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EE: encapsulation efficiency
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GDNF: Gliad-derived Neurotrophic Factor
GFs: growth factors
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HD: Huntington's disease

hl GF-I: human insulin-like growth factor-I
HTT: huntingtin protein

| CC: immunocytochemistry

I CV: intracerebroventricular

| GF-1: Insulin-like Growth Factor —

i.n.: intranasal

|OD: integrated optical density

IT: intratheca
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Lf: lactoferrin

L PS: lipopolysaccharide

M PP: 1-methyl-4-phenylpyridinium

MPTP: 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
M S: microspheres



MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide; thiazolyl
blue

NDs: neurodegenerative diseases
NGF: Nerve Growth Factor

NGS: Normal Goat Serum

NHS: N-hydroxysuccinimide

NL C: nanostructured lipid nanocarriers
NP: nanoparticles

NS: nanospheres

NT-3: Neurotrophin

NTFs:. neurotrophic factors

NTN: Neurturin
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PBCA: poly (butyl cyanoacrylate)
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PDI: polydispersity index

PEG: polyethylenglical
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Pen: Penetratin
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PGA: poly (L-glutamic acid)
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PL GA: poly (lactide-co-glycolide)
P/S: Penicillin-streptomycin

PVA: poly(vinyl alcohol)
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SOD1: superoxide dismutase 1

ST: striatum

TEER: trans-epithelial electrical resistance
TEM:: transmission el ectron microscopy
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TTC: tetanus toxin fragment C

T80: Tween 80

VEGF: Vascular Endothelial Growth Factor
16HBE140-: human bronchial epithelia cell line
6-OHDA: 6-hydroxidopamine
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ABSTRACT

Over the past years there has been a remarkable increase in the prevalence of
neurodegenerative diseases (NDs). Clinically, NDs include chronically progressive
dementias, ataxias and disorders of movement. The most common age-related NDs are
Alzheimer’s and Parkinson’s diseases, but there are other less frequent disorders, such as
Huntington's disease and amyotrophic lateral sclerosis.  Current therapies for these
conditions are only able to treat their clinical symptoms, with a temporary effect and
without halting the neurodegenerative process. Due to the low effectiveness of these
treatments, promising and interesting therapies, such as growth factors (GFs), have been
investigated. Nevertheless, the success of these new treatment options not only depends on
the application of the specific neurotrophin, but also on a suitable approach for delivering
these proteins to the brain. The development of appropriate drug delivery systems (DDS)
may allow an enhancement of the GFs concentration in the brain, reaching therapeutic
levels. In this sense, nanotechnologies could offer novel opportunities to formulate GFs
using a wide variety of biodegradable nanocarriers, including polymeric nanospheres,
lipidic nanocarriers, liposomes, and gene therapy, as possible treatments for the different
neurodegenerative disorders.

*Corresponding author: R.M. Hernandez

Keywords: Alzheimer’s disease, Amyoptrophic lateral sclerosis, Central nervous system, Drug delivery systems,
GDNF, Huntington’s disease, Neurotrophic factors, Parkinson’s disease, VEGF

This chapter is part of the book entitted Nanobiomaterials in Drug Delivery, from Aplications of
NanoBioMaterials (I-XI) Multi-Volume SET, edited by Alexandru Mihai Grumezescu.
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1. Introduction

The inconvenience that most drugs present to access the brain due to the presence of
the blood-brain barrier (BBB) makes very complicated the design of effective therapies for
central nervous system (CNS) disorders. Thus, the search of adequate brain targeting
technologies has become an important challenge for CNS drug development. In this regard,
in the last years, the interest in nanotechnology has grown since it offers promising
solutions to address this challenge. Different techniques enable the formulation of
therapeutic agents in biocompatible nanocarriers, allowing the delivery of these drugs into
the brain. Moreover, these biocompatible nanocomposites can be modified with specific
brain targeting moieties to achieve a higher CNS selectivity. Commonly used nanocarriers
include different delivery systems such as polymeric and lipidic nanoparticles, liposomes,
or gene therapy (Wong, Wu & Bendayan 2012).

To date, the scientific community has made enormous efforts to find new treatments to
address CNS disorders. In this line, selective growth factors (GFs) have become an
interesting therapy since they are able to provide neuroprotective, neurorestorative and
stimulating effects on diseased neurons. Significant attempts have already been made to
design different and promising drug delivery systems (DDS) to release the neurotrophins
ino the brain in a control manner, thereby, dealing with the limitations that these factors
present to access to the brain.

Regarding the CNS disorders and specifically neurodegenerative diseases (NDs), the
main characteristic that they present is a progressive loss of neuronal structure and function
in the brain and spinal cord, leading to aterations in different motor, cognitive, sensory and
emotional functions of the patients. NDs include different unusual disorders such as
Huntington's disease (HD) and amyotrophic lateral sclerosis (ALS), while Alzheimer's
disease (AD) and Parkinson’s disease (PD) are among the most common age-related NDs
(Foster ER 2014). The last ones are becoming a serious public health problem due to the
high treatment costs, being the care of these patients abundant and growing.
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Therefore, the aim of this book chapter is to summarize the up to date advances made
on brain-targeting nanotechnology-based drug delivery systems for treating CNS diseases,
focusing on GFstherapiesfor AD, PD, HD and ALS.

2. Alzheimer’s disease, Parkinson's disease, Huntington’s disease and
Amyotrophic lateral sclerosis

As mentioned above, depending on the disease, CNS disorders can affect different
motor, cognitive, sensory and emotional functions of the patients. In this section some of
the most important neurodegenerative diseases are briefly described (Table 1).
Alzheimer’s Disease

AD is the most common progressive neurodegenerative disorder with an estimated
prevalence of 1 percent for people of 65-69 years old, increasing to a 40-50 percent of
prevalence in older population aged 95 years and over. This disease is caused by an
irreversible loss of neurons and vascular toxicity due to the extracellular deposition of
amyloid beta (AP) peptide in senile plaques and neurofibrillary tangles of phosphorylated
tau protein. The clinica symptoms of AD are the progressive loss of memory and
deterioration of judgment decision, orientation to physical surroundings and language (Alan
E. Guttmacher, M.D. and Francis S. Collins 2003)(Desai AK1 2005, Citron M 2010, Hardy
J 2006). Nowadays, the approved and most commonly used treatments for AD are
acetilcolinesterase inhibitors (tacrine, donepezil, rivastigmin, galantamin) and N-metil-D-
aspartate receptor antagonist (memantine). However, it is important to mention that these
drugs have a temporary effect, without showing improvements in the disease progression
(Citron M 2010).
Parkinson’s disease

PD is the second most frequent neurodegenerative disorder after AD. For people aged
65 to 69 years, the prevalence of this disease is about 0.5-1 percent, and it is increased with
age, rising to 3 percent in population aged 80 years and over. Pathologicaly it is
characterized by the degeneration of midbrain dopaminergic neurons in the substantia nigra
(SN), with the subseguent reduction of dopamine in the striatum (ST). These pathological
hallmarks lead to characteristic symptoms such as bradykinesia, resting tremor, rigidity and
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postural instability. Current pharmacological therapies are based on dopamimetic drugs, but
they are only able to treat the clinical symptoms without interrupting the neurodegenerative
process (Alan E. Guttmacher, M.D. and Francis S. Collins 2003)(Linazasoro 2009).
Huntington disease

Among the less common NDs, HD is a hereditary neurodegenerative disorder
originated by the expansion of polyglutamine stretch within the first exon of huntingtin
protein (HTT) (Gusella JF et al. 1993), and clinically characterized by motor dysfunction,
cognitive decline and emotional and psychiatric disorder. These neurological symptoms are
caused by a neurodegeneration that affects mainly the basal ganglia and cerebral cortex
(Zielonka et a. 2014). HD has a low prevalence of 5-10 per 100,000 individuals in
Western Europe and North America and, although the genetic mutation was identified 20
years ago, there are not effective therapies to cure or even modify the curse of this disease
(Mochly-Rosen, Disatnik & Qi 2014). The current treatments available for HD are only
symptomatic and their potential therapeutic benefit must be balanced with the risks.
Tetrabenazine is the only drug that has been approved by the US FDA for HD, indicated for
the treatment of chorea, but its use has limitations, leaving multipurpose antipsychotics as
the treatment of choice for chorea (Killoran, Biglan 2014).
Amyotrophic lateral sclerosis

Lastly, ALS, described for first time in 1874 by Jean-Martin Charcot, is a fatal
inherited neurodegenerative disease characterized by a progressive loss of motor neuronsin
the spina cord and brain stem (Rowland LP 2001). Despite the progress made, familial
ALS is the only ALS type with a known etiology, associated with 5 to 10% of all ALS
cases. Around 20% of familial ALS cases are caused by mutations in the gene encoding
superoxide dismutase 1 (SOD1), remaining 80% of the cases caused by defects in other
genes (Rosen DR et al. 1993). Asto the treatment to address AL S, the glutamate antagonist
Riluzole is the only drug approved by the FDA, increasing the survival of patients by 3
months (Lacomblez L et al. 1996), (Bensimon G, Lacomblez L, Meininger V 1994), while

other glutamate antagonists have not showed beneficia effectsin clinical trials (Blasco H et
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a. 2014). The remaining therapies are just symptomatic, without altering the disease course,

but they are able to improve the quality of life of patients (Gordon 2013).

Table 1. Description of pathological characteristics, clinical symptoms and current
therapies of AD, PD, HD and ALS.

ND Pathological Clinical symptoms  Current treatments
disorder Characteristics
AD Irreversible loss of Progressive memory Acetilcolinesterasa
neurons, extracellular loss; deterioration of inhibitors: tacrine,
deposition of Ap peptide  judgment decision,  donepezil, rivastigmin,
in senile plagues and orientation to galantamin; N-metil-
neurofibrillary tangles of physical D-aspartate receptor
phosphorylated tau protein ~ surroundings and antagonist: memantine
language
PD Degeneration of midbrain Bradykinesia, Levodopa/Carvidopa,
dopaminergic neuronsin resting tremor, Dopamimetic drugs
the substantianigra (SN)  rigidity and postural
and the subsequent instability
reduction of dopaminein
the striatum
HD Expansion of Motor dysfunction, Tetrabenazine;
polyglutamine stretch cognitive decline, multipurpose
within the first exon of and emotional and antipsychotics
huntingtin protein (HTT)  psychiatric disorder
ALS Progressivelossof motor ~ Progressive muscle  Glutamate antagonist:

neurons in the spinal cord
and brain stem

weakness, |oss of
coordination,
muscle cramps,
language disorder

Riluzole

Although the treatments of AD and PD are the main priority for the neurologist

community, to date, there is no cure for these two diseases, neither for HD nor ALS. Thus,
current therapies are focused on modifying the disease progression and symptoms, with

insufficient or null effect on the improvement of the disease (Deierborg et al. 2008).
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Moreover, due to the high economic burden of these treatments, the patient care is abundant
and growing. In this sense, recent advances in the research on these diseases treatment have
been intensified to search of new therapies able to overcome the neurodegenerative process

and to provide neuroprotection to the surviving cells.

3. Growth factors as a novel therapy to treat neur odegener ative diseases

An interesting and promising approach to address the challenge of CNS disordersis by
the use of GFs, which are a group of different molecular families and individual proteins
with the ability to enhance cellular growth, proliferation and differentiation. Furthermore,
they are also well known for playing important roles in tissue morphogenesi s, angiogenesis,
cell differentiation and neurite outgrowth (Cieder, Sari 2013, Levy YS et al. 2005, Poon
VY, Chai S, Park M 2013). Bearing in mind the enormous amount of molecules that belong
to the different families of GFs, this chapter is focused on those proteins that are currently
used to develop new therapies against AD, PD, HD and ALS. This group of proteins,
named neurotrophic factors (NTFs), encompasses those molecules that play critical rolesin
a number of biological processes including the induction, specification, survival and
maturation of neural development (Table 2).

Among al the NTFs described, the following have special interest as promising
approaches to deal neurodegenerative processes. GDNF is a neurotrophic factor that
presents a high specificity towards dopaminergic neurons, being a potent candidate for the
treatment of PD. In addition, GDNF exhibits trophic and protective effects on
noradrenergic neurons located in the locus coeruleus (Lapchak et al. 1997, Allen et al.
2013). Another prosiming neurotrophic factor is NGF, which promotes the survival,
differentiation and maintenance of sensory and sympathetic neurons, displaying
neuroprotective and repair functions (Sofroniew, Howe & Mobley 2001). Moreover, BDNF
has important functions in the normal development of the peripheral and central nervous
systems, and it is essential to promote the survival of neurons and synaptic plasticity in the
adult brain (Ventriglia et al. 2013). With regards to CNTF, this neurotrophic factor helpsin

the survival and differentiation of different neurons, such as sensory, sympathetic and
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motoneurons (Sendtner M1, Carroll P, Holtmann B, Hughes RA, Thoenen H 1994).
Furthermore, |GF-1 promotes neuronal survival and it has the ability to rescue neurons from
neurotoxocity, as well as the capacity to stimulate neurogenesis and synaptogenesis (Liu et
al. 2001). As to NT-3, this factor promotes neuronal survival, differentiation and neurite
growth (Coppola et a. 2001). Finally, VEGF is a growth factor that fosters all steps of
angiogenesis and endothelial cell development, and it enhances the growth and survival of
neurons as well as the axona outgrowth (Storkebaum, Lambrechts & Carmeliet 2004,
Carmeliet, Storkebaum 2002).

Table 2. Summary of different GFs released from nanotechnology-based drug delivery
systems, their main functions in the CNS and their applications for the treatment of various

NDs.

Growth Factor Main functions Application Ref.
High specificity for dopaminergic (Lapchak et
Glial-derived neurons PD, ALS, al. 1997,
Neurotrophic Factor ~ Trophic and protective effects on HD Allenet al.
(GDNF) noradrenergic neuronsin the locus 2013)
coeruleus
Promotes the survival, (Sofroniew,
Nerve Growth differentiation and maintenance of AD Howe &
Factor (NGF) sensory and sympathetic neurons Mabley
Neuroprotective and repair 2001)
functions
Essential for the normal (Ventriglia et
Brain-derived development of the peripheral and ~ ALS, HD al. 2013)
Neur otr ophic Factor the central nervous system
(BDNF) Key rolein neuronal survival and
synaptic plasticity in the adult
brain
Supports survival and / or (Sendtner M
Ciliary Neurotrophic differentiation of avariety of HD et a. 1994)
Factor (CNTF) neuronal cell typesincluding

sensory, sympathetic and
motoneurons
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Ability to potently promote (Livetal.
Insulin-like Growth ~ neuronal survival and rescue from ALS 2001)
Factor - (IGF-1) neurotoxicity
Stimulates neurogenesis and
synaptogenesis
Positive functions in fostering (Coppola et
Neurotrophin (NT-3)  neuronal survival, differentiation PD al. 2001)
and neurite growth
Promotes every angiogenesis step (Storkebaum,
Vascular Endothelial  and endothelial cell development AD, ALS Lambrechts
Growth Factor Improves growth and survival of & Carmeliet
(VEGF) neurons as well as axonal 2004,
outgrowth Carmeliet,
Storkebaum
2002)

4. In vivo administration routes of GFsto reach thebrain

In order to evaluate the effectiveness of these neurotrophic proteins in the treatment of

CNS diseases, GFs have been in vivo administered through different administration routes

(Figure 1). The main objective is, in all cases, to achieve a successful access to the brain,

being some administration routes more efficient than others to address this challenge.

Nevertheless, to choose the most adequate administration route to attain this purpose, it is

necessary to consider the safety, effectiveness and other difficult aspects related with the

route of administration.
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Figure 1. Different administration routes of therapeutic proteins for CNS delivery. Reprinted from
(Yi et a. 2014), Copyright (2014), with permission from Elsevier.
4.1. Invasive administration routes. Intracerebroventricular and intraparenchymal
routes.

In the case of intracerebroventricular (ICV) or intraparenchymal administration routes,
GFs are administered directly in the lateral ventricle of the brain or into the brain
parenchyma, respectively, obtaining high drug concentrations in the target site and avoiding
the blood-brain barrier (BBB). However, both are invasive methods, and drug diffusion
from the injection site is difficult, because the extracellular fluid space of the brain is
extremely tortuous. According to this, despite having high concentration gradients in the
CNS following ICV or intraparenchymal administration of GFs, the amount of drug
available at brain targets located at a significant distance from the injection site could not
be high enough to induce the de effect (Cook AM et a. 2009), (Kuo, Smith 2014).
4.2. Intrathecal administration.

Other less invasive administration route to access the brain avoiding the BBB is the

intrathecal (1T) administration, where GFs are injected into the subarachnoid space of the
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spinal cord. Nevertheless, this administration route presents some disadvantages that limit
the IT delivery of drugs: on one hand the effectiveness of the drug could be reduced by the
development of antibodies, and on the other hand the difficulty to predict the amount of the
administered dose that will reach the brain due to variations in the cerebrospina fluid
(CSF) drug levels (Calias et al. 2014).

4.3. Parenteral administration.

Less invasive and easier to administer routes frequently used are the intravenous,
intraperitoneal or subcutaneous. When using a traditional parenteral administration, the
hepatic first-pass metabolism is avoided thanks to the direct access to the systemic
circulation, obtaining a distribution of the GFs in the whole body, including the brain (Yi et
al. 2014). However, following a parenteral administration, GFs present limitations to cross
the BBB due to their inappropriate lipophilicity, molecular weight or charge (Begley 2004).
Thus, high doses are required to obtain therapeutics levels of the GFs in the brain, fact that
may lead to undesirable systemic effects (Mathias, Hussain 2010).

4.4. Intranasal administration.

Intranasal route is an easy and non-invasive administration way to overcome the
BBB'’s inherent limitations, enabling the rapid delivery of GFs to the CNS, avoiding the
first-pass metabolism. Following intranasal administration, drugs are transported directly to
the brain by the systemic, olfactory and trigeminal nerve pathways. In the case of the
systemic pathway, drugs are absorbed immediately into the systemic veins through the
nasal cavity, and then cross the BBB to reach the brain. As to the olfactory pathway, drugs
first enter into the olfactory bulb and afterwards into the brain or cerebrospinal fluid (CSF)
across the olfactory epithelium. Finally, by the trigeminal pathway drugs are delivered to
the brain through this nerve system. Moreover, intranasal route offers some advantages that
make it a promising choice for brain delivery without causing any distress in the patients,
such as the large surface area and minimum peripheral size effects due to the low
absorption of GFs in the systemic circulation. However, the limited drug absorption
through the nasal epithelium after intranasal administration is an obstacle that till needs to
be solved (Mittal et al. 2014)(Lochhead, Thorne 2012, Dhuria, Hanson & Frey 2010).
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Although the previously mentioned routes could be very efficient for brain delivery of
drugs, GFs are hydrophilic molecules with crucial shortcomings that limit their use, like a
short circulation half-life and a rapid degradation rate after their in vivo administration.
Therefore, with the aim of achieving a successful GFs delivery to the brain tissue, in the
last years a wide variety of drug delivery systems (DDS) designed with GFs have been
developed.

5. Nanotechnology-based DDS releasing growth factors for the treatment of
CNSdiseases

In the following section, different nanotechnology DDS that have been used for the
delivery of neurotrophic factors to treat different NDs will be described, including

polymeric nanoparticles, liposomes, lipidic nanocarriers, and gene therapy (Figure 2).

Polymeric (functionalized)
nanoespheres

Gene therapy:
viral and nen-viral vectors

Figure 2. Schematic illustration of different nanometric drug delivery systems used for the treatment
of NDs.

In the first clinical trials carried out with GFs for the treatment of neurodegenerative
diseases, these were injected directly into the brain, although no promising results were
obtained due to the short in vivo half-life of these proteins (Nutt et al. 2003, Kordower et al.
1999). Later, minipump systems were used to infuse these neurotrophins with the aim of
finding an adequate method able to provide a controlled and continued administration of
GFs (Slevin et al. 2006, Lang et al. 2006). However, their suitability as sustained release
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delivery systems has raised many questions due to the different side effects and tissue
damage caused by their use.

The previously mentioned drawbacks that GFs present have brought to light the
necessity of developing suitable DDS to adequately deliver these proteins to the CNS,
increasing their in vivo circulation half-life and protecting them from degradation. Several
research groups have designed different DDS to address this challenge and achieve an
appropriate delivery of GFs into the brain, either using invasive or non-invasive
administration routes, besides favoring their transport across the BBB (Stockwell et al.
2014, Kabanov, Batrakova 2004). Accordingly, nanotechnology could offer new
approaches by the development of DDS, due to the possibility to prepare different
biodegradable or non biodegradable nanocarriers to deliver different growth and
neurotrophic factors to the brain tissue.

In order to achieve a successful release of the therapeutic proteins it is essential to
design carrier systems capable to avoid the GFs capture by the reticuloendothelial system,
their aggregation in other tissues, the fast protein elimination from the cerebral circulation
caused by enzymatic degradation, and systemic adverse effects. Furthermore, these DDS
should be able to offer a continuous and controlled release of the entrapped neurotrophin
over the time at their desired site of action, allowing a reduction of the administration
frequency (Wong, Wu & Bendayan 2012, Angelova et al. 2013).

Taking al thisinto account, in this book chapter we will focus on the most frequently
used nanotechnol ogy-based DDS for the treatment of the aforementioned NDs (Table 3).

5.1. Polymeric nanospheres

Nanospheres are colloidal systems that entrap therapeutic agents within a colloidal
matrix, or are attached to the particle surface by adsorption or conjugation processes.
Different synthetic and natural materials are used to prepare these particles, such as poly
(butyl cyanoacrylate) (PBCA), poly lactic acid (PLA) or its copolymer poly (lactide-co-
glycolide) (PLGA), alginate, chitosan and other polymer combinations (Wohlfart,
Gelperina & Kreuter 2012, Kreuter 2014). The previousy mentioned polymers are
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biodegradable, being degraded in vivo and eliminated by physiological metabolic pathways;
therefore, they could be considered a useful strategy for human applications.

Moreover, these polymeric particles have attractive advantages, for instance a
sustained and controlled drug release over the time can be obtained and, in some cases, they
are able to favor the transport of different GFs across the BBB. Furthermore, the polymeric
nanospheres surface can be modified using different compounds or proteins to improve
their selectivity to the target site and enhance the pass across the BBB by specific
mechanisms after being administered through different routes. Several targeting ligands
have been used to interact with CNS receptors and transport molecules across the BBB,
thus, achieving a specific delivery to the CNS. Among others, transferrin and insulin
receptors have been widely used for this purpose (Kreuter 2014, Jain 2000, Mahapatro,
Singh 2011).

In this sense, PLGA nanospheres (PLGA-NS) have been extensively studied by our
research group. VEGF-loaded PLGA-NS demonstrated to be a potential therapeutic
strategy to achieve behavioral improvements in an APP/Psl mouse model of AD, by
performing different tests such as, T-maze, Open field test or object recognition test.
Moreover, after the administration of VEGF-NS through minimally invasive craniotomy,
AP deposits were significantly decreased in whole brain, including cerebral cortex, striatum
and hippocampus (Figure 3A). VEGF-NS were also able to promote angiogenesis and
protect neuronal cultures from neuroinflammation induced by lypopolysacharide (Figure
3B and 3C), in comparison with empty-NS (Herran et a. 2013a).
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Figure 3. Brain AB plaques and angiogenesis after implantation of empty-NS (left) and VEGF-NS
(right) in APP/Psl mice. Representative AP deposit microphotographs and histograms represent
percentage of brain area covered by AP immunoreactivity in (A) whole slice; ***p< 0.001. Data are
expressed as mean + SEM. Scale bar= 50 um. (B) Cerebral cortex (Cx) brain vessels marked with
tomato lectin (red) in empty-NS (left) and VEGF-NS (right) treated groups. The histogram indicates
vessel density in the cerebral cortex; **p< 0.01, empty-NS vs. VEGF-NS. Scale bar= 40 um. (C)
Fluorescent microphotograph showing proliferation of vessels endothelia cells in the Cx. BrdU*
nuclei (green) co-labeled with tomato lectin (red) indicate newly-formed blood vessels. The
histogram on the right side shows the percentage of BrdU™ cellg/lectin® cells; ***p< 0.001, empty-NS
vs. VEGF-NS. Scale bar= 20 um. Data are expressed as mean + SEM. Scale bar= 20 pm.

As mentioned above, the use of biorecognitive ligands modifying the surface of these
nanoparticles could enhance the drug transport to the CNS by non invasive administration
routes, such as intranasal administration. In a study published by Zhang et al., lectin
modified bFGF-loaded PEG-PLGA nanospheres were designed to achieve a successful
delivery of bFGF to the brain. The bFGF released from PEG-PLGA-NS stimulated the
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survival and neurite growth of brain neurons, improving the spatial learning and memory in
AD rats (Zhang et al. 2014).

The utilization of nanospheres elaborated with acrylic polymers has also been widely
investigated for CNS drug delivery, particularly poly (butyl cyanoacrylate) (PBCA). In a
study performed by Kurakhmaeva et al., NGF adsorbed onto PBCA nanospheres delayed
the progression of PD, halting the degeneration of dopaminergic neurons after being
intravenously administered in a 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
lesioned mouse model. Moreover, the surface modification of these nanospheres with
polysorbate 80 encouraged the adsorption of apolipoproteins from the blood plasma onto
the nanospheres surface, promoting the contact of the nanospheres with the brain capillary
endothelia cells, with the resulting improvement of the pass across the BBB (Kurakhmagva
et al. 2009, Kurakhmaeva KB et al. 2008).

Due to the relevance of PD, our research group has developed VEGF and GDNF-
loaded PLGA nanospheres to study the synergistic effect of these two GFsin a 6-OHDA rat
model of PD. Following the striatal implantation of both formulations, a synergistic effect
was observed, in the group which received the combined therapy, where the number of
amphetamine-induced rotations decreased more significantly compared to the groups that
received just one formulation. Moreover, tyrosine hydroxylase (TH) immunohistochemical
analysis in the striatum and external substantia nigra (SN) confirmed a notable
enhancement of neurons in the group treated with VEGF and GDNF-loaded NS (Herran et
al. 2014).

Finaly, Tan et al. have aso prepared poly (L-glutamic acid) (PGA) nanospheres
loaded with BDNF. Due to the porosity of these polymeric nanocarriers, an exceptional
protein adsorption capacity was appreciated, and the released BDNF was able to rescue

auditory neuronsin an animal model of neurodegeneration (Tan Jet al. 2012).

5.2. Liposomes and lipidic nanocarriers
Lipidic nanoparticulate systems used for drug delivery and targeting to the CNS have

not been widely employed for neurotrophin delivery yet. Therefore, the use of liposomes or
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lipidic nanocarriers for a controlled release of GFs and neurotrophins to improve AD, PD,
HD or ALS, still needs further investigation. In the following paragraphs this type of DDS
and the few research studies carried out in this area, will be described.

Liposomes are synthetic small micelles formed by one or more concentric
phospholipid bilayers. The structure of the lipids that form liposomes is very similar to the
cell membrane structure, where cholesterol is also used, and providing similar fluidity to
the cell membrane. Thus, liposomes have ability to cross any cell membrane, however, the
addition of other components to their surface to enhance their effectiveness is aso
interesting (Barry, Vertegel 2013). In such way, liposomes can include multiple brain cell
membrane targeting agents on their surface, enabling a specific interaction with target cells
by molecular recognition mechanisms, and hence, improving the transport of the
encapsulated GFs through the BBB (Ramos-Cabrer, Campos 2013, Huwyler, Wu &
Pardridge 1996). Regarding the delivery of NTFs to address CNS disorders, Xie et al.
designed a NGF-releasing liposome conjugated to RMP-7, a molecule with the ability to
increase the permeability of the BBB, obtaining positive in vitro permeability results and
demonstrating a rapid transport of liposomes containing NGF to the brain in in vivo studies,
enabling the delivery of therapeutic GFsto the CNS (Xie et al. 2005).

The second lipidic nanoparticulate systems are the lipidic nanocarriers, which
congtitute nanometric colloidal drug carrier systems usually composed of fatty acids or
mono-, di-, and try- glycerides. These nanocarriers are highly stable systems, able to cross
easily the BBB due to their lipophilic nature, without producing toxic degradation
compounds (Kaur et a. 2008). Among these lipidic nanocarriers, solid lipid nanoparticles
(SLNSs) have been studied as potential DDS for brain targeting. SLNs are nanospheres with
a solid lipid matrix formed by glycerides, fatty acids, or waxes solid at room temperature,
and stabilized by physiologically compatible emulsifiers. SLNs offer some advantages as
DDS to be used to target therapeutic agents to the CNS, including good biocompatibility,
high drug loading capacity, the avoidance of organic solvents for their production, the
possibility of selective targeting to enhance their effectiveness by coating them with certain
ligands, or a long stability, among others (Gastaldi et al. 2014). Other kind of lipidic
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nanocarriers are the nanostructured lipid nanocarriers (NLCs), the second improved
generation derived from SLNSs, formed by a mixture of solid and liquid lipids. In addition to
the advantages that SLNs present, NL Cs have improved drug encapsulation efficiencies and
release properties (Muller, Radtke & Wissing 2002).

To date, a wide range of lipidic nanocarriers have been efficiently designed and
administered to transport different biological, pharmaceutical and/or magnetic active agents
to the brain tissue, providing therapeutic alternatives to treat neurodegenerative diseases
(Gobbi et al. 2010, Yusuf M et a. 2012). However, so far not many research works on
lipidic nanocarriers delivering GFSNTFs to treat AD, PD, HD or ALS have been published.
In arecent study, Gerald et al. demonstrated the in vitro neuroprotection activity of BDNF
after treating human neuroblastoma SH-SY5Y cell line with BDNF-loaded cubosome type
lipid nanocarriers (containing an omega-3 polyunsaturated fatty acid) (Géral et al. 2012).
As to HD, Koening's research group developed different manufacturing strategies to
prepare BDNF-loaded lipid implants, confirming the biocompatibility of this system in vivo
(Koennings et a. 2007). In another study, Zhao Y.Z. et al. proposed a promising therapeutic
aternative to treat PD by the development of lipid-based gelatin nanoparticles loaded with
basic fibroblast growth factor (bFGF). After the intranasal administration of these bFGF-
loaded gelatin nanostructured lipid carriers (GNLSs), important levels of the encapsulated
bFGF were found in olfactory bulb and striatum, although not in the prefrontal cortex or
hippocampus, compared to free bFGF (Figure 4). Thus, they could demonstrate the
capacity of these nanoparticles to reach the brain. In addition, according to the obtained
results, Zhao Y.Z. et a. demonstrated that the efficiently released bFGF reached therapeutic
effects in hemiparkinsonian rats, since only the rats treated with bFGFGNLS/IN exhibited a
significant decrease on apomorphine-induced rotation (p< 0,05) (Zhao et al. 2014).
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Figure 4. Protein level of bFGF in different regions of the rat brain after the administration with
exogenous bFGF. (A) The presence of bFGF in olfactory bulb (OB), prefrontal cortex (PFC), striatum
(ST) and hippocampus (HIP) after intranasal (IN) administration with PBS, bFGF, or bFGF-GNLs by
Western blot analysis. (B) The presence of bFGF in striatum after the administration with PBS/IN,
bFGF/IN, bFGF-GN/IN, bFGF-GNLY IN or bFGF-GNL&/IV. Error bar: standard deviation. *
represents P < 0.05 (n = 3). Reprinted from (Zhao et a. 2014), Copyright (2014), with permission
from Elsevier.

5.3. Genetherapy

Current research on nanomedicine to manage AD, PD, HD and ALS is essentially
focused on gene therapy as a possible approach to treat the etiology of the
neurodegenerative diseases. Gene therapy consists on delivering specific genes, in this case
to the CNS, which express certain molecules, such GFs, to address neurodegenerative
diseases. Concretely, adeno-associated viruses (AAV) used as viral recombinant vectors to
transfer genes, are considered promising tools for the treatment of CNS diseases. A series
of required steps are needed to achieve a successful transduction by AAV (Figure 5): firstly,
the vector has to effectively bind to the cell surface receptor, this step is followed by an

endocytic uptake, and the endosomal escape; subsequently the entrance into the nucleus
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takes place, followed by the capsid uncoating, genome release, second strand synthesis, and
finally, the transcription of the gene (Murlidharan, Samulski & Asokan 2014).

_—

Non-viral vector

Condensed
DNA

Complex
formation

Capsid uncoating
Genome release
Replication

Generation of therapeutic NTF

Figure 5. Schematic illustration of the transcription process of viral and non-viral gene therapy.

In order to attain this purpose, these recombinant AAVs have been used for
transfecting neurons of different PD animal models (Stoesd AJ. 2014). For instance,
Eberling et al. and Elamboli et al. administered an AAV containing GDNF cDNA in a
MPTP and 6-OHDA primate model of PD, respectively, with the aim of studying the safety
and neuroregenerative potential of this viral vector in vivo. The obtained results
demonstrated an increase in the dopaminergic activity in the nigroestriatal pathways with a
behavioral improvement, as well as a protection from nigra dopaminergic neurons and
their projections to the striatum in the lesioned hemisphere (Eberling JL et al. 2009,
Edamboli et al. 2005)(Dharmala, Yoo & Lee 2008, Pardridge 2005). In addition, Kordower
et al. carried out an experimental assay where Neurturin was released from AVV- mediated
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gene transfer, providing structural and functional neuroprotection and neurorestoration in a
MPTP monkey model of PD (Kordower et a. 2006).

In the case of other neurodegenerative diseases, different in vivo tests have been
addressed in HD and ALS mice and rat models transfected with AAV or lentivirus that
express a wide variety of GFs (GDNF, IGF-I, VEGF, CNTF, BDNF and Neurturin). Asto
ALS, many of the viral vectors used proved a significant rescue of motor neurons, together
with a prolonged animal survival (Lu et al. 2003),(Hottinger et al. 2000),(Guillot et al.
2004),(Foust KD et a. 2008),(Acsadi G et al. 2002),(Moreno-lgoa M et al. 2012),(Keir SD
et a. 2001),(Wang LJ et al. 2002),(Larsen et a. 2006),(Kaspar BK et al. 2003),(Dodge et al.
2010),(Azzouz et al. 2004), while most HD anima models achieved a behavioral
improvement after the GF viral gene therapy (Mittoux V et al. 2002),(Popovic et al.
2005),(McBride et a. 2003),(McBride JL et al. 2006),(Kells AP et d. 2004),(Ramaswamy
et a. 2009),(Benraiss et a. 2012),(Ellison SM et a. 2013). As an example, Guillot et al.
used lentiviral vectors to express GDNF (LV-GDNF) in a SOD1G93A transgenic ALS
mouse model. In this study, a lentiviral vector expressing GDNF was administered by
intraspinal or facial nucleus injection, and after 3 months mice were sacrificed for
histological evaluation. The results obtained by Guillot et al. showed that, compared to
uninjected SOD1G93A transgenic mice, LV-GDNF induced a dlight but notable rescue of
motoneurons in the facial nucleus, avoiding the atrophy of these neurons (Figure 6) (Guillot
et a. 2004).
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Figure 6. GDNF expression in the brainstem of a SOD1%%* transgenic mouse after 3 months of
administration of an unilateral lentiviral vector injection. (A) Immunostaining showing extensive
diffusion of GDNF in the facial nucleus. Scale bar: 600 um. Nissl staining photomicrographs: (B)
uninjected facial nucleus of a wild-type B6SJL control mouse, (C) uninjected side and (D) LV-
GDNF-injected contralateral side of facial nucleus of the same SOD1%%** transgenic mouse. Scale
bars: 200 pm. (E) Number of motoneurons in the facial nucleus of each group. * P < 0.001. Reprinted
from (Guillot et al. 2004), Copyright (2004), with permission from Elsevier.

In another experiment carried out by Ramaswamy et al. in 2009, N171-82Q transgenic
mice were used as an HD model to administer AAV expressing Neurturin (NTN) through
an intrastriatal injection. To assess behavioral improvements, three different behavioral
tests were carried out: an accelerating speed rotarod test to evaluate the locomotor

coordination, hind-limb clasping to estimate the behavioral phenotype, and stride length
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analysis as an index of basal ganglia dysfunction. In addition, mice brain dices were
immunohistochemically labelled to obtain the neuronal density of striatum. The results
obtained demonstrated the ability of this vector to delay motor deficits (Figure 7) and to
protect striatal and cortical neurons (Figure 8). Figure 7 shows the results obtained by the
rotarod and clasping tests. In the first test, NTN treatment appeared to delay decline, with
no impairments observed in NTN-Tg mice until week 14 compared to GFP-Tg and Veh-Tg
mice; that decayed on weeks 11 and 12, respectively (Figure 7A). In the clasping test,
transgenic mice of al groups began clasping at similar time-points (Veh-Tg: week 11;
GFPTg and NTN-Tg: week 12), although by week 16 only 40% of NTN-Tg mice exhibited
clasping behavior compared to 71.4% and 75% of GFP-Tg and Veh-Tg-treated mice,
respectively (Figure 7B). In Figure 8 dtriatal cell counts and volume are showed,
confirming that NTN-Tg mice have relative normal densities of NeuN-ir neurons in the
striatum, making evident a significant neuroprotection compared to both the GFP-Tg and
Veh-Tg groups (Figure 8B and 8E) (Ramaswamy et al. 2009).
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Figure 7. (A) Rotorod: tests balance and coordination using an accelerating paradigm, by recording
the animals latency to fall. (B) Clasping: a phenotype only exhibited by transgenic mice. The number
of mice in each group that exhibit clasping behavior each week is noted and percentages are
compared between groups. Veh Tg: Transgenic mice treated with the vector vehicle, GFP Tg:
Transgenic mice treated with AAV-Green Fluorescent Protein, Veh WT: Wild type mice treated with
vehicle, NTN Tg: Transgenic mice treated with AAV-NTN. Reprinted from (Ramaswamy et al.
2009), Copyright (2009), with permission from Elsevier.
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Figure 8. Striatal cell counts and volume. (A): Image (20X) of normal cell density in the Veh-Wt
group. (C, D): The striatum of Veh and GFP transgenic mice. (B) The striatum of NTN-Tg mice. (E)
Total numbers of cells in striatum (mean + SEM). (F) Estimation of NeuN-ir striatal cell volume
using the nucleator method. Reprinted from (Ramaswamy et al. 2009), Copyright (2009), with
permission from Elsevier.

These viral vectors have also been investigated in clinical trials, mainly in Phase |
studies analyzing the safety of such compounds. In this regard, a randomized placebo-
controlled clinical trial was performed by Zavalishin et al. in ALS patients to evaluate the
neurotrophic effect of VEGF expressed in AAV. This viral vector demonstrated to be safe
and had the ability to increase the life span of patients (Zavalishin IA et a. 2008).
Furthermore, in the case of PD, Neurturin administered by AAV vectors has been studied in
clinical trias. In all the Phase | studies accomplished, all the treatments analyzed were well

tolerated by patients (Bartus et al. 2013),(Marks Jr et a. 2008), while during Phase 11/111
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studies, not significant clinical benefits were appreciated. Besides, a double-blind,
randomised, controlled trial was carried out by Marks et al. in 2010 to evaluate AAV
expressing Neurturin in 58 patients with advanced stage of PD, however, after being
bilaterally injected into the putamen, no significant differences were found in patients
treated with AAV 2-neurturin compared to controls, and serious adverse events appeared in
13 of 38 patients treated with this viral vector (Marks Jr et a. 2010).

It is interesting to mention that the clinical application of viral vectors is confronted
due to the risks that they present, associated with immunogenicity and safety. To solve this
issue, safer and effective non viral gene delivery vectors have been developed for their
application in CNS diseases. These non viral vectors can transport condensed DNA to
target cells and tissues, reaching the cells and entering into the nucleus to compl ete the gene
expression (Figure 5) (Schlachetzki et al. 2004). Commonly used non-viral delivery vectors
consist of cationic molecules and negatively charged nucleic acids that assemble through
electrostatic interactions. Some non-viral delivery vectors may include cationic lipids,
dendrimers, polymers, cyclodextrines (CDs), or nanoparticles entrapping nucleic acids
(O'Mahony et a. 2013).

Taking al this into account, Huang et al. designed a potent non viral vector composed
of polyamidoamine (PANAM) conjugated with lactoferrin (Lf) through a bifunctional
polyethylenglicol (PEG), encapsulating human GDNF gene. The nanoparticles were
intravenously administered and the brains were analyzed to determine GDNF expression
using an ELISA kit. According to the results obtained, high GDNF levels were observed in
the brains of rats treated with a single injection of Lf-modified nanoparticles (Figure 9A).
Furthermore, when multiple injections of Lf-modified nanoparticles were administered,
higher GDNF expression was detected compared to a single administration of the
nanoparticles (Figure 9B). Moreover, the multiple Lf-modified-nanoparticles intravenously
administered resulted in a significant improvement of the locomotor activity, dopaminergic
neuronal number and monoamine neurotransmitter levels on rotenone-induced PD rats
(Huang et al. 2010).
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Figure 9. Detection of GDNF content in rat brains by ELISA. A: Rats receiving a unique injection of
different nanoparticles loaded with hGDNF, with saline as controls. B: Rats receiving a regimen of
Lf-modified nanoparticles loaded with hGDNF, with saline as controls. 1: GDNF expression two days
after a unique injection of saling; 2: GDNF expression two days after a unique injection of Lf-
modified nanoparticles; 3: GDNF expression six days after a unique injection of Lf-modified
nanoparticles; 4: GDNF expression ten days after a unique injection of Lf-modified nanoparticles; 5:
GDNF expression two days after triple injections of Lf-modified nanoparticles, one injection every
other day; 6: GDNF expression two days after five injections of Lf-modified nanoparticles, one
injection every other day. Data are expressed as mean+ SEM (n=6). Significance: *p < 0.05;
**p < 0.01. Reprinted from (Huang et al. 2010), Copyright (2010), with permission from Elsevier.

Additionally, another study accomplished by Gonzalez Barrios et al. to address PD
with GDNF reveded the ability of neurotensin polyplexes as nanoparticulate carrier
systems to target reporter genes to nigral dopaminergic neurons of hemiparkinsonian rats.
After the transfection of SN with this non viral vector, hGDNF was expressed and was able
to decrease the parkinsonism signs, suggesting this neurotensin polyplexes as potent and
useful tools for the screening of therapeutic genes in animal models of PD. Nevertheless,
their safety till needs to be proved before their clinical use (Gonzalez-Barrios et al. 2006).
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In the case of ALS, experimental assays have been carried out with the tetanus toxin
fragment C (TTC) as a non viral vehicle to deliver GDNF (Moreno-lgoa M et al.
2012),(Larsen et al. 2006),(Ciriza J et a. 2008) or BDNF (Calvo et a. 2011), obtaining
promising results in neuroprotection and improving the survival of the treated animals.
Accordingly, Calvo et al. used BDNF expressing TTC vectors in a SOD1G93A transgenic

ALS mouse model, detecting behavioral and electrophysiological

motoneuron survival and antiapoptotic/survival-activated pathways.

improvements,

Table 3. Summary of different nanotechnology-based drug delivery systems releasing

neurotrophins.

DDS Growth Application M odel Main Refs.
Factor results
Improves
PLGA-NS VEGF AD APP/Psl, mouse behavioral (Herrén
(nanoencaps deficits; etal.
ulated) decreases AP 2013a)
deposits;
promotes
angiogenesis
Improves
Lectin bFGF AD AD model memory; (zhang
modified (nanoencaps induced by promotes the etal.
PEG-PLGA- ulated) AB25-35 and survival and 2014)
NS IBO; rats neurite
outgrowth
(Kurak
PBCA-NS NGF PD MPTP; mouse Increases hmaeva
coated with  (adsorbed on locomotor et al.
polysorbate  the surface) activity; 2009,
80 decreases Kurakh
rigidity maeva
KB et
a

2008)




Introduction 33
Decreases the
PLGA-NS GDNF, PD 6-OHDA,; rats number of (Herran
VEGF amphetamine- et al.
(nanoencaps induced 2014)
ulated) rotations;
enhances TH+
neuronsin SN
and striatum
Liposome NGF Successful (Xieet
conjugated (encapsulate CNS invitro; invivo  permesability and al.
with RPM-7 d) transport studies  2005)
Increases DA
Phospholipid bFGF PD Hemiparkinsoni  levels; improves  (Zhao
-based (nanoencaps anrats retention of etal.
gelatin-NS ulated) nigral DA 2014)
neurons,
attenuates
rotational
behavior
Cubosome BDNF CNS invitro; SH- Neuroprotective  (Géral
typelipid (nanoencaps SY5Y cdl line effects etal.
nanocarriers ulated) 2012)
Protein- (Koenn
loaded lipid BDNF HD rats Biocompatible  ingset
matrices matrices al.
2007)
(Eberli
Transfected  GDNF, NT- PD Primate model Structural and ng JL
recombinant 3 (AAV2 of PD functional etal.
AAVs vector) neuroprotection 2009,
and Edlamb
neurorestoration, oli et
behavioural al.
recovery 2005,
Kordo
wer et
a

2006)
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Improved
PANAM -Lf- hGDNF PD Rotenone; rats locomotor (Huang
PEG (therapeutic activity; reduces et dl.
gene DA neuronal 2010)
hGDNF loss; enhances
linked with monoamine
PANAM) neurotransmitter
levels
Neurotensin ~ GDNF(thera PD PD animal Biochemical, (Gonza
polyplex peutic gene model-6- anatomical and lez-
hGDNF OHDA,; rats functiona Barrios
linked with recovery etal.
neurotensin) 2006)
Improves
TTC vector BDNF ALS SOD1G93A behavioral and  (Calvo
(BDNF-TTC transgenic mice  electrophysiolog et al.
vector) ical results, 2011)
motoneuron
survival,
antiapoptotic/sur
vival-activated
pathways
Retrograde
AAV GDNF ALS C57BL/6J mice axonal (Luet
(AAV transportation of al.
vector) the transgenic 2003)
GDNF
Complete and
Lentiviral- GDNF ALS Facial nerve Long-Term (Hottin
mediated (Lentivira lesion; Balb/C Rescue of ger et
expression of vector) mice Lesioned Adult al.
GDNF Motoneurons 2000)
Induces significant
Lentiviral- GDNF ALS SOD1G93A rescue of (Guillot
mediated (Lentiviral transgenic mice ~_Mmotoneuronsin etal.
expression of vector) thefacial nucleus, 504
GDNE preventes
motoneuron
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AAV GDNF ALS Normal rats Rubrospinal (Foust
(AAV tract GDNF KD et
vector) transport to the al.
spinal cord 2008)
AVR GDNF ALS SOD1 mice Increases (Acsadi
(AVR survival and Getal.
Vector) motor function 2002)
Naked DNA GDNF ALS SOD G93A Delaystheonset  (Moren
encoding (DNA mice of symptomsand  o-lgoa
GDNF-TTC vector) functional M et al.
deficits 2012)
AAV GDNF ALS Motor neuron- Protects cells (Keir
(AAV like cells from apoptosis SD et
vector) al.
2001)
Delaysthe
AAV GDNF ALS SOD G93A progression of (Wang
(AAV mice the motor LJet
vector) dysfunction, and al.
prolongsthelife  2002)
spaninthe
treated ALS
mice
TTC vector GDNF ALS Sciatic nerve Neuroprotection  (Larsen
(GDNF-TTC transection etal.
Vector) model; rats 2006)
Antiapoptotic
TTC vector GDNF ALS Neuro?A cells; neuronal (Ciriza
(GDNF-TTC SODG93A activity; Jetal.
vector) mice increases 2008)
survival and life
quality in
symptoms
Prolongslife (Kaspar
AAV IGF-1 ALS SOD1 mice span and delays  BK et
(AAV disease al.
vector) progression 2003)
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Improves
AAV4 IGF-1, ALS SOD1 G93A survival butno  (Dodge
VEGF mice synergistic effect et .
(AAV4 with combined 2010)
Vector) therapy
Lentiviral-
mediated VEGF ALS SOD1 G93A Increaseslife (Azzou
expression of  (Lentivira mice expectancy zetal.
VEGF Vector) 2004)
Neuroprotection;  (Kliem
Plasmid that VEGF ALS SOD1 rats improves MA et
encodes ZFP-  (Plasmid) rotaroad al.
TP performance 2011)
Protects
Adenovirus CNTF HD Model of corticostriatopall ~ (Mittou
(Adenoviral Progressive idal circuits; xV et
vector) Striatal significant al.
Degeneration; behavioural 2002)
Lewisrats benefits
No attenuation
Lentiviral- GDNF HD R6/2 of behavioral (Popovi
mediated (Lentivira Huntington and cetal.
expression of vector) mice neuropathologic ~ 2005)
GDNF a changes
AAV GDNF HD Rat model of Improvementin  (McBri
(AAV HD; Lewisrats  behaviora test; deetal.
Vector) reducescell loss  2003)
Improves (McBri
AAV GDNF HD Mouse model of behavior and de JL et
(AAV HD protects striatal al.
vector) neurons 2006)
Reduces | oss of
AAV GDNF, HD Lesionwith QA;  both NeuNand (Kells
BDNF rats calbindin- AP et
(AAV immunopositive a
vector) striatal neurons ~ 2004)
Protects striatal
AAV Neurturin HD N171-82Q and cortical (Ramas
(AAV transgenic HD neurons and wamy
vector) mouse model delays motor et al.
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Sustained

AAV4 BDNF HD Adult rat induction of (Benrai
(AAV4 neuronal ssetal.

vector) addition to the 2012)

neostriatum
Lentivirus VEGF HD Invivo model of  Dose-dependent  (Ellison
(Lentiviral HD; rats Neuroprotection ~ SM et
vector) a

2013)

6. Conclusions

So far, most of the molecular, cellular, and circuit functions, genes or pathways that
cause neurodegeneration in CNS diseases are not yet well investigated, and thus, nowadays
the only clinical treatments for AD, PD, HD or ALS are mainly symptomatic, without
managing the diseases progression.

Taking these considerations into account, the development of new therapeutic options
to address the main causes of neurodegenerative diseases is urgently needed. In this sense,
NTFs are considered a promising approach to attain this purpose. However, these factors
present some shortcomings that limit their use in clinical application, mainly due to their
poor capacity to cross the BBB, and thus to access the brain as well as their short
circulation half-life and rapid degradation rate after being administered in vivo. With the
aim to overcome these clinical restrictions, a quick progress in the area of nanomedicine
has been performed, where different systems have been developed in order to protect NTFs
and control their release in the brain, thus, achieving a favorable local and long term
delivery. These efforts have led to a promising evolution of current therapies for the
treatment of neurodegenerative disorders. According to this, in this book chapter novel
nanotechnologies frequently used to achieve a controlled release of NTFs for the treatment
of AD, PD, HD and ALS have been fully described. Among the different nanotechnologies
mentioned, polymeric or lipidic nanocarriers could offer an exceptiona ability to access the

brain tissue overcoming the BBB limitation. These nanocarriers are safe and biodegradable
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systems that can be administered through different administration routes. In addition,
another interesting and important advantage that these nanosystems offer is the possibility
of surface modification with certain ligands to attain a specific brain targeting, enabling
them as suitable candidates for the sustained release of GFsin the brain tissue.

Nevertheless, despite the enormous advances that have been addressed in nanometric
DDS to deliver NTFs, to date, the main clinical trials carried out to evaluate GFs for CNS
disorders have been performed administering NTFs in solution. Therefore, bearing in mind
the previously named problems that these proteins present after their in vivo administration,
and taking into account the promising preclinical results obtained with the DDS entrapping
NTFs described in this chapter, further research would be needed in the field nanomedicine
to develop suitable DDS using GFs or neurotrophins for human application to treat

neurodegenerative disorders.
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In recent years, the prevalence of people living with neurodegenerative diseases (NDs) has
dramatically increased, but to date, there is no cure for this kind of disorders. The current
therapies are focused on modifying the disease progression and symptoms, with insufficient
or null effect on the improvement of the disease. In this line, selective growth factors (GFs)
have become an interesting therapy since they are able to provide neuroprotective,
neurorestorative and stimulating effects on diseased neurons. However, these factors
present some shortcomings that limit their use in clinical application, mainly due to their
poor capacity to cross the blood-brain barrier (BBB), and thus to access the brain, as well as
their short circulation half-life and rapid degradation rate after being administered in vivo.
Therefore, significant attempts have aready been made to design different and promising
drug delivery systems (DDS) to protect neurotrophins and release them into the brain in a
control manner. In addition, in the past few years intranasal drug delivery has appeared as
an alternative non-invasive administration route to bypass the BBB and target drugs

directly to the central nervous system (CNS).

Therefore, the main objective of this Doctora Thesis is the development of lipid
nanoparticles (NPs) as vehicles for nose-to-brain delivery of neurotrophic factors for the
treatment of NDs.

Concretely, the objectives of the present study are the following:

1. Design, optimization and characterization of chitosan (CS) coated nanostructured lipid
carriers (NLCs) to promote the delivery of neurotrophic factors to the brain after intranasal
administration.

2. Biodistribution study of CS-NLC after intranasal administration to nude mice to explore
the possibility of brain targeting by nose-to-brain delivery using fluorescence imaging

(FLI) monitoring.
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3. To study the in vivo neuroprotective effect of intranasally administered GDNF,
encapsulated in CS-coated NLC (CS-NLC-GDNF), in a 6-OHDA partialy lesioned rat

model of Parkinson Disease.

4. To develop, characterize and validate an in vitro olfactory cell monolayer and to study

the NPs transport across this monolayer in order to estimate their access into the brain.
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ABSTRACT

The remarkable increase in the prevalence of neurodegenerative diseases has become a
serious public health problem. Considering the lack of effective treatments to address these
diseases and the difficulties in accessing the brain due to the blood-brain barrier (BBB), to
attain a successful strategy to improve drug delivery to the brain, the administration route
becomes a point of interest. The intranasal route provides a non-invasive method to bypass
the BBB. Moreover, the development of new technologies for the protection and delivery
of peptides is an interesting approach to consider. Thus, in this work, a suitable chitosan
coated nanostructured lipid carrier (CS-NLC) formulation with the capacity to reach the
brain after being intranasally administered was successfully developed and optimized. The
optimal formulation displayed a particle size of 114 nm with a positive surface charge of +
28 mV. The in vitro assays demonstrated the biocompatibility of the nanocarrier and its
cellular uptake by 16HBE140- cells. Furthermore, no haemagglutination or haemolysis
processes were observed when the particles were incubated with erythrocytes, and no
toxicity signals appeared in the nasal mucosa of mice after the administration of CS-NLCs.
Finally, the biodistribution study of CS-NLC-DiR demonstrated an efficient brain delivery
of the particles after intranasal administration. In conclusion, CS-NLC can be considered to
be a safe and effective nanocarrier for nose-to-brain drug delivery; however, to obtain a
higher concentration of the drug in the brain following intranasal administration, further

modifications are warranted in the CS-NL C formulation.
©2015 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade, there has been a
remarkable increase in the prevalence of
neurodegenerative diseases (NDs), which
have become a serious public heath
problem. Currently, there is no cure for
most NDs, and current therapies are
focused on modifying the disease
progression and symptoms, presenting
insufficient or null effects on the
improvement of the disease [1]. A notable
obstacle to identifying an adequate
therapy is the presence of the blood-brain
barrier (BBB), which limits the effective
delivery and distribution of therapeutic
agents to the central nervous system
(CNS) [2]. This limitation is observed
due to the function of the BBB in
maintaining CNS homeostasis and
preventing the free diffuson and
penetration of most drugs and other
foreign components from the bloodstream
to the brain [3].

Considering these factors, the scientific
community is making enormous efforts in
the development of new successful
treatment options to improve drug

delivery to the brain by means of invasive

Through

intracerebroventricular and

or  non-invasive  ways.

intraparenchymal administration routes,
drugs are administered directly into the
brain, thereby avoiding the BBB.
Therefore, high drug concentrations can
access the target site. However, both
methods are invasive techniques in which
the drug diffusion from the injection site
is not easy [4].
intravenous or subcutaneous routes are

Intraperitoneal,

much simpler techniques that are used as
a less invasive aternative. Nevertheless,
after parenteral administration, most of
the drugs present serious difficulties in
crossing the BBB, and hence, to obtain
therapeutics levels in the brain, the
administration of high doses is required,
which may result in adverse systemic
effects [5,6]. Lastly, recent research
describes several studies that propose
intranasal (i.n.) administration route as a
non-invasive way to transport drugs
directly to the CNS through the olfactory
and trigeminal nerve pathways, thus, it
presents the capacity to bypass the BBB
[7]. Furthermore, clinical trials in humans
have demonstrated that intranasal

administration  offers a  successful
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aternative to deliver drugsto the brain. In
this regard, Reger et al. confirmed that
intranasally administered insulin
improves verbal memory in Alzheimer
disease patients without systemic side

effects[§].

Currently, there have been enormous
efforts to identify new treatments to
address CNS disorders. Accordingly,
neurotrophic factors have become an
interesting therapy due to their ability to
provide neuroprotective, neurorestorative
and stimulating effects on diseased
neurons. However, it is interesting to
mention that after their in vivo
application, these peptides present
important shortcomings, such as a short
circulation half-life, a rapid degradation
rate, or a poor ability to cross the BBB
due to their unsuitable molecular weight,
lipophilicity or surface charge [9]. Hence,
new technologies for brain drug delivery
have been investigated in the last few
years to provide new dtrategies to
overcome the mentioned limitations [2].
In this sense, nanometric drug delivery
systems could be considered possible
tools to protect drugs against degradation

in the nasal cavity as well as to stimulate

nose to brain drug delivery [10]. Among
these substances, nanostructured lipid
carriers (NLCs), which are the improved
second-generation derived from solid
lipid nanoparticles, represent an attractive
system for this purpose. NLCs are usually
biodegradable  and

biocompatible lipid components primarily

composed  of

obtained from natural sources. NLCs also
offer high drug entrapment efficiencies
and high stability, and they have a well-
established safety profile and
toxicological data [11-13].

NLCS major drawbacks after i.n.

However,

administration are a low residence time in
the nasal cavity and incomplete drug
absorption due to mucociliary clearance
[14]. With the aim of solving these
challenges, lipid formulations enable the
possibility of surface charge modification
with various cationic substances, such as
chitosan (C9), with

characteristics. Several studies have

interesting

demonstrated the excellent mucoadhesive
properties of this cationic polysaccharide,
enhancing the penetration  across
epithelial  mucus and prolonging the

retention time in the nasal cavity [15-17].
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Accordingly, the aim of our study was to
optimize a CSNLC

formulation to obtain mucoadhesive and

design and

positively charged nanoparticles with a
particle size of approximately 100 nm for
promoting the delivery of drugs to the
brain after intranasal administration. In
vitro tests were undertaken in 16HBE140-
cells to determine the cytotoxicity and cell
uptake capability of our formulation. The
interaction of CS-NLC with erythrocytes
was analysed by haemolysis and
haemaglutination assays. Additionally,
the nasal toxicity of the nanoparticles was
also evaluated in vivo in C57 mice.
Finaly, CS-NLCs were loaded with the
near infrared dye, DiR, and administered
intranasally to nude mice to explore the
possibility of brain targeting by nose-to-
brain delivery using fluorescence imaging
(FLI) monitoring.

2. Materials and Methods
2.1. Materials

Precirol ATO®5 (Glycerol distearate),
Dynasan 114° (Trimyristin) and Miglyol®
(Caprylic/Capric
donated by Gattefosé (France), Oxi-Med
Expres S.A (Spain) and Sasol Germany

Triglyceride)  were

GmbH, respectively. Tween 80, Lutrol®
F-68 (Poloxamer 188), sodium citrate and
3.7% paraformaldehyde were purchased
from Panreac (Spain). Protasan UP CL
113 Chitosan was obtained from
NovaMatrix (Norway). Trehalose
dihydrate, NileRed, Cell Counting Kit-8
(CCK-8),
Vitrogen 100, Human fibronectin, Hepes,
Glucose, Na,HPO,.7H,O, Phenol Red,
Polyvinilpyrrolidone, EGTA, EDTA and
citric acid were bought from Sigma
Aldrich (Spain). DiR DilC18 (7) (1,1-
Dioctadecyl-3,3,3',3-

Tetramethylindotricarbocyanine  lodide)

Bovine serum  abumin,

was purchased from Molecular Probes®
by Life Technologies (Spain). hIGF-l was
obtained from Peprotech (UK). The
16HBE140- cell line was bought from the
Dr. Gruenert Laboratory (University of
Cdlifornia, San Francisco). MEM, LHC
basal medium, foetal bovine serum, L-
Glutamine, Penicillin/Streptomycin and
PBS pH 7,4 (1X) were purchased from
Gibco® by Life Technologies (Spain).
Sodium chloride was obtained from
Labkem (Spain), K,HPO,, KH,PO, and
KCl were obtained from Scharlau (Spain)
and 4',6-diamidino-2-phenylindole
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(DAPI) was bought from
SouthernBiotech (USA).

2.2. NLC preparation and optimization

Precirol ATO5 (melting point: 56°C) or
Dynasan 114 (melting point: 56°C) and
Miglyol (liquid at room temperature
(RT)) were chosen to form lipid matrix.
The lipid phase was melted 5°C above its
melting point untii a clear and
homogeneous phase was obtained. The
agueous solution was composed of
various percentages of Tween 80 and
Poloxamer 188 to obtain afinal volume of
4 ml, and the solution was warmed in a
water bath. The hot surfactant phase was
then added to the melted oily phase and
was sonicated for 60 seconds at 50 W
sonifier 250). The

nanoemulsion was maintained under

(Branson®

magnetic stirring during 15 min at RT and
stored at 4 °C for 12 h overnight to allow
the re-crystallisation of the lipid for NLC-
formation. On the following day, the
nanoparticle dispersion was centrifuged in
an Amicon filter (Amicon, “Ultracel-
100k") at 2,500 rpm (MIXTASEL, P
Selecta) for 15 min, the nanoparticles

were washed three times with milli Q

water and were finally lyophilized during
42 h (LyoBeta 15, Telstar, Spain). Prior to
the lyophilization of the resultant NLC
dispersion, a solution of a cryoprotectant
(trehalose (15% w/w)) was added to the

collected nanoparticles.

Chitosan coated NLCs were prepared as
described above but followed by a
chitosan coating process. The
nanoparticle  dispersion was added
dropwise to an equal volume (4 ml) of a
chitosan solution (0.5%, w/v) kept under
continuous agitation at RT, and the
suspension was maintained under these
conditions for 20 min to allow the coating
of the nanoparticles. After this step, the
CS-NLC dispersion was centrifuged and
lyophilized as previousy mentioned. To
optimize the formulation, various lipid
and surfactant percentages, described in

Table 1, were tested.
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Table 1. Composition of the various nanoparticles developed using Precirol ATO5 (NLC-
P) or Dynasan 114 (NLC-D) as solid lipids. Table shows the percentages of lipids, hIGF-I,

Tween 80 (T80) and Poloxomer 188.

Formulation % Lipid (w/v) % hIGF-I (w/w) % T80 (w/v) % Poloxamer
188 (wiv)

NLC-P1 6.66 X 13 0.67
NLC-P2 6.66 X 3 2
NLC-P3 25 X 13 0.67
NLC-P4 25 X 3 2
NLC-P5 25 0.5 3 2
CS-NLC-P5 25 0.5 3 2
NLC-D1 6.66 X 3 2
NLC-D2 25 X 13 0.67
NLC-D3 25 X 3 2
NLC-D4 25 0.5 3 2
NLC-D5 1 X 1 1
NLC-D6 1 X 2 1
NLC-D7 1 X 2 2
NLC-D8 1 X 3 1
NLC-D9 1 0.5 2 1
CS-NLC-D9 1 0.5 2 1

Finaly, the neurotrophic factor human
insulin-like growth factor-1 (hIGF-1) was
loaded in the CS-NLCs at a concentration
of 0.5% (w/w) to assess the suitability of
the nanoparticles to encapsulate a
therapeutic candidate for ND applications.
Additionally, the lipophilic dye NileRed
and the near infrared dye DIiR were
incorporated into the NLC (CS-NLC-
NileRed and CS-NLC-DiR), both a a
concentration of 0.5% (w/w), for cellular
uptake assays and to determine the

biodistribution profile. These

formulations were elaborated as described
above but included the corresponding
neurotrophic factor or dye, depending on
the formulation, in the lipid phase prior to

the sonication process.

2.2.1. Nanoparticle characterization: size,
zeta  potential,  morphology and

encapsulation efficiency (EE%)

The mean diameter (Z-average diameter)
and size distribution were measured by
Dynamic Light Scattering, and the zeta

potential was determined through Laser
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Doppler Micro-Electrophoresis (Malvern®
Zetasizer Nano ZS, Model Zen 3600;
Malvern Instruments Ltd). Three replicate
analyses were performed for each
formulation, and the data are presented as
the mean + S.D. Nanoparticle surface
characteristics and morphology were
examined by Transmission Electron
Microscopy (TEM, Philips CM120

BioTwin, 120kV).

The EE% of hIGF-1-loaded CS-NLCs was
determined indirectly by measuring the
free hIGF-I (non-encapsulated hIGF-1) in
the supernatant obtained after the
filtration/centrifugation process described
in the previous section and was quantified
by a specific hiIGF-1 ELISA development
Kit (Enzo® LifeScience, USA).

2.3. In vitro dye release of Nile Red and
DiRfrom CSNLCs

With the objective to determine whether
the dye (Nile Red or DiR) would be
released from the nanoparticles after
being administered to the mice, 15 mg of
nanoparticles were incubated for 4 and 24
h, for Nile Red and DiR, respectively, in 1
m of PBS (pH 7.4). Then, the
nanoparticle

suspension  underwent

centrifugal filtration (Amicon Ultra-15,
Millipore®) and was centrifuged at 2,500
rom for 15 min a 4°C (P Selecta
Mixtasel). The absorbance of the filtrates
was measured with a calibration curve

ranging from 5-100 pg dye/ml PBS.

2.4. Cdll viability and uptake in human
bronchial epithelial cell line (L6HBE140-
) after CS-NLC treatment

The 16HBE140- cell line was maintained
in MEM cédll culture medium containing
L-glutamine, 10% foetal bovine serum,
10,000 pg/ml Streptomycin and 10,000
units/ml penicillin “G” at standardized
conditions (95% relative humidity, 5%
CO,, 37°C). Before cultivation of the
cells, the flasks were coated with
fibronectin coating solution (FCS) to

favour cell attachment.

To evaluate the cytotoxicity of CS-NLCs,
16HBE140- cells were seeded into 96-
well plates previoudly coated with FCS, at
a density of 5 x 10° cells/well and were
incubated for 24 h to alow the cell
attachment. Defined concentrations of
CS-NLCs(0.01-0.1 mg/ml) were added to
the cell cultures and were incubated for
24,48 and 72 h at 37°C. The cell viability
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was measured using Cell Counting Kit-8,
in which the absorbance was directly
proportional to the number of living cells

in the culture.

Fluorescent microscopy was used to
perform the qualitative analysis of cellular
uptake of CS-NLC labelled with NileRed
(CS-NLC-NileRed) in 16HBE140- cells.
In brief, a 24-well plate with coverdlips
was coated with FCS, and 5 x 10* cells
were seeded on this plate and kept in
complete culture medium for 24 h. On the
next day, 25 g of CS-NLC-NileRed was
administered to the cells, which were
incubated for 4 h at 37°C. Afterwards, the
cells were washed twice with cold uptake
buffer (0.14 M NaCl, 2 mM K,HPO, and
0.4 mM KH,PO,), once with cold acid
buffer (0.26 M citric acidH,O, 80 mM
sodium citrate and 85 mM KCl), and
finally fixed with 4% paraformaldehyde.
Nuclel were then stained with 4',6-
diamidino-2-phenylindole (DAPI) (500
ng/ml), and the coverdlips were mounted
on the dlides for examination under a
fluorescent microscope (Carl Zeiss Axio
Observer) equipped with a structured
illumination module (ApoTome) a a

magnification of 40x. Images of the

successive planes of the z-axis were
obtained and studied.

25. Interaction with erythrocytes:

haemolysis and haemagl utination assays

Haemolysis and haemaglutination assays
were conducted following protocols
previously described [18]. In both cases,
fresh human blood was centrifuged at
4,000 rpm for 5 min, and plasma was
discarded. The erythrocytes were washed
and centrifuged three times with PBS, and
the final erythrocyte fraction was diluted
in PBS to a concentration of 5% (v/v) for
the haemolysis assay and 2% (v/v) for the

haemagl utination assay.

In the haemolysis study, CS-NLCs were
added at various concentrations (5 mg/ml,
4 mg/ml, 3 mg/ml, 2 mg/ml, 1.5 mg/ml, 1
mg/ml, 0.5 mg/ml and 0.25 mg/ml) to the
erythrocyte suspension and incubated for
1 h a RT. The suspension was
centrifuged at 4,000 rpm for 5 min, and
the supernatants were collected to
determine the haemolysis by measuring
haemoglobin released a 545 nm in a
microplate reader (Infinite M200-Tecan).
A lysis buffer was utilized as a positive

control (100% haemolysis sample).
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In the haemaglutination study, CS-NLCs
were added at various concentrations (5
mg/ml, 4 mg/ml, 3 mg/ml, 2 mg/ml, 1.5
mg/ml, 1 mg/ml, 0.5 mg/ml and 0.1
mg/ml) to the erythrocyte suspension and
incubated for 15 min at RT. One drop of
each of the samples was placed in a
microscope slide and was observed under
light microscopy (Nikon ECLIPSE
TE2000-S) to

haemagl utination.

determine

2.6. In vivo nasal toxicity evaluation

The nasa toxicity evaluation was
conducted in C57 mice after
CSNLCs for 15
consecutive days. Three mice per group
received 3 mg of CS-NLCs (re-suspended
in 20 pl of PBS) or PBS done for 15
consecutive days by intranasal ingtillation
(10 pl each nogtril). At the end of the
treatment and 24 h after the last

administering

administration, the mice were sacrificed
and the nasal mucosa was harvested, fixed
(with 4%  paraformaldehyde) and
embedded in paraffin. Paraffin sections
were cut, stained with haematoxylin/eosin
and observed under a light microscope
(Nikon  ECLIPSE  TE2000-S) to

determine toxicity indicators, such as

fibrosis, inflammation and atypical signs.

2.7. Brain-accumulation and whole body
biodistribution of CSNLC

Fifteen athymic nude female mice were
used (22 g, Harlan Interfauna Iberica,
Spain) to evaluate CS-NLCs bran
targeting  effect  and
biodistribution. DiR-labelled CS-NLCs
intranasally  to
inhalatory

whole-body

were  administered
anesthetized mice  with
isoflurane using a nose cone mask. The
animals were randomized into two
groups:. control group (i.n. PBS, 3 mice (1
mouse per end point)) and treated group
(i.n. CSNLC-DiR, 12 mice (4 mice per
end point)). The formulation was
administered as a single dose of 0.5 mg
DiR/kg mouse body weight (135 mg CS-
NLC-DiR/kg) with an administration
volume of 0.8 ml/kg. A tota of 8
administrations (4 per orifice) were given
alternating nasal nostrils (2.5 pl/each) and
waiting 3 min  between  each
admini stration.

In vivo brain-accumulation and whole-

body biodistribution were measured non-

invasively by DiR fluorescence imaging
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(FL1) monitoring from the ventral and
dorsal mouse views, 0.5, 4.5, 6.5 and 23.5
h post-administration. Additionally, at 1,
7 and 24 h post-administration time
points, whole brain, lung, heart, liver,
spleen, kidney and skin samples were
collected, and compound tissue
accumulations were determined by ex
vivo DiR FLI monitoring. Each brain was
sectioned into cerebrum, cerebellum and
hippocampus and ex vivo DiR FLI
monitoring was performed. After this

study, all tissues were discarded.

In vitro, in vivo and ex vivo FLI studies
were performed with an 1VIS® Spectrum
imaging
measurements of fluorescent signals were

system. Images and
acquired and analysed using Living
Image® 4.3.1 software (Perkin Elmer).
The fluorescent signal was quantified in
radiant efficiency units (fluorescence
emission radiance per incident excitation
power). All the analyses and graphs were
performed using GraphPad Prism 5

software.
2.8. Satistical analysis

The datistical analysis was performed
using GraphPad Prism 5 software. A one-

way ANOVA and a post hoc test were
used in multiple comparisons. The normal
distribution of samples was assessed by
the  Shapiro-Wilk test, and the
homogeneity of variance was determined
by the Levene test. Vaues were
considered to be significant if p < 0.05 as

the mean + standard deviation (SD).
3. Results and Discussion

3.1. Optimization and characterization:
Particle size, morphology and zeta

potential

The aim of thiswork wasto obtain aNLC
formulation with an adequate particle
size, morphology and zeta potentia
suitable to achieve an efficient nose-to-
brain delivery. To attain this purpose,
various concentrations of two commonly
used solid lipids (Precirol ATO5 and
Dynasan 114) and diverse portions of
selected surfactants were tested [19].
These results are presented in Table 2
(Precirol ATO5 as solid lipid) and Table 3
(Dynasan 114 as solid lipid), which show
the various particle sizes, polydispersity
index (PDI) and zeta potential obtained
during the optimization process. As
shown in Table 2, the NLCs prepared
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with Precirol ATO5 (6.6%, w/v), T80
(1.3%, wiv) and Poloxamer 188 (0.67%,
w/v) (NLC-P1) exhibited a particle size of
294.50 + 22.06 nm, with a PDI of 0.4. As
expected, a notable decrease in the
particle size was observed when the
surfactant percentage in the aqueous
phase was increased, obtaining a
formulation (NLC-P2) with a particle size
of approximately 103.08 + 9.57 nm and
PDI of 0.4. Moreover, when the lipid
percentage decreased to 2.5% (w/v)
together with the increase in the surfactant
fraction (NLC-P4), particle sizes were
approximately 72 nm. Additionally, NLC-
P4 showed a PDI value lower than 0.4,
confirming that the size distribution was
more homogeneous than in the previous
formulations. The study of the zeta
potential revealed that all formulations
presented a similar surface charge of
approximately -30 mV. Considering the
particle sizes and PDI values, NLC-P4
was selected as the most suitable
formulation to continue with the next

steps of the study.

In regard to the NLCs elaborated with
Dynasan 114 solid lipid, the particle size

of these formulations was higher than in
those prepared with Precirol ATO5 using
the same amounts of surfactants and lipid.
Moreover, the PDI value of most of these
formulations was above 0.4, indicating a
non-stable polydisperse system. Attempts
were made to obtain a formulation with a
smaller particle size, such as the decrease
of the lipid percentage to 1%, but the
particle size was till above 150 nm, and
the PDI
Therefore, previously
described Precirol formulation (NLC-P4)

presented a lower particle size and PDI

was approximately 0.4.

because the

value, the Dynasan prepared formulations
were discarded for this application (Table
3).
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Table 2. Characterization of the various nanoparticles developed using Precirol ATO5 as
the solid lipid. The table shows the particle size (nm), PDI and zeta potential (mV) of the
Iyophilized nanoparticles. Results are expressed as the mean + SD (n=3).

NLC-Precirol formulations

Formulation Size after lyoph. (nm)  PDI Zeta potential (mV)
NLC-P1 294.50 + 22.06 0.412 + 0.03 (-)30.55+ 0.49
NLC-P2 103.03 £ 9.57 0.420 = 0.03 (-)30.28 £ 1.67
NLC-P3 81.51+12.19 0.387+0.11 (-)30.67 £ 0.55
NLC-P4 7217 +855 0.364 + 0.22 (-)28.20£1.32
NLC-P5 107.12 £ 8.95 0.342+0.04 (-)30.30£ 2.12
CS-NLC-P5 114.48 + 20.20 0.287 + 0.05 (+)28.40 + 2.83

Table 3. Characterization of the various nanoparticles devel oped using Dynasan 114 as the
solid lipid. The table shows the particle size (nm), PDI and zeta potential (mV) of the
Iyophilized nanoparticles. Results are expressed as the mean + SD (n=3).

NL C-Dynasan 114 formulations

Formulation Size after lyoph. (nm)  PDI Zeta potential (mV)
NLC-D1 267.40 £ 2.12 0.461 + 0.02 (-)20.81£231
NLC-D2 127.87 + 35.03 0.461 + 0.08 (-)21.52+£3.45
NLC-D3 136.00 + 13.57 0.376 + 0.03 (-)20.30£5.28
NLC-D4 132.65 + 22.41 0.648 + 0.05 (-)22.53+£3.32
NLC-D5 162.06 + 20.69 0.382+0.00 (-)21.23+2.86
NLC-D6 129.12 + 26.90 0.409 + 0.12 (-)20.51+3.81
NLC-D7 237.00+£11.92 0.250 + 0.05 (-)20.62 £ 3.24
NLC-D8 226.05 + 54.94 0.421+0.01 (-)22.10£ 452
NLC-D9 159.35 £ 9.47 0.361 + 0.06 (-)19.12+1.34
CS-NLC-D9 191.89+0.74 0.386 + 0.12 (+) 41.50 + 18.88

Previous studies have reported that penetration of encapsulated drugs or

cationic nanoparticles are expected to be proteins across the nasal mucosa, the

easily attracted to the endothelial cells due surface of NLCs was modified with

to electrostatic interactions between the chitosan.  After our  nanoparticle

negatively charged cell membranes and
positively charged cationic nanoparticles,
which may enhance their celular
absorption and brain delivery [20]. For

this reason, with the aim of enhancing the

formulation was coated with chitosan,
zeta potential values became positive (+
28 mV), and the particle size increased to
approximately 10 nm (CS-NLC-P5),

compared with the non-coated particles,
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suggesting the correct adsorption of
chitosan to the surface of the
nanoparticles. In addition to this change
in the surface charge of the NLCs, this
biopolymer exhibits good
biocompatibility, biodegradability and a
low toxicity. Furthermore, chitosan
presents excellent mucoadhesive
properties that prolong the contact of
nanoparticles with the nasal epithelium,
increasing the retention time in the nasal
mucosa and consequently enhancing the
drug uptake by the nasal epithelial cells

[21, 22].

Therefore, in the next step of this work,
the selected nanoparticles were loaded
with a model neurotrophic factor (hIGF-1)
(NLC-P5) and coated with chitosan to
achieve the desired mucoadhesive
properties (CS-NLC-P5). Moreover, this
formulation showed a high encapsulation
efficiency (90.28 + 0.4%), and thus, it
was validated as an adequate delivery
system for future applications in NDs.
Fig. 1A depicts a TEM micrograph of the
nanoparticles, showing a uniform particle

size.

3.1.1. In vitro dye release of Nile Red and
DiR from CSNLCs

To confirm that each of the dyes remained
encapsulated in the CS-NLCs, the
nanoparticles were incubated with PBS
(pH 7.4) and were filtered. The
absorbance of the filtrates was then
measured, showing an absence of
detectable signal, thus confirming that
neither Nile Red nor DiR were released
from the NP after the incubation period.
These results clearly suggest that all the
fluorescent tracer remained associated
with the nanoparticles in the experimental
period and indicate that the fluorescence
signal detected in the cell cultures or
tissue samples was attributed to the
labelled nanoparticles and not to the free

dye.

3.1.2. Cdll viability and uptake in human
bronchial epithelial cell line (L6HBE140-
) after CS'NLC treatment

Following the intranasal administration of
CS-NLCs, the nanoparticles came into
contact with nasal epithelial cells, which
is the first barrier that CS-NLCs must
overcome to reach the brain. To emulate
these conditions and evaluate the safety
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and uptake capacity of the optimized CS-
NLC formulation, the 16HBE140- cell
line was used. Fig. 1B displays cell
viability results at 24, 48 and 72 h after
CS-NLCs were incubated at increasing
concentrations (0.01-0.1 mg/ml) with
cells, showing viability results above 70%
a al concentrations of CS-NLCs.
Because it is assumed that cell viability
>70% is considered “no toxicity” [23],
these data suggest the biocompatibility of
the formulation tested with nasal
epithelial cells, maintaining cell viability.

Considering that the NLCs designed in
this work are intended to be administered
intranasally; thus, they would be in
contact with nasal epithelial cells, the CS-
NLCs cellular uptake occurred in the
same cell line (16HBE140-). In this study,
NLCs labelled with Nile Red were used.
The NP showed a mean size of
approximately 119 nm (PDI 0.266) and
zeta potential of +32.9 mV. Figure 1C
illustrates a high uptake of CS-NLC-Nile
Red in the 16HBE140- cell line after 4 h
of treatment. As shown, the formulation
distributed
throughout the cel cytoplasm and

was homogeneously

membrane without detectable evidence of

the particles in the nucleus, as other
researchers have previously reported for

similar nanoparticles [24].

3.2. Interaction with erythrocytes:

haemolysis and haemagl utination assays

Although these nanoparticles are designed
for intranasal administration, it is
interesting to address haemaglutination
and haemolysis tests due to a possible
systemic absorption of the particles after
their i.n. administration. These assays
were performed by incubating various
concentrations of CSNLCs  with
Figg 2A shows the

haemaglutination assay results, in which

erythrocytes.

an insignificant agglutination was
observed when 5 mg of CS-NLCsml
were added to the erythrocytes, and no
agglutination was detected at lower CS-
NLCs concentrations. Therefore, it was
not expected to be clinically relevant. Fig.
2B displays the haemolytic activity of
erythrocytes after CS-NLCs treatment. In
this case, no haemolysis was observed at
any concentration tested; thus, no sign of

toxicity was detected.



74 Experimental design: Chapter 1

0.D (16HBEo- cell line/ 24h) w

0.D (16HBEo- cell line/ 48h)

Negative Control

0.D (16HBEo- cell line/ 72h)

CS-NLC-NileRed

Figure 1. Morphology and in vitro studies of CS-NLCs A) TEM photomicrograph of CS-NLCs. B)
Viability evaluation in 16HBE140- cell line cultures at 24, 48 and 72 h after CS-NLCs treatment
(0.01 =0.01 CS-NLCs mg/ml; 0.05 = 0.05 CS-NLCs mg/ml; 0.1 = 0.1 CS-NLCs mg/ml; C+ (positive
control) = culture medium with PBS; C- (negative control) = culture medium with 10% DM SO). The
data are shown as the mean + SD. ***p< 0.001. C) Cellular uptake of CS-NLC-NileRed (25 ug) after
incubation with 16HBE14o0- cellsfor 4 h. The image on the top is the negative control, in which cells
were not incubated with NileRed loaded nanoparticles. The image below shows the cells incubated
with the nanoparticles, NileRed labelled nanoparticles (in red) and cell nuclel stained with DAPI (in
blue).
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0.0 (hemolysis valuo)

PIEELELELS

Figure 2. Haemolysis, haemaglutination and nasal toxicity studies A) Agglutination of
erythrocytes when blood is untreated and treated with various concentrations of CS-NLCs B)
Haemolytic activity of erythrocytes after their treatment with various concentrations of CS-NLCs.
Lysis buffer represents the positive control haemolysis sample. Error bars represent SD. ***p <
0.001 with respect to the rest of the samples. C) Representative photomicrographs of the entire nasal
mucosalcavity biopsies in C57 mice after i.n. administration of PBS or CS-NLCs.
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3.2.1. Invivo nasal toxicity

The results reflected in Fig. 2C show PBS
treated mucosa (control) and the nasal
mucosa after being exposed to CS-NLCs
stained with haematoxylin-eosin.
Following the i.n. administration of CS-
NLCs for 15 consecutive days, no
histopathological lesions that could

indicate  toxicity = were  detected.
Representative photomicrographs of the
histopathological analysis are shown in
figure 2C, revealing no changes and no
noticeable lesions of the nasal epithelium
in CS-NLCs treated mice, compared with
the control group. All samples exhibited
absence of fibrosis, inflammatory cells

and atopic tissue formation.

3.3. In vivo distribution of CSNLCs

following intranasal administration

The brain drug delivery for the treatment
of neurodegenerative diseases is hindered
by the BBB, which limits the access of
drugs to the CNS. In recent years,
enormous efforts have been made towards
the research of new drug deivery
platforms able to improve the diffusion of
drugs across the BBB using non-invasive
administration routes. In 2008, Kumar et

al. optimized a mucoadhesive
nanoemulsion that demonstrated a rapid
and large extent of olanzapine transport to
the rat brain [25]. Furthermore, Patel et
al. confirmed the location of risperidone
in the brain after i.n. administration of
solid lipid nanoparticles by gamma
scintigraphy imaging [26]. In view of all
that has been mentioned above, in this
work, we made a step forward by
studying the brain uptake of a second
improved generation of lipid-based
nanoparticles after i.n. administration of
DiR labelled CS-NLCs. The average
particle size and zeta potential values of
CS-NLC-DiR were approximately 119
nm (PDlI 0268 and +37.3 mV,
respectively.

As shown in Fig. 3A, DiR fluorescence
was detected in mice brain after i.n.
administration of CS-NLC-DiR, revesled
by the in vivo tissue-biodistribution
monitoring performed at 0.5, 4.5, 6.5 and
235 h post-administration. After the
images  were  overexposed, the
fluorescence signal in some animals was
colocalized with the brain, confirming an
in vivo brain-accumulation of our

formulation (Figure 3B). Moreover, as
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shown in figure 3A, the CS-NLC-DiR
were quickly adsorbed by the olfactory
tract and distributed mainly to the lungs
through the respiratory track and were
also detected in the trachea and olfactory
bulb. It is important to note that the
nanoparticles were retained in the nasal
cavity 24 h post administration because
they were detected by fluorescence
monitoring; they were slowly cleared and
biodistributed to other organs (Figure
3C). In a recent study performed by
Kumar et al., olanzapine Cmax and AUC
in rat brain after i.n. administration of
chitosan coated nanoformulations were
significantly higher in comparison with
the values obtained after the i.n.
administration of non-coated
formulations, probably due to the
mucoadhesive property of chitosan that
diminishes the mucociliary clearance,
which enables the drug to target the
olfactory region [25]. Moreover, chitosan
favours the drug delivery across various
celular barriers, such as epithdia
mucosa, opening the tight junctions
between cells[16].

After in vivo fluorescence monitoring,

mice were sacrificed to analyse the ex

vivo brain and tissue fluorescence
accumulations. Ex vivo DiR fluorescence
further confirmed the brain accumulation
of CS-NLC-DiR 1, 7 and 24 h &fter their
i.n. administration (Figure 4A). As shown
in figure 4A, brain accumulation was
lower than lung accumulation, similar to
other published works [26,27]; however,
in our study, the signal was maintained
during 24 h after i.n. administration,
suggesting that our formulation would
reach the brain over time without being
cleared by nasal mucosal cilia. Moreover,
although a low percentage of CS-NLCs
reached the brain, this amount could be
sufficient to exert biological activity when
a gpecific drug is encapsulated. The
quantification of CS-NLC-DiR tissue
accumulation is shown in figure 4B, in
which 0.02%, 0.03% and 0.03% per g of
brain, with respect to the total tissue-
accumulated fluorescence, was measured
(Figure 4B) 1, 7 and 24 h post-
administration. These results agree with
the findings obtained by Shadab et al.
who demonstrated the capability of
chitosan nanoparticles to reach the brain
after i.n. administration. Moreover, in the
study performed in 2013 by Shadab and
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colleagues, they found that the drug nanoparticles was significantly higher
concentration in the brain after the i.n. than the concentration detected after i.v.
administration of drug loaded chitosan drug administration [27].
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Figure 3. Non-invasive in vivo monitoring of CS-NL C-DiR tissue-accumulations over time A) In
vivo CS-NLC-DiR tissue accumulation was monitored at 0.5, 4.5, 6.5 and 23.5 h post-administration
of 0.5 mg DiR/kg through i.n. administration. Dorsal (left) and ventra (right) mice views are shown.
Fluorescent signals were localized in the olfactory tract, lungs, trachea and spleen. B) Overexposed
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dorsal shielded mice views are shown to visualize accumulations in the brain. C) Dorsa (left) and
ventral (right) shielded mice views show olfactory tract accumulations. Pseudocolour scale bars were
consistent for each corresponding view to show relative changes over time.
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Figure 4. Ex vivo CS-NL C-DiR brain and tissue fluor escence accumulations A) Ex vivo
brain, lung, liver, spleen FLI at 1, 7 and 24 h after i.n administration of CS-NLC-DiR at 0.5
mg DiR/kg. Pseudocolour scale bars were consistent for each corresponding tissue to show
relative changes from 1 to 24 h. DiR tissue-accumulation per tissue weight was quantified
by measuring DiR FLI intensity (Radiant Efficiency). Mean values = SEM are displayed at
each corresponding end point. S1 and S2 stands for Side 1 and 2 of the imaged tissues. B,
C) CS-NLC-DiR tissue biodistribution. Ex vivo brain, lung, liver, spleen and kidney FLI
per tissue weight (B) and FLI total (C) at 1, 7 and 24 h after i.n. administration of CS-NLC-
DiR at 0.5 mg DiR/kg. Mean percentage values of tissue-accumulations per tissue weight
with respect to the total ex vivo tissue-accumulated fluorescence are displayed for each time
point. Mean percentage values of tissue-accumulations with respect to the total ex vivo
tissue-accumulated fluorescence are displayed for each time point. Results are expressed as
the mean + SD (n=4).
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When the brain was sectioned, significant
accumulations of NLC were observed in
the cerebrum, cerebellum and
hippocampus brain segments, confirming
that the nanoparticles not only reached the
frontal brain sections but were also able to
diffuse and penetrate into deeper
segments (Figure 5A). Based on the data
presented in Figure 5B, the percentage of
CS-NLC-DIiR brain segments-
accumulations per whole-tissue was
higher in the cerebral cortex than in the
cerebellum and hippocampus at the three
time-points tested. These findings are
consistent with previous published works
studying the direct nose-to-brain drug
delivery, suggesting that the transfer of
substances to the brain occurs via the
olfactory and trigeminal nerve pathways
by slow intra-axonal transport or by a
faster transfer through the perineural

space surrounding the nerve cells[28].

Further analysis in other tissues exhibited
that ex vivo DiR fluorescence was
distributed mainly in the lungs (Figure
4A). The results obtained from the
analysis of accumulations of CS-NLC-
DiR in the lung were 94%, 99% and 95%

per g (Figure 4B) after 1, 7 and 24 h post-
administration, respectively. In addition
to the lungs, CS-NLC-DiR were aso
detected in the liver, spleen and kidneys,
thereby increasing the concentrations over
time, but the concentrations were below
0.4% per g in al cases. These liver- and
spleen-accumulations might be attributed
to the non-specific capture by the
phagocyte
Furthermore, hepatic and renal metabolic

mononuclear system.
excretion of the conjugate might also
occur. Finally, no fluorescent signal was
detected in the skin nor in the heart tissue,
indicating that CS-NLC-DiR were not

specific to cardiac tissue.

Thus, CSNLC-DiR conjugate was
biodistributed to the brain through the
nose-to-brain delivery and to the lungs
through the pulmonary delivery following
intranasal administration, which enhanced

pulmonary delivery.
4, Conclusions

This report described safe and non-toxic
novel nanometric chitosan coated NLCs
for i.n. administration. This CS-NLC
formulation shows effective delivery to

the brain after a single dose by i.n.
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administration, opening new horizons to
less invasive administration routes that
could reach the brain avoiding the
limiting step of the BBB. Moreover,
considering the prolonged retention time
of CS-NLCs in the nasal epithelium, this
formulation could be considered an
interesting alternative to decrease the dose
and dosage frequency of drugs, as well as
maximizing their therapeutic effect.
Finaly, although these results seem
promising, further modifications in the
CS-NLC formulation are warranted to
enhance the percentage of particles
reaching the brain after their i.n
administration.
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ABSTRACT

Parkinson’s disease (PD) is the second most frequent neurodegenerative disorder, but
current therapies are only symptomatic. A promising aternative to address the
neurodegenerative process is the use of neurotrophic factors, such as the glial cell-derived
neurotrophic factor (GDNF). However, its clinical use has been limited due to its short half-
life and rapid degradation after in vivo administration, in addition to difficultiesin crossing
the blood-brain barrier (BBB). This barrier is a limiting factor in brain drug development,
making the future progression of neurotherapeutics difficult. In the past few years,
intranasal drug delivery has appeared as an alternative non-invasive administration route to
bypass the BBB and target drugs directly to the CNS. Thus, the aim of this work was to
study the in vivo neuroprotective effect of intranasally administered GDNF, encapsulated in
chitosan-coated nanostructured lipid carrier (CS-NLC-GDNF), in a 6-OHDA partialy
lesioned rat model. The developed CS-NLC-GDNF showed a particle size of approximately
130 nm and high encapsulation efficiency. The in vitro study in PC-12 cells demonstrated
the ability of the encapsulated GDNF to protect these cells against 6-OHDA toxin. After
two weeks of daily intranasal administration of treatments, the administration of CS-NLC-
GDNF achieved a behavioral improvement in rats, as well as a significant improvement in
both the density of TH+ fibres in the striatum and the TH+ neuronal density in the SN.
Thus, it can be concluded that the nose-to-brain delivery of CS-NLC-GDNF could be a
promising therapy for the treatment of PD.

Keywords: Parkinson’s disease (PD), blood-brain barrier (BBB), intranasal, glial cell-derived neurotrophic factor
(GDNF), nanostructured lipid carriers (NLC)
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1. Introduction

Among centra nervous system (CNS)
diseases, Parkinson’s disease (PD) is the
second most frequent neurodegenerative
disorder after Alzheimer's Disease (AD).
It is a chronic CNS disorder clinically
characterized by resting tremor,
bradykinesia,
instability and pathologically by the

rigidity, and postura
progressive loss of dopaminergic neurons
in the substantia nigra pars compacta
(SN). Additionally, there is a presence of
(ubiquinated
deposits in the cytoplasm) and Lewy
(thread-like

inclusions within

Lewy bodies protein

neurites proteinaceous

neurites).”.
Nevertheless, current therapies against PD
are only symptomatic and do not halt the
neurodegenerative process or provide
neuroprotection  of  the  surviving
dopaminergic neurons’. An interesting
and promising alternative to address this
challenge is the use of neurotrophic
factors, such as the glial cell-derived
neurotrophic factor (GDNF)®. GDNF is a
potent neurotrophic factor that acts both
in vitro and in vivo in the promotion of

the survival and differentiation of

dopaminergic neurons and protecting the
dopaminergic cells against toxins®.
However, in practice, its clinical use has
been limited due to its short half-life and
rapid degradation after in  vivo
administration, in addition to difficulties
in crossing the blood-brain barrier (BBB)
due to its hydrophilicity, molecular

weight or charge®.

The BBB is alimiting factor in brain drug
development, making the future
progression of neurotherapeutics difficult.
The transport of either small or large
molecules across the BBB is limited
because 98% of all small molecules and
nearly 100% of large molecules do not
cross it. Therefore, despite the large
number of patients with CNS disorders,
the efficient delivery of drugs to the brain
is till a challenge®. One of the key points
to approach the problem with the BBB is
the selection of a suitable administration
route. Among different administration
routes, intraperitoneal, intravenous or
subcutaneous routes are the most easy and
less invasive alternatives. However, after
parenteral administration, most of the
drugs exhibit important difficulties in

crossing the BBB, and hence, to obtain
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therapeutics levels in the brain, the
administration of high doses is required,
which may result in adverse systemic
effects’. There have also been several
invasive methods to reach the brain
avoiding the BBB, but in the past few
years, intranasal drug delivery has
appeared as an dternative non-invasive
administration route to bypass the BBB
and target drugs directly to the CNS
through the olfactory and trigeminal nerve
pathways®®. Additionally, the nose-to-
brain delivery offers the advantage of
inducing minimum peripheral side-effects
because nasally administered proteins are
barely absorbed into the systemic
circulation.  Accordingly, the nasal
mucosa provides several benefits as a
target for drug delivery, including large
surface area, rapid drug onset, potential
for CNS delivery, and no first-pass
metabolism.  However, the major
disadvantages of this administration route
are the limited absorption across the nasal
epithelium and the short residence time in
the nasal cavity due to the mucociliary
clearance, causing uncompleted drug

absorption™.

In previous reports, biodegradable carriers
have been used to transport drugs through
the mucosal barrier and protect them from
being degraded in the nasal cavity™*3,
Among these, lipid-based nanocarriers
seem good candidates to achieve brain
delivery because with their lipid nature,
they can be readily transported to the
brain'**®, Our study has focused on
nanostructured lipid carriers (NLCs),
which are composed of biodegradable and
biocompatible lipids. NLCs are the
second improved generation derived from
solid lipid nanoparticles (SLN), and they
show many excellent characteristics in
drug delivery. The main characteristics of
these delivery systems are controlled
release of encapsulated drugs, increased
loading capacity, and improved physical
and chemica long-term  stability®.
However, there is an increasing need in
the improvement of these novel drug
carriers to prolong the residence time of
NLCs in the nasal cavity and to improve
the nose-to-brain drug delivery. In the last
few years, various researchers have
developed surface-modified colloidal
systems for transmucosal drug delivery,

showing that the coating of hydrophobic
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nanoparticles with hydrophilic polymers,
such as chitosan (CS), improves their
transmucosal transport of the associated
compounds, following nasal, oral or
ocular administration'®®. CS is a cationic
polysaccharide that exhibits good
mucoadhesive properties, together with
penetration  enhancement  properties
across various mucus epithelia and
enzyme-inhibiting properties™?,
Therefore, the coating of NLCs with
chitosan could enhance the nasal transport

of NLCsto the brain.

Hence, the aim of this work was to study
the in vivo neuroprotective and
neurorestorative effect of intranasally
administered GDNF encapsulated in CS-
NLCsin a 6-OHDA partially lesioned rat

model.

2. Materials and methods

2.1. Materials

Precirol® ATO5 (Glycerol distearate) and
Miglyol® (Caprylic/Capric Triglyceride)
were kindly donated by Gattefose
(France) and Sasol Germany GmbH,
respectively. H,O, 30%, Tween 80,
Lutrol® F-68 (Poloxamer 188) and 3.7%
paraformaldehyde were purchased from

Panreac (Spain). Protasan UP CL 113

Chitosan was obtained from NovaMatrix

(Norway). 6-hydroxydopamine
hydrochloride, desipramine
hydrochloride, chloral hydrate,
amphetamine sulphate, trehalose

dihydrate, cell counting kit-8 (CCK-8),
3,30’ -diaminobenzidine (DAB), Triton X-
100 and Trizma base were bought from
Sigma-Aldrich (Spain). Human GDNF
was obtained from Peprotech (UK). F-12k
medium, foetal bovine serum, horse
serum, L-Glutamine,
Penicillin/Streptomycin and PBS pH 7,4
(1X) were purchased from Gibco® by Life
Technologies (Spain). PC-12 cells were
obtained from ATCC® (Spain). Normal
Goat Serum (NGS) and biotinylated goat-
a-rabbit were bought from ATOM.
Rabbit-a-TH was purchased from
Chemicon Int (USA), the ABC kit from
Palex (Spain), Depex mounting medium
from BDH Gum® (UK), and Isoflurane
Esteve from Maipe Comercial (Spain).

2.2. Preparation of chitosan-coated
nanostructured lipid carriers (CS-NLCs)

NLCs were prepared by the melt-

emulsification technique®. First, solid and
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liquid lipids (Precirol® AT05, 2.5% wiv,
and Miglyol®, 0.25% w/v) with GDNF
(0.15% w/w) were melted 5°C above its
melting point (56°C). Then, an agueous
solution containing the surfactant
combination of Tween 80 (3%, w/v) and
Poloxamer 188 (2%, w/v) was heated at
the same temperature, and it was added to
the lipid phase under continuous stirring
for 60 seconds at 50 W (Branson® sonifier
250). The nanoemulsion formed was
maintained with magnetic stirring during
15 min at room temperature (RT) and
immediately cooled at 4-8°C overnight to
obtain the NLCs due to the lipid
solidification.

The next day, the formed nanoparticles
were coated with chitosan. The
nanoparticle  dispersion was added
dropwise to an equal volume of chitosan
solution (0.5%, wi/v) under continuous
agitation at RT for 20 min. After the
coating period, the NLC dispersion was
centrifuged in Amicon filter (Amicon,
“Ultracel-100k™) at 2500 rpm
(MIXTASEL, P Selecta) for 15 min,
washed three times with Milli Q Water

and lyophilized for 42 h (LyoBeta 15,

Telstar, Tarrasa, Spain). Lyophilization of
the resultant CS-NLC dispersion was
conducted by using trehalose (15% wi/w)

as a cryoprotectant.
2.3. Characterization of nanoparticles

2.3.1. Particle size, zeta potential and

mor phology

The mean diameter and size distribution
were measured by the Cumulant method,
and zeta potential was determined using
the Smoluchowski approximation
(Malvern® Zetasizer Nano ZS, Model Zen
3600; Malvern Instruments Ltd). Three
replicate analyses were performed for
each formulation, and data are presented
as the mean + S.D. Nanoparticle
morphology was  examined by
transmission electron microscopy (TEM,

Philips CM120 BioTwin, 120 kV).
2.3.2. Encapsulation efficiency (EE %)

The EE% of GDNF in the nanoparticles
was determined by an indirect method in
which we measured the non-encapsulated
GDNF present in the supernatant obtained
after the centrifugation of the
nanoparticles using the following

equation:
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EE%= [(Total drug content — free drug content in the supernatant)/Total drug content]* 100

The free GDNF was determined by a
GDNF Ena” ImmunoAssay System
(Promega Corporation, Madison, USA).

2.3.3. Invitro release study

The release study was conducted in
triplicate by incubating around 20 mg of
CS-NLC-GDNF, (containing ~20pug of
GDNF), in 2ml of 0.02M phosphate-
buffered saline (PBS) for six days. At
selected intervals, the release medium was
removed by filtration/centrifugation and
replaced by the same quantity of PBS.

The system was maintained under orbital
rotation a 25rpm, pH7.4, and
37+ 0.5°C. The amount of GDNF was
detected by ELISA (GDNF Epa'
ImmunoAssay System
Corporation, Madison, USA)). The results

are given in terms of the cumulative

(Promega

percentage of GDNF released over time.

2.4. In vitro neuroprotection assay on
PC-12 cells

PC-12 cells were maintained in F-12k
medium containing L-glutamine, 15%
horse serum, 2.5% foetal bovine serum
and 1% penicillin/streptomycin  under
standardized conditions (95% relative
humidity, 5% CO2, 37°C).

To evaluate the neuroprotective effect of
GDNF against 6-OHDA on PC-12 cells,
cell viability was measured with a cell
counting kit-8 (CCK-8) assay after
treating the cells with 25 ng/ml of GDNF
(in solution or encapsulated in CS-NLCs)
and empty CS-NLCs. PC-12 cells were
seeded into 96-well plates at a density of
10 x 10° cells/well and incubated at 37°C,
5% CO, for 24 h to allow cell attachment.
Then, culture medium was replaced, and
cells were treated for 16 h with 6-OHDA
(0.1 mM) (a concentration established by
our research group in previous studies as
the ideal dose to damage half of the
cells’), together with GDNF in solution
and CS-NLC-GDNF. Additionaly, an
amount of empty CS-NLCs (CS-NLC-
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Blank) corresponding to the dose of CS-
NLC-GDNF was added as control.

2.5. Animals and lesion with 6-OHDA

Male albino Sprague-Dawley rats (230 g)
were used to obtain the hemiparkinsonian
model. 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 procedures were performed
in compliance with the Ethical Committee
of Animal Welfare (CEBA) at the
University of the Basgue Country
(140128/1552/I 1/RUIZORTE).

The 6-OHDA lesion procedures were
performed according to previous studies’.
Thirty minutes before 6-OHDA injection,
the rats were pre-treated with desipramine
(25 mg/kg, i.p.), and then, they were
anesthetized with isoflurane inhalation
(1.5-2 %) and mounted on a Kopf
stereotaxic instrument. The lesions were
generated by the injection of a 3 pug/ul 6-
OHDA solution into the striatum of the
right hemisphere of the rats. Three
injections of 2.5 pl of 6-OHDA solution
(a tota volume of 75 ul) were
administered at a rate of 0.5 pl/ min at

three coordinates, relative to the bregma
and dura, with the toothbar set at -2.4: AP
+1.3 mm, ML +2.8 mm, DV -4.5 mm; AP
-0.2 mm, ML +3.0 mm, DV -5.0 mm and
AP-0.6 mm, ML +4.0 mm, DV -5.5 mm.

2.6. Intranasal administration  of

treatments

After the lesion, rats were randomly
divided into four groups (5 rats/group):
(1) Sham, (2) CS-NLC-Blank, (3) CS
NLC-GDNF (2.5 ug GDNF/day) and (4)
GDNF solution (2.5 pg GDNF/day).
Immediately after the surgery, rats started
a two-week daly treatment by the
intranasal  route.  Anesthetized rats
(isoflurane) were maintained in a supine
position, and the  corresponding
preparations suspended in 20 pl of PBS
were administered to alternating nostrils
(2 administrations of 5 pl per each nostril,
leaving 3 minutes between
administrations) using an automatic
micropipette (2-20 ul). The procedure
was performed gently and dSowly,
allowing the rats to inhale al of the

preparations.

2.7. Behavioral studies
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2.7.1. Amphetamine-induced rotational
behavioral test

One week after inducing the 6-OHDA
lesion, the rats were tested once a week
for 7 weeks by the amphetamine-induced
rotational behaviora test. Animals were
weighed throughout the study before
amphetamine administration.
Amphetamine (5 mg/kg) was injected
intraperitoneally to the rats, and they were
transferred to a rotameter. After 15
minutes of latency, the total number of
full turnsin the ipsilateral direction to the
lesion was counted for 90 minutes with an
automated rotameter (Harvard Apparatus
multicounter LE3806). The results are
expressed as the number of ipsilateral

turns per minute.
2.7.2. Cylinder test

Forelimb use asymmetry was assessed
using the cylinder test at weeks 3, 5 and 7
of the in vivo study, as described
previousy”. Rats were individualy
placed in a 20-cm-diameter glass cylinder
and allowed to explore freely. Mirrors
were placed behind the cylinder to allow a
360° view of the exploratory activity.
Each animal was left in place until at least

20 supporting front paw touches were
made on the walls of the cylinder. The
session was videotaped and later
analysed. Touches performed with the
contralateral or ipsilateral front limb were
counted, and data are expressed as the
percentage of ipsilateral placements,
calculated as [(ipsilateral paw
placement/(ipsilateral + contralateral paw
placements)]*100. Figure 1 shows a
schematic illustration of the experimental

design for the in vivo study.

Adm. of
treatments Cylindertest Perfusion
— v v+t
Weeks

1[2|3[4[5|6]|7]8
S
Amphetamine-induced

rotational test

Figure 1. Schematic illustration of the in vivo
study.
28. Tyrosine hydroxylase (TH)

immunohistochemistry

The rats were transcardially perfused with
0.9% (w/v) NaCl and 4% (v/v)
paraformaldehyde in 0.1 M PBS, pH 7.4.

The brains were removed and post-fixed
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for 24 h in paraformaldehyde and then
transferred to a 25% (w/v) sucrose
solution in 0.1 M PBS for dehydration.
After a least 3 days, brains were
coronally sectioned on a freezing
microtome (50 um thick) and collected in
12 and 6 series of the striatum (ST) and
substantia nigra (SN), respectively, in a
cryoprotection solution for a TH

immunochemistry assay.

The degree of dopamine denervation in
the striastum and substantia nigra (SN)
was anaysed wusing a Tyrosine
Hydroxylase (TH) immunostaining™?.
For TH immunostaining, sections were
rinsed three times in potassium phosphate
buffered saline (KPBS), and then the
endogenous peroxidases were quenched
usng 3% H,O, (v/v) and 10% (v/v)
methanol in  potassum  phosphate-
buffered saline (KPBS) (0.02 M, pH 7.1)
for 30 min at room temperature (RT).
After three rinsing steps in KPBS, the
brain sections were preincubated with 5%
(w/v) normal goat serum (NGS) and 1%
(w/v) Triton X-100 in KPBS (KPBSIT)
for 1 h to block nonspecific binding sites
and then incubated overnight with rabbit

polyclonal  anti-tyrosine  hydroxylase

(2:1000) in 5% (w/v) NGS KPBST at
RT. After rinsing twice with KPBS and
once with 2.5% w/v NGS KPBS/T, the
sections were incubated for 2 h with a
secondary biotinylated goat anti-rabbit
1gG, which was diluted 1:200 in KPBS/T
containing 2.5% w/v NGS. All sections
were processed with an avidin-biotin-
peroxidase complex (Elite ABC kit) for 1
h, and the reaction was visualised using
3,3 -diaminobenzidine (DAB) as the
chromogen, after rinsing three times with
KPBS. Findly, the brain sections were
gelatin-coated  dlides,
dehydrated in an ascending series of

mounted  on
acohols, cleared in xylene and
coverdipped with DPX mounting media.

2.9. Integrated optical densitometry
(10D)

The optical density of the TH
immunoreactive dopaminergic fibres in
the striatum was measured using a
computerized image analysis system
(Mercator-7 Image Analysis system,
Explora Nova, LaRochelle, France),
reading optical densities as grey levels.
Images from sections were taken with a

1200 ppp resolution digital scan (Epson).
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The 10D reading was corrected for
background staining by subtracting the
values of an area outside of the tissue
from the obtained 10D of the striatum.
Ten dices from each animal were used to
represent al levels of the striatum.
Optical density values for the striatum on
the ipsilateral side were expressed as the
percentage of the contralateral non-
lesioned side, which was set at 100%.

2.10. Neuronal density

A stereological tool (optical fractionator)
provided by the previously referred
Mercator-7 system was used to measure
TH+ neurona density. Probes of 50 x 50
pum separated by 100 um were launched
into the previoudy delimited area
corresponding to the SN region (4X
objective). The counting was performed
using a 40X objective (numerical aperture
= 0.75). Positive cells that were present
inside the probe or crossing on the right
side of the X-Y axis were counted, and
the volume (mm® of this region was
calculated to determine the neuronal
density. A minimum of eight histological
sections per animal and five animals from

each experimental group were used.

Neuronal density values for the SN on the
ipsilateral side are expressed as the
percentage of the contralateral non-
lesioned side, which was set at 100%.

2.11. Satigtical analysis

Experimental data were analysed using
the computer program GraphPad Prism
(v. 5.01, GraphPad Software, Inc.). One-
way ANOVA, two-way ANOVA or
repeated measures two-way ANOVA
followed by Bonferroni post hoc test were
used for anaysing in Vvitro assays,
histological evaluation and behavioral
data, respectively. The  normal
distribution of samples was assessed by
the  Shapiro-Wilk test, and the
homogeneity of variance was determined
by the Levene test. Linear regression
analyses were used to assess correlations
between histological and behavioral data.
Values were considered statisticaly
significant if *p < 0.05. Data are
presented as group means + standard error
of the mean (S.E.M.).
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3. Results
3.1. Characterization of NLCs

The mean particle size was 136.70 +
14.14 nm for CS-NLC-GDNF and 133.23
+ 4.29 nm for CS-NLC-Blank. The PDI
values demonstrated a narrow size
distribution. Both formulations showed a
similar zeta potential of approximately
+30 mV, confirming the presence of
chitosan (Figure 2A). In the external
morphological study made using TEM,
the NLCs appeared uniform in size
(Figure 2B). The EE % was 98.10 +
0.36%.

The in vitro GDNF release profile of CS-
NLC-GDNF was displayed in Figure 2C.
Nearly 20 % GDNF was detected in the
supernatant after 1h incubation (burst
release), corresponding to the percentage
of surface-associated protein (SAP:
23.87+0.275%). Thereafter, a fast
release phase from 8 h to 24 h (~ 55% of
the totad GDNF) was observed, and
finally a sustained release phase from 24
to 144 h, reaching 70% of GDNF released
by 144 h.

3.2. In vitro neuroprotection assay
against 6-OHDA

In this assay, we tested whether GDNF,
encapsulated in NLCs or not, was able to
protect PC-12 cels from 6-OHDA
toxicity. As shown in Figure 2C, GDNF-
loaded CS-NLCs and GDNF solution
(p<0.0001, Fz9=30.43,
ANOVA) were able to protect PC-12
cells against neurotoxicity induced by 6-

one-way

OHDA in vitro, whereas as expected,
blank CSNLCs did not show any
neuroprotection. Thus, the ability of
GDNF to protect cells against 6-OHDA
was mai ntai ned after the
nanoencapsulation in CS-NLCs, and
hence, these results demonstrate that the
encapsulation process does not affect the
bioactivity of GDNF.
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Figure 2. Physicochemical characterization and morphology study of CS-NLCs, and in vitro
neuroprotection assay. A: Physicochemica properties of GDNF-loaded CS-NLC and blank CS-
NLC. The data are shown as the mean + S.D (n=3). B: Microphotograph of CS-NLC-GDNF obtained
by TEM. C: Cumulative in vitro release profile of GDNF from CS-NLC-GDNF. D: PC-12 cell
viability evaluation after 6-OHDA-induced toxicity in vitro. Effect of 25 ng/ml of GDNF
administered in solution (GDNF solution) or encapsulated in CS-NLC (CS-NLC-GDNF), and CS-
NLC-Blank treatment on cell viability. The results are expressed as cell viability percentage with
respect to the C- group, which is considered to have 100% cell viability. The data are shown as the
mean + SEM (n=3), **p< 0.01, ***p< 0.001 with respect to the control group, ¢p< 0.05, 4¢p< 0.01
with respect to the CS-NL C-Blank group, Bonferroni post hoc test.

3.3. Behavioral studies: Amphetamine- The in vivo effectiveness of the GDNF-
induced rotational behavioral test and loaded NLCs was determined by the
cylinder test amphetamine-induced rotational

behavioral test. Significant differences
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were found for the factor interaction
depicting that encapsulated GDNF had a
more beneficial effect in  movement
recovery than GDNF in solution (p<0.05,
Fa.14=7.1, for interaction factor, repeated
measures two-way ANOVA). After
performing this study during 7
consecutive weeks, the CS-NLC-GDNF
group showed a significantly lower
number of rotations per minute with
respect to the basal number of rotations
from the 3" testing session until the end
of the study in which a reduction of 80%
was achieved (for statistical details, see
Figure 3A). The other three groups
included in the study showed stable
rotational behaviour during the 7 weeks
of the study.
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The behavioral improvement seen in the
rotational behaviour was also supported
by a reduction in forelimb asymmetry in
the cylinder test (F,14=4.54, p<0.05, for
interaction factor, repeated measures two-
way ANOVA). As depicted in Figure 3B,
in the CS-NLC-GDNF group, the use of
the ipsilatera paw was significantly
decreased at all analysed time points.
Accordingly, the use of the ipsilateral paw
in this group was significantly lower than
in the other three groups, from the first
session, and these differences became

larger two weeks later in the second

session (for statistical details, see Figure
3B).

CS-NLC-Blank

CS-NLC-GDNF
GDNF solution

Sham

bt

Sessions

Figure 3. Graphical representation of the behavioral assessment of 6-OHDA lesioned animals.
A: Amphetamine-induced rotational behaviour test. The graphic shows the percentage change in the
ipsilateral number of rotations per minute, with respect to the basal rotation values obtained in the
first session (100%). B: The graphic shows the percentage of touches performed with the ipsilateral
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forelimb in the cylinder test. The data are shown as the mean + SEM (n=5), *p< 0.05, **p<0.01 and
***n< 0.001, CS-NLC-GDNF group with respect to the other three groups, Bonferroni post hoc test.

3.4. Histological evaluation

In addition to the behaviora tests,
immunochistochemical techniques were
also used to analyse the efficacy of the
treatment in hemiparkinsonian rats. For
this purpose, integrated optical density
(IOD) of TH+ fibres of the striatum and
density of dopaminergic neurons in the
SN were measured.

Figures 4A-D show the photomicrographs
of the TH immunostained striatums
(rostral, medial and caudal). The study of
the ipsilateral corona sections of the
striatum showed a different degree of
neurodegeneration after the intranasal

administration of different treatments.

As shown in Figure 4E, 7 weeks after
finishing the 2-week daily i.n. treatment,
the percentage of TH+ fibres in the
striatum of the ipsilateral or lesioned side,
compared to the contralateral or non-
lesioned hemisphere, was higher in the
CS-NLC-GDNF treatment group (F(1,
14)=8.96 p<0.01, for interaction factor,
two-way ANOVA). In this group, the

increase in strigtal TH+ fibres in the
lesioned side was 72%, whereas the other
three groups recovered by approximately
40%, demonstrating that the encapsulated
GDNF treatment improved the restoration
of TH+ structures better than the
treatments with GDNF solution, PBS or
empty CS-NLCs (CS-NLC-Blank) (for
statistical  details, see Figure A4E).
Although  these differences were
maintained through the striatum, they
were more pronounced in the cauda (F(1,
14)=8.953 p<0.05, for interaction factor,
two-way ANOVA, Figure 4G) than in the
rostral striatum (F(1, 14)=2.5 p>0.05, for
interaction factor, two-way ANOVA,
Figure 4F). These results may be because
in the parkinsonism model, the neuronal
loss affects mainly the caudal areas of the
striatum, and thus, there are no significant
differences in the striatal rostral areas®.
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Figure 4. Histological evaluation of the striatum. A: Representative photomicrographs of the TH
immunostained striatums (rostral, medial and caudal) compared with the non-lesioned side (on the
left) of 6-OHDA lesioned rats, after the intranasal administration of PBS (Sham), B: Representative
photomicrographs of the TH immunostained striatums (rostral, medial and caudal) compared with the
non-lesioned side (on the Ieft) of 6-OHDA lesioned rats, after the intranasal administration of GDNF
solution, C: Representative photomicrographs of the TH immunostained striatums (rostral, media
and caudal) compared with the non-lesioned side (on the left) of 6-OHDA lesioned rats, after the
intranasal administration of CS-NLC-Blank and D: Representative photomicrographs of the TH
immunostained striatums (rostral, medial and caudal) compared with the non-lesioned side (on the
left) of 6-OHDA lesioned rats, after the intranasal administration of CS-NLC-GDNF. The
degeneration degree of various ipsilateral coronal sections of the striatum. E: The integrated optical
density (I0D) of TH+ fibres of the entire striatum in the lesioned hemisphere compared to the non-
lesioned hemisphere. F: The integrated optical density (I0D) of TH+ fibres of the rostral striatum in
the lesioned hemisphere compared to the non-lesioned hemisphere. G: The integrated optical density
(IOD) of TH+ fibres of the cauda striatum in the lesioned hemisphere compared to the non-lesioned
hemisphere. The results are expressed as a percentage of the intact hemisphere compared to the
lesioned side. The data are shown as the mean + SEM (n=5), **p<0.01 and ***p<0.001 vs the CS-
NLC-GDNF group, Bonferroni post hoc test.

j"\wul*/’ '\\H_._'r./"’/‘ T .....-e.(/ i

=3




Experimental design: Chapter 2 103

The results of the quantitative analysis of
TH+ neurons in the SN confirmed these
results (Fq, 14=71.37 p<0.001, for
interaction factor, two-way ANOVA,
Figure 5A). The TH+ neurona density in
the entire SN of the CS-NLC-GDNF
group was significantly higher than that in
the other three groups, as shown in the
stereological study (for statistical details,
see Figure 5A). Accordingly, the
percentage of neuronal density in the

entire SN of the lesioned side compared

>

$ 8

¢

SN neuronal density
(% of lesion vs control)

to the non-lesoned side was
approximately 25.74%, 18.44%, 25.82%
and 69.79% in the Sham, GDNF solution,
CSNLC-Blank and CS-NLC-GDNF
groups, respectively. This neuronal
density was similar through the nucleus
because similar results were obtained in
rostral and caudal SN (Fy 14= 51.50
p<0.001, for interaction factor, two-way
ANOVA, Figure 5B; Fu 14= 4331
p<0.001, for interaction factor, two-way
ANOVA, 5C).
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Figure 5. Histological evaluation of the SN. A: Density of TH+ neurons in the entire SN. The
results are expressed as a percentage of lesioned hemisphere compared to the intact side. B: Density
of TH+ neurons in the rostral SN. The results are expressed as a percentage of lesioned hemisphere
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compared to theintact side. C: Density of TH+ neuronsin the caudal SN. The results are expressed as
a percentage of lesioned hemisphere compared to the intact side. The data are shown as the mean +
SEM, ***p < 0.001 vs the CS-NLC-GDNF group, Bonferroni post hoc test.

After the behavioral and histological
evaluation, whether a correlation exists
between the behaviour of rats and brain
histological results was investigated. In
this regard, correlation analysis was
performed between TH+ striatal density
or the number of dopaminergic neuronsin
the SN and the percentage of rotations
induced by amphetamine. The results
indicated that rotational performance was
significantly correlated with both striatal
density (r = 0.85, p< 0.001, Figure 6A)
and neuronal density in the SN (r = 0.89,
p< 0.001, Figure 6B). In this regard, rats
that showed low ipsilateral rotation
percentage a the end of the study
exhibited high levels of optical density in
the striatum and TH+ cells in the SN of
the ipsilateral side of the brain. Rats with
high ipsilateral rotation percentages at the
end of the study showed low levels of
optical density in the striatum and
neuronal density in the SN. It is possible
to hypothesise, therefore, that the cell
recovery in the SN and the higher density

of TH positive innervation contributed to

the behavioral improvement observed in
the CS-NLC-GDNF group.

As seen in the rotational behaviour, a
significant correlation was also observed
between behavioral improvement during
the last testing session of the cylinder test
and both optical density in the striatum (r
=0.58, p< 0.05, Figure 6C) and TH+ cells
in the SN (r = 0.74, p< 0.001, Figure 6D)
of the rats. Thus, rats that showed a
decrease in the percentage of ipsilateral
touches exhibited higher levels of striatal
TH+ fibres and neuronal density in the
SN ipsilateral to the lesion. These results
support the relationship between forelimb
asymmetry and dopaminergic neuronal
lossin the SN?’.
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Figure 6. Graphical representation of the correlation between behavioral assays and
histological changes in the striatum and the SN of rats. A, B: The graphics show the correlation
between ipsilatera rotation percentage at the end of the study and the optical density of the striatum
(A) or neuronal density of the SN (B). C, D: The graphics show the correlation between the
percentage of ipsilateral touches at the end of the study and the optical density of the striatum (C) and
neuronal density of the SN (D). *p< 0.05 and ***p< 0.001.

4, Discussion

In the last few years, several works using
growth factors have been reported to be
useful in the treatment of PD. Concerning
neurotrophic factors, GDNF is promising,
particularly for the treatment of this

neurological disorder dueto its efficacy in

the up-regulation of mechanisms that are
involved in neurogenic processes and
therefore in the evolution of the disease.
Many of these studies have demonstrated
the in vitro neuroprotective ability of this
factor against various toxins such as

lipopolysaccharide (LPS), 1-methyl-4-
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phenylpyridinium (MPP) or 6-
OHDA*#%: they have also demonstrated
that the administration of GDNF alone or

in combination decreases neuronal

degeneration and hence improves
behavioral dterations in  various
Parkinson animal models**. However,

GDNF is a hydrophilic molecule with
crucial shortcomings that limit its use,
such as a short circulation half-life and a
rapid degradation rate after its in vivo
administration. Moreover, considering the
presence of the BBB, in most of these in
vivo studies, invasive administration
routes such as intraparenchymal or
intracerebroventricular routes have been
used to directly access the brain.

In the search for a non-invasive
administration route in this research, the
intranasal route has been used as a safe
aternative to reach the brain by bypassing
the BBB. There are relatively few studies
in the area of intranasal delivery of GDNF
for the treatment of hemiparkinsonian
rats. In an interesting study, Zaho et al.
designed  phospholipid-based  gelatin
nanoparticles
fibroblast growth factor (bFGF) to target

the brain via nasal administration,

encapsulating basic

showing therapeutic effects in
hemiparkinsonian rats'. Nevertheless, in
an article published recently by Migliore
et a., GDNF was intranasally
administered to a unilateral 6-OHDA
model of PD. They observed that the
treatment with GDNF-loaded liposomes
induced a neurorestorative effect in the
SN, as the number of TH+ neurons was
significantly higher than in controls

receiving the PBS treatment™®.

Therefore, with the aim of achieving a
successful delivery to the brain tissue,
various drug delivery systems (DDS)
loaded with GDNF have been
developed® . In this work, we
developed for the first time a chitosan-
coated NLC-GDNF formulation for nose-
to-brain delivery and anaysed its
neuroprotective ability against 6-OHDA
damage areas, as well as its potentia to
improve behaviora  deficits in a

hemi parkinsonism rat model.

The characterization study of our
formulation revealed that the NLCs were
uniform in size with a particle size of
approximately 130 nm, suitable for the
i.n. administration, in accordance with
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other authors, who administered NLCs
with a similar particle size by the nasa
route”. Additionally, the NLCs were
coated with the natural polysaccharide
chitosan to obtan  mucoadhesive
nanoparticles to enhance their retention
time and penetration across the nasal
mucosa and thus to increase access to the
brain. Their positive zeta potential value
of approximately +30 mV suggested that
chitosan was adsorbed to the surface of
the nanoparticles, and as mentioned in
previous studies, cationic nanoparticles
are expected to be easily attached to the
endothelial cells”. Moreover, a high
encapsulation  efficiency value was
obtained, confirming the high loading

capacity of thistype of nanoparticles.

After the physicochemical
characterization of the formulation, the in
vitro neuroprotective capacity of GDNF-
loaded CS-NL Cs was determined to prove
its bioactivity after the encapsulation
process. For this purpose, the PC-12 cell
line was used as a specific cell lineage of
dopaminergic neurons, and the cells were
exposed to 6-OHDA neurotoxin, the same
toxin used to establish the partialy

lesioned model of PD. In this assay, the

neuroprotective ability of GDNF was
demonstrated either in  solution or
encapsulated in CS-NLCs. Thus, it was
confirmed that the encapsulation process
does not affect the bhioactivity of the

neurotrophic factor.

After proving the neuroprotective effect
of CS-NLC-GDNF in PC-12 cells, the in
vivo effectiveness of the formulation was
aso investigated. Thus, 6-OHDA-
lesioned rats were used as a partialy
lesioned model of PD with the aim of
studying  the
neurorestorative effect of GDNF-loaded

neuroprotective  and

nanoparticles in the performance of
behavioral tests and in the loss of
dopaminergic  neurons, after  their
intranasal  administration during 15
consecutive days. By performing the in
vivo experiments with a partially lesioned
rat model of PD, we attempted to study
the potential effect of CS-NLC-GDNF in
the initial stage of the disease. For this
purpose, the 6-OHDA toxin was injected
into the rats brain, and we immediately
started the two-week daily intranasal
treatment to prove whether the GDNF
was able to protect rats against the 6-

OHDA lesion, in contrast to previous
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studies conducted by our research group
in which treatments were intrastriatally
administered three weeks after the injury,
after the lesion was fully established®. In
the first week of the amphetamine-
induced rotational test, al groups
exhibited an elevated number of rotations
per minute, confirming that they were
well injured. However, it is interesting to
note that the CS-NLC-GDNF group
showed the lowest rotations per minute
(CS'NLC-GDNF: 14.55 rot/min, GDNF
solution: 24.98 rot/min, CS-NLC-Blank:
21.14 rot/min, Sham: 19.11 rot/min),
probably due to the neuroprotective effect
exerted by the nanoencapsulated GDNF.
Moreover, during the 7 weeks of the
study, the results obtained in the
amphetamine-induced rotational test and
in the cylinder test demonstrated the
behavioral improvement of rats after the
intranasal  CS-NLC-GDNF  treatment,
which was not observed in the group
treated with the GDNF solution. These
results demonstrated that the
encapsulation of GDNF in our lipid-based
nanoparticles promotes the nose-to-brain
delivery of GDNF. As it has been
mentioned above, in this study, the

effectiveness of GDNF encapsulated in
CS-NLC and administered by a minimally
invasive route, such as the intranasal
route, has been proved for the first time to
improve the motor functions of
hemiparkinsonian rats using two different
behavioral tests. Moreover, the results
obtained in the amphetamine-induced
rotational test were better than those
obtained by our research group using the
intrastriatal administration route®. These
results could be because in the present
study, the treatments were simultaneously
administered with the neurotoxin to study
the neuroprotective effect of our GDNF-
loaded nanoparticles, as has been
mentioned above. After these encouraging
results, it would be interesting for future
works to investigate the neurorestorative
ability of CS-NLC-GDNF after the lesion
isfully established.

These findings were also confirmed with
the histological evaluation of the brains.
The injection of 6-OHDA is directly
related to the loss of dopaminergic
neurons, and thus, the density of TH+
fibres in the striatum and the density of
dopaminergic neurons in the SN of the

lesioned side of the brain were evaluated.
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As in the behaviora tests, only the CS-
NLC-GDNF treatment group showed an
improvement in both the density of TH+
fibres in the striatum and the TH+
neuronal density in the SN, in contrast to
Migliore et al.”s findings in which the
treatment with GDNF in PBS was aso
effective®. This difference could be
explained by the dose and dosing
frequency because they administered a
higher single dose of GDNF, whereas we
administered repeated low doses of
GDNF. It can thus be suggested that the
encapsulation provides a more effective
delivery of the neurotrophic factor to the
brain tissue avoiding its loss, compared
with the non-encapsulated GDNF.

Moreover, in the current study, a
correlation  between the behaviora
improvements and the degree of injury in
the striatum and SN of the ipsilatera
hemisphere of the brain was aso
demonstrated. Hence, these results
provide further support for the hypothesis
that the progress of motor function in rats
is evidenced by the recovery of the striatal
TH+ fibres and dopaminergic neurons in

the SN of the lesioned-side of the brain®’.

5. Conclusion

The results obtained from the in vivo
studies suggest that the encapsulation of
GDNF in CS-coated NLCs improves the
nose-to-brain delivery of the neurotrophic
factor after intranasal administration.
Furthermore, we demonstrated the
neuroprotective and  neurorestorative
effect of CS-NLC-GDNF in a partially
lesioned rat model of PD. Thus, it can be
concluded that GDNF-loaded CS-NLCs
administered by a non-invasive route such
as the intranasa route could be a
promising therapy for the treatment of
PD.

Despite the hopeful results obtained
during this experimental work, it must
bear in mind that we performed a
neuroprotection study. However,
diagnosis is only enabled late in the
disease, when the motor symptoms
reflecting the degeneration of
dopaminergic neurons in the substantia
nigra appear. Thus, it would be interesting
for future works to investigate the
neurorestorative  ability of CSNLC-
GDNF in more advances stages of the

disease.



110 Experimental design: Chapter 2

6. Acknowledgements

This project was partialy supported by
the “Ministerio de Economia vy
Competitividad” (SAF2013-42347-R), the
University of the Basgue Country
(UPV/EHU) (UFI  11/32), Basque
Government (Saiotek S-PE13UNO048),
(GIC IT 794/13) and FEDER funds. The
authors thank SGlker (UPV/EHU,
MICINN, GV/EJ, ESF) for their
collaboration. O. Gartziandia thanks the
University of the Basque Country for a
fellowship grant.

7. References

1. Alan E. Guttmacher, M.D., and Francis
S. Collins, Alzheimer's Disease and
Parkinson’'s Disease, N Engl J Med. 348,
1356-64 (2003).

2. Deierborg T, Soulet D, Roybon L, Hall
V, Brundin P, Emerging restorative
treatments for Parkinson's disease, Prog
Neurobiol. 85(4), 407-432 (2008).

3. George J. Siegela, Neelima B.
Chauhanb,  Neurotrophic  factors in
Alzheimer's and Parkinson’'s disease
brain, Brain Res Rev. 33, 199-227 (2000).

4, Herran E, Requejo C, Ruiz-Ortega JA,
Aristieta A, lgartua M, Bengoetxea H,
Ugedo L, Pedraz J., Lafuente JV,
Hernandez RM, Increased antiparkinson
efficacy by the combined administration
of VEGF- and GDNF-releasing
nanospheres in a partial lesion model of

Parkinson's disease, Int J Nanomedicine.
9, 2677-87 (2014).

5. Levy YS, Gilgun-Sherki Y, Melamed
E, Offen D, Therapeutic potential of
neurotrophic factors in neurodegenerative
diseases, BioDrugs. 19(2), 97-127 (2005).

6. Pardridge WM, The blood-brain

barrier:  bottleneck in  brain  drug
development, NeuroRx. 2(1), 3-14
(2005).

7. Mathias NR, Hussain MA, Non-
invasive  systemic drug  delivery:
developability considerations for aternate
routes of administration, J Pharm Sci.
99(1), 1-20 (2010).

8. Graff CL, Pollack GM, Nasal drug
administration: potential for targeted
central nervous system delivery, J Pharm
Sci. 94(6), 1187-1195 (2005).

9. Dhuria SV, Hanson LR, Frey WH,
Intranasal delivery to the central nervous
system: mechanisms and experimental
considerations, J Pharm Sci. 99(4), 1654-
1673 (2010).

10. Costantino HR, Illum L, Brandt G,
Johnson PH, Quay SC, Intranasa
delivery: Physicochemical and therapeutic
aspects. Int J Pharm. 337(1-2), 1-24
(2007).

11. Zhang C, Chen J, Feng C, Shao X,
Liu Q Zhang Q, et d, Intranasa
nanoparticles of basic fibroblast growth
factor for brain delivery to treat
Alzheimer's disease, Int J Pharm. 461(1-
2), 192-202 (2014).

12. Zhao YZ, Li X, Lu CT, Lin M, Chen
LJ, Xiang Q, et a, Gelatin nanostructured
lipid carrierssmediated intranasal delivery
of basic fibroblast growth factor enhances



Experimental design: Chapter 2 111

functional recovery in hemiparkinsonian
rats, Nanomedicine. 10(4), 755-764
(2014).

13. Sharma D, Maheshwari D, Philip G,
Rana R, Bhatia S, Singh M, et 4d,
Formulation and  optimization  of
polymeric nanoparticles for intranasal
delivery of lorazepam using Box-
Behnken design: in vitro and in vivo
evaluation, Biomed Res Int. 156010
(2014).

14. Kaur IP, Bhandari R, Bhandari S,
Kakkar V, Potentiadl of solid lipid
nanoparticles in brain targeting, J Control
Release. 127(2), 97-109 (2008).

15. Gobbi M, Re F, Canovi M, Beeg M,
Gregori M, Sesana S, et al, Lipid-based
nanoparticles with high binding affinity
for amyloid-betal-42 peptide,
Biomaterials. 31(25), 6519-6529 (2010).

16. Blasi P, Giovagnoli S, Schoubben A,
Ricci M, Ross C, Solid lipid
nanoparticles for targeted brain drug
delivery, Adv Drug Deliv Rev. 59(6),
454-477 (2007).

17. Muller RH, Radtke M, Wissing SA,
Nanostructured  lipid  matrices  for
improved microencapsulation of drugs,
Int J Pharm. 242(1-2), 121-128 (2002).

18. Garcia-Fuentes M, Torres D, Alonso
MJ, New  surfaceemodified lipid
nanoparticles as delivery vehicles for
salmon calcitonin, Int J Pharm. 296(1-2),
122-132 (2005).

19. Prego C, Garcia M, Torres D, Alonso
MJ, Transmucosal macromolecular drug
delivery, J Control Release. 101(1-3),
151-162 (2005).

20. VilaA, Sanchez A, Tobio M, Calvo P,
Alonso MJ, Design of biodegradable
particles for protein delivery, J Control
Release. 78(1-3), 15-24 (2002).

21. Sandri G, Bonferoni MC, Gokce EH,
Ferrari F, Ross S, Patrini M, Caramella
C, Chitosan-associated SLN: in vitro and
ex vivo characterization of cyclosporine
A loaded ophthalmic systems, J
Microencapsul. 27(8), 735-746 (2010).

22. Severino P, Souto EB, Pinho SC,
Santana MH, Hydrophilic coating of
mitotane-loaded  lipid  nanoparticles:
preliminary studies for mucosal adhesion,
Pharm Dev Technol. 18(3), 577-581
(2013).

23. Dharmala K, Yoo JW, Lee CH,
Devel opment of Chitosan-SLN
Microparticles for chemotherapy: In vitro
approach  through  efflux-transporter
modulation, J Control Release. 131(3),
190-197 (2008).

24. Gartziandia O., Herran E., Pedraz J.L .,
Carro E., lgartua M., Hernandez R.M,
Chitosan coated nanostructured lipid
carriers for brain delivery of proteins by
intranasal administration, Colloids Surf B
Biointerfaces. 134, 304-313 (2015).

25. Miguelez C, Aristieta A, Cenci MA,
Ugedo L, The locus coeruleus is directly
implicated in L-DOPA-induced
dyskinesia in parkinsonian rats. an
electrophysiological  and  behavioural
study, PLoS One. 6(9), 24679 (2011).

26. C. Regugjo, J. A. Ruiz-Ortega, H.
Bengoetxea, A. Garcia-Blanco, E. Herrén,
A. Arigtieta, M. Igartua, L. Ugedo, J. L.
Pedraz, R. M. Herndndez, J. V. Lafuente,
Topographical Distribution of
Morphological Changes in a Partia



112 Experimental design: Chapter 2

Model of Parkinson’s Disease—Effects of
Nanoencapsulated Neurotrophic Factors
Administration, Mol Neurobiol. In press
(2015).

27. Schallert T, Fleming SM, Leasure JL,
Tillerson JL, Bland ST, CNS plasticity
and assessment of forelimb sensorimotor
outcomein unilateral rat models of stroke,
cortical ablation, parkinsonism and spinal
cord injury, Neuropharmacology. 39(5),
777-787 (2000).

28. Xing B, Xin T, Zhao L, Hunter RL,
Chen Y, Bing G. Glia cell line-derived
neurotrophic factor protects midbrain
dopaminergic neurons against
lipopolysaccharide  neurotoxicity.  J
Neuroimmunol. 225(1-2), 43-51 (2010).

29. Zeng X, Chen J, Deng X, et a, Anin
vitro model of human dopaminergic
neurons derived from embryonic stem
cels: MPP+ toxicity,
Neuropsychopharmacol ogy. 31(12),
2708-2715 (2006).

30. Yue X, Hariri DJ, Caballero B, Zhang
S, Bartlett MJ, Kaut O, et al, Comparative
study of the neurotrophic effects elicited
by VEGF-B and GDNF in preclinical in
vivo models of Parkinson's disease,
Neuroscience. 258, 385-400 (2014).

31. Chen'Y, Ai Y, Slevin JR, Maey BE,
Gash DM, Progenitor proliferation in the
adult hippocampus and substantia nigra
induced by dliad cell line-derived
neurotrophic factor, Exp Neurol. 196(1),
87-95 (2005).

32. Kordower JH, Emborg ME, Bloch J,
Ma SY, Chu Y, Leventha L, et 4,
Neurodegeneration prevented by lentiviral
vector delivery of GDNF in primate

models of Parkinson's disease, Science.
290(5492), 767-773 (2000).

33. Garbayo E, Ansorena E, Blanco-
Prieto MJ, Drug development in
Parkinson's disease: From emerging
molecules to innovative drug delivery
systems, Maturitas. 76(3), 272-278
(2013).

34. Grandoso L, Ponce S, Manuel |, Arrie
A, Ruiz-Ortega JA, Ulibarri |, et al, Long-
term survival of encapsulated GDNF
secreting  cells implanted  within  the
striatum of parkinsonized rats, Int J
Pharm. 343(1-2):69-78 (2007).

35. Herran E, Ruiz-Ortega JA, Aristieta
A, lgartua M, Requejo C, Lafuente JV, et
a, In vivo administration of VEGF- and
GDNF-releasing biodegradable polymeric
microspheres in a severe lesion model of
Parkinson's disease. Eur J Pharm
Biopharm. 85(3, Part B), 1183-1190
(2013).

36. Migliore MM, Ortiz R, Dye S,
Campbell RB, Amiji MM, Waszczak BL,
Neurotrophic and neuroprotective
efficacy of intranasal GDNF in a rat
model of Parkinson’s disease,
Neuroscience. 274, 11-23 (2014).

37. Eberling JL, Kells AP, Pivirotto P,
Beyer J, Bringas J, Federoff HJ,
Forsayeth J, Bankiewicz KS, Functional
effects of AAV2-GDNF on the
dopaminergic nigrostriatal pathway in
parkinsonian rhesus monkeys, Hum Gene
Ther. 20(5), 511-8 (2009).

38. Huang R, Ke W, Liu Y, Wu D, Feng
L, Jang C, et a, Gene therapy using
lactoferrin-modified nanoparticles in a
rotenone-induced  chronic  Parkinson



Experimental design: Chapter 2

model. J Neurol Sci. 290(1-2), 123-130
(2010).

39. Jollivet C, Aubert-Pouessel A,
Clavreul A, Venier-dulienne M, Remy S,
Montero-Menei CN, et a, Striatal
implantation of GDNF  releasing
biodegradable microspheres promotes
recovery of motor function in a partial
model of Parkinson's disease,
Biomaterials. 25, 933-942 (2004).

40. Garbayo E, Ansorena E, Lanciego JL,
Blanco-Prieto MJ, Aymerich MS, Long-
term neuroprotection and neurorestoration
by glial cell-derived neurotrophic factor
microspheres  for the treatment of
Parkinson's disease, Mov Disord. 26(10),
1943-1947 (2011).

41. Madane RG, Mahgjan HS, Curcumin-
loaded nanostructured lipid carriers
(NLCs) for nasal administration: design,
characterization, and in vivo study, Drug
Déliv. 4, 1-9 (2014).

42. Drin G, Caottin S, Blanc E, Rees AR,
Temsamani J, Studies on the
internalization mechanism of cationic
cell-penetrating peptides, J Biol Chem.
278(33), 31192-31201 (2003).

113






Chapter 3

Nanoparticletransport
acrossin vitro olfactory
cell monolayers

International Journal of Pharmaceutics 499, 81-89 (2016)






Nanoparticle transport across in vitro olfactory cell
monolayers

Oihane Gartziandia"®®, Susana Patricia Egusquiaguirre™?, John Bianco®*, José Luis

Pedraz"%, Manoli Igartua"?, Rosa Maria Hernandez"?, Véronique Préat>’, Ana Beloqui®”

INanoBioCel Group, Laboratory of Pharmaceutics, School of Pharmacy, University of the Basque Country
(UPV/EHU), Vitoria-Gasteiz 01006, Spain.

Bjomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN),
Vitoria-Gasteiz 01006, Spain.

SUniversité catholique de Louvain, Louvain Drug Research Institute, Advanced Drug Delivery and Biomaterials,
Brussels, Belgium

“Integrated Center for Cell Therapy and Regenerative Medicine, International Clinical Research Center (FNUSA-
ICRC), St. Anne's University Hospital Brno, Pekaiska 53, 656 91, Brno, Czech Republic

ABSTRACT

Drug access to the CNS is hindered by the presence of the blood-brain barrier (BBB), and
the intranasal route has risen as a non-invasive route to transport drugs directly from nose-
to-brain avoiding the BBB. In addition, nanoparticles (NPs) have been described as
efficient shuttles for direct nose-to-brain delivery of drugs. Nevertheless, there are few
studies describing NP nose-to-brain transport. Thus, the aim of this work was (i) to
develop, characterize and validate in vitro olfactory cell monolayers and (ii) to study the
transport of polymeric- and lipid-based NPs across these monolayers in order to estimate
NP access into the brain using cell penetrating peptide (CPPs) moieties: Tat and Penetratin
(Pen). All tested poly(D,L-lactide-co-glycolide) (PLGA) and nanostructured lipid carrier
(NLC) formulations were stable in transport buffer and biocompatible with the olfactory
mucosa cells. Nevertheless, 0.7 % of PLGA NPs was able to cross the olfactory cell
monolayers, whereas 8 % and 22 % of NLC and chitosan-coated NLC (CS-NLC) were
transported across them, respectively. Moreover, the incorporation of CPPs to NLC surface
significantly increased their transport, reaching 46 % of transported NPs. We conclude that
CPP-CS-NLC represent a promising brain shuttle via nose-to-brain for drug delivery.

*Corresponding authors: Ana Beloqui and Véronique Préat

Keywords: Nose-to-brain delivery, NLC, nanoparticles, lipid nanoparticles, CPP, olfactory mucosa
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1. Introduction

The search for an effective treatment to
address central nervous system (CNS)
diseases is a big chalenge for the
scientific community, taking into account
the difficulties that present most drugs to
access into the brain (Begley, 2004). Drug
access to the CNS is hindered by the
presence of the blood-brain barrier
(BBB), which limits the free entrance and
diffusion of most drugs and other external
contents from the bloodstream to the
brain (Tajes et a., 2014). In the last years,
the intranasal route has risen as a non-
invasive route to transport drugs directly
from nose-to-brain avoiding the BBB
(MMlum,  2000). This route  of
administration links the brain with the
nasal cavity at the respiratory epithelium
or olfactory neuroepithelium through the
trigeminal nerve and the olfactory system,
respectively. Due to the fact that these are
the only areas of the CNS that are
externally exposed, this route represents
the most promising non-invasive access
into the brain (Mistry, Stolnik and Illum,
2009).

Regarding the olfactory epithelium, it
consists of three different cell types: the
supporting, the basal and the olfactory
neural cells (Illum, 2000). Basal cells
supply mechanical support to other cells
and are progenitor of supporting cells.
The olfactory cells, which are located
between the supporting cells, start in the
olfactory bulb in the CNS and end at the
olfactory epithelium. Therefore, when a
drug formulation gets in contact with the
nasal mucosa, it is directly transported
into the brain via the olfactory pathway
(Wu, Hu and Jiang, 2008).

Nevertheless, despite the various benefits
of the nasal-to-brain route, such as rapid
drug onset, bypassing the BBB, and the
avoidance of the first-pass metabolism, it
presents certain limitations like the short
drug residence time and the insufficient
drug absorption across the nasal
epithelium due to the mucociliary
clearance (Costantino et al., 2007). In
order to overcome these drawbacks,
severa drug delivery systems (DDS) have
been developed in order to efficiently
transport drugs through the olfactory
pathway while protecting them from

degradation within the nasal cavity
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(Gartziandia et a., 2015, Agrawal et a.,
2015, DeLucaet al., 2015 and Kaur et al.,
2015). Concretely, nanoparticles (NPs)
have been described as efficient shuttles
for direct nose-to-brain delivery of drugs
(Mistry, Stolnik and [1lum, 2009).

Among the nanocarriers described so far
towards nose-to-brain delivery, polymeric
NPs, such as PLGA NPs, offer a
controlled drug release, enhanced drug
stability and
efficiency (Sharma et al., 2014). More

recently, these have been evaluated for

improved  entrapment

brain delivery via nasal route (Musumeci
et al., 2014). Nevertheless, in the last few
years several lipid-based NPs have been
designed to transport and deliver drugs to
the brain (De Luca et a., 2015, Alam et
a., 2014, Tekade and
Khandelwal, 2014 and Yasir and Sara,
2014). Among these, nanostructured lipid

Devkar,

carriers (NLC) have recently shown to
efficiently reach the brain upon nasal
administration (Gartziandia et a., 2015
and Belogui et a. 2015). These
nanocarriers are made by natura
biodegradable and biocompatible lipids,
and provide high  encapsulation

efficiencies and high stability. Moreover,

NLC offer well-recognized safety profile
and toxicological data (Lim, Banerjee and
Onyikksel, 2012). However, several
strategies could be followed in order to
enhance the access of NLC into the brain.
NLC could be surface-modified with the
aim of solving their low residence timein
the nasal cavity (Vyas et al., 2005).
Accordingly, the cationic polysaccharide
chitosan (CS) has been reported to offer
great mucoadhesive characteristics to
NLC increasing their retention time in the
nasal cavity and enhancing their
penetration through the olfactory cells
(Severino et al., 2013 and Dodane, Amin
Khan and Merwin, 1999).

Another strategy towards increased NP
transport through olfactory cells could be
the use of cell-penetrating peptides
(CPPs). These short peptides are known
for their ability to get into the cells by
penetrating cell membranes (Trabulo et
al., 2010). Therefore, the adsorption of a
CPPs in the nanoparticles' surface could
facilitate their entrance across the
olfactory cellsin order to reach the brain.
Among different CPPs, Tat and Penetratin
(Pen) are well-known, and have been used

to enhance the nose-to-brain delivery of
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drugs and/or NPs (Kanazawa €t al., 2011
and Kamel and Takeda-Morishita, 2015).

Nevertheless, athough there are severa
studies on brain targeting of NPs after
intranasal administration in vivo (Patel et
a., 2011, Md et d., 2013, Zhang et 4.,
2014), there are few studies describing
nanoparticle  nose-to-brain  transport
(Mistry, Stolnik and [llum, 2009). Thus,
the aim of this work was (i) to develop,
characterize and validate in vitro olfactory
cell monolayers and (ii) to study the
transport of both polymeric- and lipid-
based NPs across these monolayers in
order to estimate NP access into the brain
using commonly used CPP moieties: Tat

and Pen.
2. Materialsand Methods
2.1. Materials

Precirol ATO®5 (Glycerol distearate) and
812N/F
Triglyceride) were kindly donated by
Gattefosé  (France) and Sasol GmbH
(Germany), respectively. Tween 80

Miglyol® (Caprylic/Capric

(polysorbate 80) was purchased from
Panreac  (Spain) and Lutrol® F-68
(Poloxamer 188) was donated by BASF

(Germany). Protasan UP CL 113 CS was
obtained from NovaMatrix (Norway).
Trehalose dehydrate, poly(vinyl alcohol)
(PVA, with an average MW of 30-70
kDa, 87-90%
polyethyleneimine (PEI with a MW of 25

hydrolysis  degree),
kDa, branched), as well as bovine serum
abumin (BSA), were bought from Sigma-
Aldrich (Spain). DiR DilC18 (7) (1,1-
Dioctadecyl-3,3,3,3'-
Tetramethylindotricarbocyanine  lodide)
(DiR) was purchased from Molecular
Probes® by Life Technologies (Spain).
The polymer poly(D,L-lactide-co-
glycolide) PLGA (Resomer RG® 503)
50:50 (lactic/glycolic %), with a MW of
33.9 kDa and an intrinsic viscosity of
0.32-04 dl/g was purchased from
Boehringer Ingelheim (Germany), and Tat
and Pen CPPs from ChinaPeptides, Co.,
Ltd. (China). MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5
diphenyltetrazolium bromide; thiazolyl
blue), magnesium chloride (MgCl,),
calcium chloride (CaCl,), D-glucose and
L-Ascorbic acid were obtained from
Sigma-Aldrich  (Belgium).  Dimethyl
sulfoxide (DMSO), sodium carbonate
(Na,COs), disodium hydrogen phosphate
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dehydrate (Na,HPO, x 2H,0) and 4%
paraformaldehyde (PFA) were bought
from Merck (Germany). Sodium chloride
(NaCl) and potassum chloride (KCl)
were purchased from VWR Chemicals
(Belgium). FluoSpheres® carboxylate 0.2
(505/515)  were
purchased from Molecular Probes® by

pum  yellow-green

Invitrogen, and Alexa 488-phalloidin and
goat anti-mouse 1gG (H+L) Alexa 568
from Molecular Probes® by Life
(Belgium). Finaly,

monoclonal antibody to Mucin-5AC and

Technologies

Matrigel™ were obtained from Acris
antibodies, Inc. (USA) and BD
Bioscience (Belgium), respectively.

2.2. Céll culture reagents

Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM-
F12), Penicillin-streptomycin (P/S), heat
inactivated fetal bovine serum (FBS),
Hank's Balanced Salt Solution (HBSS),
Trypsin 0.2% EDTA and Dulbecco's
phosphate-buffered saline (DPBS) were
purchased from Gibco® by Life

technologies (Belgium).

2.3. Nanoparticle preparation,

characterization and stability studies

2.3.1. Preparation of NLC

NLC were prepared using the melt-
emulsification technique (Gartziandia et
a., 2015). Firdtly, solid and liquid lipids
(Precirol  AT0®5, 25% wlv, and
Miglyol®, 0.25% w/v) were melted 5°C
above their melting point (56°C). Then, 4
ml of an aqueous solution containing the
surfactant combination of tween 80 (3%,
w/v) and poloxamer 188 (2%, w/v) was
heated at the same temperature and added
to the lipid phase under continuous
stirring for 60 seconds at 50 W (Branson®
sonifier 250). The resulting nanoemulsion
was maintained under magnetic stirring
during 15 min at room temperature (RT)
and was immediately cooled down at 4-
8°C overnight to obtain NLCs by lipid

solidification.

For the preparation of CS-NLC, NPs were
coated with CS. The NP dispersion was
added dropwise to an equal volume (4 ml)
of a CS solution (0.5%, w/v) under
continuous agitation at RT for 20 min.
After the coating process, the NLC
dispersion was centrifuged in Amicon
filters (Amicon, “Ultracel-100k”,
Millipore, USA) a 2500 rpm
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(MIXTASEL, P Selecta, Spain) for 15
min, washed three times with Milli Q
water and lyophilized for 42 h (LyoBeta
15, Telstar, Spain).

The lyophilization of the resultant NLC
and CS-NLC dispersion was carried out
adding trehalose (15% w/w) as a

cryoprotectant.

The preparation of CPP-CS-NLC was
carried out as aforesaid, but prior to the
coating process, CPPs were covalently
linked to CS by a surface activation
method (1-ethyl-3-(-3-

carbodiimide
(EDC)/sulfo-N-
hydroxysuccinimide (NHS) chemistry)

dimethylaminopropyl)
hydrochloride

(Layek, 2013 and Egusquiaguirre et a.,
2015b). Briefly, 250 pl of EDC in
solution (1 mg/ml) and 250 pl of sulfo-
NHS (1 mg/ml) in 0.02 M PBS were
added dropwise to a 4 ml CS solution
(0.5%, w/v, in PBS 0.02 M), under
magnetic stirring (2 h at RT). For the
coupling of the CPPs, 250 pl of the CPP
solution (1 mg/ml) in PBS (0.02 M; pH
7.4) was added dropwise to the activated
CS, under gentle agitation. The CPP-CS

solution was maintained under agitation

for another 4 h at RT and then incubated
at 4°C overnight. On the following day,
the NLCs were coated with CPP-CS as
described in  section 2.3.1; NLC
dispersion previously prepared was added
dropwise to the CPP-CS solution under
continuous agitation for 20 min at RT,
followed by the centrifugation and the
Iyophilization of the resultant CPP-CS-
NLC dispersion.

For the preparation of DiR labeled NLC,
CSNLC and CPP-CSNLC, DiR (0.5%
w/w) was incorporated into the lipid

phase before the melting step.
2.3.2. Preparation of PLGA nanoparticles

DiR labeled PLGA NPs were prepared by
a water-in-oil-in-water (wy/o/w,) double
emulsion solvent evaporation method
dightly modified (Egusquiaguirre et al.,
2015b). In brief, the primary emulsion
(wy/0) was formed by emulsifying 100 pl
of an agueous solution in 2 ml of a
(DCMm)
containing 100 mg of PLGA and 0.5 mg

dichloromethane solution
of DIR (0.5 %, w/w) using a probe
sonicator (Branson Ultrasonic Sonifier®
250) for 30 sin an ice bath. Subsequently,

the primary emulsion was poured into 10
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ml of 5% (w/v) PVA aqueous solution
and sonicated during 60 s to form a
(wi/olwy).  The

secondary emulsion was then diluted into

double  emulsion
20 ml of 2% (v/v) isopropanol and stirred
for 2 h to alow the organic solvent to
evaporate. The NPs were then collected
by ultracentrifugation at 25,000 g for 20
min at 4°C, and washed three times to
remove the excess surfactant. The pellet
of NPs was resuspended in a
cryoprotectant solution of trehalose 15%
(w/w), prior to lyophilization (LyoBeta
15, Telstar, Spain). The cationic PEI-
PLGA NPs preparation was conducted as
aforsesaid for PLGA NPs but adding
1.3% (w/w) of PEI in the organic phase.

The covalent link of CPPs onto the PLGA
NPs surface was carried out using an
activation  method
EDC/sulfo-NHS chemistry
(Egusquiaguirre et a., 2015b and Y adav,
Kumari and Yadav, 2011). Briefly, 100
mg of the NPs were suspended in 5 ml of
phosphate buffered saline (PBS; 0.02 M,
pH 7.4). After, 250 pl of EDC solution (1
mg/ml) and 250 pl of sulfo-NHS (1
mg/ml) in 0.02 M PBS were added

dropwise to the NPs suspension under

by means of

magnetic stirring agitation (4 h at RT).
Then, the unreacted EDC and sulfo-NHS
were removed by ultracentrifugation at
25,000 g for 15 min a 4°C, and the
activated NPs were recovered. For the
coupling of the CPPs, the activated NPs
were re-suspended in 2 ml of PBS
followed by the addition of 50 pl of the
CPP solution (1 mg/ml) in PBS dropwise
under gentle agitation. The NPs
suspension was left under magnetic
stirring (2 h at RT) and then incubated at
4°C overnight. Finaly, the unconjugated
CPP was removed the next day by
ultracentrifugation. The resulting pellet
was re-suspended in 15% (w/w) of

trehalose solution and lyophilized.
2.3.3. Nanoparticle characterization

The mean diameter (Z-average diameter)
and size distribution were measured by
Dynamic Light Scattering (DLS), and the
zeta potential was determined by Laser
Doppler Micro-Electrophoresis (Malvern®
Zetasizer Nano ZS, Model Zen 3600;
Malvern Instruments Ltd, UK). Three
replicate analyses were performed for
each formulation, and the data were

presented as the mean + S.D.
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2.3.4. Sability of the nanoparticles in
transport buffer (HBSS) and artificial
cerebrospinal fluid (CSF)

The in vitro stability of all the NP
formulations was tested first in HBSS, to
assess the stability of formulations in the
transport buffer and secondly, in a
biomimetic media, CSF (6.159 NaCl,
0.216g KCl, 0.447g MgCl,, 0.255g CaCl,,
6.009g Na,COs;, 0.057g NaxHPO,, 0.613g
D-glucose, 0.2g L-ascorbic acid, 0.3g
BSA per litre of Milli Q water adjusted to
pH 7.35) (Hgos and Mody, 2009), in
order to evaluate the stability of the NPs
in a more relevant media, thus assessing a

foreseen in vivo application.

For this purpose, 5 mg of NPs were
dispersed in 20 ml of HBSS or CSF and
were maintained for 2h at 37°C under
magnetic stirring. The stability assay was
carried out in triplicate for each
formulation. Samples were withdrawn at
time O and after 2h of incubation, and the
NP size was measured following the
procedure described in Section 2.3.3.

The absence of DiR release from NLC
and PLGA nanoparticles in transport

buffer was assessed by our group in

previous studies and thus, not included
within the present work (Gartziandia et
a., 2015 and Egusguiaguirre et al.,
2015a).

2.4. Nasal in vitro cell monolayers
2.4.1. Cell extraction and cell culture

The olfactory mucosa primary cells were
extracted from the nasal cavity of 4
female Wistar rats in accordance with the
Université catholique de Louvain animal
(2013/UCL/MD/004),
following the protocol described by
Bianco et a. (Bianco et a., 2004).
Briefly, animals were anaesthetized by

committee

isoflurane inhalation and killed by
decapitation. After removing the lower
jaw and surrounding musculature, the
lateral and media cheekbones, and the
incisors, the nasal turbinates were
exposed. Thereafter, the salivary glands,
nasal turbinates, and cartilage were taken
out from both sides of the nasal septum to
reveal the olfactory mucosa, which was
dissected and immediately placed in 1 ml
of HBSS and maintained during 10 min at
RT. The lamina propria was transferred
into 1 ml of Trypsin-0.2% EDTA and
incubated at 37°C, 5% CO,. Five to ten
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min later, trypsin activity was stopped by
adding 9 ml of HBSS. The cdll
suspension was then centrifuged at 400 g
for 5 min and the cell pellet was re-
suspended in DMEM/F12 supplemented
with 10% FBS and 1% P/S before being
placed on culture flasks.

The cells were maintained in DMEM-F12
cell culture medium containing L-
glutamine, 10% FBS and 1% P/S at
standard  conditions (95%  relative
humidity, 5% CO,, 37°C).

2.4.2. Cell monolayer integrity

Olfactory cell monolayers were devel oped
following the previous experience of our
research group with other in vitro cell
models (des Rieux et al., 2007, Rieux et
al., 2005, Mathot et al., 2007 and Beloqui
et al., 2013). Briefly, Transwell® inserts
(1 um pore diameter, 0.9 cm® area)
(Corning Costarl, NY) in 12-well plates
were coated with Matrigel®, prepared in
supplement-free DMEM-F12 to a final
100 pg/ml concentration. Then, 300 pl of
this solution was poured onto the inserts
(30 pg/cm?), which were then left at room
temperature for 1h. Supernatants were

then removed and inserts were twice

washed with 500 pl of DMEM-F12.
Three different cell ratios, 1.5 x 10°, 3 x
10° and 5 x 10° of olfactory mucosa cells,
suspended in 500 pl of supplemented
DMEM-F12, were seeded on the upper
insert side.

The trans-epithelial electrical resistance
(TEER) was measured every two days
during 21 days to check the TEER values
at time points and using the aforesaid cell
ratios in order to select the optimum cell
ratio and day to perform the transport
studies. The measurements were carried
out at 37°C in HBSS using an electrode
connected to an EVOM® volt-ohmmeter
(World Precision Instruments, USA).

2.4.3. Immunocytochemistry (ICC) of
Mucin-5AC

The ICC of cells was carried out in
Transwell® inserts previously seeded with
olfactory cells. The inserts were first fixed
in 4% PFA (v/v) and then gently washed
in DPBS to thoroughly clean the cells
from PFA left-overs. After the washing
step, the fixed cells were incubated for 1 h
with DPBS + 25% BSA to block
unspecific binding of the antibodies. The
cells were then incubated overnight at 4°C
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with a mouse anti-Mucin5AC antibody,
after washing three times with DPBS.
This MucinS5AC protein specific antibody
was used to characterize the phenotype of
olfactory cells (Yunus et a. 2014).
Following the incubation with the primary
antibody, the inserts were washed 3 times
with DPBS and incubated for 1.5 h with a
polyclonal (secondary) conjugated
antibody (goat anti-mouse 1gG (H+L)
Alexa 568) for fluorescent staining of
proteins, following a 10 min incubation
with Alexa 488-phalloidin for staining the
actin of the cells. Subsequently, inserts
were washed in HBSS, cut and mounted
on glass dides. Images were captured
using a Zeiss™ confocal microscope
(LSM 150). All antibodies were diluted in
DPBS + 0.1 % (w/v) BSA + 0.2% (v/v)
Triton X-100.

2.4.4. Cytotoxicity studies

To evaluate the cytotoxicity of the
different formulationsin olfactory mucosa
cells, cell viability was assessed after the
incubation of 20,000 olfactory cells/well
on a 96-well tissue culture plate (Costar®
Corning® CelIBIND Surface) with the
aforementioned NP formulations in

dispersion in culture medium (0.01-1.5
mg/ml). Cells were co-incubated for 2 h at
37°C. After 2 h, the supernatants of each
well were removed and the cells were
incubated again for 3 h with 100 pL 0.5
mg/mL  3-(4,5-dimethylthiazol-2-yl)-(2,5-
diphenyltetrazolium bromide) (Sigma-
Aldrich, BE) (MTT assay) (Beloqui et dl.,
2014). The absorbance was measured at
560 nm using a MultiSkan EX plate
reader (Thermo Fisher Scientific, MA,
USA). All the studies were made in
triplicate.

2.5. NP transport across olfactory cell

monolayers

Transport of NPs across olfactory cells
was studied quantitatively by fluorescence
measurement and qualitatively by
confocal laser scanning microscopy
(CLSM), for which DiR (Aey=750 nm,

Aex=779 Nm) labeled NPs were employed.

The transport of the different NP
formulations was evaluated in olfactory
mucosa cells 21 days after seeding on
Transwell® inserts at a density of 5 x 10°
cellg/insert. Inserts with TEER values
above 160 Q-cm® were selected to

conduct the transport studies. These
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parameters were established based in the

results obtained from section 2.4.2.

The experiments were conducted at 37°C
by adding a volume of 500 pL at 1
mg/mL NP concentration in HBSS on the
apical side of the inserts and 1 mL of
HBSS on the basolateral side. After 2 h of
incubation, samples were collected from
the basolateral side and NP concentration
was determined by  fluorescence
measurement (SpectraMaxM 3 (Molecular
Devices), software SoftMaxPro 6.2.2.).
NP transport was expressed as mean of

transported NPsin percentage + SD.

For the assessment of olfactory mucosain
vitro monolayer integrity, the transport of
commercial fluorescent carboxylated NPs
(0.2 um) was evaluated under the
aforementioned  conditions. A NP
suspension (500 pL)  with  final
concentration of 4.5x10° NPsmL was
added on the apical side and inserts were
incubated at 37°C for 2 h (Beloqui et al.,
2013). After this incubation time,
basolateral solutions were withdrawn and
the number of transported NPs was
measured using a flow cytometer (BD

FACSVerse). NP transport was expressed

as mean = SD. This control was
conducted in paralel to each NP transport

study to assess the monolayer integrity.

The integrity of the monolayer was also
corroborated by measuring the TEER
before and after the transport studies on
day 21. TEER values were not
significantly different to initial values

unless otherwise stated.

After  transport  experiments, cell
monolayers were washed twice in cold
HBSS and fixed in PFA 4% for

subsequent staining.

For the CLSM study, the Transwell®
inserts fixed in 4% PFA were gently
washed in HBSS. Actin was stained with
200 pL of Alexa 488— phalloidin (1:100)
in buffered HBSS+0.2% (v/v) Triton X-
100 for 10 min in the dark to revea cell
borders. Subsequently, inserts were
washed in HBSS, cut and mounted on
glass dlides with a Mowiol + DAPI
mounting media. Images were captured
using a Zeiss™™ confocal microscope
(LSM 150). Data were analyzed by the
Axio Vision software (version 4.8) to
obtain y-z, x—z and x-y views of the cell

monolayers.
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2.6. Satistics

Statistical analysis was performed using
the GraphPad Prism 5 program (CA,
USA). Normal distribution was assessed
with the Shapiro-Wilk normality test.
Unpaired student's t-test with Welch
correction was applied to compare the
transport studies of different formulations,
according to the result of the Bartlett's test
of homogeneity of variances. All other
analyses were performed using a Student's
t-test. Differences were considered
statistically ~ significant a  *p<0.05.

Results are expressed as mean + SD.
3. Results and discussion
3.1. Characterization of the nanoparticles

In this study eight different formulations
were prepared: four lipid-based NPs and
four polymeric NPs. Regarding to lipid-
based NPs, four different NLC were
developed differing in the surface
characteristics (CS-coated or CPP-CS-
coated). The PLGA NPs were also
modified to obtain four different
formulations (PLGA NPs, PEl-coated or
CPP-coated PLGA NPs). Table 1

summarizes the mean diameter size and

zeta potential of all assayed formulations.
All NLC formulations exhibited a mean
particle size between 100 and 139 nm,
depending on their surface characteristics,
since the coating of NPs with CS (*p <
0.05), and with CS and CPPs (**p <
0.01), led to a significant increased
particle size. These particle sizes could be
considered appropriate for nose-to-brain
delivery, since it has been reported that
NPs with average diameters up to 200 nm
could be easily transported transcellularly
via intranasal route (Madane, Mahagan
2015). The coating process had aso an
effect in the zeta potential, obtaining
positively charged nanoparticles
(approximately + 35 mV) (***p < 0.001).
In addition, with the incorporation of
CPPs in the NPs, the zeta potential value
of CPP-CS coated NLC was significantly
increased to + 45 mV (*p< 0.05 and **p
< 0.01, for Tat-CS-NLC and Pen-CS-
NLC, respectively) probably due to the
positive charge of these moieties (Zorko
and Langel, 2005). The average particle
size and zeta potential values did not
significantly differ (*p > 0.05) when NLC
were labeled with DiR, demonstrating

that its incorporation in NLC does not
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ater the physicochemical parameters of
the NPs.

Table 1. Physicochemical characterization of blank and DiR labeled NLC and PLGA
formulations: size, polydispersity index (PDI) and zeta potential. n=3, data are expressed as
mean + S.D. p* < 0.05, p** < 0.01 and p*** < 0.001 with respect to uncoated NLCs; p* <
0.05 and p** < 0.01 with respect to CS-NLCs; p*™ < 0.001 with respect to PLGA NPs.

Formulation Size (nm) PDI Zeta potential (mV)
NLC 98.4 £ 10.6 0.29 + 0.03 (1)202+09
NLC-DiR 97.2+147 0.35 +0.06 () 23452
CSNLC 132.7* £ 10.9 0.26 + 0.01 (+) 37.3*** £ 0.3
CSNLC-DiR 128.1+37 0.31+0.02 (+)347+141
Tat-CSNLC 139.6** +9.1 0.28 + 0.02 (+) 46.8***& +37
Tat-CS-NLC-DiR 136.6 + 11.3 0.30 £ 0.04 (+)434+168
Pen-CSNLC 137.3** +6.7 0.35+0.03 (+) 49.5%**&& + 3 9
Pen-CS-NL C-DiR 136.9+ 16.3 0.29 + 0.06 (+) 435+ 34
PLGA 206.6 + 8.1 0.29 + 0.01 (-)20.4+03
PLGA-DIR 2141+03 0.11 £ 0.04 (1)231+54
PEI-PLGA 2433+6.1 0.35+0.01 (+) 27.0% + 05
PEI-PLGA-DIR 253.3+58 0.27 +0.04 (+)231+0.2
Tat-PLGA 220.1+9.1 0.22+0.04 (+)3.2" 102
Tat-PLGA-DiR 236.1+82 0.11 £ 0.04 (+)6.3+0.6
Pen-PLGA 2205+6.9 0.10+0.01 (+) 43 101
Pen-PL GA-DiR 237.7+823 0.29 + 0.01 (+)8.1+0.7

Regarding PLGA NPs, the mean particle
sizes were found to be around 200 nm,
obtaining higher but not significant values
after coating them with CPPs (*p > 0.05).
The zeta potential of these NPs was

around — 20 mV, and as with NLC, the
linkage of the CPPs to the NPs led to a
significant change in the surface charge,
from negative to positive values (around
+ 5 mV) (*p < 0.001), confirming the
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presence of the CPPs. The incorporation
of DiR to the NPs did not significantly
change these values (*p > 0.05).

3.2. Stability of the formulations in HBSS
and CSF

Table 2 summarizes the particle size and
PDI of NLC and PLGA formulations
before and after 2 h of incubation in
HBSS and CSF. All formulations resulted
highly stable in HBSS and in CSF, since

the particle size obtained before and after
2 h of incubation in both media were not
significantly different (*p > 0.05). Thus,
these results demonstrated that al the
formulations tested in this study were
stable to carry out in vitro studies in
HBSS, and also for a foreseen in vivo
application toward targeting the brain,
since they resulted stable in the CSF.

Table 2. NP size and PDI measurements after the incubation of NLC and PLGA
formulations during 2 hin HBSS and CSF. n = 3, data are expressed as mean + SD.

Beforeincubation

2h after incubation

Formulation Medium Size (nm) PDI Size (nm) PDI

NLC HBSS 1044+ 3.6 0.32+0.03 98.3+20.9 0.33+0.02
CSF 103.1+23.2 0.31+0.03 111.4+10.3 0.32+0.04
CSNLC HBSS 131.6+1.1 0.32+0.03 131.2+0.7 0.28 +0.03
CSF 1428+ 7.8 0.29+0.03 1424+ 8.6 0.28+0.02
Tat-CSNLC HBSS 151.5+9.6 0.28 + 0.02 1529+ 3.7 0.29 + 0.02
CSF 155.0+ 0.2 0.26 £0.01 1533+5.8 0.26 £0.01
Pen-CS-NL C HBSS 155.0+ 8.8 0.30+ 0.05 1523+7.2 0.27 £ 0.01
CSF 153.2+45 0.36 £ 0.05 1523+27 0.35+0.02
PLGA HBSS 218.3+0.8 0.28 + 0.01 238.2+195 0.32+0.08
CSF 230.3+9.9 0.24+0.01 2449+6.8 0.28+0.06
PEI-PLGA HBSS 2455+ 48 0.37 £ 0.02 246.8+5.6 0.26 + 0.08
CSF 231.1+22 0.37+0.02 232.3+38 0.36+0.01
Tat-PLGA HBSS 2242 £ 4.6 0.08 + 0.01 229.1+1.2 0.07 £ 0.01
CSF 217.0+ 27 0.07 £0.02 2181+12 0.06 £ 0.01
HBSS 225.1+£5.7 0.07 £ 0.03 2224 +5.2 0.03+0.02

Pen-PLGA
CSF 241.3+7.1 0.14+0.04 237.9+4.2 0.11 + 0.02
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3.3. Validation and characterization of

nasal cell monolayers

3.3.1. Assessment of cell monolayer
integrity

These monolayers have been developed
based on other in vitro models (des Rieux
et a., 2007), but taking into account the
behavioral differences that exist between
the different cell lines. The first step was
to establish the optimum cellular ratio of
olfactory cells in order to form a
monolayer in the inserts, and thus, to
perform the transport studies. As shown
in Figure 1A, after measuring the TEER
at three different seeding ratios during 21
days, the ratio 500,000 cellg/insert
showed the highest TEER vaue at day
21. Moreover, with this ratio the cells
were growing progressively until reaching
a constant TEER value from day 16,
while the other two ratios showed more
irregular TEER values. Thus, it could be
hypothesized that cells were not growing
in a regular way, and that there were not

enough cells to form a monolayer.

The integrity of the monolayer was

further confirmed by measuring the

number of commercial carboxylated
particles transported by flow cytometry
(des Rieux et al., 2007, Gullberg et al.,
2000 and Rieux et al., 2005). The number
of nanoparticles transported was less than
0.001 %.

Therefore, the 500,000 cellg/insert ratio
and inserts with TEER values above 160
Q-cm? at day 21 were selected to carry out
the transport studies.

3.3.2. ICC of Mucin-5AC

Cells were characterized by ICC analysis
in order to confirm that extracted and
cultured cells were olfactory cells which
maintain their specific characteristics,
such as the mucus secretion (I1lum, 2000).
ICC is auseful technique for this purpose,
since it is used to stain cells by specific
protein  markers, alowing  their
characterization depending on the type of
proteins contained. Figure 1B shows
positive expression of Mucin-5AC in the
cell cytoplasm, a specific protein found in
airway epithelium mucus-secreting cells
(Yunus et a., 2014), proving that the
extracted cells were indeed olfactory

cells.
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Figure 1. Optimization of the cellular seeding ratio into Transwel|® inserts. A) TEER measurement at
three different cell ratios (150,000, 300,000 and 500,000 olfactory cells/insert) during 21 days. n=3,
results are expressed as mean = S.D. *p< 0.05 and **p< 0.01, with respect to 500,000 cells/insert
ratio. B) y—z section of CLSM image of positive Mucin-5AC expression in the cytoplasm (orange).
Cells membranes are stained in green with Alexa 488-phalloidin. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article).

3.4. Cell viability of olfactory mucosa

cells after NP treatment

Before performing the NP transport
studies, it was important to assess the
safety of the tested formulations for the
cellss, and to establish the NP
concentration that induced no harm. For
this purpose, the cell viability was
evaluated after 2 h of incubation with all

NPs assayed at increasing concentrations
(0.01-1.5 mg/ml). As displayed in Figure
2, cell viability was higher than 70% with
all formulations whatever the
concentration, and therefore, these results
demonstrated that all NPs were not toxic
and thus, biocompatible with olfactory
mucosa cells (Doktorovova, Souto and

Silva, 2014).
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Figure 2. Olfactory mucosa primary cell viability after 2 h of co-incubation with lipid- and
polymeric-based NPs (0.01=0.01 NP mg/ml; 0.05=0.05 NP mg/ml; 0.1=0.1 NP mg/ml; 0.5=0.5 NP
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mg/ml; 1=1 NP mg/ml; 1.5=1.5 NP mg/ml; C+ (positive control) = culture medium;-Qnegative
control) = culture medium with 10% DM SO). Results are expressed as cell viability percentage with
respect to C+ cell viability, which represents values of 100 %. n=3, results are expressed as mean +

S.D.
3.5. NP transport

Once the nasal in vitro cell monolayers
were established, and after proving that
al NLC and PLGA formulations were
stable in the transport buffer and
biocompatible with the olfactory mucosa
cells, the final step of the study was to
evaluate the ability of the different NPsto
cross this monolayer. Taking into account
that after the nasal administration the
olfactory mucosa is the first barrier that
NPs have to cross to access directly into
the brain (Wu, Hu and Jiang, 2008),
selecting the ideal NP formulation in
order to achieve the highest possible
accumulation in the brain via the
intranasal administration route remains of
great interest. According to Mistry et a.,
there are three main routes of nanoparticle
entrance after a nasal administration: (i)
the transport through the nasal epithelium
into the systemic circulation (systemic
pathway), (ii) the paracellular or
transecellular pathway via the olfactory
neuron (olfactory neura pathway) or the

olfactory epithelium (olfactory epithelial

pathway) or (iii) the transport via the
trigeminal nerves (trigemina pathway)
(Mistry et al., 2015). This study was
focused on analyzing the ability of NLC
to cross a nasal in vitro model (olfactory
mucosa cell monolayer), and thus, their
access to the brain via the transepithelial

pathways.

Previous studies carried out in our
laboratory demonstrated that CS-NLC
where accumulated in the brain after
being intranasally administered to nude
mice (Gartziandia et al., 2015). In order to
get a better understanding of modified-
NLC transport across the nasal epithelium
and to improve this transport, CS-NLC
and CPP-modified CS-NLC transports
was evauated in vitro across this nasal
model. NLC transport was compared to
PLGA NP transport in order to evaluate
whether lipidic rather than polymeric NPs
are better NP candidates towards brain

delivery via nasal route.
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Figure 3. NP transport study across a hasal in
vitro model. Percentage of transported NPs
across olfactory mucosa cell monolayers after
2 h of co-incubation with different coated and

uncoated NLC and PLGA NPs. n= 7-9, results
are expressed as mean = S.D, *p < 0.05, **p <
0.01, ***p < 0.001.

As shown in Figure 3A, on the one hand,
when comparing these lipidic nanocarriers
with PLGA NPs, the transport of both,
coated and uncoated NLC, resulted
significantly higher than the percentage of
transported PLGA NPs (***p < 0.001).
Accordingly, only a 0.7 % of PLGA NPs
was able to cross the olfactory cell
monolayer, whereas an 8 % and a 22 % of
NLC and CSNLC were transported
across the nasal monolayers, respectively.
These results bring to mind the data
obtained by other researchers after
studying the transport of PLGA-based
NPs in M cells, where these NPs were
successfully transported, whereas in caco-
2 cells not, suggesting that the transport
of different nanocarriers depends on the
cell type (Garinot et al., 2007). Thus, our
finding suggests that lipid-based NPs
could result more appropriate than
polymeric NPs for the intranasal
administration. It is true that some authors
have reported the use of PLGA NPs for
nose-to-brain delivery (Sharma et a.,
2015 and Sgju, Kumar and Sawant, 2011).
In these studies the authors detected the
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encapsulated compound in the brain, but
not the NP itself, and it is possible,
therefore, that the NPs were retained in
the nasal mucosa and the encapsulated
compound released to the brain (Sharma
et a., 2015 and Sgju, Kumar and Sawant,
2011). On the other hand, comparing CS-
coated with uncoated NLCs, the
percentage of transported NPs was
significantly higher when NLC were
coated with the cationic polysaccharide
CS (CSNLC) (**p < 0.01). Thus, it has
been demonstrated the ability of
positively charged cationic NPs for being
easily attracted by endothelial cells,
probably due to electrostatic interactions
between positively charged NPs and
negatively charged cell membranes,
enhancing the cellular absorption of these
NPs across the olfactory cells (Severino et
a., 2013 and Dodane, Amin Khan and
Merwin, 1999). Moreover, CS NPs
possess intrinsic properties that include
mucoadhesion and the ability of
transiently open the tight junctions
(Behrens et al., 2002, Trapani et a., 2010
and Rassu et a., 2015). Regarding to the
unalterated TEER values after the co-
incubation of cells with CS-coated NLC,

we discarded the tight junction opening as
an alternative mechanism of transport of
these NPs across olfactory cells. CS-
coated NLC might adhere to the surface
of the olfactory cells, thus increasing their
interaction and transport across olfactory
cells. However, further mechanistic
studies need to be conducted in order to
unravel this mechanism of transport.
These results justify the use of lipid NPs
over polymeric and the use of CS as
coating agent towards increased nasal
penetration.

After confirming that the coating of NLC
with CS had a significant influence in the
enhancement of the transported NPs
across the olfactory cells, the other aim of
this work was to evaluate whether the
incorporation of a CPP to the CS-NLC
formulation could improve CS-NLC
transport. The CPPs are known for their
ability to effectively penetrate across the
cell membrane without the need of a
receptor (Drin et a., 2003). Concretely, in
this study Tat and Pen peptides were
incorporated into CS-NLCs, which have
been shown to increase the nasal
absorption of NPs (Kanazawa et al., 2011,

Kamel, Takeda-Morishita 2015).



138 Experimental design: Chapter 3

Interestingly, we observed a significant
increase in the percentage of transported
Tat-CS-NLC compared to CS-NLC and
NLC (*p < 0.05, Figure 3B), reaching 46
% of transported Tat-CS coated NLC.
Pen-CS-NLC, the
percentage of transported NPs was found

Regarding to

to be 33 %, but not significantly higher
than CS-NLC (p > 0.05). The absence of
significance could be due to the high
variability (SD = 18.99%). Although the
cationic (PEI-PLGA) and CPP coated
(Tat-PLGA and Pen-PLGA) NPs showed
higher transport than uncoated PLGA
NPs, no significant differences were
observed on PLGA transport across the
nasal cell monolayers whatever the
formulation (p>0.05), and the values
ranged from 0.7 to 7 % of transported
NPs. All formulations, either coated or
uncoated, lipid or polymeric were located
within the nasal cell monolayers (data not
shown). Figure 4 shows the y-z sections
of NLC, CSNLC and Pen-CS-NLC. It
can be observed that the presence of NLC
(in red) within the

corresponds to the amounts encountered

monolayers

for the basolatera chambers of the

Transwell® (NLC<CS-NLC<Pen-

CS<Tat-CS-NLC). Figure 4B shows the
localization of Tat-CS-NLC, the
formulation exhibiting the highest

transport rate, within the olfactory cells.

These findings demonstrated the ability of
lipid-based versus polymeric NPs to cross
the nasal epithelium. The incorporation of
a CPP to the CSNLC formulation
enhanced the in vitro transport of CS
NLC across a nasal cell monolayer.
Hence, CPP-CS-NLC represent promising
nose-to-brain delivery systems to be
tested in future in vivo studies, needed to
provide quantitative proof of the

nanoparticle access to the brain.
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Figure 4. CLSM images corresponding to NLC formulations. A) y-z sections of NLC, CS-NLC and
Pen-CS-NLC, top-bottom, respectively. B) y-z, x-y and x-z sections of Tat-CS-NLC CLSM image
with which the higher uptake rate was recorded after 2 h of co-incubation with olfactory cells. Cell
membranes are stained in green with Alexa488-phalloidine. NPs are stained in red.

4. Conclusion

In this study an in vitro olfactory cell
monolayer has been validated to evaluate
NP nasal-to-brain delivery. This systemis
avauable tool to evaluate the potential of

different NPs to access the brain through

the nasal route. All tested NLC
formulations were able to cross the
olfactory cell monolayer, and their
transport was significantly enhanced with
the incorporation of CPPs and CS to their
surface. All in al, CPP-CS-NLC seem to
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be promising brain shuttles via nose-to-
brain route. However, to further confirm
CPP-CS-NLC nasal-penetration, these in
vitro results should be verified in the in

vivo animal studies.
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In recent years, the prevalence of people living with neurodegenerative diseases (NDs)
has dramatically increased. These disorders are characterized by a progressive loss of
neuronal structure and function in the brain and spina cord, leading to alterations in
different motor, cognitive, sensory and emotional functions of the patients. NDs include
different unusual disorders such as Huntington's disease (HD) and amyotrophic lateral
sclerosis (ALS), while Alzheimer’s disease (AD) and Parkinson’s disease (PD) are among
the most common age-related NDs (Foster ER 2014).

Although the treatments of AD and PD are the main priority for the neurologist
community, to date, there is no cure for these two diseases, neither for HD nor ALS, and
the current therapies are focused on modifying the disease progression and symptoms, with
insufficient or null effect on the improvement of the disease (Deierborg, et al. 2008).
Moreover, due to the high economic burden of the treatments, the patient care is abundant
and growing. In this sense, recent research advances have been focused on new therapies
able to overcome the neurodegenerative process and to provide neuroprotection to the
surviving cells.

In this line, selective growth factors (GFs) have become an interesting therapy since
they are able to provide neuroprotective, neurorestorative and stimulating effects on
diseased neurons. GFs are a group of different molecular families and individual proteins
with the ability to enhance cellular growth, proliferation and differentiation. Furthermore,
they are also well known for playing important roles in tissue morphogenesis, angiogenesis,
cell differentiation and neurite outgrowth (Cieder and Sari 2013; Levy, et a. 2005; Poon,
Choi and Park 2013). However, these factors present some shortcomings that limit their
clinical application, mainly due to their poor capacity to cross the blood-brain barrier
(BBB), and thus to access into the brain, as well as to their short circulation half-life and
rapid degradation rate after in vivo administration. Therefore, significant attempts have
aready been made to design different and promising drug delivery systems (DDS) to
protect neurotrophins and release them into the brain in a control manner, thereby, dealing

with the limitations that these factors present to access into the brain.
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In this regard, poly (lactic-co-glycolic acid) microspheres (PLGA-MS) and
nanospheres (PLGA-NS) loaded with neurotrophic factors have been extensively studied by
our research group (Herréan, et al. 2013a; Herréan, et a. 2013b; Herran, et al. 2014) and other
researchers (Garbayo, et al. 2011; Jollivet, et al. 2004), obtaining promising results to deal
with the PD and AD. Accordingly, in one of these works carried out by our research group
both glial-derived neurotrophic factor (GDNF) alone and the combination of GDNF and
vascular endothelial growth factor (VEGF) microencapsulated into PLGA-MSs
demonstrated regenerative effects in a severely lesioned rat model of PD, after their
intrastriatal administration (Herran, et a. 2013b). In a second study, VEGF and GDNF
were encapsulated in PLGA-NSs to evaluate the synergistic effect of these two GFs in a
partial lesion model of PD. Following the striatal implantation of both formulations, a
synergistic effect was observed in the group which received the combined therapy, where
the number of amphetamine-induced rotations decreased more significantly compared to
the groups that received one of the GFs. Moreover, tyrosine hydroxylase (TH)
immunohistochemical analysisin the striatum and external substantia nigra (SN) confirmed
a notable enhancement of neurons in the group treated with VEGF and GDNF-loaded NS
(Herran, et al. 2014). Findly, in a third study carried out by our research group, VEGF-
loaded PLGA-NS administered by craniotomy demonstrated to be a potential therapeutic
strategy to achieve behavioral improvements in an APP/Psl mouse model of AD.
Moreover, AB deposits were significantly decreased in the whole brain, including cerebral
cortex, striatum and hippocampus, and VEGF-NS were also able to promote angiogenesis
(Herran, et al. 2013a). In addition, these VEGF loaded PLGA-NS were able to induce the
activation of the proliferation and maturation of neuronal precursors, which in turn may

enhance the improvements in memory deficitsin APP/Ps1 mice (Herran, et al. 2015).

Nevertheless, in the aforementioned works the treatments were administered using
invasive approaches in order to avoid the BBB, and that limits their use for a possible clinic
application. Therefore, in the search for less invasive techniques, in the past few years
intranasal drug delivery has appeared as an aternative non-invasive administration route to

bypass the BBB and target drugs directly to the central nervous system (CNS) through the
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olfactory and trigeminal nerve pathways (Dhuria, et al. 2010; Graff and Pollack 2005). Due
to the fact that these are the only areas of the CNS that are externally exposed, this route
represents the most promising non-invasive access into the brain (Mistry, et al. 2009).
Accordingly, the nasal mucosa provides several benefits as a target for drug delivery,
including large surface area, rapid drug onset, potential for CNS delivery, and no first-pass
metabolism. However, the major disadvantages of this administration route are the limited
absorption across the nasal epithelium and the short residence time in the nasal cavity due
to the mucociliary clearance, causing uncompleted drug absorption (Costantino, et al.
2007). In order to overcome these drawbacks, nanoparticles (NPs) have been described as
efficient shuttles to efficiently transport drugs through the olfactory pathway while
protecting them from degradation within the nasal cavity (Mistry, et a. 2009). Among
these, lipid-based nanocarriers seem good candidates to achieve brain delivery as they
could be readily transported to the brain due to their lipid nature (Blasi, et al. 2007; Gobbi,
et al. 2010; Kaur, et al. 2008).

Bearing these considerations in mind, in this doctoral thesis we have focused on the
preparation of nanostructured lipid carriers (NLCs) for intranasal (i.n.) administration.
These lipid-based nanocarriers, which are the second improved generation derived from
solid lipid nanoparticles (SLN), are composed of biodegradable and biocompatible lipids
and provide high encapsulation efficiencies and high stability (Beloqui, et al. 2016).
Moreover, NLCs offer well-recognized safety profile and toxicological data (Lim, et al.
2012). In addition, several strategies could be followed in order to enhance their access into
the brain. NLCs could be surface-modified with the aim of solving their low residence time
in the nasal cavity (Vyas, et a. 2005). Accordingly, the cationic polysaccharide chitosan
(CS) exhibits good mucoadhesive properties, together with penetration enhancement
characteristics across various mucus epithelia and enzyme-inhibiting properties (Dharmal a,
et a. 2008; Sandri, et al 2010; Severino, et a. 2013). Therefore, the coating of NLCs with
CS could result agood approach to try to enhance the nasal transport of NLCs to the brain.
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All in al, the first step of this work was the design and optimization of a CS-NLC
formulation to obtain mucoadhesive and positively charged NPs with an adequate particle
size for promoting the delivery of neurotrophic factors to the brain after intranasal
administration. To attain this purpose, various concentrations of commonly used solid
(Precirol® ATO5 or Dynasan® 114) and liquid (Miglyol® 812N/F) lipids, and various
percentages of selected surfactants were tested (Leonardi, et al. 2014), and NPs were
prepared using the melt-emulsification method (Gartziandia, et al. 2015). After process
optimization, the composition of the selected NLC formulation was: Precirol 2.5% (w/v),
Miglyol 0.25% (w/v), Tween 80 (T80) 3% (w/v) and Poloxamer 2% (w/v). The NLCs
presented a particle size of 72.17 + 8.55 nm, with a PDI of 0.364 + 0.22 and a zeta potential
of -28.2 + 1.32 mV. After being coated with CS and loaded with a model neurotrophic
factor (IGF-I) (0.5%, w/w) the particle size increased to 114.48 + 20.20 nm, with a PDI of
0.287 £ 0.05, and a positive zeta potential value (+ 28.4 + 2.83 mV), suggesting that CS
was adhered to the NPs surface. The CS-NLC-IGF-I exhibited a spherical morphology and
uniform size (Figure 1A), with a high encapsulation efficiency, around 90%, and thus, it

was considered as an adequate delivery system for future applicationsin NDs.

In regard to the NLCs elaborated with Dynasan 114 solid lipid, the particle size of
these formulations was higher than in those prepared with Precirol ATO5 using the same
amounts of surfactants and lipid. Moreover, the PDI value of most of these formulations
was above 0.4, indicating a non-stable polydisperse system. Therefore, because the
previously described Precirol formulation presented a lower particle size and PDI value, the

Dynasan formulations were discarded for this application.

Following the intranasal administration of CS-NLCs, the NPs came into contact with
the nasal epithelial cells, which are the first barrier that CS-NLCs must overcome to reach
the brain. Thus, in order to determine the cytotoxicity and cell uptake capability of our
formulation, in vitro tests were undertaken in 16HBE140- cells, a cell line widely used for
in vitro studies of NPs developed for nose-to-brain delivery (Sapsforda, et al. 1990; Xia, et
al. 2011). Since it is assumed that cell viability >70% is considered “no toxicity”
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(Doktorovova, et al. 2014), the data obtained from this study suggest the biocompatibility
of the formulation tested with 16HBE140- cells, maintaining cell viability during 72h
(Figure 1B). As shown in Figure 1C, the cellular uptake of CS-NLCs by these cells was

also confirmed.
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Figure 1. Morphology and in vitro studies of CS-NLCs A) TEM photomicrograph of CS-NLCs. B)
Viability evaluation in 16HBE140- cell line cultures at 24, 48 and 72 h after CS-NLCs treatment
(0.01, 0.05, 0.1 CS-NLCs mg/ml; C+ (positive control) = culture medium with PBS; C- (negative
control) = culture medium with 10% DM SO). The data are shown as the mean + SD. ***p< 0.001. C)
Cedlular uptake of CS-NLC-NileRed (25 pg) after incubation with 16HBE140- cells for 4 h. The
image on the top is the negative control, in which cells were not incubated with NileRed loaded
nanoparticles. The image below shows the cells incubated with the nanoparticles, NileRed labelled
nanoparticles (in red) and cell nuclei stained with DAPI (in blue).
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Furthermore, in order to assess the in vivo nasal toxicity of our formulation, the CS-
NLCs were i.n. administered to C57 mice for 15 consecutive days. After the
histopathological analysis of the harvested mice nasal mucosa, no histopathological lesions
that could indicate toxicity were detected (Figure 2).

Figure 2. Nasal toxicity study. Representative photomicrographs of the entire nasal mucosa/cavity
biopsies in C57 mice after i.n. administration of PBS (control) or CS-NLCs. Nasal sections were
stained with haematoxylin/eosin and observed under alight microscope (40X).

As mentioned before, the drug delivery to the brain for the treatment of NDs is
hindered by the BBB, which limits the access of drugs to the CNS. In recent years,
enormous efforts have been made towards the research of new drug delivery platforms able
to improve the diffusion of the drugs across the BBB using non-invasive administration
routes (Kumar, et a. 2008; Patel, et al. 2011). Therefore, after proving the safety of the CS-
NLCs, we made a step forward by studying their brain uptake after i.n. administration. For
that purpose DiR labelled CS-NLCs were prepared in order to study the nanoparticles
biodistribution by DiR fluorescence imaging (FLI) monitoring. It is important to note that
the incorporation of DiR in CS-NLCs did not alter their physicochemical parameters and
that the fluorescent tracer remained associated with the NPs in the experimental period,
indicating that the fluorescence signal detected in the tissue samples was attributed to the
labelled NPs and not to the free dye.

In vivo brain-accumulation and whole-body biodistribution were measured at 0.5, 4.5,
6.5 and 23.5 h post i.n. administration of CS-NLC-DiR to athymic nude mice. Figure 3
shows in vivo biodistribution results performed with the IVI1S® Spectrum imaging system.
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Whole body in vivo fluorescent imaging revealed a brain accumulation of CS-NLC-DiR
after i.n. administration. Moreover, the CS-NLC-DiR were quickly adsorbed by the
olfactory tract and distributed mainly to the lungs through the respiratory track and were
also detected in the trachea and olfactory bulb. It is worth mentioning that the NPs were
retained in the nasal cavity up to 24 h post administration and were slowly cleared and
biodistributed to other organs.

Dorsal view Ventral view
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Figure 3. In vivo CS-NLC-DiR tissue accumulation at 0.5, 4.5, 6.5 and 23.5 h post-administration.

Additionally, at 1, 7 and 24 h post-administration time points, whole brain, lung, heart,
liver, spleen, kidney and skin samples were collected, and NP tissue accumulations were
determined by ex vivo DiR FLI monitoring. Each brain was sectioned into cerebrum,
cerebellum and hippocampus and ex vivo DiR FLI monitoring was performed. The ex vivo
imaging of extracted organs (Figures 4A and 4B) and selected areas of the brain (Figure
4C) confirmed that the NP reached the brain, but presented an significant retention in the
lungs, similar to other published works (Md, et al. 2013; Patel, et al. 2011). However, in
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our study, the signal was maintained during 24 h after i.n. administration, suggesting that
our formulation would reach the brain over time without being cleared by nasal mucosal

cilia
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Figure 4. Ex vivo brain, lung, liver, spleen and kidney FLI per tissue weight (A), and FLI total (B) at
1, 7 and 24 h after i.n. administration of CS-NLC-DiR. Ex vivo cerebrum, cerebellum and
hippocampus FLI total at 1, 7 and 24 h after i.n. administration of CS-NLC-DiR (C).



Discussion 155

Thus, according to our results safe and non-toxic novel nanometric CS coated NLCs
for i.n. administration have been developed. This CS-NLC formulation showed effective
delivery to the brain after a single dose i.n. administration, opening new horizons to less
invasive administration routes that could reach the brain avoiding the limiting step of the
BBB. Moreover, considering the prolonged retention time of CS-NLCs in the nasa
epithelium, this formulation could be considered an interesting alternative to decrease the

dose and dosage frequency of drugs, as well as maximizing their therapeutic effect.

In a second step, in order to assess the in vivo efficacy of previously optimized CS-
NLCs, the in vivo neuroprotective and neurorestorative effect of intranasally administered
GDNF encapsulated in CS-NLCs was studied in a 6-OHDA partially lesioned rat model of
PD. The neurotrophic factor GDNF is a potent candidate for the treatment of PD due to the
high specificity that it presents towards dopaminergic neurons, and that is why it was
selected for being encapsulated in our formulation (Lapchak, et al. 1997, Allen, et al. 2013).

After the physicochemical characterization of the formulation and before performing
the in vivo study, the in vitro neuroprotective capacity of GDNF-loaded CS-NLCs was
determined to prove its bioactivity after the encapsulation process. For this purpose, the
PC-12 cell line was used as a specific cell lineage of dopaminergic neurons, and the cells
were exposed to 6-OHDA neurotoxin, the same toxin used to establish the partially
lesioned model of PD. In this assay, the neuroprotective ability of GDNF was demonstrated
either in solution or in CS-NLC-GDNF. Thus, it was confirmed that the encapsulation

process does not affect the bioactivity of the neurotrophic factor.

After proving the neuroprotective effect of CS-NLC-GDNF in PC-12 cells, the in vivo
effectiveness of the formulation was also investigated with the aim of studying the
neuroprotective effect of GDNF-loaded NPs in the performance of behavioural tests and
against the loss of dopaminergic neurons, after their intranasal administration during 15
consecutive days. By performing the in vivo experiments with a partially lesioned rat model
of PD, we attempted to study the potential effect of CS-NLC-GDNF in the initial stage of

the disease. For this purpose, the 6-OHDA toxin was injected into the rats brain, and we
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immediately started the two-week daily intranasal treatment to prove whether the GDNF
was able to protect rats against the 6-OHDA lesion, in contrast to previous studies
conducted by our research group in which treatments were intrastriatally administered three
weeks after the injury, after the lesion was fully established (Herran, et al. 2014).

During the 7 weeks of the study, the results obtained in the amphetamine-induced
rotational test and in the cylinder test demonstrated the behavioural improvement of rats
after the intranasal CS-NL C-GDNF treatment, which was not observed in the group treated
with the GDNF solution (Figure 5A and 5B). Regarding to amphetamine-induced rotational
test, significant differences were found for the interaction factor depicting that encapsulated
GDNF had a more beneficial effect in movement recovery than GDNF in solution (p<0.05,
Fa14=7.1, for interaction factor, repeated measures two-way ANOVA). The behavioural
improvement seen in the rotational behaviour was also supported by a reduction in forelimb
asymmetry in the cylinder test (Fq14=4.54, p<0.05, for interaction factor, repeated
measures two-way ANOVA). These results demonstrated that the encapsulation of GDNF
in our lipid-based NPs promotes the nose-to-brain delivery of GDNF.
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Figure 5. Graphical representation of the behavioural assessment of 6-OHDA lesioned animals.
A: Amphetamine-induced rotational behaviour test. The graphic shows the percentage change in the
number of ipsilateral rotations per minute, with respect to the basal rotation values obtained in the
first session (100%). B: The graphic shows the percentage of touches performed with the ipsilateral
forelimb in the cylinder test. The data are shown as the mean + SEM (n=5), *p< 0.05, **p<0.01 and
***p< 0.001, CS-NLC-GDNF group with respect to the other three groups, Bonferroni post hoc test.
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These findings were also confirmed with the histological evaluation of the brains,
where a significant improvement in both the density of TH+ fibres in the striatum and the

TH+ neuronal density in the SN was observed (Figure 6E and 6F).

Figures 6A-D show the photomicrographs of the TH immunostained striatums (rostral,
medial and caudal). The qualitative study of the ipsilateral coronal sections of the striatum
showed a different degree of neurodegeneration after the intranasal administration of
different treatments. In addition, Figure 6E shows the quantitative analysis of these
sections, where the percentage of TH+ fibres in the striatum of the ipsilateral or lesioned
side, compared to the contralateral or non-lesioned hemisphere, was found to be
significantly higher in the CS-NLC-GDNF treatment group (F 14=8.96 p<0.01, for
interaction factor, two-way ANOVA, Figure 6E). The data of the quantitative analysis of
TH+ neurons in the SN confirmed these results (F, 14=71.37 p<0.001, for interaction
factor, two-way ANOVA, Figure 6F). The TH+ neurona density in the entire SN of the
CS-NLC-GDNF group was significantly higher than in the other three groups, as shown in
the stereological study (for statistical details, see Figure 6F).



158 Discussion

A Sham

% [ Sham 1 CS-NLC-Blank
L o g} I L [y Bl GDNF solution EE CS-NLC-GDNF
X ) L e o
""n‘-;d_..’/' ‘&«_J_./ ! / - E

%a;

B GDNF solution

X 3: ,'kg,-; ; / 4 / /
4 W"/ "L,..é’/- " / .

C CS-NLC-Blank

=1
L=}

Striatal optic density
5 & 8 8

-l‘i_r

N
M -

@
t=}

SN neuronal density
= = 2
| | | |
» *

y

i ! ] )

D CS-NLC-GDNF

Figure 6. Histological evaluation of the striatum and SN. A-D: representative photomicrographs of
the TH immunostained striatums (rostral, medial and caudal) compared with the non-lesioned side
(on the left) of 6-OHDA lesioned rats, after the intranasal administration of the different treatments:
A: Sham, B: GDNF solution, C: CS-NLC-Blank and D: CS-NLC-GDNF. The degeneration degree
of various ipsilateral corona sections of the striatum. E: The integrated optical density (I0OD) of TH+
fibres of the entire striatum in the lesioned hemisphere compared to the non-lesioned hemisphere. F:
Density of TH+ neurons in the entire SN. The results are expressed as a percentage of lesioned
hemisphere compared to the intact side. The data are shown as the mean + SEM, ***p < 0.001 vs the
CS-NLC-GDNF group, Bonferroni post hoc test.
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In this work, we developed for the first time a CS-coated NLC-GDNF formulation for
nose-to-brain delivery and analyzed its neuroprotective ability against 6-OHDA damaged
areas, as well as its potential to improve behavioural deficits in a hemiparkinsonism rat
model. The results obtained from the in vivo studies suggested that the encapsulation of
GDNF in CS-coated NLCs improves the nose-to-brain delivery of the neurotrophic factor
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after i.n. administration. Furthermore, we demonstrated the neuroprotective and
neurorestorative effect of CS-NLC-GDNF in a partialy lesioned rat model of PD. Thus, it
could be concluded that GDNF-loaded CS-NLCs administered by a non-invasive route
such as the intranasal route could be a promising therapy for the treatment of PD. Despite
the hopeful results obtained during this experimental work, it must bear in mind that we
performed a neuroprotection study. However, diagnosisis only enabled late in the disease,
when the motor symptoms reflecting the degeneration of dopaminergic neurons in the
substantia nigra appear. Thus, it would be interesting for future works to investigate the

neurorestorative ability of CS-NLC-GDNF in more advances stages of the disease.

Finally, in the last part of this doctoral thesis we realized about the need for an in vitro
model of nasal mucosa, because although there are several studies on brain targeting of NPs
after intranasal administration in vivo (Md, et a. 2013; Patel, et al. 2011; Zhang, et al.
2014), there are few studies describing NP nose-to-brain transport (Mistry, et a. 2009).
Therefore, the first aim of the third work was to develop, characterize and validate in vitro
olfactory cell monolayers that would allow the screening of different NPs intended for i.n.
administration.

For this purpose, olfactory mucosa primary cells were extracted from the nasal cavity
of female Wistar rats, following the protocol described by Bianco et a. (Bianco et al.,
2004), and the nasal cell monolayers were developed based on previously described models
such as Caco-2 and M cells in vitro models used to simulate the intestinal barrier (Beloqui,
et al. 2013; des Rieux, et a. 2007), but taking into account the behavioral differences that
exist between the different cell lines. After the extraction of the cells, the second step was
to establish the optimum ratio of olfactory cellsin order to form a monolayer in the inserts,
and thus, to perform the transport studies. Cell monolayer integrity was assessed measuring
the trans-epithelial electrical resistance (TEER) of three different cell ratios every two days
during 21 days. According to the results obtained, the 500,000 cellg/insert ratio and inserts
with TEER values above 160 Q-cm® at day 21 were selected to carry out the transport
studies.
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Once the olfactory mucosa in vitro cell monolayers were established, the second goal
of this study was to evaluate the in vitro transport of CS-NLC and CPP-modified CS-NLC
across them. Concretely, in this study Tat and Pen peptides were incorporated into CS-
NL Cs, which have been shown to increase the nasal absorption of NPs (Kamei and Takeda-
Morishita 2015; Kanazawa, et a. 2011). Moreover, NLC transport was compared to that of
PLGA NPs in order to evaluate whether lipid rather than polymeric NPs are better NP
candidates towards brain delivery via the nasal route.

In this line, eight different formulations were prepared, four lipid-based NPs (NLC,
CSNLC, Tat-CS-NLC, Pen-CS-NLC) and four polymeric NPs (PLGA, PEI-PLGA, Tat-
PLGA, Pen-PLGA NPs). After proving that all NLC and PLGA formulations were stable in
the transport buffer and biocompatible with the olfactory mucosa cells, the ability of the

different NPsto cross this monolayer was evaluated.

On the one hand, when comparing lipid nanocarriers with PLGA NPs, the transport of
both, coated and uncoated NLC, resulted significantly higher than the percentage of
transported PLGA NPs (***p<0.001, Figure 7A), suggesting that lipid-based NPs could
result more appropriate than polymeric NPs for the intranasal administration. On the other
hand, comparing CS-coated with uncoated NLCs, the percentage of transported NPs was
significantly higher when NLCs were coated with the cationic polysaccharide CS (CS
NLC) (**p<0.01, Figure 7A). As known, CS NPs possess intrinsic properties that include
mucoadhesion and the ability of transiently open the tight junctions (Behrens, et a. 2002;
Trapani, et a. 2010). Regarding to the unalterated TEER values after the co-incubation of
cells with CS-coated NLCs, we discarded the tight junction opening as an alternative
mechanism of transport of these NPs across olfactory cells. CS-coated NLCs might adhere
to the surface of the olfactory cells, thus increasing their interaction and transport across
olfactory cells. These results justify the use of lipid NPs over polymeric and the use of CS
as coating agent towards increased nasal penetration. However, further mechanistic studies

need to be conducted in order to unravel this mechanism of transport.
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After confirming that the coating of NLCs with CS had a significant influence in the
enhancement of the transported NPs across the olfactory cells, the other aim of this work
was to evaluate whether the incorporation of a CPP could improve CS-NLCs transport.
Interestingly, we observed a significant increase in the percentage of transported Tat-CS-
NLCs compared to CS-NLCs and NLCs (p* < 0.05, Figure 7B). Although the cationic
(PEI-PLGA) and CPP coated (Tat-PLGA and Pen-PLGA) NPs showed higher transport
than uncoated PLGA NPs, no significant differences were observed on PLGA transport
across the nasal cell monolayers whatever the formulation (p>0.05, Figure 7C).
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Figure 7. NP transport study across a nasal in vitro model. Percentage of transported NPs across
olfactory mucosa cell monolayers after 2 h of co-incubation with different coated and uncoated NLC
and PLGA NPs. n=7-9, results are expressed as mean + S.D, *p < 0.05, **p < 0.01, ***p < 0.001.

Therefore, in this last study an in vitro olfactory cell monolayer was validated to
evaluate NP nose-to-brain delivery. This system is a valuable tool to evaluate the potential
of different NPs to access the brain through the nasal route. Furthermore, our findings
demonstrated the ability of lipid versus polymeric NPs to cross the nasal epithelium and,
thus, reach the brain. The incorporation of a CPP to the CS-NLC formulation enhanced the
in vitro transport of CS-NLCs across a nasal cell monolayer and points out CPP-CS-NLCs
as promising nose-to-brain delivery systemsto be tested in future in vivo studies.

In summary, considering all the results obtained during this doctoral thesis, we can

conclude that we have taken another step forward in the search of new strategies to deal
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with the difficulties that present most of drugs to access into the brain. During these years
we have designed a safe and biocompatible nanometric formulation to be administered by
the i.n. route in order to access into the brain. This CS-NLC formulation showed effective
delivery to the brain after a single dose i.n. administration, and its in vivo efficacy was also
demonstrated after being loaded with GDNF, achieving neuroprotective and
neurorestorative effects in a partially lesioned rat model of PD. Moreover, with the aim of
obtaining higher NP accumulation in the brain, we modify the surface of our CS-NLC
formulation by incorporating CPPs, getting promising results after studying their transport
across nasal in vitro cell monolayers developed by our research group. However, more in
vivo studies, both biodistribution and efficacy studies are needed to verify the results
obtained in vitro. Moreover, it would be interesting to continue working on the
functionalization of these lipid-based nanocarriers to achieve the highest possible access

into the brain.
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On the basis of the results obtained in the experimental studies of this Doctoral Thesis, the

following conclusions were derived:

1. A CSNLC formulation has been developed using the melt-emulsification technique,
with a mean particle size and a zeta potential value suitable for i.n administration, obtaining

high encapsulation efficiencies when IGF -I or GDNF were encapsul ated.

2. The in vitro and in vivo toxicity studies carried out in 16HBE140- cells and in C57 mice
demonstrated that the optimized CS-NLCs are safe and non-toxic nanocarriers for being
intranasally administered.

3. The biodistribution study performed in nude mice using DiR fluorescence imaging (FL1)
monitoring, showed that this CS-NLC formulation was biodistributed to the brain through
the nose-to-brain delivery and to the lungs through the pulmonary delivery after a single

dosei.n. administration.

4, The CS-NLC-GDNF achieved a behavioural improvement in hemiparkinsonian rats, as
well as a significant improvement in both the density of TH+ fibres in the striatum and the

TH+ neuronal density in the SN, after two weeks of daily intranasal administration.

5. An in vitro olfactory cell monolayer has been validated to evaluate the potential of
different NPs for nose-to-brain delivery. The NP transport studies revealed the ability of
lipidic versus polymeric NPs to cross the in vitro olfactory cell monolayer. Moreover, the

incorporation of CPPs to the CS-NL Cs surface significantly increased their transport.

6.- Although the results presented in this thesis seem promising, further modifications in
the CS-NLC formulation are warranted to enhance the percentage of particles reaching the
brain after their i.n. administration.
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