental (EA).
Numerosos estudios refieren evidencias sobre los cambios inducidos por este
paradigma durante el desarrollo del SNC tanto en salud como en enfermedad
[33]. El enriquecimiento ambiental tiene importantes efectos sobre la plasticidad
de las conexiones nerviosas, especialmente en la corteza visual, donde se ha
demostrado que criar desde el nacimiento en un ambiente enriquecido conlleva
la aceleracion del desarrollo visual [34].

El enriquecimiento ambiental consiste en combinar una serie de elementos y
circunstancias que ayudan a estimular conductas semejantes a las propias del
animal sano en su medio natural. Asi los animales disponen de habitaculos mas
amplios, donde se disponen diferentes elementos de variadas formas y colores
que son cambiados de posicion y sustituidos por otros frecuentemente. En cada
ambiente conviven un amplio nimero de individuos. Todo esto incrementa la
estimulacion social, visual y el ejercicio fisico. Esta asociacion induce cambios
anatémicos [35], estimula la neurogénesis [36], y es ampliamente propuesta como
una medida neuroprotectora en enfermedades neurodegenerativas [37, 38, 39].
Sus efectos han sido estudiados en modelos experimentales de la enfermedad de
Alzheimer [40], Parkinson [41], Hungtington [42], lesiones cerebrales traumaticas
[43, 44, 45], accidentes cerebrovasculares [46] e incluso tumores [47].

El enriquecimiento ambiental incrementa la expresion de diversos factores de
crecimiento que desempenan un importante papel en el trofismo neuronal, como
por ejemplo el factor de crecimiento nervioso (NGF) [48], el factor neurotréfico
derivado del cerebro (BDNF) [49, 50], la neurotrofina-3 (NT-3) [51] y el VEGF
[52]. El aumento de la actividad neuronal inducida por estimulos ambientales
desencadena una serie de eventos importantes para la plasticidad cortical, que
incluyenlaaceleraciondel desarrollodel sistemavisual a nivel fisiolégico, molecular
y de comportamiento [34, 49] asi como un aumento de la red microvascular [52].
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La administracion de angioglioneurinas, solas o en combinacion con el
enriquecimiento ambiental, ha propuesta como una estrategia terapéutica para
diversas enfermedades del SNC [3].

En resumen, la exposicion a entornos enriquecidos mejora el desarrollo del SNC,
con un aumento en la estructura y funcion de todos los elementos de la unidad
neurogliovascular. Por lo tanto, las moléculas que median estas mejoras se
podrian denominar angioglioneurinas debido a su triple funcion.

Vaso

Astrocito Neurona

Figura 1. Representacion esquemdtica de los
elementos de la unidad neurogliovascular.

El objetivo de este capitulo es revisar el potencial neurorestaurador (NRT) del la
administracion de angioglioneurinas y del enriquecimiento ambiental sobre la
corteza cerebral, y las ventajas y desventajas de una estrategia sinérgica basada
en su combinacion.

2. Angioglioneurinas

2.1. Factor de crecimiento endotelial vascular (VEGF)

Inicialmente fue aislado como factor de permeabilidad vascular (VPF) [53], el
gen correspondiente fue clonado en 1989 [54] y posteriormente tras comprobar
su participacion en los procesos de angiogénesis fue denominado factor de
crecimiento endotelial vascular (VEGF) [55]. La familia del VEGF consta de cinco
moléculas con un alto grado de homologia, VEGF-A, VEGF-B, VEGF-C, VEGF-D
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y el factor de crecimiento placentario (PIGF) [56]. El VEGF-A (VEGF) es la forma
predominante y es una glicoproteina homodimérica de 45 kDa inducible por
hipoxia. De la remodelacion alternativa del ARNm del VEGF hay identificadas 7
isoformas, la principal de ellas en el cerebro es el VEGF165, que contiene algunos
residuos basicos en parte difusibles y en parte se unen a la matriz extracelular
[57].

Parte de la pluripotencialidad del VEGFA165 se debe a la existencia de una
variante que se denomind VEGF-A165b [58, 59]. La isoforma 165 y la 165b son
generadas por el mismo transcrito, diferenciandose tan solo en los ultimos
seis amino acidos codificados por el octavo exén [60]. Esta pequeia variacion
le confiere dos propiedades que diferencia radicalmente la funcion de ambas
moléculas. Una de esas propiedades es su afinidad por los heparansulfatos de la
matriz extracelular, la forma b la pierde, y la otra afecta a su interaccién con los
receptores de membrana, la forma b dimeriza dos receceptores VEGFR en lugar de
un VEGFR con una Neuropilina1 como hace la otra forma, la consecuencia de todo
ello es que esta forma b solo media sefnales de supervivencia en las células. [61].
El VEGF-A165b esta altamente expresado en tejidos no angiogénicos [62, 63],y a
diferencia del VEGF-A165, esta regulado a la baja en tumores y en otras patologias
asociadas con una neovascularizacién anormal [64, 65, 66).

El VEGF es el factor angiogénico mas importante en el desarrollo [6], en la
angiogénesis patoldgica [67, 68, 69, 70] y también en la permeabilidad vascular
[7]. Pero el papel del VEGF en el tejido nervioso es mucho mas extenso adquiriendo
cada vez mas relevancia, a medida que se conocen mejor, sus propiedades
neuroprotectoras, neurotréficas y neurogénicas [8, 9, 10].

Inicialmente, en el cerebro en desarrollo, el VEGF es producido por neuronas.
Mientras que en P13 la expresion neuronal del VEGF comienza a disminuir, la
expresion astrocitaria se hace mas evidente, hasta que la localizacion del VEGF
cambia, pasa de ser predominantemente neuronal a glial en P24 [52]. Sin embargo,
en el cerebro hipodxico, los niveles altos de VEGF neuronal y glial se mantienen
hasta P33 [71].

Los principales receptores para el VEGF son los receptores tirosina quinasa VEGFR-1
(FIt-1) y VEGFR-2 (FIk-1/KDR) [6, 72]. EI VEGFR-2 desempeiia un papel critico en la
correcta diferenciacion y organizacion de las células endoteliales en los lechos
vasculares, siendo el mayor mediador de los efectos mitogénicos, angiogénicos y
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de aumento de permeabilidad del VEGF [73]. Por otro lado, se cree que el VEGFR-1
regula negativamente la angiogénesis, evitando la unién del VEGF al VEGFR-2 [74].
Se ha descrito también, que el VEGF se une a los receptores no tirosina quinasa,
a neuropilina-1 (NP-1) y neuropilina-2 (NP-2), que pueden estar involucrados en
la orientacion del axon [75]. La coexpresion de los receptores VEGFR-2 y NP-1
aumenta la unién de VEGF a VEGFR-2 y la quimiotaxis mediada por VEGF [76].

Angioglioneurinas Angioglioneurinas
descritas inicialmente descritas inicialmente Otras angioglioneurinas
como factores como factores
angiogénicos neurotréficos
VEGF BDNF IGF-I EPO
. o
R SR R S Rt BEBREEEA BEEEAS
RRRERRIILRIRIRRRVRVRERLIERRIRRRERBRERES RRAVLIALY QPRI
VEGFR2 TrkBR IGF1R EPOR
Angiogénesis Neuroproteccién Angiogénesis Angiogénesis
Neuroproteccién Neurorescate Neuroproteccién Neuroproteccion
Neurogénesis Angiogénesis
Neurorescate

Gliogénesis

Figura 2. Representacion esquemaitica de las angiglioneurinas consideradas y sus receptores (modificado de
Zacchigna et al., Nat Rev Neurosci; 9(3):169-81. Review).

En condiciones patolégicas, el VEGFR-2 media un efecto antiapoptético a través
de las rutas de senalizacion dependientes de PI3k que promueve la supervivencia
de las células endoteliales inducida por VEGF y se relaciona con la apertura de la
BHE en la lesion cerebral [77]. Se ha descrito también, un papel neuroprotector
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para el VEGF, que esta mediado predominantemente por el VEGFR-2 [5, 78], el cual
opera a través de las rutas de PI3/Akt y de MEK/ERK [79, 80]. Estudios recientes
han demostrado también que la neuroproteccion mediada por el VEGF rescata
neuronas colinérgicas de la muerte celular inducida por NMDA in vivo [81].

Ademas de sus propiedades angiogénicas y neuroprotectoras, el VEGFesta
implicado en la neurogénesis adulta, promoviendo la proliferacion y diferenciacion
de precursores neuronales [82] o ejerciendo una accién mitégena directa sobre
dichos precursores [8, 83, 84]. Ademas, se ha demostrado que la administracion
intracerebroventricular del VEGF estimula la neurogénesis en adultos en la zona
subventricular y subgranular del giro dentado del hipocampo [8] y promueve el
subsiguiente crecimiento de neuritas [85].

Por otro lado, el VEGF media la permeabilidad vascular, induciendo modificaciones
en las proteinas transmembrana y en las del citoesqueleto celular que les sirven
de anclaje y que constituyen el sustrato morfologico de la barrera hemoencefalica
(BHE) [86, 87]. La senalizacion del VEGF actia sobre las células endoteliales y
también sobre astrocitos y microglia. La astroglia esta regulada por varios factores
de crecimiento, de hecho, se ha descrito un papel regulador del VEGF sobre el
linaje celular astrocitario [88, 89]. Ademas, se ha demostrado que la infusion
exogena de este factor estimula la produccion de otros factores astrogliales
mitogénicos como el bFGF, potenciando asi la accién proliferativa del VEFG [90].
El VEGF-A derivado de astrocitos se ha referido como un importante mediador de
la permeabilidad de la barrera hematoencefalica, de la infiltracion linfocitaria etc,
Estos hallazgos identifican el bloqueo de la senalizacion del VEGF-A como una via
de proteccion frente a los trastornos inflamatorios del SNC [91].

En conclusion, en el sistema nervioso el VEGF ejerce efectos pleiotrépicos,
influyendo directamente sobre la proliferacion, migracion y supervivencia
de diferentes tipos celulares. Asi en las neuronas actia sobre el crecimiento
axonal y la supervivencia, en las células madre neuronales sobre la proliferacion
(neurogénesis) y migracion, en los astrocitos sobre la proliferacion, en las células
de Schwann sobre la supervivencia y migracion celular y en la microglia sobre la
proliferacién y migracion [92].
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2.2. VEGF y enfermedades del sistema nervioso central

El papel terapéutico del VEGF sobre las enfermedades del SNC se ha estudiado en
diferentes modelos experimentales. Se ha encontrado que el VEGF y sus recepto-
res estan sobreregulados en la isquemia cerebral focal [93, 94, 17, 18]. Experimen-
tos in vivo demuestran que los efectos del VEGF en la isquemia cerebral pueden
ser tanto beneficiosos como perjudiciales. Mientras que la administracion intra-
venosa temprana del VEGF después de la lesion produce un aumento de permea-
bilidad de la BHE [95], la administracion sistémica, topica e intracerebral del VEGF
ejerce efectos beneficiosos en varios modelos de accidentes cerebrovasculares
[93, 80]. La ruta de liberacion y el momento de administracion del VEGF parece
determinar los resultados del tratamiento tras una lesion isquémica [57]. Estos
efectos beneficiosos podrian estar relacionados con la angiogénesis estimulada
por el VEGF, la permeabilidad vascular modulada, los efectos neuroprotectores
directos o bien por la neurogénesis inducida. También hay evidencias de que el
VEGF promueve la reparacion del nervio después de una lesion de la médula espi-
nal. En estudios llevados a cabo tras la lesion traumatica de la medula espinal se
encontraba un aumento de la expresion del VEGF y de sus receptores [21] y ade-
mas la administracion local del VEGF mejor6 la recuperacion [96]. Estos estudios
han demostrado que mientras la inhibicion del VEGFR-2 extiende el area hemo-
rragica [96] y aumenta los marcadores de daiio neuronal y glial [21], la administra-
cion del plasmido del VEGF mejora el resultado de esta lesion [97].

El VEGF también ha sido considerado como protector en las enfermedades
neurodegenerativas. Oosthuyse et al (2001) publicaron un estudio que sugiere
una relacion entre el VEGF y la escleorosis lateral amiotréfica (ELA). Estos autores
manipularon el gen del VEGF en ratones, dando lugar a la muerte del 60% de
los ratones recién nacidos. El 40% de los ratones que sobrevivieron mostraban
sintomas de degeneracion de las neuronas motoras a los cinco meses de edad.
Ademas, las neuronas motoras mostraban signos neuropatologicos similares a
los de ELA [27]. Niveles reducidos del VEGF también aumentan la gravedad de la
degeneracion de las neuronas motoras en el modelo estandar de ELA (ratones
SOD1G93A) [98]. Se ha sugerido dos posibles mecanismos por los que pueda estar
influida la degeneracion de las neuronas motoras: la estimulacion neurotréfica
insuficiente de estas células por parte del VEGF o las anormalidades vasculares
debidas a un VEGF insuficiente que pueden poner las neuronas en riesgo por la
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aparicion de una neurodegeneracion tardia provocada por una isquemia crénica
[99].

En otros trastornos de las neuronas motoras como la atrofia muscular espinal y
bulbar (AMEB) ligada al cromosoma X, los ratones mostraban niveles reducidos
de VEGF [100].

La disfuncion neurovascular contribuye al deterioro cognitivo y a la
neurodegeneracién en la enfermedad del Alzheimer (EA). El acoplamiento
neurovascular, la inflamacion, la regresion de los vasos sanguineos y la
hipoperfusion cerebral podria estar relacionada con los niveles de VEGF, dado los
importantes efectos que ejerce sobre las células endoteliales y las neuronas [101,
30, 102]. Se ha propuesto que el aumento de los niveles de expresion del VEGF se
produce como una respuesta a la hipoperfusion y a la subsecuente hipoxia tisular
relativa que tiene lugar en los cerebro de estos pacientes. Por otro lado en células
del sistema inmunes de pacientes con enfermedad de Alzheimer se ha descrito
una reduccién en la expresion de VEGF, siendo atribuida esta observacion a los
efectos toxicos de la B-amiloide sobre dicha expresion [103]. Por todo ello el papel
del VEGF en la enfermedad de Alzheimer se considera controvertido y se necesitan
mas estudios para aclararlo.

In vitro se comporbé que el VEGF protege las neuronas dopaminérgicas mesen-
cefalicas contra la 6-hidroxidopamina (6-OHDA) que induce muerte celular, infi-
riendo de ello que el VEGF tiene efectos neuroprotectores sobre las neuronas do-
paminérgicas, objetivo principal de la neurodegeneracion en la enfermedad del
Parkinson. Estudios in vivo también han puesto de manifiesto efectos beneficio-
sos sobre el sistema de neuronas dopaminérgicas, tanto a nivel patolégico como
en estudios de comportamiento. El trasplante de células del rinon de hamster
recién nacido (BHK) secretoras de VEGF, en el estriado de ratas, protege contra la
administracion de 6-OHDA [29]. Estudios recientes sugiere que el trasplante de
células madre mesenquimales del cordén umbilical humano (CMCUH) combina-
do con el VEGF, podria ser una estrategia util para el tratamiento de la enferme-
dad del Parkinson, puesto que la expresion del VEGF aumenta significativamente
la diferenciacion dopaminérgica de las CMCUH in vivo [104].

Respecto a enfermedades autoinmunes los niveles de VEGF en suero correlacionan
bien con algunas de ellas [105]. Las lesiones en la esclerosis multiple se asocian con
vasos anormales que presentan aumento de la permeabilidad y una alteracion de
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la perfusion [106, 107]. VEGF puede jugar un papel doble en la esclerosis multiple,
en el modelo de encefalomielitis experimental autoinmune (EAE) en ratas, por
un lado la infusion en el estriado empeora la inflamacion de la placa y por otro
reduce la gravedad de la enfermedad [108].

2.3. Neurotrofinas

Las neurotrofinas son una parte importante de la familia de las angioneurinas,
debido a su amplia participacion en ambos procesos neuronales y vasculares. Los
ultimos hallazgos han indicado su implicacion en el desarrollo y mantenimiento
de los vasos cerebrales, ademas de su clasico papel en el desarrollo del sistema
nervioso [109].

Las neurotrofinas son una familia de proteinas que juegan un papel fundamental
en la regulacion de la funcion neuronal, plasticidad, desarrollo y supervivencia
[110, 111, 112, 113, 114, 115, 116]. En los mamiferos, las neurotrofinas se componen
de cuatro miembros de proteinas relacionadas estructuralmente: el factor de
crecimiento nervioso (NGF), el factor neurotréfico derivado del cerebro (BDNF),
la neurotrofina-3 (NT-3) y la neurotrofina-4 (NT-4), derivados del mismo gen
originario [117]. Inicialmente, las neurotrofinas son sintetizadas como proteinas
precursoras (protoneurotrofinas), similares a otros neuropéptidos. Estas
protoneurotrofinas son escindidas intracelularmente por varios enzimas que dan
lugar a proteinas maduras que son liberadas en el medio extracelular [118]. Cada
una de estas proteinas en su forma madura (con un peso molecular aproximado
de 13 kDa) es una proteina compleja con una pareja (dimero), activando de este
modo a los receptores especificos [119].

Las neurotrofinas ejercen su funcion mediante dos tipos de receptores
transmembrana: la familia de receptores tirosina quinasa (Trk) [120] y el receptor
pan-neurotrofina p75sNTR (p75 receptor de neurotrofinas). Trk media la proliferacion
celular, supervivencia y quimiotaxis, y el p7sNTR media dos respuestas, por un
lado cuando se coexpresan con los receptores Trks, p7sNTR mejora la afinidad y la
especificidad de las neurotrofinas unidas a Trks, para promover la supervivencia.
Por otro lado, la activacion de p75NTR por neurotrofinas puede iniciar la apoptosis
cuando p75NTR se coexpresa con sortilina, un miembro de la familia del VpSiop
[121]. Todas las neurotrofinas se unen con una afinidad similar a p75NTR, pero cada
una se une especificamente con elevada afinidad a diferentes receptores Trk [122].
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Las neurotrofinas han sido originalmente caracterizadas como factores de
crecimiento por sus efectos en la proliferacion, diferenciacion, y supervivencia de
neuronas tanto en el desarrollo como en la edad adulta [111]. Mas recientemente, se
ha descrito su papel en la regulacion de la plasticidad sinaptica y en la orientacion
y guia de los conos de crecimiento axonales [123, 124, 122]; pero las funciones de
las neurotrofinas y de sus receptores han sido descritas también en las células no
neuronales, tales como las células endoteliales, células musculares lisas, células
inmunes y células epiteliales [125, 126, 127, 128, 129, 130].

2.4. Factor neurotrdfico derivado del cerebro (BDNF)

EI BDNF es un homodimero de 27 Kda que fue identificado por Barde y clonado por
Leibrock en los anos 8o y es producido por las células gliales principalmente en
el cerebro y en la médula espinal [131, 132]. Esta proteina muestra una homologia
significativa con el factor de crecimiento nervioso (NGF), tanto en sus propiedades
bioquimicas (punto isoeléctrico, dimerizacion y conservacién de cisteinas) como
en sus propiedades biolégicas (supervivencia de neuronas en cultivo).

Los niveles de ARN mitocondrial del BDNF son mas abundantes en el cerebro
adulto que en el cerebro embrionario [133]. En general, la expresion persistente
y transitoria del ARNm se ha demostrado en varias regiones del cerebro de
ratas en desarrollo, sugiriendo la existencia de un gradiente rostro-caudal en
la expresion de BDNF durante el desarrollo posnatal del cerebro, indicando de
este modo su relacién con la maduraciéon neuronal [134]. El BDNF muestra un
patron caracteristico de expresion en el hipocampo, mientras que en otras partes
tiene una distribucion que abarca regiones de la corteza, claustrum, del nucleo
endopririforme, de la amigdala y del cerebelo [135, 136, 137, 138].

Desde su descubrimiento, un gran nimero de evidencias hablan sobre su papel
en el desarrollo, fisiologia y patologia del cerebro. Su importancia se ha demostra-
do en el desarrollo y supervivencia celular de neuronas corticales y del hipocampo
[109]. Ademas, promueve la diferenciacion neuronal de células progenitoras de la
pared ventricular del cerebro anterior adulto [139] y tiene un papel esencial en la
neuroproteccion del SNC. In vivo, se ha descrito que el BDNF protege diferentes
tipos de neuronas frente a una lesion [140, 141]. Se ha descrito un efecto neuropro-
tector relevante cuando se administra BDNF por via intravenosa tras el comienzo
de isquemia cerebral focal [141]. Otra serie de experimentos in vitro han demos-
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trado que el BDNF promueve la supervivencia celular a través de la activacion
de TrkB, induciendo varias proteinas G pequenas, asi como a través de las rutas
reguladas por MAP quinasas (MAPK), Pl 3-quinasa (PI13K) y fosfolipasa C [109]. En
cultivos de neuronas del hipocampo, el efecto neuroprotector del BDNF fue de-
mostrado contra la toxicidad del glutamato [142]. Algunos resultados confirman
que el BDNF junto con el IGF-1 previenen la muerte celular inducida por privacion
de suero en neuronas del hipocampo[143]. El BDNF también puede promover la
supervivencia neuronal en el hipocampo bajo condiciones de defecto de insulina
[144].

Evidencias recientes sugieren que el BDNF participa en la regulacion de la
plasticidad sinaptica que surge de la actividad asociada con los procesos de
aprendizaje y de memoria [145, 146]. Esta posibilidad es sustentada por varios
hallazgos, entre los cuales podemos mencionar que la induccion de la potenciacion
a largo plazo (LTP) causa aumentos en los niveles del ARNm del BDNF y de su
receptor TrkB [147]. Se ha observado también que el BDNF es un mediador critico
de plasticidad dependiente de la experiencia en las areas corticales visuales [148].

A parte de los conocidos efectos sobre las neuronas, estudios recientes han
encontrado que el BDNF juega un importante papel en la regulacion del desarrollo
vascularyen larespuestaalaslesiones. Este factor se expresa de manera especifica
tanto durante el desarrollo como en la edad adulta [12]. Las células endoteliales
de las arterias y capilares del corazén y de los musculos expresan BDNF y TrkB.
La falta de BDNF tiene como resultado la disminucion de los contactos entre las
células endoteliales, y la apoptosis de las mismas. Este factor esta implicado en la
regulacion de los niveles del VEGF en las células del neuroblastoma, indicando que
las terapias dirigidas a BDNF/TrkB/PI3K, a las rutas de transduccion de seial mTOR
y/o a HIF-1alfa tienen el potencial para inhibir la expresion del VEGF y limitar el
crecimiento del neuroblastoma [125]. Por otra parte, el BDNF es capaz de inducir
neoangiogénesis a través de las células endoteliales del musculo esquelético
que expresan TrkB o por reclutamiento de subconjuntos especificos de células
hematopoyéticas derivadas de la médula 6sea TrkB+, proporcionando un soporte
periendotelial para vasos recién formados [149]. La hipoxia crénica subletal,
ademas de alterar la permeabilidad caracteristica de la microvascularizacion
cerebral, produce angiogénesis inducida por un aumento de la secrecion de VEGF
y BDNF por las células endoteliales y los astrocitos [150].
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2.5. BDNF y enfermedades del sistema nervioso central

El BDNF ocupa una posicion central en la patologia molecular de un gran nimero
de enfermedades cerebrales. El BDNF esta implicado en la cascada de cambios
electrofisiologicos y de comportamiento que subyacen al estado epiléptico [151].
La epileptogénesis en modelos animales pueden ser inhibida por la infusion
de anticuerpos anti-BDNF o usando animales knockout para el BDNF [152, 153].
Los datos electrofisiologicos y de comportamiento demuestran también que la
inhibicién de la transduccion del BDNF inhibe la sensibilizacion al dolor central
[154]. Las enfermedades neurodegenerativas tales como el Alzheimer o el
Parkinson muestran una reduccion en la expresion del BDNF en el hipocampo o
en la substantia nigra [24, 26]. Trastornos de comportamiento como la depresién,
también muestran una disminucién de los niveles de ARNm del BDNF [155].

2.6. Factor de crecimiento insulinico tipo I (IGF-1)

El IGF-l es una proteina similar a la insulina [156] y es uno de los principales
mediadores de la accion de la hormona de crecimiento [157]. El IGF-1 es una proteina
de cadena sencilla de 70 amino acidos con tres puentes disulfuro intramoleculares
y un peso molecular 7,649 KDa. Se sintetiza principalmente en el higado (también
en rifién) y en los tejidos diana, de una manera autocrina y paracrina. La mayor
parte de todo el IGF-I sanguineo se une a las proteinas transportadoras (BPs).
Hay 6 proteinas de unién al IGF (IGF-BPs), lo que aumenta en gran medida la
complejidad del sistema IGF [158]. Estos complejos de unién prolongan la vida
media del IGF, regulan su distribucion en los tejidos y facilitan o bloquean la
union a sus receptores en los tejidos diana [159]. El IGFBP-3 es la proteina mas
abundante de todas las que se unen al IGF (transportando alrededor del 80% del
IGF). El transporte del IGF al sistema nervioso central era un punto controvertido
hasta que Nishijima et al. [160], sugirieron que el transporte localizado del IGF
através de la barrera hematoencefalica venia posibilitado por el acoplamiento
neurovascular que libera una serie de mensajeros que estimulan la accion de la
metaloproteinasa-9, que lleva a la escision de IGFBP-3, permitiendo el paso del
IGF sérico al SNC a través de su interaccion con el transportador endotelial de
lipoproteinas relacionado con el receptor 1. Se tata pues de un proceso posibilitado
por la actividad neuronal y la existencia de receptores especificos.

223



NEUROPROTECCION EN ENFERMEDADES NEURO Y HEREDO DEGENERATIVAS

La expresion del IGF-1 esta restringida en el cerebro a regiones y periodos de desa-
rrollo axonal, maduracién dendritica y sinaptogénesis [161,162]. El IGF-l actda prin-
cipalmente a través de su receptor tirosin quinasa (IGF-1R), que esta ampliamente
distribuido en el cerebro. La union de IGF-I a IGF-IR puede activar dos importantes
rutas de senalizacion, las rutas PI3K/Akt y MAPK, estimulando el crecimiento y
supervivencia de tipos celulares particulares [156]. El IGF-IR también se entrecruza
con la ruta del receptor del factor de crecimiento epidérmico (EGFR) [163, 164], y
esta interaccion entre las rutas de senalizacion de EGFR y de IGF-IR puede ocu-
rrir directamente por heterodimerizacion de los receptores, o indirectamente a
través de las moléculas comunes de senalizacion reguladas a la baja [164]. Una
variedad de ensayos in vitro e in vivo han demostrado que el IGF esta involucrado
en el desarrollo del sistema nervioso central, durante ambos periodos: prenatal
y posnatal. El IGF es un factor de supervivencia para las neuronas sensoriales y
motoras [159], actuando como un neuroprotector contra la excitotoxicidad y el
estrés oxidativo [165, 166]. Este factor desempena un papel protector contra la
citotoxicidad, para los precursores de los oligodendrocitos [167], y para los oligo-
dendrocitos maduros contra los efectos inducidos por la muerte causada por el
factor de necrosis [168]. El IGF ejerce a su vez, efectos sobre la proliferacion de los
progenitores neurales y de los progenitores de los oligodendrocitos, recuperando
asi, células de un accidente cerebrovascular isquémico a través de la regenera-
cion, y mejorando la proliferacion de progenitores neurales endégenos en ratas
[169]. El IGF promueve la sinaptogénesis y la neurogénesis en el giro dentado del
hipocampo [170] y modula la plasticidad cerebral a través del crecimiento de las
neuritas, de la sinaptogénesis y de la liberacion de neurotransmisores [171, 172].

El IGF es importante en el desarrollo de los vasos sanguineos cerebrales, siendo
un factor angiogénico conocido [14]). El IGF-I modula la formacién de los vasos
durante el desarrollo cerebral [13], modulando también la actividad angiogénica
basal y reparando la disminucion gradual de la densidad vascular que acompana
al envejecimiento cerebral [173]. La disminucién de los niveles del IGF-I en suero
inevitablemente se traduciria en la disminucion de las capacidades angiogénicas
de los cerebros en envejecimiento [174]; pero correspondientemente, los mismos
autores afirman que el ejercicio fisico promueve la angiogénesis mediada por
el IGF-I, ejerciendo un papel neuroprotector y angiogénico. Algunos estudios
demuestran que los efectos del ejercicio fisico en el cerebro estan mediados por
IGF-1 [175, 176], siendo el IGF-I un importante agente protector fente a la lesion
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cerebral [177], isquemia y traumas [178], o cualquier otra patologia que requiera la
formacion de nuevos vasos sanguineos en el cerebro [179].

2.7. IGF y enfermedades del sistema nerviosos central

La investigacion de los niveles de IGF-I se centra especificamente en el
envejecimiento y en las enfermedades neurodegenerativas [25], puesto que la
edad se asocia con niveles bajos de IGF-I en suero en modelos animales [180]
y también en seres humanos [181]. Una serie de patologias cerebrales, que van
desde accidentes vasculares hasta la enfermedad del Alzheimer, muestran niveles
de IGF-| alterados en suero, pero en este caso hay resultados controvertidos.
Ciertas evidencias sugieren que el IGF-I podria ser de utilidad terapéutica en la
enfermedad del Alzheimer [182] mientras que otros estudios muestran en cambio
que la inhibicion del IGF-1, también podria ser beneficioso en dicha enfermedad
[183, 184]. Cada vez hay mas evidencias que apoyan el concepto de que la
enfermedad del Alzheimer es fundamentalmente una enfermedad metabdlica
con alteraciones sustanciales y progresivas en la utilizacion de la glucosa cerebral,
y en la capacidad de respuesta a la insulina y a la estimulacion de IGF [185].

También hay una relacion entre este factor de crecimiento y el cancer [186]. Los
niveles altos de IGF-I circulante y la expresion de IGF-IR estan asociados con un
mayor riesgo de padecer varios tipos de canceres comunes. Por ejemplo, en el
mieloma multiple, el IGF-IR es uno de los principales mediadores del crecimiento
y de la supervivencia celular [187]. La sefalizacion del IGF-IR es crucial para la
transformacion tumoral y para la supervivencia de las células malignas, por
ello se estan desarrollando estrategias terapéuticas dirigidas al desarrollo de
antagonistas para el IGF-IR [188].

2.8. Eritropoyetina (EPO)

La eritropoyetina (EPO) es una glicoproteina purificada en 1977 [189] y aislada por
[190]. Inicialmente fue descrita como la principal reguladora de eritropoyesis, dado
que inhibia la muerte celular programada de los eritrocitos y en consecuencia,
permitia su maduracién [191]; sin embargo, estudios recientes han demostrado
que esta citoquina actia en diferentes tejidos, incluyendo al sistema nervioso
[192]. Si bien se produce en el higado fetal y en los rifiones adultos [193], la EPO
y su receptor (EPOR) se han localizado en varias regiones del cerebro de los
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mamiferos [194, 195], tanto en las neuronas, como en las células gliales y en
las células endoteliales de los capilares del cerebro [196, 197, 192]. Ademas, la
expresion de EPO y EPOR en el cerebro adulto se ve reforzada por la hipoxia [194],
y por otros estimulos tales como la hipoglucemia, la insulina y la liberacion del
factor de crecimiento de la insulina (IGF). Las especies reactivas de oxigeno y la
activacion del factor inducible por hipoxia (HIF) también llevan a un aumento en
la expresion de EPO [198, 199].

La EPO y el EPOR se detectan en el SNC durante el desarrollo fetal [197] y
permanecen durante la edad adulta [194]. La expresion de EPOR en la etapa
embrionaria sugiere un papel de la EPO en el desarrollo del cerebro y en el
mantenimiento de los tejidos [200]. Ademas, se ha demostrado que la EPO es
capaz de inducir diversas respuestas celulares, entre otras se ha descrito como un
factor neuroprotector, neurogénico, neurotréfico, angiogénico, antiapoptotico y
antiinflamatorio [19, 201].

El papel de EPO en la neuroproteccion se ha demostrado a través de la infusién
de EPOR soluble en animales sometidos a isquemia leve. La unién competitiva de
EPO entre el EPOR endogeno y el soluble causé la muerte neuronal y deterioro
de la capacidad de aprendizaje. Ello sugiere que el EPOR enddgeno juega un
papel critico en el control de la funcion neuronal y por lo tanto, tiene un efecto
neuroprotector [202]. En cultivo de neuronas, EPO induce neuroproteccion a través
de la inhibicion de la apoptosis y reduciendo el dano en el ADN [203].

Las funciones neurotréficas fueron descritas en primer lugar por [204], tanto in
vitro como in vivo. Los efectos neurotroficos descritos para la EPO incluyen, entre
otros, la capacidad para estimular el crecimiento axonal, la formacién de neuritas,
el crecimiento de nuevas dendritas y la sintesis y liberacion de neurotransmisores
[205, 206)].

Se ha propuesto también, una funcién neurogénica para EPO. Se ha demostrado
que la produccion de EPO inducida por hipoxia aparentemente actua sobre las
células madre neuronales en el prosencéfalo, sugiriendo un papel directo de esta
citoquina en la neurogénesis [207]. La EPO también induce la expresion del gen de
BDNF [208], que esta estrechamente racionado con la neurogénesis.

Ademas de sus efectos sobre las neuronas, la neuroproteccion inducida por
EPO puede atribuirse a una mejora en la vascularizacion cerebral, mediante la
formacion de nuevos vasos. Este efecto angiogénico se observé en diferentes
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modelos experimentales, tales como en los arcos aérticos de rata [15] o en el
endometrio de raton [16]. Ademas, la EPO ayuda en la preservacion de la integridad
de la barrera hematoencefalica durante una lesion, probablemente restaurando
la expresion de las proteinas de las uniones estrechas [209] y reduciendo la
inflamacion [210] y la expresion de los radicales libres [209].

Los efectos antiapoptéticosde EPOenlascélulas neuronalesrequierenlaactivacion
combinada de rutas de senalizacion, que incluyen a STATs, AKT y potencialmente
a MAPK, de un modo similar al observado en las células hematopoyéticas [211].

La EPO puede activar las rutas antiinflamatorias y antiapoptéticas, ya sea por la
interaccion con su clasico receptor EPO-R [212] o por la diana molecular responsable
de los efectos de EPO en la proteccion de los tejidos, el receptor comuin f (BcR)
[213]. EI BcR es un dominio de transduccion de sefal, que esta también presente
en el complejo del receptor para los factores estimulantes de las colonias de
macréfagos y granulocitos, IL-3 e IL-5.

Finalmente, la EPO atenua la inflamacion mediante la reduccion de los astrocitos
reactivos y la activacion de la microglia, y por la inhibicion del reclutamiento
de las células inmunes en el area lesionada. Por tanto, la EPO tiene un efecto
antiinflamatorio que contribuye a sus efectos neuroprotectores directos.

2.9. EPO y enfermedades del sistema nervioso central

Varios estudios se han llevado a cabo para poner a prueba el potencial terapéutico
de la EPO en varias enfermedades del SNC.

Diferentes estudios han encontrado que la EPO reducia la produccion de
mediadores de inflamacion, lo que reduce los infartos en la isquemia cerebral
[214] y la atenuacién de las lesiones en la esclerosis multiple [215]. Varios modelos
animales de accidentes cerebrovasculares han mostrado que la administracion
de EPO ademas de reducir el tamaiio del infarto [19], reduce del dafio histolégico
y mejora el resultado funcional tras un accidente cerebrovascular experimental
[214, 216]. La administracion de EPO en modelos experimentales de lesiones
cerebrales traumaticas y de la médula espinal, conduce a una recuperacion
morfolégica, funcional y cognitiva [217], aumentando la neurogénesis en el giro
dentado [218] y disminuyendo el edema cerebral [22]. La respuesta inflamatoria
protege al cerebro y promueve la revascularizacion para acelerar la recuperacion
del flujo sanguineo cerebral [219].
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La EPO resulté ser neuropotectora también en modelos de enfermedades
neurodegenerativas y neuroinflamatorias. Se ha demostrado en un modelo
animal de esclerosis multiple que el tratamiento con EPO puede retrasar la
apariciéon de la enfermedad y reducir su severidad mediante la administracion
profilactica [215]. Por otro lado, la administracion de EPO después de la aparicion
de los signos clinicos de la esclerosis multiple disminuye el dano del tejido y la
respuesta inflamatoria de la médula espinal, y también la permeabilidad de la
barrera hematoencefalica [28]. El tratamiento con EPO puede contrarrestar
los procesos degenerativos en la enfermedad del Parkinson y en la esclerosis
lateral amiotréfica (ELA) por la inhibicion de la apoptosis y la estimulacion de la
regeneracion axonal [31]. Otras patologias como la esquizofrenia, la retinopatia
o la epilepsia también mostraron mejorias después de la administracion de EPO.

3. Enriquecimiento ambiental

El desarrollo postnatal del sistema nervioso central se completa en dos etapas, una
genéticamente predeterminada y otra modulada por la experiencia ambiental
[220, 221]. Después del nacimiento, la experiencia modula los programas de
desarrollo de la arquitectura cortical y de la funcién [222, 223]. La experiencia
media cambios tales como el aumento en el nimero y tamano de sinapsis por
neurona [224], el aumento de la actividad neuronal [225, 226], el aumento de la
demanda metabdlica [227, 228] y los cambios de la red vascular [224, 229, 230].

Las primeras aproximaciones a los efectos del ambiente sobre el desarrollo se
remontan al siglo XIX con Lamarck y Darwin [231, 232]. Al final de siglo, tanto Cajal
y Sherrington adelantaron los efectos del aprendizaje en la plasticidad sinaptica
[233, 234]. La mayoria de los cambios corticales inducidos por la experiencia se
producen durante un periodo temprano de la plasticidad, definido como periodo
critico. Esta ventana de tiempo de la vida postnatal es especifica para cada
area cerebral, y después de esta reorganizacion mediada por la experiencia, las
funciones sensoriales alcanzan su madurez [235, 236]. El cierre del periodo critico
se completa cuando las redes perineurales se forman alrededor de las neuronas
[237].

El estudio de la modificacion de la morfologia del cerebro inducido por la
experiencia se ha realizado mediante estudios de conducta llevados a cabo en un
laboratorio, donde las condiciones ambientales se pueden modificar [238]. Desde
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los primeros estudios sobre modificaciones ambientales, los experimentos se han
realizado en dos direcciones opuestas, el enriquecimiento y la privacion.

3.1. Privacion sensorial

Aunque la influencia de la experiencia externa tiene lugar en todo el SNC, la
mayoria de los estudios de los efectos de los aportes externos se han desarrollado
en la corteza visual. El sistema visual tiene una organizacion jerarquica bien
definida que facilita el estudio de sus estructuras a través de la interrupcion de las
rutas en diferentes etapas o la privacion de los aportes utilizando cualquiera de las
técnicas invasivas —inyeccion de tetrodotoxina [239, 148]; cirugia, como la sutura
del parpado [240, 241], enucleacion bilateral o unilateral [242], la eliminacién de la
retina [243] - o técnicas no invasivas, tales como la cria en oscuridad [245, 229, 52,
244], o el uso de lentes de contacto opacas [246]. La ausencia de la experiencia
visual desde el nacimiento retrasa la maduracion normal y mantiene a la corteza
visual en un estado inmaduro [241, 247, 248]. En particular, las conexiones visuales
no se consolidan, permaneciendo plasticas tras el cierre del periodo critico
fisiologico, y por tanto, la agudeza visual no se desarrolla [237].

Otro sistema sensorial ampliamente utilizado para estudiar los efectos del
empobrecimiento ambiental es la corteza somatosensorial, especialmente la
region de los “barriles” (barrels) que reciben informacién sensorial crucial para
muchos roedores y felinos procedentes de las vibrisas o pelos del bigote de estos
animales [249, 250]. Recortar dichos bigotes empobrece las aferencias sensorial
de tal modo que se inducen modificaciones morfologicas y fisiolégicas en
dicha corteza, maxime cuando la manipulacion se desarrolla durante el periodo
critico [251, 252, 253]. Los estudios sobre los efectos de la privaciéon auditiva u
olfatoria comparten efectos similares con el sistema visual o con el sistema
somatosensorial [254]. Una caracteristica comln a toda privacion sensorial es
la plasticidad compensatoria intermodal que aumenta el rendimiento para los
sentidos restantes cuando uno es privado [255, 256].

Probablemente el método mas conocido para compensar la deprivacion sensorial
es por medio del enriquecimiento ambiental, también usado para compensar los
efectos de muchas enfermedades cerebrales [257].
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3.2. Enriquecimiento sensorial

Los primeros estudios sistematicos sobre el enriquecimiento ambiental (EA) se
pueden atribuir a Donald Hebb en 1947, el cual describié como las ratas cuidadas
como animales de compania, tenian un mejor rendimiento en las pruebas de
resolucién de problemas, que las ratas criadas en jaulas [258]. Su grupo de discipulos
en Berkeley (Rosenzweig, Krech, Bennet y Diamond) definieron el concepto de
enriquecimiento ambiental como la combinacion de complejos inanimados, la
estimulacion social y visual y ejercicio fisico. Todo ello ejerce una gran variedad de
efectos alargo plazo a nivel neuroanatémico, neuroquimicoy conductual en varias
especies de animales. Desde sus primeros estudios, el enriquecimiento ambiental
se ha aplicado utilizando jaulas mas grandes que las estandar, llenas de juguetes
de diferentes colores y formas (tuneles, rampas, refugios, material para construir
nidos, etc). Estos objetos y la colocacién de los alimentos se cambian de manera
periddica. Otro elemento que tiene una influencia sustancial, es la interaccién
social, jaulas mas amplias permiten criar a un mayor ndmero de animales que
intercambian estimulos sociales. Otro elemento del enriquecimiento ambiental
es el ejercicio fisico, forzado o voluntario, que en roedores es comunmente
implementado por el libre acceso a una rueda de ejercicio o por una cinta de
caminar [36, 37]. Aunque, algunos autores dudan si el ejercicio fisico deberia
estar incluido, cabe decir que el ejercicio fisico por si mismo induce importantes
cambios en el cerebro, por ello, la mayoria de los paradigmas sobre el entorno
enriquecido, empezando desde Hebb, han decidio incluirlo. Recientemente, se ha
puesto también de manifiesto, que el ejercicio fisico es requerido para recuperarse
de los efectos de la privacion visual [259]. Por el contrario, el papel del ejercicio
fisico se ha despreciado en los modelos cognitivos [24].

Por lo tanto, el enriquecimiento ambiental aumenta la estimulaciéon sensorial,
cognitiva, y motora, y promueve la activacion, senalizacion y plasticidad neuronal
entodas las areas del cerebro. Un aumento en el estimulo somatosensorial o visual
afecta principalmente a estas areas, asi como un aumento de la estimulacion
cognitiva afecta al hipocampo y la estimulacion motora afecta a la corteza
motora, estriado o cerebelo. No obstante, los efectos no son tan selectivos cuando
el enriquecimiento produce efectos globales por todo el cerebro [38, 31, 257]. Estos
autores usan el término “reserva cognitiva” para referirse al amplio espectro de
mecanismos neuroprotectores contra las patologias neurodegenerativas y otras
enfermedades cerebrales.
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Figura 3. Representacion esquemdtica de una caja de enriquecimiento ambiental, de mayor tamario que las es-
tandar, con numerosos objetos de diversos colores y formas, donde conviven un niimero elevado de individuos.
El grdfico de la derecha sefiala algunas de las dreas donde se pueden encontrar modificaciones debidas a la cria
en estas condiciones.

La cria en ambientes enriquecidos induce efectos desde niveles celulares,
moleculares o genéticos hasta niveles de comportamiento. Los estudios del grupo
deBerkeley,demostrabanqueelenriquecimientoambientalaumentabael pesoyel
grosor cortical [260, 261], y estudios posteriores también describieron un aumento
en la ramificacion dendritica y en su longitud, nimero de espinas dendriticas y en
el tamaio de las sinapsis, sobre todo en algunas poblaciones neuronales [262,
263]. El enriquecimiento ambiental y el ejercicio fisico tienen importantes efectos
sobre la plasticidad de las conexiones neuronales, especialmente en la corteza
visual ([34, 49]. El enriquecimiento ambiental también aumenta la neurogénesis
en el hipocampo, mediada por VEGF [264]. Aunque, la mayoria de los estudios
morfolégicos se han llevado a cabo en la corteza visual, como se ha explicado
anteriormente [265, 266], otras areas sensoriales y no sensoriales experimentan
cambios morfoldgicos importantes, asi ocurre por ejemplo en la corteza auditiva
[267], la corteza somatosensorial [268], el hipocampo [269], la amigdala [270]
o los ganglios basales [271, 272]. No obstante, los efectos de criar en entornos
complejos no se limitan solo a las neuronas. Los primeros estudios refirieron que la
morfologia astrocitaria cambiaba debido a la exposicion a entornos enriquecidos
[265, 273] y estudios posteriores mostraron un aumento en el tamano y densidad
de los astrocitos [274]. El enriquecimiento ambiental también aumenta la
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densidad vascular [227, 52, 224] y la densidad oligodendroglial [274, 275]. Aparte
de estos incrementos a nivel tisular, estudios recientes han descrito la aceleracion
del desarrollo del sistema visual como una consecuencia del enriquecimiento
ambiental. La cria de animales en un entorno enriquecido induce la apertura
temprana de los ojos y tiene efectos electrofisiolégicos, tales como el desarrollo
temprano de la agudeza visual [34].

La mayoria de estos cambios a nivel celular estan en concordancia con los
cambios en la expresion de genes involucrados en la plasticidad sinaptica. El
enriquecimiento ambiental aumenta los niveles de angioneurinas, tales como
el factor de crecimiento nervioso (NGF) [48], el factor neurotroéfico derivado del
cerebro (BDNF) [49, 50], la neurotrofina-3 (NT-3) [51] y el VEGF que juega un papel
clave en la sefalizacion neuronal [52]. Al mismo tiempo, aumenta la expresion de
las proteinas sinapticas e induce cambios en la expresion de las subunidades de
los receptores NMDA y AMPA [276].

Por ultimo, pero no menos importante, criar en entornos enriquecidos mejora
el aprendizaje y la memoria [269, 277, 278], disminuye el deterioro cognitivo
debido al envejecimiento [279, 280, 281], disminuye la ansiedad y aumenta la
capacidad exploratoria [282]. En modelos experimentales, algunos autores han
descrito como la exposicion a entornos enriquecidos evita los efectos de criar en
oscuridad, en la corteza visual de la rata [283]. Estudios recientes han destacado la
importancia de la duracion del enriquecimiento ambiental, dado que es relevante
para la persistencia de sus efectos sobre el comportamiento [284].

3.3. Enriquecimiento ambiental y enfermedades del sistema nervioso central

Debido a los efectos beneficiosos del enriquecimiento ambiental sobre el
desarrollo del cerebro, no es sorprendente que se haya postulado como una
terapia, o al menos como una estrategia neuroprotectora para la mayoria de las
enfermedades cerebrales [37, 38]. El concepto de “Reserva Cerebral Cognitiva”
postulado por Nithianantharajah y Hannah ofrece un marco general para diversas
estrategias neurorestauradoras en las enfermedades del SNC.

En los estudios realizados sobre las enfermedades neurodegenerativas, el entorno
enriquecido ha demostrado ser una herramienta util para evitar el deterioro
cognitivo inducido no sélo por el envejecimiento normal, sino que también por
la enfermedad de Alzheimer. Criar en ambientes complejos mejora las pruebas
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cognitivas en modelos de ratones transgénico de la enfermedad del Alzheimer
[285], reduce la deposicion de B-amiloide [286] y aumenta la angiogénesis,
facilitando la liberacion de B-amiloide [287]. En la enfermedad de Huntington,
el enriquecimiento ambiental mejora el déficit cognitivo en un modelo de raton
transgénico [42]. En la enfermedad de Parkinson, el enriquecimiento ambiental
aumenta la resistencia al efecto neurotéxico del MPTP, farmaco inductor del
Parkinson e induce una variedad de cambios en la expresion de genes en el
estriado. Esto es compatible con los drasticos cambios morfolégicos inducidos
por el enriquecimiento ambiental en el estriado [41, 288]. Las enfermedades
genéticas tales como el sindrome de Rett y el sindrome de Down han mejorado
las respuestas motoras y de comportamiento cuando los modelos animales son
criados en ambientes enriquecidos [288, 290, 291, 292].

Pero las mejoras del enriquecimiento ambiental no sélo estan vinculadas a las
enfermedades neurodegenerativas. En modelos de accidentes cerebrovasculares,
las secuelas motoras de dichos accidentes cerebrovasculares disminuyen con el
enriquecimiento ambiental [293].

Los estudios en modelos de traumatismo craneo-encefalico también han puesto
de manifiesto los beneficios que proporciona criar en ambientes enriquecidos.
Estos promueven larecuperacion de la funcion cognitiva tras unalesion traumatica
[43]. También reduce el dafio a la BHE inducido por una lesién quirdrgica [45] y
disminuye la muerte apoptética, neuronal ademas de mejora la vascularizacion en
el mismo modelo [45]. Los estudios en humanos muestran también los beneficios
de usar ambientes enriquecidos en la rehabilitacion neurofisiolégica [294].

Por ultimo, el enriquecimiento ambiental incluso tiene efectos beneficiosos en los
tumores. Se ha descrito recientemente que los ratones que viven en un ambiente
enriquecido muestran un crecimiento tumoral reducido y una mayor remision a
través del eje BDNF/leptina [47].

3.4. VEGF y enriquecimiento ambiental

Varios estudios han indicado que el enriquecimiento ambiental (EA) aumenta la
expresion de algunos factores troficos, tales como el VEGF o el BDNF [48, 51, 52].
Sin embargo, pocos estudios han probado los efectos de combinar la infusion
de VEGF y el EA [45]. Los pocos experimentos realizados han demostrado que la
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combinacion del VEGF y el EA tienen un efecto sinérgico mas fuerte, comparado
con la infusién del VEGF solo, tanto a nivel celular como a nivel tisular.

A pesar del aumento de la permeabilidad inducida por la administracion del VEGF,
la conservacion de los tejidos fue mejor cuando la infusion del VEGF se combino
con el EA. Ademas, parece haber un aumento en las densidades vasculares y
neuronales por la aplicacion combinada de ambas estrategias [45]. No obstante,
se necesitan investigaciones adicionales para evitar los efectos potencialmente
negativos, tales como la modificacion del periodo critico [34] o los relacionados
con los efectos secundarios del VEGF, como el edema [295].

3.5. BDNF y enriquecimiento ambiental

Numerosos estudios han informado que la exposicion a un entorno enriquecido
durante el desarrolloy en la edad adulta afecta a la expresion de las neurotrofinas,
mediante el aumento en la expresion del NGF [48], del BDNF [49] y de la
neurotrofina-3 [51] en areas cerebrales, tales como el prosencéfado basal, la
corteza cerebral, el hipocampo y el cerebelo [296, 51]. Kuzumaki y colaboradores
mostraron que un ambiente enriquecido estimula la diferenciacion neuronal a
partir de precursores en el giro dentado del hipocampo, aumentando la expresion
del BDNF con una regulacion sostenida de la cromatina en particular. La actividad
fisica también afecta a los niveles de BDNF [297, 298, 299]. Otro estudio informé
que la distribucion diferencial de los niveles de neurotrofinas en el hipocampo
dorsal y ventral puede verse afectado por el enriquecimiento ambiental, que
aumenta los niveles de BDNF [300].

El enriquecimiento ambiental en ratones+/- para BDNF esta dirigido por
mecanismos distintos en machos y hembras, siendo en los ratones macho,
donde el rescate del fenotipo emocional esta relacionado con un aumento en la
expresion del BDNF en el hipocampo [301]. Hay un estudio que demuestra como
el ejercicio mejora el aprendizaje después de la neurodegeneracion inducida en el
hipocampo por la administracion de acido kainico lo que se asocia a un aumento
de BDNF [302]. En algunos estudios, se ha observado que el ejercicio juega un
papel relevante en la modulacién de varios factores que inciden en la plasticidad
del cerebro, aumentando los niveles de BDNF [299] y en la captacion del factor
de crecimiento similar a la insulina. Estos factores implican una mejor salud del
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animal, una buena proteccion contra la muerte neuronal [303], y un aumento en
la proliferacién neuronal [304, 305].

3.6. IGF y enriquecimiento ambiental

Sobre el efecto del enriquecimiento ambiental en la expresion del IGF-I no hay
muchos estudios pero silos hay en relacion con el ejercicio habiéndose demostrado
que el IGF-I media los efectos neuroprotectores debidos a él [303, 306]. El ejercicio
aumenta la expresion del IGF en el hipocampo, estando involucrado en la
plasticidad del hipocampo, en el aprendizaje y en la memoria [172, 299, 307].

Neutralizando el IGF-I circulante bloquea significativamente la eficacia del EA
en la recuperacion funcional de la lesion de la médula espinal, apoyando la idea
de que el IGF-1 podria ser una posible ayuda terapéutica en la rehabilitacion
temprana después de una lesion de la médula espinal [306].

Un estudio reciente, ha demostrado que el tratamiento intracortical con IGF-I
unido al EA, restablece la plasticidad neuronal en el sistema visual de ratas adultas
[308]. Por tanto el IGF-I promueve la plasticidad en el sistema nervioso adulto,
pudiendo ser una estrategia para reparar el cerebro en la vida adulta.

Los niveles basales de IGF-I juegan un papel clave en la mediacion de los efectos del
EA sobre el desarrollo de la retina a través de una accion que requiere el concurso
de BDNF [309]. EI BDNF esta también implicado en las acciones del IGF-l que
median los efectos del EA 'y que podrian ser ejecutados a través de la modulacion
del circuito inhibitorio intracortical y del desarrollo de las redes perineuronales
[310]. Otros trabajo demuestra que los masajes tienen una influencia sobre el
desarrollo del cerebro, particularmente sobre el desarrollo visual, y que estos
efectos estan mediados por el IGF-1 [311]. El EA ejerce efectos sobre el receptor
del IGF-1, y se ha demostrado que regula a la alta al gen de dicho receptor en el
hipocampo y en la corteza somatosensorial de la rata adulta [312].

3.7. EPO y enriquecimiento ambiental

En experimentos llevados a cabo para establecer los efectos de la administracion
de EPO en combinacién con un ambiente enriquecido [313] observaron que el EA
produce un aumento en la expresion del gen de EPO y de EPOR durante la hipoxia.
Sin embargo, aun se desconoce si este paradigma podria mejorar los efectos
beneficiosos obtenidos por la administracion de EPO por si sola.
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4. Observaciones finales

La exposicion de pacientes a ambientes enriquecidos juega un importante papel
en la restauracion del cerebro. Esto implica un aumento de la expresion de las
angioglioneurinas que estan involucradas en la mejoria observada en varias
enfermedades.

Las neurotrofinas son una familia de proteinas que juegan un papel fundamental
en la regulacion de la funcion neuronal, plasticidad, desarrollo y supervivencia.
Las neurotrofinas se caracterizaron originalmente como factores tréficos por sus
efectos en la proliferacion, diferenciacion y supervivencia de neuronas, tanto
durante el desarrollo como en la edad adulta. Mas recientemente, se ha descrito
su papel en la regulacion sinaptica y en la orientacion de los conos de crecimiento
axonales. Se han descrito también, las funciones tanto de las neurotrofinas
como de sus receptores sobre las células no neuronales, tales como las células
endoteliales, las células musculares lisas, las células inmunes y las células
epiteliales. Evidencias solidas sugieren que el BDNF participa en la regulacion de
la plasticidad sinaptica que surge de la actividad asociada con los procesos de
aprendizaje y memoria.

Mientras que la expresion del IGF-I esta restringida en el cerebro a las regiones
y periodos de crecimiento axonal, maduracion dendritica y sinaptogénesis,
desempenando un papel relevante en el desarrollo de los vasos sanguineos
cerebrales, como factor angiogénico. Algunas patologias cerebrales, como las
apoplejias o la enfermedad de Alzheimer, muestran resultados controvertidos
con niveles de IGF-1 alterados.

Otras de las principales angioglineurinas, la EPO, tiene un efecto antiinflamatorio
que contribuye a su efecto neuroprotector directo. Pero una aplicacion
prolongada podria causar efectos secundarios serios debido a la estimulacion de
la eritropoyesis. Para este proposito, se han desarrollado citoquinas similares a
EPO que carecen del potencial eritropoyético. Los efectos neuroprotectores de
los derivados similares a EPO se han estudiado en modelos experimentales de
isquemia cerebral y de lesion de la médula espinal [214, 217]. Se han probado los
efectos neuroprotectores del VEGF en varios sistemas neuronales, incluyendo el
sistema dopaminérgico. El VEGF juega un doble papel en diferentes patologias
neurodegenerativas (esclerosis multiple, enfermedad del Parkinson). Por ejemplo,
en el modelo de encefalomielitis experimental autoinmune (EAE) en ratas (remeda
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Esclerosis Mdultiple), por un lado la infusion en el estriado empeora la inflamacion
de la placa y por otro reduce la gravedad de la enfermedad.

La combinacion de la administracion de angioglioneurinas y del enriquecimiento
ambiental podria ser una estrategia terapéutica prometedora para solucionar
algunos trastornos cerebrales. Sin embargo, se necesitan investigaciones
adicionales para establecer el patron de sincronizacion 6ptimo con el fin de
garantizar los maximos efectos sinérgicos, evitando al mismo tiempo los
potenciales efectos secundarios de esta combinacion.
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