
Review

	 10.1517/17425240902758188 © 2009 Informa UK Ltd ISSN 1742-5247	 211
All rights reserved: reproduction in whole or in part not permitted
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With an increase in lifespan and changing population demographics, the 
incidence of central nervous system (CNS) diseases is expected to increase 
significantly in the 21st century. The most challenging of the CNS diseases 
are neurodegenerative diseases, characterized by age-related gradual 
decline in neurological function, often accompanied by neuronal death. 
Alzheimer’s disease, Parkinson’s disease and Huntington’s disease are some 
examples of neurodegenerative diseases and have been well described in 
terms of disease mechanisms and pathology. However, successful treatment 
strategies for neurodegenerative diseases have so far been limited. Delivery 
of drugs into the CNS is one of the most challenging problems faced in the 
treatment of neurodegeneration. In this review, we describe the difficulties 
with CNS therapy, especially with the use of biological macromolecules, 
such as proteins and nucleic acid constructs. CNS therapeutics also  
represents a huge opportunity and examples of strategies that can enhance 
therapeutic delivery for the treatment of neurodegenerative diseases are 
emphasized. It is anticipated that with an increase in biological understanding 
of neurodegenerative diseases, there will be even more therapeutic  
opportunities. As such, these delivery strategies have a very important role 
to play in the future in the translation of CNS therapeutics from bench  
to bedside.
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1.  Introduction

It is estimated that as many as 1.5 billion people worldwide are suffering at any 
given time from some type of central nervous system (CNS) disorder   [1]. The 
situation is expected to worsen significantly in the 21st century when more  
individuals are expected to live past 70  years of age, the point at which  
approximately 50% of the population starts to develop symptoms of Alzheimer’s 
disease  [2]. CNS disorders currently represent 11% of the global burden of disease, 
which is expected to rise to 14% in 2020, driven to a considerable extent by the 
aging of population   [3]. Neurodegeneration is a common theme of many CNS 
diseases, such as Alzheimer’s disease, Amyotrophic Lateral Sclerosis (ALS or Lou 
Gehrig’s disease), Huntington’s disease, Parkinson’s disease, head trauma, epilepsy 
and stroke. These disorders are devastating and expensive, with annual costs  
currently exceeding several hundred billion dollars in the US alone, and current 
treatments are inadequate. Adding to the urgency of the problem is the fact that 
the incidence of these age-related disorders is increasing rapidly as population 
demographics change. In the US, for instance, 1,600 out of every 100,000 people 
develop Alzheimer’s disease, 110 out of every 100,000 people develop Parkinson’s 
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disease, and 5 – 7 out of every 100,000 people develop 
Huntington’s disease. Table  1 below shows a summary of 
various neurological diseases and the representative statistical 
data in the US.

The inadequacy of current therapeutic strategies for  
neurodegenerative diseases is largely based on the fact that 
they are meant to alleviate the symptoms, but they do not 
have any disease-modifying effects. Additionally, the doses 
and number of drugs required for chronic lifelong treatment 
lead to lifestyle altering and often debilitating side effects. 
The newer generation of biological therapeutics, based on 
peptides, proteins and nucleic acid constructs, can have a 
profound influence on neurodegenerative diseases, as these 
newer therapeutics have the potential for disease modifying 
effects. These new treatments are both potent and specific, 
as they act at the level of the disease-causing molecules. 
Many types of protein-based therapeutics provide a unique 
strategy for arresting disease progression and even restoring 
the function of damaged neurons. More than 30 different 
neurotrophins, including nerve growth factor (NGF), glial 
cell-derived neurotrophic factor (GDNF), brain-derived 
nerve growth factor (BDNF) and basic fibroblast growth 
factor (bFGF), have been identified   [4,5]. Additionally,  
gene therapy can potentially protect against a number of 
neurodegenerative diseases by delivering genes encoding for 
neurotrophins, enzymes, anti-oxidants, anti-inflammatory 
and anti-apoptotic molecules   [1,6-10]. Small interfering  
RNA (siRNA) that can silence specific genes, such as 
β-amyloid and α-synuclein for Alzheimer’s and Parkinson’s 
diseases, respectively, are also of significant interest in  
neurodegenerative diseases.

2.  Neurodegenerative diseases

Although neurodegenerative diseases comprise a large  
number of different pathologies that ultimately lead to  
loss of neuronal activity in the CNS, emphasis in this 
review is placed on Alzheimer’s disease, Parkinson’s disease 
and Huntington’s disease, based on their prevalence. 
Additionally, examples of therapeutic strategies focused on 
biological macromolecules with disease modifying effects 
are highlighted. Table  2 shows several important examples 
of biological macromolecules that are investigated in  
neurodegenerative diseases.

2.1  Alzheimer’s disease
Alzheimer’s disease (AD) is a neurodegenerative disease  
characterized by the formation of plaques and neurofibrillary 
tangles composed of β-amyloid and tau proteins, respec-
tively   [11,12]. AD is the most common form of dementia, 
and the greatest risk factor for AD is age. It is estimated that 
10% of people over the age of 65 are affected by AD   [13] 
and by 2050, the number of people with AD in the US will 
increase threefold   [14]. All current therapies are used to treat 
the symptoms of AD. The acetylcholinesterase inhibitors 

donepezil, galantamine, rivastigmine and tacrine and the 
NMDA receptor antagonist memantine are the five  
medications currently approved by the Food and Drug 
Administration (FDA) for use for the treatment of AD   [15]. 
Anti-psychotics have been prescribed as off-label treatments 
for AD; however, their efficacy has been refuted   [16]. 
Curcumin, a molecule from the Indian curry spice, is under 
investigation for AD treatment, as it has been shown to 
have anti-inflammatory properties and may decrease the 
amyloid plaque burden in an animal model of AD  [17]. The 
omega-3 fatty acids, such as docosahexaenoic acid and 
α-linolenic acid, have also been linked to a decrease in the 
levels of amyloid in an AD model   [18].

There are several drugs that are currently in development 
to treat AD. While some of these drugs are symptom- 
management therapeutics, there are several candidates that 
directly alter the disease progression. Newer biological  
molecules have also been developed as potential treatments 
for AD. The recombinant DNA drug etanercept (Enbrel®: 
Immunex Corporation, Thousand Oaks, CA) is a potent 
inhibitor of the pro-inflammatory cytokine, tumor necrosis 
factor alpha (TNFα). It is indicated for use in diseases with 
excess inflammation, such as rheumatoid arthritis and auto-
immune disease. It has been found that peri-spinal adminis-
tration of etanercept can improve the progression of AD by 
interfering with the high TNFα levels that are associated 
with AD   [19]. Nerve growth factor (NGF) gene therapy has 
also been used in clinical trials for the treatment of AD to 
prevent the degeneration of cholinergic neurons   [20]. Of the 
patients that underwent successful NGF treatment, there 
was an improvement in cognitive decline   [21]. However, 
there was significant morbidity and mortality associated with 
the intracranial delivery strategy using the patients’ NGF 
encoding fibroblasts. The humanized monoclonal antibody, 
bapineuzumab or AAB-001, is being jointly developed by 
Elan and Wyeth as a treatment for Alzheimer’s disease   [22]. 
Bapineuzumab is thought to act by binding to β-amyloid 
plaque and clearing it from the CNS. Other anti-TNF strat-
egies, such as administration of TNF-silencing siRNA or 
low molecular TNF inhibitors can also have profound 
impact in reducing inflammatory effects in AD.

While there is a great amount of work that has been done 
in the treatment of AD, there have not been any treatments 
that have stopped the progression of the disease. Currently, 
a variety of treatment options may need to be combined in 
order to achieve successful therapy. Overall, successful  
therapy may require simultaneous treatment of symptoms, 
as well as direct modification of the disease.

2.2  Parkinson’s disease
Parkinson’s disease (PD) is characterized by the loss of  
dopamine neurons in the substantia nigra  [23]. This has been 
associated with accumulation of ubiquitinated α-synuclein 
in the dopaminergic neurons  [11]. Estimates state that 1% of 
people over age 60 are affected by PD, the leading cause of 
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the movement disorder called Parkinsonism  [13]. Parkinsonism 
consists of tremors, bradykinesia and, in extreme cases,  
akinesea   [23]. As there is currently no cure for Parkinson’s 
disease, and there are no known agents to slow the  
progression of PD; the current treatments are used to 
decrease the symptoms of PD. There are a variety of  
treatments available, including the dopamine precursor 
levodopa, catechol-O-methyl transferase (COMT) inhibi-
tors, dopamine agonists, anti-cholinergics, amantadine and 
monoamine oxidase (MAO) inhibitors   [24].

Various types of growth factors (e.g., glial cell-derived 
growth factor, brain derived growth factor, etc) have shown 
to be very efficacious in neuroprotection for PD   [25]. Addi-
tionally, a newer generation of nucleic acid constructs can 
silence α-synuclein. It has been suggested that RNAi could 
be applied to the treatment of PD, and it has been shown 
that in animal models of PD, successful treatment can be 
achieved   [26]. These novel therapeutics require advanced 
delivery methods, as they will need to enter the CNS to have 

their effects. The use of the intranasal route or nanocarrier 
devices discussed below not only can protect these drugs 
from degradation and clearance; they could also increase the 
penetration of the large biological molecules into the CNS.

2.3  Huntington’s disease
Huntington’s disease (HD) is characterized by the aggregation 
of a mutant Huntingtin protein in the neurons, leading to 
improper neuronal function and eventually neuronal 
death  [27]. This leads to abnormal movements in the patient, 
referred to as chorea   [28]. Huntington’s disease is caused by 
an autosomal dominant mutation, and the disease is currently 
incurable. Although the genetic and cellular components of 
HD have become more understood, the current treatments 
that are available treat the symptoms, not the disease itself. 
Accompanying the chorea experienced by HD patients, there 
are often neurological problems, most notably depression 
and psychosis   [29]. A variety of neuroleptics are used to treat 
the chorea associated with HD   [29]. Some HD patients 

Table 1. Incidence of selected neurodegenerative diseases in the US.

Disease Incidence (per 100,000 population) Ref.

Alzheimer’s disease 1,600 [14]

Parkinson’s disease 110 [103]

Multiple Sclerosis 95 [104]

Huntington’s disease 5 – 7 [27]

Amyotrophic Lateral Sclerosis 1.5 [105]

Table 2. Selected examples of biological therapies for neurodegenerative diseases.

Treatment option Disease Ref.

Monoclonal antibodies

Bapineuzumab Alzheimer’s disease [15]

LY2062430 Alzheimer’s disease [15]

RN1219 Alzheimer’s disease [15]

Growth factors

Glial cell-derived nerve growth factor Parkinson’s disease [106,107]

Brain derived growth factor Parkinson’s disease [106]

Ciliary neurotrophic factor Huntington’s disease [107]

Nerve growth factor Alzheimer’s disease and Huntington’s disease [107,108]

RNAi

shRNA Huntington’s disease [30]

Immunization

AN-1792 Alzheimer’s disease [15]

ACC-001 Alzheimer’s disease [15]
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experience epilepsy, and they are treated with typical  
anticonvulsants, such as valproic acid   [29]. Parkinsonism can 
be observed in HD, and levodopa is a common treatment 
for these symptoms   [29]. Although there is no current  
treatment available to target the mutant Huntingtin protein, 
there are currently several disease modifying treatments in 
development. The use of recombinant adeno-associated virus 
to deliver RNAi therapeutics has been shown to decrease 
pathology in a disease model of HD  [30]. Neural implant of 
ciliary neurotrophic factor secreting cells has been associated 
with an improvement in HD. Overall, new therapeutics 
must be designed to protect the degrading nervous system 
in HD. Neuroprotective and disease modifying therapies are 
promising treatment avenues for HD. One possibility is that 
through the use of novel delivery strategies with siRNA, it 
may be possible to deliver therapeutics to the CNS to knock 
out the mutant Huntingtin protein and prevent the  
progression of HD.

3.  Barriers to CNS delivery

Drug delivery to the brain is one of the most critical obstacles 
to CNS therapy. It is estimated that 98% of small molecule 
drugs and 100% of proteins and nucleic acid therapies are 
excluded from the CNS due to delivery barriers   [31]. This is 
due to the blood–brain barrier (BBB), the blood–cerebrospinal 
fluid (CSF) barrier, and dilution effects due to the systemic 
distribution of drug. Figure  1 below shows a schematic of 
the BBB and illustrates both the physical barrier in the form 
of tight cellular junctions and astrocyte ‘feet’, as well as the 
biochemical barrier in the form of efflux transporters and 
metabolizing enzymes expressed on the luminal surface of 
brain capillaries.

3.1  The blood–brain barrier
The BBB is the term used to describe how molecules dis-
tribute to most tissues of the body, but they are unable to 
penetrate into the brain. The phenomenon was first 
described by Paul Ehrlich. He observed that when water 
soluble dyes were injected into the circulatory system, the 
dye stained all tissues except for the brain and spinal 
cord   [32,33]. Edwin Goldmann followed up on the study by 
injecting trypan blue directly into the cerebral spinal fluid 
(CSF). In this study, the dye stained the brain and CNS, 
but it failed to penetrate into the rest of the tissues   [33]. 
These experiments led to the theory that there is a mechanical 
barrier that separates the circulatory system from the  
central nervous system. This mechanical barrier has been 
attributed to the formation of tight junctions between the 
endothelial cells of the brain microvasculature   [34]. These 
tight junctions consist of claudin and occludin proteins 
which interact to create a virtually impenetrable barrier 
between the blood and the brain   [35]. From this initial  
discovery, it has been found that the BBB is not only a 
mechanical barrier, but it is also an active chemical and 

metabolic barrier. There are active mechanisms by which 
the BBB excludes compounds from the brain such as 
P-glycoprotein (P-gp) and multidrug resistance-associated 
proteins  [36]. The cells of the BBB also exhibit high levels of 
metabolizing enzymes such as those of the cytochrome 
P450 family   [37,38]. These barriers all contribute to the 
function of the BBB. Due to these properties, it has been 
postulated that BBB penetration requires a drug to have 
none of the following: a molecular weight greater than 500 
Daltons, more than 10 hydrogen bond donors/acceptors, 
affinity for the BBB enzyme system, affinity for the BBB 
efflux system, or high binding to plasma proteins   [39]. The 
BBB is the most direct barrier between the CNS and  
systemic circulation. Overcoming the BBB should, there-
fore, be of greatest interest in the development of CNS 
drug delivery systems.

3.2  The blood–CSF barrier
The blood–CSF barrier is the term used to describe the  
barrier between the systemic circulation and the cerebrospinal 
fluid. Like the BBB, it excludes chemicals from the CNS. It 
acts as a selective filter allowing some molecules through to 
form the cerebrospinal fluid. Tight junctions between the 
epithelial cells of the choroid plexus form the mechanical 
barrier. It is worthwhile to note that there are not tight 
junctions in the capillaries that supply the choroid plexus, 
but rather there are fenestrae between the capillaries that 
supply this region. Drug and other molecules can freely  
diffuse from the capillary through these fenestrae, but they 
are prevented from entering the CSF due to the epithelial 
tight junctions. Another noteworthy characteristic of the 
blood–CSF barrier is its surface area relative to the BBB. 
The blood–CSF barrier has 1,000 times less surface area 
than the BBB   [40], therefore, in terms of drug delivery, the 
blood–CSF barrier is a less significant obstacle to delivery.

3.3  Systemic distribution and clearance
One frequently overlooked barrier to CNS delivery is the 
dilution effects and metabolism/degradation due to systemic 
distribution and clearance of drugs in peripheral tissues. As 
the approach of increasing lipophilicity of drug molecules has 
been used to increase CNS permeability, these lipophilic  
compounds more readily penetrate into all other tissues in the 
body when administered into the systemic blood circulation. 
With the increase in systemic distribution, a larger dose must 
be given to achieve the required therapeutic levels in the 
brain. This leads to non-specific systemic effects and increased 
systemic toxicity. As previously stated, high plasma protein 
binding affinity will make drug delivery to the CNS difficult, 
as there is little free drug to diffuse into the CNS. Although 
this is frequently considered a minor barrier to CNS delivery, 
it is one area that could benefit tremendously by using novel 
drug delivery systems. By encapsulating the therapeutic agent 
in a carrier, premature release in the systemic circulation and 
the overall pharmacokinetic profile are altered.
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4.  Strategies to enhance CNS delivery

There are a variety of approaches that have been examined 
in overcoming the barriers to CNS delivery. Each of the 
strategies discussed below has advantages and disadvantages 
and these are highlighted with relevant examples from the 
literature. The majority of the discussion here is focused on 
strategies that utilize active therapeutics for: i) invasive  
versus non-invasive delivery; and ii) systemic versus  
local administration.

4.1  Intracranial delivery
Intracranial delivery is an invasive method by which the CNS 
barriers can be overcome through direct administration  
requiring a surgical procedure. This involves the use of 
intracerebral infusions or implants to administer the drug 
directly into the brain parenchyma. One drawback is that 
the delivery is localized to the administration site   [41,42]. It 
has been shown that with intracranial delivery, the diffusion 

of the drug to other areas of the brain is limited. The disease 
being treated is also critical to the potential success of  
intracranial delivery. Intracranial can be advantageous for 
certain targets, such as local tumor delivery via a drug releas-
ing implant or through direct treatment of the failing  
neurons in the substantia nigra in PD; however, this method 
does not deliver to a broad range of neural tissue as would 
be desired in the treatment of AD or HD. Another major 
drawback is the method of administration. Intracranial 
delivery requires invasive surgery. There is not only increased 
risk involved with these surgeries, but there can also be 
greater variability in the administration of drug.

Although intracranial delivery has many obstacles, it has 
been shown that administering neurotrophic factors directly 
to the brain can be accomplished with positive outcomes. 
A neural implant of GDNF producing cells has been 
shown to correct movement disorders associated with  
neurodegeneration in aged rats  [43]. Direct striatal injections 
of GDNF encoded by lentivirus have also been shown to 
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Figure 1. Schematic model of the blood–brain barrier (BBB) formed by capillary endothelial cells, surrounded by basal lamina 
and astrocytic perivascular end-feet. In addition to being a physical barrier in the form of tight endothelial cell junctions (a), the 
BBB is also a formidable biochemical barrier, with expression of various efflux transporters such as P-glycoprotein (Pgp) (b).

Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience 2006;7:41-53 
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prevent neurodegeneration in both aged and NPTP mod-
els of PD in rhesus monkeys   [25]. This is an important 
finding in the treatment of PD, as it shows that the local 
administration resulted in successful treatment, without 
the accompanying side effects observed after widespread 
administration of GDNF to the entire brain.

Although there are a number of preclinical and clinical 
studies with direct intracranial administration of therapeutic 
agents, some the most important evidence comes from 
Amgen’s trial of GDNF in PD patients. Amgen sponsored 
the first multicenter, double-blind, placebo-controlled trial 
involving intrastriatal administration of recombinant methionyl 
human GDNF (r-metHuGDNF; Liatermin®: Amgen Inc., 
Thousand Oaks, CA, USA). Thirty-four patients were  
randomized to receive either GDNF (15 μg/striatum/day), 
or placebo bilaterally. Unexpectedly, GDNF treatment was 
found not to be significantly different from placebo as assessed 
by the motor scores, even though a significant difference of 
32.5% in [18F]-dopamine influx constant was observed in 
the GDNF treatment group   [44]. However, nine patients 
experienced ‘device-related serious adverse events’, two patients 
required catheter repositioning, one patient required catheter 
removal and one patient suffered a hemorrhagic stroke. 
These findings, together with the results of a 6-month toxi-
cology study in monkeys, which showed Purkinje cell loss 
following intrastriatal administration of GDNF, prompted 
Amgen to abruptly discontinue its GDNF clinical trial in 
February 2005   [44,45]. What is absolutely clear from this 
clinical trial is that the intrastriatal route of administration 
in Parkinson’s patients resulted in several unacceptable adverse 
effects and an inconsistent clinical response.

Intracranial implants have also been used in clinical trials. 
Genetically engineered cells encapsulated in a polymer 
matrix have been implanted into patients with HD. These 
cells have been designed to release human ciliary neurotrophic 
factor (CNTF). It was shown that this treatment was safe; 
however, there were no significant clinical benefits to the 
treatment  [46]. It was suggested that this might have been due 
to variable release from the implant. Clinical trials have begun 
on intracranial injection of NGF for the treatment of AD. 
In the Phase I clinical trials, it has been shown that sterotaxic 
injection of nerve growth factor into the brain causes a decrease 
in the rate of cognitive decline in patients with mild AD, 
with the potentially lethal side effects described earlier   [21].

4.2  Transient BBB disruption
Another method of increasing drug penetration into the 
CNS is by temporary disruption of the BBB. One approach 
for BBB disruption is through the administration of  
hyperosmolar agents, such as 20% (w/v) mannitol, directly 
into the carotid artery. As the hyperosmolar solution enters 
the vasculature, it is thought that the endothelial cells shrink, 
causing transient openings of the BBB   [47]. This is an  
effective method; however, it introduces plasma proteins and 
other potentially neurotoxic molecules to the CNS   [48]. 

Arterial administration of hyperosmolar solutions also leads 
to significant pain and has been linked to patient mortality.

The use of organic solvents and certain surfactants in drug 
delivery systems also causes transient BBB opening. It has 
been shown that co-administration of drugs with ethanol or 
dimethylsulfoxide causes pharmacological activity in the 
CNS, indicating that the BBB has been affected by the use of 
these solvents  [49,50]. Non-ionic surfactants have also been used 
to increase BBB penetration. Polysorbate 80 (Tween® 80: 
Croda International Plc, East Yorkshire, USA) has been shown 
to alter the BBB in vitro  [51]. It has also been found that this 
interaction is specific to the efflux transporters, and not due 
to mechanical BBB disruption   [52].

Immune adjuvants have also been used to disrupt  
the BBB. Freund’s adjuvant was used in the vaccine for 
Alzheimer’s disease   [53]. The mechanism of Freund’s adju-
vant is twofold. As it is an immune system adjuvant, it 
recruits an immune response at the injection site, increasing 
the likelihood of an immune response to the antigen, Aβ42. 
It also acts to cause inflammation, causing the BBB to open, 
increasing penetration of antibodies to the CNS.

Ultrasound has also been successfully employed to open 
the BBB. It was shown that local application of ultrasonic 
waves caused dyes to penetrate into the CNS   [54]. In this 
example, it was shown how local ultrasound administration 
caused transient BBB opening in an Alzheimer’s disease 
model. This would allow for direct drug administration to 
the β-amyloid plaques in AD. The duration of BBB opening 
must be considered when using this method, as well as how 
the ultrasound affects healthy neural tissue. In order for this 
method to work, it would need to be developed such that it 
briefly disrupts the BBB for drug administration, causes no 
neural damage, and does not leave the BBB open long 
enough for toxins to accumulate in the brain.

The risks associated with BBB disruption must be  
carefully considered before it is proposed for use in the 
treatment of chronic neurodegenerative diseases. It is not 
guaranteed to achieve the widespread effects that are desired 
for complete brain delivery. Another critical consideration is 
the drug administration schedule for neurodegenerative  
disease treatment. The long-term treatment does not lend 
itself to BBB disruption, as each time the BBB is disrupted; 
there is the risk for toxic compounds and pathogens to enter 
into the CNS. Although it may be possible to increase the 
concentration of drug that reaches the brain, it also allows a 
host of other compounds to enter the brain. This has been 
seen in the failed β-amyloid immunization that was linked 
to encephalitis   [55]. In summary, the methods of transient 
BBB disruption would need to be dramatically improved 
before they have a future in human trials.

4.3  Chemical structure modification and 	
co-administration of P-glycoprotein inhibitors
Due to the complications of intracranial delivery and BBB 
disruption, chemical modifications in drug design have been 
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applied to increase BBB penetration. It was found that  
lipophilic compounds more readily penetrate the lipid bilayer 
of endothelial cells, allowing for better penetration into the 
CNS. Although it is true that lipophilic compounds are 
more likely to enter the CNS, high lipophilicity does not 
guarantee that the compound will have CNS penetration. In 
addition, lipophilicity may actually enhance peripheral drug 
distribution and limit availability of the drug in the brain. 
There are several metabolic and kinetic barriers that exclude 
lipophilic compounds. For example, levodopa (XLogP = -1.8) 
is less lipophilic than dopamine (XLogP = 0.9)  [56]. However, 
levodopa readily penetrates the BBB whereas dopamine does 
not. This is due to the presence of the enzyme monoamine 
oxidase-B at the BBB   [57]. Although dopamine enters the 
endothelial cells of the BBB, monoamine oxidase-B breaks 
down dopamine into inactive metabolites   [58].

There are numerous transporters that act to supply nutri-
ents and remove compounds from the CNS. One approach 
to increase BBB penetration is through the chemical modifi-
cation of the compound to increase its affinity for influx or 
decrease its affinity for efflux transport. This has been  
successfully deployed with regards to levodopa. L-DOPA 
penetration into the CNS is enhanced by the 4F2hc/LAT1 
complex   [59]. Glucose transporters have also been utilized to 
enhance BBB penetration. By using an active compound 
and modifying it to make it chemically resemble a naturally 
transported molecule, increased brain penetration occurs   [60].

One of the most exciting recent advancements in CNS 
therapeutics involves siRNA delivery. It has been shown that 
by associating siRNA to a brain penetrating peptide, the 
peptide carries the siRNA into the CNS  [61]. This is an area 
of great interest to neurodegeneration as AD, PD and HD 
are all associated with protein malfunction. By using gene 
silencing in these patients, it may be possible to treat some 
of these diseases by downregulating the production of the 
offending protein. This is similar to the ‘molecular Trojan 
horse’ approach of delivering molecules across the BBB. It has 
been shown that by conjugating BDNF to an antibody for 
the BBB transferrin receptor, there was enhanced penetration 
of BDNF across the BBB and increased bioavailability in 
the CNS   [62].

Another way of enhancing CNS delivery is through the 
blocking of efflux pumps. A wide variety of drugs are sub-
strates for P-glycoprotein efflux pumps   [63]. These pumps 
are present at a high concentration in the endothelial cells of 
the BBB   [63]. Drugs can either be modified so that they are 
not a substrate for the efflux pump, or a drug that inhibits 
efflux pumps may be given. By administering quinidine 
with the peripherally active opiate, loperamide, CNS effects 
of loperamide were observed   [64]. This approach provides 
preliminary evidence that by blocking efflux transporters, 
one can achieve greater CNS effects.

By coupling several of these strategies together, a drug can 
be designed to have enhanced BBB penetration through 
small molecule carriers, as well as enhanced brain retention. 

The ‘lock-in’ mechanism proposed by Bodor uses drug 
modifications to achieve these goals. By preparing a molecule 
that can penetrate the BBB, and then be metabolized into an 
non-penetrating molecule, the drug can be retained in CNS 
tissue   [65,66].

4.4  Intranasal delivery
Intranasal delivery is an area of great interest for CNS 
delivery. This interest is partly due to the evidence  
suggesting nerves that project into the nasal cavity penetrate 
through the BBB, as shown in Figure 2. If that is the case, it 
would allow the drug to pass directly from the olfactory 
region of the nasal cavity into the brain tissue, bypassing the 
BBB   [67]. Anatomically, the olfactory epithelium is situated 
just below the cribiform plate of ethmoid bone separating 
the nasal cavity from the cranial cavity   [68]. The olfactory 
sensory cells are bipolar neurons with single dendritic pro-
cesses extending from the cell body to the apical surface of 
the mucosa, where they terminate in diminutive non-motile 
cilia. At the basal end, the neurons terminate into fine non-
myelinated axons integrating with other axons to form bun-
dles that penetrate into the cranial cavity through small 
holes of the cribiform plate. The exact mechanisms by which 
intranasally delivered drugs traverse the olfactory  
epithelium to reach the brain and CSF are not completely 
understood. However, it is generally accepted that transport 
of solutes from the olfactory epithelium to the brain can 
occur via three distinct pathways   [69-73]. One is the systemic 
pathway by which small, lipophilic drugs can be absorbed 
into capillaries of the olfactory epithelium and subsequently 
reach the brain by crossing the BBB. The other two path-
ways are slower, but are more likely to be involved in the 
brain uptake of large molecular weight solutes, such as pro-
teins and nucleic acid constructs. These are: i) intracellular 
axonal transport by the olfactory sensory neurons that project 
into the olfactory bulb of the brain; and ii) paracellular trans-
port through clefts between olfactory epithelial cells in the 
nasal mucosa. Trans-neuronal (i.e., intracellular) transport 
requires that the drug first be endocytosed by the olfactory 
neurons and then transported down the axon. The typically 
rapid appearance of intranasally administered peptides or 
proteins in the brain suggests that they are unlikely to have 
been transported by this route. Rather, paracellular transport 
(movement between cells), which occurs more rapidly, may 
account for a greater percentage of the brain uptake of  
proteins observed within minutes to hours of intranasal 
delivery   [74,75]. Once in the brain, distinct anatomical path-
ways seem to exist for the transport of proteins throughout 
the tissue and may reach as far as the brain stem.

Small, lipophilic drugs are generally transported most  
efficiently by the intranasal route, and a number of such 
drugs have been introduced into the pharmaceutical market, 
including sumatriptan, zolmitriptan, ergotamine and butor-
phanol   [76]. However, the intranasal delivery of peptides, 
proteins and genes is also attracting pharmaceutical interest 
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as evidence accumulates for their rapid, direct nose-to-brain 
transport in both humans and animals   [77,78]. The uptake of 
peptides and proteins from the nose has been shown to be 
quite rapid and most likely involves the paracellular route. 
In one study, uptake of three neuropeptides (melanocortin  
4 – 10, vasopressin, and insulin) was detected in the CSF of 
human subjects within 80  min of intranasal administra-
tion  [79]. In another study, intranasal administration of insu-
lin to humans yielded concentrations in the brain that were 
> 400-fold higher than those achieved by the subcutaneous 
route, and uptake was again very rapid, that is within 
10  min after administration   [80]. In animal studies, a num-
ber of peptide molecules and growth factors have been suc-
cessfully delivered to the brain by the nasal route, and many 
have been shown to provide neuroprotection in various dis-
ease models   [69,70,80,81]. For instance, insulin-like growth fac-
tor-1 (IGF-1) given intranasally to rats has been shown to 
bypass the BBB, enter the brain and distribute along the 
olfactory and trigeminal pathways. Detectable levels were 
achieved within 30  min in rostral brain areas (including 
olfactory bulb and tubercle, frontal and motor cortex, and 
striatum) as well as caudal and ventral structures (including 
midbrain)  [72,73]. It is important to note that the protein was 
delivered in quantities sufficient to activate signaling  
pathways in brain regions known to express the IGF-1 
receptor. Intranasal IGF-1 also exerted neuroprotective 
effects in the rat middle cerebral artery occlusion model of 
stroke, where it reduced infarct size and improved neuro-
logical function   [82]. NGF has also been administered  
intranasally to rats and was found in the brain within an 
hour of delivery. It also reversed the cognitive deficits in  
an anti-NGF transgenic mouse model of AD   [70]. Basic 
fibroblast growth factor given intranasally protected against 
motor deficits and the loss of striatal dopamine in the 
mouse MPTP model of PD, and it also increased  
neurogenesis in the subventricular zone of mice   [83]. As a 
final example, nasal administration of ‘activity-derived  
neurotrophic factor’ and a related neurotrophic peptide  
protected against the short-term memory loss induced by 
the cholinergic neurotoxin AF64A   [81].

Despite significant promise, intranasal delivery of CNS 
therapeutics for human use is highly controversial and has 
some clear limitations. Although the olfactory route does 
not have a BBB, tight junctions are present in the epithelial 
layer of the nasal cavity, as are many metabolic enzymes, just 
as those present at the BBB   [67]. Additionally, the anatomy 
of the intranasal route is significantly different between 
rodent models and actual human administration   [84]. The 
small volumes that can be administered in each nostril  
(typically 10 – 25 μL in rodents and < 100 μL in humans), 
the short residence time of the drug at the nasal mucosa and 
poor permeability across mucus and tissue layers are also 
important factors to consider in nasal delivery   [85]. Due to 
the small amount of drug that actually enters the CNS 
through this route (bioavailability < 1%), extremely potent 

drugs, genes and siRNA are the only options for this route 
of administration. However, the advantage of a routine 
‘patient-friendly’ route of administration is an important 
issue for consideration in intranasal delivery.

In order to avoid systemic effects of these drugs, it would 
be desirable for the drugs to be broken down in the digestive 
tract, so that those not absorbed in the nose will pass down 
and be eliminated from the body. Another area of debate is 
over the vast difference in the nasal anatomy between rodents 
and humans. This has drastic implications, as the anatomical 
differences can cause a treatment that shows efficacy in 
rodents to be ineffective in human administration. Additional 
preclinical evidence, especially relevant animal models,  
such as non-human primates, will be necessary to further 
understand the benefits and limitations of intranasal delivery, 
especially for large molecular proteins, peptides and nucleic 
acid constructs. Additionally, advanced delivery strategies, 
such as nanoparticles, dry powders, or mucoadhesive gels, 
which can enhance residence time at the nasal mucosa, 
decrease premature drug degradation, facilitate nose-to-brain 
transport and increase availability of drugs in target tissues 
and cells are important formulation considerations that will 
have to be examined.

4.5  Nanotechnology for CNS delivery
Nanotechnology has an important role to play in the  
development of pharmaceutical products by affecting the 
drug biodistribution and pharmacokinetics, as well as 
enhancing bioavailability in targeted sites upon oral and 
systemic administration   [86]. For CNS delivery, nano-sized 
carriers are designed to effectively package the therapeutic or 
imaging payload and enhance transport across the BBB. 
Through the use of liposomes, emulsions, solid–lipid  
nanoparticles and polymeric nanoparticles, drugs can be 
delivered to the CNS while avoiding extensive systemic  
distribution. These systems also allow a variety of agents to 
be concentrated within the nanocarrier. These carriers can 
then be absorbed orally to allow for a greater oral bioavail-
ability when dealing with challenging drugs. It is important 
to note, however, that some of the components of these 
delivery systems, such as polysorbate 80, have been shown to 
disrupt different aspects of the BBB. It must also be noted 
that the elimination and toxicity of many nanoparticles used 
in drug delivery confounds the question of treatment. Each 
delivery system must undergo extensive toxicity studies. 
These nanocarriers may not only have cellular effects, but 
due to the targeted nature of CNS delivery, the effects of 
accumulation in the CNS tissues must be critically evaluated 
to ensure limited or no toxicity. Several nanotechnology 
strategies used for CNS delivery are illustrated in Figure 3.

4.5.1  Liposomes
Liposomes are a well-characterized drug delivery system. 
Briefly, liposomes resemble the plasma membranes that 
make up cells. Traditionally, they are composed of  
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Figure 3. Illustrative examples of selected nano-sized delivery systems that have been examined for systemic delivery of 
drugs and genes into the brain.
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Figure 2. Schematic illustration of the transport pathways into the brain following intranasal delivery.
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phospholipids whose fatty acid tails interact, stabilizing the 
formation of a membrane. Liposomes have been used for a 
variety of pharmaceutical delivery systems; however, unmodi-
fied liposomes have had minimal success in the treatment of 
CNS diseases. Immunoliposomes have been successfully 
used to traffic many compounds into the CNS   [87]. By 
grafting an antibody to the surface of the liposome, the 
liposome can be targeted to the endothelial cells of the BBB, 
increasing CNS absorption of the liposome   [88]. This allows 
for enhanced delivery of many drug molecules to the CNS 
that would otherwise been unable to be taken up. Another 
advantage of using immunoliposomes is the specificity of 
distribution. Because the antibody is targeted to the BBB, the 
liposome is preferentially taken up in the CNS. This allows 
for decreased side effects due to non-specific distribution. 
Even though the immunoliposome is targeted to the CNS 
for preferential uptake, a major portion of the dose is still 
taken up by off-target sites where it can have adverse effects. 
In order to achieve safer CNS targeting, it would be ideal to 
use a CNS-specific drug. When taken up by the CNS it 
would have its effects, but in other tissues it would remain 
inert. It has been shown that immunoliposomes can success-
fully deliver antisense RNA to the CNS   [89]. By grafting a 
CNS-specific antibody onto the liposome, it is preferentially 
taken up by the CNS, where the drug can have its intended 
effects. It has been shown that a variety of natural ligands 
can be used to traffic drugs into the CNS. The natural 
ligands act as ‘molecular Trojan horses’ which carry drug 
across the BBB   [90]. This approach has also been applied to 
chimeric proteins where the protein of interest is trafficked 
into the CNS by the natural BBB penetration ability of the 
other half of the protein   [62].

4.5.2  Nanoemulsions
In a typical pharmaceutical emulsion, either oil is dispersed 
in water (oil-in-water emulsion; O/W) or water is dispersed 
in oil (water-in-oil emulsion; W/O) through the use of  
surface-active agents, also known as surfactants   [91]. The  
surfactant systems allow for the oil and water phases to be 
combined into a unified delivery system, which would  
otherwise separate. Nanoemulsions are an emulsion system 
where the diameter of the inner phase is reduced to the 
nanometer scale (typically 100 – 200 nm). Nanoemulsions 
can facilitate oral absorption of drugs, due to the ability of 
the O/W emulsion to readily disperse in water   [92]. The use 
of nanoemulsion systems has also been shown to increase 
CNS penetration of drugs. One example of this approach is 
the use of nanoemulsion systems for the CNS delivery of 
saquinavir. It was shown that the use of a nanoemulsion to 
administer drugs caused an increase in brain uptake of 
saquinavir   [92]. This has been attributed to the use of  
oils rich in omega-3 polyunsaturated fatty acids for the  
formulation of the nanoemulsion, as omega-3 fatty acids are 
preferentially transported into the brain   [93]. Through 
advances in the understanding of emulsion distribution,  

a novel system may be able to penetrate the BBB as an 
effective treatment strategy.

4.5.3  Solid–lipid nanoparticles
Solid–lipid nanoparticles (SLNs) are surfactant-stabilized 
aqueous colloidal dispersions of lipid nanoparticles that 
solidify upon cooling. These are a major alternative to the 
polymeric nanoparticles, and have certain advantages over 
the polymeric systems. SLNs resemble, in many respects, 
O/W emulsions. They contain a lipid phase dispersed in an 
aqueous environment. This allows SLNs to be composed of 
biocompatible lipids, and large-scale production of these 
systems is feasible   [94]. These lipids can freely carry  
hydrophobic compounds in the lipid phase of the nanopar-
ticles. Poly(ethylene glycol)-modified SLNs have been shown 
to penetrate the BBB and allow for greater delivery of drug 
to the CNS   [95]. Thiamine-coated nanoparticles have shown 
increased uptake in the CNS for the potential treatment of 
malignant gliomas   [96]. Through their stability and ease of 
manufacture, SLNs are a promising area for drug delivery to 
the CNS.

4.5.4  Polymeric nanoparticles
Polymeric nanoparticles are solid colloidal particles created 
from polymeric systems. These nanoparticles are made  
from biocompatible polymers that encapsulate or adsorb 
drugs for prolonged release. It has been shown that 
poly(butylcyanoacrylate) nanoparticles coated with polysor-
bate 80 are able to deliver drugs to the brain   [97]. The 
mechanism of polysorbate 80-mediated BBB transport is 
debated, and as polysorbate 80 has been shown to disrupt 
the BBB, this may contribute to the ability of these  
nanoparticles to penetrate the BBB. The role of polysorbate 
80 in BBB penetration has also been examined in polylactic 
acid nanoparticles. It was shown that polysorbate 80 modi-
fication was critical for transport of these polymeric  
nanoparticles across the BBB   [98]. Although the polysorbate 
80 is required for BBB penetration of these systems, it  
may still provide an interesting approach to treatment of 
neurodegenerative disease. Table  3 summarizes some of the 
nanotechnology applications in CNS delivery.

5.  Conclusions

There is a tremendous need to develop better therapeutics 
for neurodegenerative diseases that can modify disease  
progression rather than just treat symptoms. Although  
biological macromolecules such as antibodies, growth factors 
and siRNA have shown tremendous promise in arresting 
neurodegenerative disease progression and, in some cases, 
rescuing neurons in pre-clinical models, translation of these 
laboratory studies into clinical practice is very difficult  
due to the lack of availability of these agents in the brain 
following systemic delivery. Several different strategies  
are addressed to enhance the availability of biological  
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macromolecules in the brain including invasive (e.g., intrac-
ranial and temporary disruption of BBB) to non-invasive 
(e.g., intranasal and use of nanotechnology-based delivery 
systems) strategies. In each case, the advantages and  
disadvantages of the approach and relevant examples from 
contemporary scientific literature are presented. It is clear 
that delivery strategies will have to be integrated early in the 
development of CNS therapeutics. In many instances, a 
combination of the delivery strategies discussed in this 
review would be beneficial and may allow for greater CNS 
availability of the therapeutic agent.

6.  Expert opinion

The number of patients with chronic neurodegenerative  
diseases such as AD, PD and HD is projected to increase 
significantly in the future due to the longer lifespan and the 
aging of the Western population. With this demographic 
change, there is an urgent need to develop novel therapeutics 
for neurodegenerative diseases that affect the disease progres-
sion, rather than simply treating the symptoms. Additionally, 
these molecularly targeted therapeutic agents also promise to 
have fewer side effects as compared to conventional low 
molecular weight drugs. Over 98% of low molecular weight 
and 100% of proteins and nucleic acid therapeutics currently 
investigated, however, are not able to cross the BBB and 
afford sufficient availability in the CNS upon systemic 
administration  [99]. Lack of availability is often due to dilution 
effects in the systemic circulation, premature degradation or 
metabolism, and, most importantly, poor permeability through 
the tight cellular junctions of the BBB. As we achieve greater 

understanding of disease mechanisms and molecular  
pathways that can be interrupted for therapeutic purposes in 
neurodegenerative diseases, the need for effective delivery in 
the CNS will be even more pronounced.

Current delivery strategies that are used in the clinic or 
those in experimental stages can be divided into either 
invasive or non-invasive approaches. Direct intracranial 
administration using catheters or transient disruption of 
the BBB using hyperosmotic solutions, such as mannitol, 
are examples of invasive strategies that have shown limited 
success in the clinic. Unfortunately, intracranial delivery 
carries significant surgical risks, including thrombo-embolic 
complications and infections, and may not be suitable  
for chronic neurodegenerative therapy. The use of  
hyperosmotic mannitol infusions into the carotid artery 
also leads to significant pain and debilitation, and it can 
only be practiced under extreme care in a clinical setting. 
Non-invasive delivery strategies, including chemical structure 
modification and concurrent administration of efflux  
transport inhibitors, have a role to play in the delivery of 
low molecular weight therapeutic agents. However, these 
strategies are also not practical for chronic administration 
of biological macromolecules. In contrast, based on the 
preliminary work of Frey et  al.,   [72–73,100-102] the intranasal 
route of administration shows significant promise in CNS 
delivery of potent biological macromolecules, such as 
growth factors. Despite some limiting issues, such as  
small volume of administration, short residence time, 
enzyme-mediated degradation, poor permeability across 
nasal mucosal surface and potential for toxicity, intranasal 
delivery can still achieve significantly greater bioavailability 

Table 3. Selected examples of nanoparticle systems used for CNS drug delivery.

Drug Formulation Proposed treatment Ref.

Cisplatin Liposome Cancer [109]

FITC Liposome Proof of concept [110]

Daunomycin Liposome Cancer [88]

NGF Liposome Neurodegeneration [111]

Irinotecan Liposome Cancer [112]

Saquinavir Emulsion Antiviral [92]

Paclitaxel Solid lipid nanoparticle Cancer [113]

Thiamine Solid lipid nanoparticle Proof of concept study [96]

Etoposide Solid lipid nanoparticle Cancer [114]

Camptothecin Solid lipid nanoparticle Cancer [115]

Ritonavir Polymeric nanoparticle Anti-retroviral [116]

Zidovudine/lamivudine Polymeric nanoparticle Anti-retroviral [117]

Doxorubicin Polymeric nanoparticle Cancer [118]

Loperamide Polymeric nanoparticle Analgesia [119]

Tetramethylrhodamine Polymeric nanoparticle Proof of concept [120]

Reporter plasmid Dendrimer Gene therapy [121]
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for proteins than any other approach, excluding direct 
intracranial administration. The intranasal route of  
administration also affords an opportunity for repeated 
self-administration, which will lead to higher patient  
compliance. Another area of promise is in the development 
of nanotechnology-based delivery systems with potential to 
enhance availability in the CNS. These systems have the 
potential to enable delivery of biopharmaceuticals through 
the BBB, as the endothelial cells at the BBB can take them 
up more readily than the biopharmaceuticals themselves. 
Surface modification can also overcome the negatively charged 
cell surface of the BBB that attributes to poor biopharma-
ceutical delivery to the CNS. Although several different 
types of nanoparticles, such as liposomes, nanoemulsions 
and solid–lipid nanoparticles, have been examined for  
delivery of drugs and image contrast enhancers in the brain, 
the majority of these studies were carried out in rodent 

models. In order to further these experimental strategies 
beyond the confines of the laboratory, the delivery  
efficiency and safety of nanoparticles will have to be  
critically evaluated in other relevant animal models, such as 
non-human primates.

Due to the immediate and profound need for effective 
therapy in neurodegenerative diseases, the development of 
drug delivery strategies is an area of immense importance. 
Success in this area will clearly stem from the work of  
academic and industrial scientists, whose passion and  
creativity will yield transformative solutions in the CNS 
delivery challenge.
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