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A B S T R A C T

Neuropeptides play a crucial role in the normal function of the central nervous system and peptide

receptors hold great promise as therapeutic targets for the treatment of several CNS disorders. In general,

the development of peptide therapeutics has been limited by the lack of drug-like properties of peptides

and this has made it very difficult to transform them into marketable therapeutic molecules. Some of

these challenges include poor in vivo stability, poor solubility, incompatibility with oral administration,

shelf stability, cost of manufacture. Recent technical advances have overcome many of these limitations

and have led to rapid growth in the development of peptides for a wide range of therapeutic indications

such as diabetes, cancer and pain. This review examines the therapeutic potential of peptide agonists for

the treatment of major CNS disorders such as schizophrenia, anxiety, depression and autism. Both

clinical and preclinical data has been accumulated supporting the potential utility of agonists at central

neurotensin, cholecystokinin, neuropeptide Y and oxytocin receptors. Some of the successful approaches

that have been developed to increase the stability and longevity of peptides in vivo and improve their

delivery are also described and potential strategies for overcoming the major challenge that is unique to

CNS therapeutics, penetration of the blood–brain barrier, are discussed.
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1. Introduction

It has long been recognized that peptide hormones play a
crucial role in the normal function of the central nervous system
(CNS) and that peptide receptors hold great promise as therapeutic
targets for the treatment of several CNS disorders. To date,
technical limitations including in vivo stability, route of adminis-
tration, blood brain barrier penetration, and complexity of
manufacture and cost of manufacture have severely limited the
development of peptide therapeutics for these disorders. Recent
technological advances in several aspects of the drug development
process have resulted in dramatic improvements in some of these
properties such as in vivo stability and have overcome limitations
by increasing the ease of administration and reducing the cost of
manufacture (Fig. 1). These improvements have helped to make
protein therapeutics one of the fastest growing segments of the
pharmaceutical industry with over 70 therapeutic peptides on the
market and over 150 in clinical development. These advances
provide a strong rationale for revisiting the potential of peptide
therapeutics for CNS disorders. Moreover, the progress in
developing safer and more effective drugs for major psychiatric
disorders has slowed considerably in recent years and currently
* Corresponding author. Tel.: +1 914 602 4393; fax: +1 914 593 0645.

E-mail addresses: paul.mcgonigle@psychogenics.com,

paulmcgonigle@comcast.net.

0006-2952/$ – see front matter � 2011 Elsevier Inc. All rights reserved.

doi:10.1016/j.bcp.2011.10.014
marketed drugs for these indications still exhibit serious side effect
liabilities and significant efficacy limitations (Table 1).

Peptides have several potential advantages as therapeutic
molecules (Table 2). Endogenous peptide hormones have been
designed by nature to perform very specific and complex
modulatory functions. In general, they exhibit high specificity
for their target receptors and are highly potent requiring minimal
synthesis of material and have minimal cross-reactivity. Unlike
many small molecule therapeutics, peptide hormones do not
accumulate in tissues and they are efficiently metabolized by
endogenous enzymes. They have a very limited potential for drug–
drug interactions and with the exception of some instances of
immune reactions are typically free of toxicological complications.
As indicated above however, there are a number of technical
challenges that must be overcome for peptides to become viable
therapeutic molecules. One of the major limitations of peptides as
therapeutics is their short in vivo half-life. Many peptides are
cleared from the bloodstream within minutes to hours after
administration resulting in insufficient exposure in the target
tissue. The short half-life typically results from rapid renal
clearance and/or from enzymatic digestion by proteases in the
blood, kidneys or liver. In general, strategies to increase the size of
the peptides to slow clearance and modifying the structure to
confer enzymatic resistance have been successfully applied to
overcome these challenges. Another practical challenge of peptide
therapeutics is the inability to use oral administration because the
peptides are poorly absorbed and rapidly degraded by digestive
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Fig. 1. Technical advances enabling peptide therapeutics.

Table 2
Advantages and disadvantages of peptide therapeutics.

Advantages Disadvantages

Highly specific Chemical stability

Potent Route of administration

Minimal cross-reactivity Poor BBB penetration

No tissue accumulation Complexity of manufacturing

Efficient metabolism Poor shelf stability

Limited drug–drug interaction Size of molecules

Minimal side effects Cost of manufacture

Low immunogenicity

Can be synthesized
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enzymes. Steady progress in subcutaneous injection technology
has significantly reduced the discomfort associated with each
injection and reduced the cost of manufacture. For CNS indications,
another major challenge is blood–brain barrier (BBB) penetration.
In general, peptides do not cross cell membranes, however, there
are a number of endogenous peptides such as insulin and leptin
that enter the brain via specific transporters and approaches to
utilize these transporters to deliver therapeutic peptides to the
brain are being developed.

2. Potential targets for CNS indications

Peptide receptors have been the focus of intense drug discovery
efforts for multiple CNS indications over the last decade and
several small molecule antagonists have advanced to clinical trials.
However, the synthesis of small molecule agonists for these targets
has proven to be considerably more challenging, presumably due
in large part to the steric requirements for agonism at peptide
receptors. Evaluation of the therapeutic potential of activation of
different peptide receptors will most likely require the use of
peptide therapeutics designed to overcome the physicochemical
limitations of endogenous peptides. Consequently, this review will
focus on peptide targets for which there is evidence that activation
of the receptors has therapeutic potential for the treatment of CNS
disorders and discuss approaches to overcome the physicochemi-
cal limitations of these endogenous peptides.

3. Neurotensin

Neurotensin is a tridecapeptide found in the gastrointestinal,
cardiovascular and central nervous system that is implicated in the
control of blood pressure, pain, appetite and body temperature [1]
(Table 3). Neurotensin is found throughout the CNS, with the
highest concentrations in the amygdala, lateral septum, substantia
nigra and ventral tegmental area [2]. There are three cloned
Table 1
Limitations of current medications for psychiatric disorders.

Drug class Side effects 

Antipsychotics

(Atypical) Weight gain, metabolic syndrome rapid heartbeat

(Typical) Rigidity, muscle spasms tremors, restlessness 

Antidepressants Headache, agitation, nausea, sleeplessness, sexual

Anxiolytics

(Benzodiazepine) Nausea, headaches, confusion drowsiness, nightm

(SSRI) Headache, agitation, nausea, sleeplessness, sexual
receptors for neurotensin, NTS1 and NTS2, which are G-protein
coupled and NTS3, which is a member of the LDL receptor family.
Both NTS1 and NTS2 receptors are heterogeneously distributed
throughout the CNS with relatively high levels of both receptors
expressed in the substantial nigra and ventral tegmental area [3].
There is a close association between the neurotensin system and
mesocortical and nigrostriatal dopamine systems and 80% of
dopaminergic neurons in the ventral tegmental area and the
substantia nigra express neurotensin receptors [3]. This associa-
tion has provided the basis for exploration of the role of
neurotensin in psychiatric disorders. Preclinical studies have
demonstrated a striking similarity between the behavioral effects
of centrally administered neurotensin and peripherally adminis-
tered antipsychotics in several tests designed to detect therapeutic
potential. For example, neurotensin inhibits both amphetamine
and PCP-induced hyperlocomotion, decreases conditioned avoid-
ance without increasing escape responding, restores pharmaco-
logically induced as well as some endogenous sensorimotor gating
deficits and inhibits numerous dopamine agonist-induced beha-
viors including yawning, rearing, stereotyped sniffing, licking,
biting and climbing [4]. Typical and atypical antipsychotic drugs
increase neurotensin mRNA expression, neurotensin peptide
concentration and neurotensin release in the nucleus accumbens
after both acute and chronic administration [4]. These results have
led to speculation that neurotensin acts as an endogenous
antipsychotic and the development of neurotensin agonists for
the treatment of schizophrenia would be a viable therapeutic
strategy. This hypothesis is supported by clinical studies in which
low cerebrospinal levels of neurotensin were observed in a subset
of drug-free schizophrenic patients relative to normal volunteers
and patients with other psychiatric disorders [1]. In this subset of
patients, low levels of neurotensin were correlated with the
severity of numerous symptoms including thought disorder,
disorganized behavior and impaired functioning and clinical
improvement was associated with normalization of neurotensin
levels in the CSF [5]. No clinical trials have been conducted to test
this hypothesis primarily due to the lack of neurotensin agonists
with adequate drug-like properties.
Efficacy

, skin rash, drowsiness Ineffective against cognitive symptoms

Ineffective against cognitive symptoms

 dysfunction Delayed onset of action

Treatment resistance

ares Abuse liability

 dysfunction Delayed onset of action



Table 3
Amino acid sequences of key endogenous peptides.

Neurotensin pGlu-Leu–Tyr–Glu–Asn–Lys–Pro–Arg–Arg–Pro–

Tyr–Ile–Leu–OH

Oxytocin Cys–Tyr–Ile–Gln–Asn–Cys–Pro–Leu–Gly–NH2

Amylin Lys–Cys–Asn–Thr–Ala–Thr–Cys–Ala–Thr–Gln–Arg

–Leu–Ala–Asn–Phe–Leu–Val–His–Ser–Ser–Asn–

Asn–Phe–Gly–Ala–Ile–Leu–Ser–Ser–Thr–Asn–Val–

Gly–Ser–Asn–Thr–Tyr–NH2

Neuropeptide Y Tyr–Pro–Ser–Lys–Pro–Asp–Asn–Pro–Gly–Glu–Asp–

Ala–Pro–Ala–Glu–Asp–Leu–Ala–Arg–Tyr –Tyr–Ser–

Ala–Leu–Arg–His–Tyr–Ile–Asn–Leu–Ile–Thr–Arg–

Gln–Arg–Tyr–NH2

Cholecystokinin-8 Asp–Tyr–Met–Gly–Trp–Met–Asp–Phe–NH2
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4. Cholecystokinin

Cholecystokinin is a 33 amino acid peptide that is found in the
gastrointestinal, peripheral and central nervous systems and has
been shown to be an endogenous satiety signal that causes gastric
emptying, gallbladder contraction, pancreatic enzyme release and
suppression of appetite. There are several biologically active forms
of CCK that all share a common N-terminal sequence with the most
prevalent form in the brain being CCK-8 [6]. High levels of CCK are
found in several brain regions including the cortex, hippocampus,
amygdala, nucleus accumbens, striatum and substantia nigra [7].
Moreover, CCK mRNA is colocalized with tyrosine hydroxylase in
dopaminergic neurons in the substantial nigra and ventral
tegmental area [8]. There are 2 cloned G-protein coupled receptors
for CCK, CCKR1 and CCKR2. CCKR1 is the main peripheral receptor
and is expressed in the pancreas, gall bladder and intestine as well
as in the brain [9]. CCKR2 is widely expressed in the brain with the
highest levels observed in cerebral cortex, nucleus accumbens,
caudate nucleus, hippocampus, amygdala, substantia nigra and
ventral tegmental area (see Crawley and Corwin [9]). Consistent
with the neuronal colocalization and extensive overlap of
expression between CCK and the dopaminergic system, CCK
peptides have significant effects on dopamine mediated behaviors.
Administration of CCK peptides exhibit many of the behavioral
characteristics of antipsychotics including inhibition of condi-
tioned avoidance responding [10], inhibition of apomorphine-
induced stereotypic behavior [11], and inhibition of amphetamine-
induced hyperlocomotion [12]. The neuroanatomical and phar-
macological basis of these responses appear to be quite complex.
Microinjection of CCK into the anterior nucleus accumbens inhibits
dopamine release, inhibits dopamine-mediated behaviors and is
blocked by a CCKR2 antagonist whereas injection into the posterior
nucleus accumbens has the opposite effects and these effects are
mediated by CCKR1 receptors [13,14]. More recently, the
nonselective CCK agonist caerulean was shown to produce reversal
of amphetamine-induced pre-pulse inhibition, which could be
blocked by a CCKR1 but not a CCKR2 antagonist [15]. Coincidently,
polymorphisms in the gene and promoter sequences for CCKR1 but
not CCKR2 were found to be associated with schizophrenia [16].
Based on the behavioral data and neuroanatomical overlap, the
effect of CCK-8, CCK-33 and the nonselective decapeptide agonist
caerulein on schizophrenic patients was evaluated in more than 20
clinical studies. The initial single blind or open label studies
reported promising results with relief of symptoms lasting for
several weeks in some cases [17] but the majority of subsequent
double blind studies reported no difference from placebo [18]. The
peptides were administered systemically in all of the studies and
doses were limited by the emergence of acute peripheral side
effects. CSF levels were not measured in these studies and it is
likely that exposure levels in the brain were not sufficient to
stimulate central CCK receptors. In retrospect, it appears that
although over 500 patients have been treated with a CCK agonist,
the therapeutic potential of this mechanism has not been
adequately tested. It is also important to note that selective
CCKR2 agonists that cross the blood brain barrier such as
pentagastrin and CCK-4 are used to induce panic attacks in clinical
studies. Consequently, a CCK agonist for schizophrenia would need
to be either nonselective or CCKR1 selective. There are orally
bioavailable small molecule agonists selective for CCKR1 receptors
but it is not known whether they cross the blood brain barrier.

5. Oxytocin

Oxytocin is a highly conserved cyclic nonapeptide that is
involved in parturition, lactation and numerous social and non-
social behaviors. It is primarily synthesized in the paraventricular
and supraoptic nuclei of the hypothalamus and transported to the
posterior pituitary where it is released into the circulation to
produce its peripheral effects. Synthetic oxytocin (Pitocin) is used
to induce labor and promote milk production. The paraventricular
nuclei also deliver oxytocin to several forebrain nuclei including
the amygdala, hypothalamus, hippocampus and nucleus accum-
bens where it is presumed to have its behavioral effects. A single G-
protein coupled receptor has been identified for oxytocin, which is
broadly expressed throughout the CNS but the specific pattern can
vary with species and gender. In humans, the highest levels of
oxytocin receptors are found in the diagonal band of Broca, the
lateral septum, the hypothalamus and the substantia nigra [19].
The oxytocin system is involved in numerous central functions
including affiliative, maternal, and sexual behaviors, social
memory and cognition. Several animal studies have shown that
infusion of oxytocin stimulates maternal behavior whereas the
administration of antagonists inhibits this behavior [20]. A key role
for oxytocin in pair bonding has been elucidated in a series of
studies in Prairie and Montane voles. Prairie voles form long term
monogamous pairs and are bi-parental whereas Montane voles do
not form such affiliations [21]. Central administration of oxytocin
to non-mating Prairie voles produces a partner preference whereas
antagonist administration disrupts pre-formed bonds [21]. In
contrast, central administration of oxytocin to Montane voles does
not produce partner preference. This lack of effect is thought to
result in part from a significantly different pattern of oxytocin
receptor expression in the CNS of Montane voles compared to
Prairie voles [22]. Consistent with this hypothesis, overexpression
of the oxytocin receptor in the nucleus accumbens of female prairie
voles facilitates partner preference formation [23].

The oxytocin system has also been shown to influence the
formation of social memory in laboratory animals and humans.
Infusion of an oxytocin agonist into the lateral ventricles enhances
social recognition in rats and this response is blocked by an
oxytocin antagonist [24]. Oxytocin KO mice fail to develop social
memory on both the habituation and social recognition tests [25]
and oxytocin receptor KO mice show a similar deficit in the social
recognition test [26]. In a recent series of studies, intranasal
administration of oxytocin to human subjects has been shown to
increase recognition memory for faces but not non-social stimuli
[27].

Oxytocin also appears to have a dampening effect on the stress
response by direct and indirect modulation of the HPA axis and
decreases the release of stress hormone in rodents [28] and
humans [29]. Oxytocin and oxytocin agonists are active in a
number of preclinical tests for anxiolytic activity including the
open field, elevated zero maze, four-plate test and stress-induced
hyperthermia and these responses are blocked by oxytocin
antagonists [30,31]. Intranasal oxytocin reduces activation of the
amygdala in response to fearful or threatening scenes in humans
[32] and blunts the social stress of public speaking [33]. Oxytocin
may also be involved in the regulation of affect in humans since
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lower plasma levels have been reported in patients with major
depression [34]. Consistent with this result is the observation that
oxytocin agonists are active in preclinical tests of antidepressant
activity such as the tail suspension test [31].

It has been reported that schizophrenic patients exhibit a
lowered oxytocin level in their cerebrospinal fluid and that
treatment with the antipsychotic clozapine increases plasma
oxytocin [35]. In rodents, oxytocin agonists restore prepulse
inhibition that is disrupted by NMDA antagonists or dopamine
agonists [31,36]. Recently, intranasal administration of oxytocin
for 3 weeks to schizophrenic patients who were already receiving
antipsychotic treatment was shown to reduce both positive and
negative symptom scores [37], suggesting that oxytocin may be
useful as an adjunctive treatment in this disorder.

The oxytocin system has attracted considerable attention based
on both preclinical and clinical studies as a potential therapeutic
target for autism spectrum disorders. Marked reductions in the
circulating level of oxytocin have been reported in autistic children
[38] and several single nucleotide polymorphisms in the oxytocin
and oxytocin receptor genes have been linked to this disorder [39].
Moreover, administration of oxytocin to autistic patients has been
reported to improve speech comprehension, improve social
recognition [40] and reduce repetitive behaviors [41]. Combined
with the positive effects that oxytocin has on affiliative behaviors
described above, oxytocin agonists should receive serious consid-
eration for the treatment of this complex and debilitating disorder.

6. Neuropeptide Y

Neuropeptide Y (NPY) is a highly conserved 36 amino acid
peptide that is one of the most abundant peptides in the brain and
involved in numerous physiological processes such as food intake,
cognition, seizure activity, learning, stress sensitivity and mood.
High levels of NPY are found in the locus coeruleus, hypothalamus,
amygdala, hippocampus, nucleus accumbens and cortex [42] and it
co-localizes with norepinephrine, GABA, somatostatin and agouti-
related peptide [43]. It is also abundantly expressed in the
periphery and the primary source of circulating NPY is the adrenal
medulla. Seven G-protein coupled receptors for NPY have been
identified and Y1, Y2, Y4 and Y5 are most abundant in the brain and
have discrete patterns of expression. The Y2 receptor can act as a
presynaptic autoreceptor and blockade of this site increases the
release of NPY. There is extensive preclinical data indicating that
NPY plays an important role in the response to stress and
expression of anxiety. In rodents, NPY is expressed and released
following exposure to stressful stimuli and attenuates many of the
behavioral consequences of stress [44]. ICV administration of NPY
increases time spent in the open arm in the elevated plus maze
[45]. It produces anxiolytic-like activity in the Geller–Seifter and
Vogel conflict tests that are particularly sensitive to the effects of
benzodiazepines [45]. It has also been shown to be active in the
light–dark box, open field and the fear potentiated startle assays
[46]. These anxiolytic effects appear to be primarily mediated by
stimulation of Y1 receptors since some of these responses are
blocked by selective Y1 antagonists [47]. Moreover, NPY may
function as an endogenous anxiolytic since administration of a
selective Y1 antagonist has been shown to produce anxiogenic
responses. The Y5 receptor may also play a role in the anxiolytic
effects of NPY since Y5 receptors have been shown to mediate the
anxiolytic effect produced by NPY 3–36 when it is administered
directly into the amygdala.

There is also considerable preclinical data supporting a role for
NPY in depression. ICV administration of NPY produces an anti-
depressant-like effect in the learned helplessness paradigm as well
as in mouse and rat forced swim tests [48]. All of these responses
can be blocked by selective Y1 antagonists suggesting that they are
mediated by Y1 receptors. An antidepressant-like increase in
swimming time has also been observed in the Flinders Sensitive rat
line, a genetic model of depression. NPY also exhibits antidepres-
sant-like inhibition of hyperactivity in olfactory bulbectomized
rats, a surgical model of depression [49]. Chronic treatment with
traditional antidepressants such as desipramine and citalopram,
repeated exposure to electroconvulsive shock and chronic
administration of lithium all have been shown to increase NPY
levels in the brain [50].

There are several published reports that the level of NPY is
decreased in the plasma or CSF in patients suffering from major
depression but these findings are not universal. However, a
positive correlation has been observed between chronic treatment
of depressed patients with citalopram and increased levels of NPY
in CSF [51]. Significant increases in NPY have also been detected in
the CSF of refractory depressed patients who received electrocon-
vulsive therapy [52]. The therapeutic potential of NPY or agonist
analogs has not been evaluated in humans due to the lack of brain
penetrant peptides. It is important to note that NPY is a potent
appetite enhancer and a peptide agonist developed for the
treatment of anxiety or depression would need the correct balance
of selectivity at the NPY receptor subtypes to minimize undesirable
side effects.

7. Amylin

Amylin is a 37-amino acid peptide hormone that is co-secreted
with insulin from pancreatic b cells and whose primary metabolic
role is to reduce the rate of glucose entry into the bloodstream. It
has been shown to decrease food intake, slow the rate of gastric
emptying and reduce postprandial release of glucagon [53]. Its
effects are thought to be mediated by interaction with the
calcitonin receptor, a GPCR, which partners with individual
receptor-modifying proteins or RAMPs to confer different speci-
ficity and functionality. These amylin-specific receptors are
expressed in the nucleus accumbens, dorsal raphe nucleus and
the area postrema. While amylin is not thought to cross the blood
brain barrier, activation of a dense population of receptors in the
area postrema, which is outside the blood brain barrier has been
shown to activate a well defined neuronal pathway in the CNS. This
pathway involves reciprocal projections between the area post-
rema, the nucleus of the solitary tract, and the parabrachial
nucleus, which in turn projects to the central nucleus of the
amygdala. Focal lesions and measurement of cfos activation have
been used to show that this pathway is stimulated sequentially to
mediate the anorexigenic effects of amylin [54]. Preclinical studies
suggest that activation of this pathway may also have therapeutic
potential for the treatment of psychiatric disorders that involve
stress. For example, long term stress has been shown to trigger an
increase in palatable feeding and peripheral administration of
amylin has been shown to inhibit stress-induced sucrose
consumption [53]. Amylin treatment has also been shown to
reduce stress-induced activation of c-fos in the CNS. More recently,
peripheral administration of amylin has been shown to be active in
several behavioral tests for antidepressant or anxiolytic activity,
increasing marble burying, increasing the number of crossings in
the 4-plate test, reducing immobility in the forced swim test and
inhibiting the hyperthermic response to restraint stress [53]. The
last response was blocked by lesioning the area postrema,
providing support for the key role of this nucleus. Although the
data supporting the therapeutic potential of amylin for psychiatric
disorders is clearly preliminary, it is intriguing because of the
comorbidity of psychiatric and metabolic disorders and it does not
require penetration of the blood brain barrier. Moreover,
pramlintide, an analog of amylin with superior drug-like proper-
ties, is already on the market for the treatment of diabetes.
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8. Increasing stability and duration of action

One of the major challenges historically associated with the
development of peptide therapeutics is their limited stability and
short duration of action due to their susceptibility to serum and
tissue proteases in vivo and their rapid clearance from the
circulation. However, several new approaches designed to address
these issues have shown great promise. In particular, targeted
modification of the peptide by altering its length and replacing L-
amino acids with unnatural D-amino acids can significantly
enhance enzyme resistance. For example, the half-life of the
somatostatin analog octreotide was increased by an order of
magnitude by reducing it to 8 AA and substituting D-amino acids.
For larger peptides, it is sometimes possible to identify the
cleavage sites that are vulnerable to common proteolytic enzymes
in the molecule and make targeted substitutions with unnatural
amino acids to reduce or eliminate degradation. The substitution of
D-amino acids at position 6 and 10 of several luteinizing hormone
releasing hormone analogs resulted in increases in biological
activity as well as plasma half-life in the marketed peptides
triptorelin, leuprolide and buserelin [55].

Another approach to prolonging plasma stability is terminal
modification by either N-acetylation or C-amidation. For example,
N-pyroglutamylation of GlP-17–36 led to significant improvement
in enzymatic stability [56]. Similarly, covalent attachment of fatty
acids or PEG can protect a peptide from enzymatic degradation.
The C-terminal PEGylation of glucose-dependent insulinotropic
polypeptide (GIP1–30) conferred a high level of dipeptidyl
peptidase resistance while maintaining full biological activity
[57]. Head to tail cyclization of peptides can also be used to prevent
degradation by exopeptidases. Clearly, alteration of the shape of
the molecule can lead to a loss of activity, but Marastoni et al. [58]
demonstrated that head to tail cyclic analogs of peptide T remained
bioactive and were highly resistant to degradation.

In general, small peptides (<5 kDa) that are not bound to
plasma proteins are rapidly excreted via filtration through the
kidneys whereas peptides with molecular mass larger than 50 kDa
are not excreted by this route. Consequently, the plasma residence
time of small peptides can be significantly prolonged by increasing
their size with the addition of larger molecules like PEG or
polysialic acids. PEG possesses many pharmaceutically desirable
properties including high water solubility, high mobility in
solution, lack of toxicity, lack of immunogenicity and ready
clearance from the body. Depending on the size of the peptide,
some of these properties, such as reduced immunogenicity are
transferred to the PEGylated peptide. In addition, PEGylation may
also improve stability by protecting vulnerable termini from
endopeptidases and provide steric hindrance to proteolytic
enzymes. There are several PEGylated peptides currently on the
market, including PEG-intron, a PEGylated interferon for the
treatment of hepatitis C that has an elimination half-life of 50 h
compared to the 5 h half-life of native a-interferon. The PEGylated
peptide erythropoietin agonist Hematide has been reported to be
well tolerated and maintain efficacy with administration every 4
weeks [59]. Amgen has recently described a ‘‘peptibody’’ approach
where the peptide is fused to the human antibody Fc domain to
increase stability and has completed successful Ph III clinical trials
with a thrombopoietin agonist AMG 531 that uses this approach
[60].

Prolongation of plasma half-life without chemical modification
can also be accomplished by utilizing sustained delivery systems.
Liposomes are widely used as drug carriers and incorporation of
streptokinase in liposomes produces a 16-fold increase in plasma
half-life [61]. In another study, levels of insulin-like growth factor
(IGF-1) administered in lisosomes were sustained for 5–7 days
compared with less than 1 day for the free form [62].
9. Advances in delivery technology

Most peptide and protein therapeutics are currently adminis-
tered subcutaneously using injection pens that use fine gauge
needles and are minimally invasive. While these devices continue
to improve in terms of convenience and minimal pain production,
they do not address the stability and rapid clearance that can
undermine the therapeutic potential of peptides. However,
considerable progress has been made on delivery technologies
that are specifically designed to prolong the efficacy of biological
based therapeutics. In general, these technologies are designed to
control the release of the drug into the circulation and enable a
long lasting and relatively constant level of exposure, thus avoiding
bursts of exposure that are likely to produce unwanted side effects
and prolong the effect of a single administration of the drug.

Encapsulation of drugs in liposomes to prolong their biological
activity has been one of the more common approaches and
Depofoam represent one of the most successful examples of this
technology. Depofoam is an aqueous suspension of multivesicular
liposomes each of which is a honeycomb-like structure of non-
concentric aqueous chambers surrounded by a lipid membrane
barrier. Drugs are gradually released from the aqueous chambers
through reorganization of the lipids in vivo and breakdown of the
particles. The rate of release is controlled primarily by the
composition of the lipid layer. For example, long chain triglycerides
prolong the duration of release relative to shorter triglycerides.
Release rates range from days to weeks. The system is biodegrad-
able and biocompatible and is one of the best tolerated sustained
release injectable formulations available. The particles are small
and can be easily injected through a fine gauge needle. Depofoam-
encapsulated interferon alpha-2b increased therapeutic plasma
levels from 1 day to 1 week [63].

Another evolving approach involves the production of in-
jectable microspheres that are composed of a biodegradable
polymer that is similar to the materials used in dissolvable sutures,
a solvent and formulated peptide particles. This depot preparation
is injected subcutaneously or intramuscularly. Early stage drug
release is predominantly diffusion out of the system while at later
stages polymer degradation controls the release of the drug. The
use of microspheres to deliver the LHRH agonist leuprolide was
shown to produce stable and therapeutic levels of drug for over 3
months in preclinical studies [64].

Transdermal delivery can represent an attractive alternative to
hypodermic injection and even oral delivery, however, only a
limited number of drugs are amenable to standard transdermal
delivery due to restrictions of molecular size, hydrophilicity and
potency. Many of these restrictions have recently been overcome
by the introduction of microneedle technology to transdermal
patch formulation. Microneedles painlessly pierce the skin and
increase skin permeability by creating micron-scale pathways for
peptides and proteins from an extended-release patch. Proteins
such as parathyroid hormone and vaccines against influenza and
hepatitis B have been successfully delivered using microneedle
patches [65].

10. Increasing brain penetration

One of the major remaining hurdles in the development of
peptide therapeutics for CNS disorders is overcoming the blood
brain barrier and delivering them to their site of action. This
impermeability primarily results from tight junctions formed
between capillary endothelial cells that are formed by cell
adhesion molecules. These cells express high levels of efflux
transport proteins, such as p-glycoprotein and possess few
alternative transport pathways. This problem is not unique to
peptides as it is estimated that 98% of therapeutic molecules, both
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large and small, do not penetrate the BBB [66]. Consequently,
considerable effort has been focused on approaches to overcome
this barrier and significant progress has been made in understand-
ing how the small and large endogenous molecules, such as
glucose and insulin, required for normal brain function cross the
BBB.

Endogenous BBB transporters are grouped into three catego-
ries: carrier mediated transport, active efflux transport and
receptor-mediated transport [66]. Of these, receptor mediated
transport is considered to be the most promising mechanism for
delivering peptides to the brain. These transporters use a process
called transcytosis to deliver large essential molecules such as
insulin and transferrin to the brain. Receptor-mediated transport
involves the following steps: endocytosis of the compound at the
luminal side of the epithelium followed by movement through the
cytoplasm and finally exocytosis of the compound to the
basolateral (brain) side of the epithelium. Several receptor-
mediated transporters have been identified including those for
insulin, transferrin, insulin-like growth factor, leptin and Fc
fragments [66]. By coupling a peptide to a specific ligand or
antibody for these transporters, it is possible to utilize them to
carry the peptide across the BBB.

In addition to endogenous ligands, it is possible to make
monoclonal antibodies that undergo receptor mediated transport
across the BBB using endogenous transporters. The antibody binds
to an exposed epitope that is spatially removed from the binding
site of the endogenous ligand and this binding allows the antibody
to ‘‘piggy back’’ across the BBB via the endogenous receptor
transporter system. Such antibodies have been developed to
facilitate brain penetration in several species including antibodies
to the mouse and rat transferrin transporter and antibodies to the
primate insulin transporter [67,68]. For example, conjugation of
vasoactive intestinal peptide to an antibody to the transferrin
transporter using avidin-biotin technology produced a significant
increase in cerebral blood flow [69]. Similarly, conjugation of the
growth factor BDNF to this antibody provided complete neuro-
protection to pyramidal cells in the CA1 region of the hippocampus
in rats subject to transient forebrain ischemia [70]. Other peptides
and proteins that have been successfully transported across the
BBB using this approach include: FGF-2, EGF, beta amyloid and
beta-galactosidase [71]. Alternatively, genetic engineering can be
used to create a fusion protein. In this case, the peptide is fused to
the carboxyl or amino terminus of either the heavy or light chain of
the transporter directed monoclonal antibody. This approach has
been successfully used to deliver neurotrophin to the brain using
an antibody directed against the insulin transporter [72].

Larger quantities of peptides can potentially be delivered to the
brain by using specialized liposomes. In this case, the peptide is
encapsulated in the liposome, which is conjugated with strands of
polyethylene glycol. The tips of a small subset of the strands of
polyethylene glycol are conjugated with the transporter monoclo-
nal antibody. This approach has been used successfully to deliver
cDNAs to rodent brain with transferrin antibodies and primate
brain with insulin antibodies [73,74].

A new family of peptides derived from proteins that efficiently
cross the BBB using the low density lipoprotein related receptor
has been designed to facilitate delivery of therapeutics to the brain
[75]. Angiopeps are a family of 19 amino acid peptides derived
from the kunitz domain of aprotinin that demonstrate a high
transcytosis rate [75] using LRP-1 and are applicable to small and
large molecules ranging is size from 500 D to 150 kD. The most
advanced molecule using this technology is ANG1005, an
engineered peptide formed by conjugation of an angiopep with
three molecules of paclitaxel. This molecule exhibits 10–100-fold
greater uptake into rat brain than paclitaxel alone and is in Phase I
clinical trials for the treatment of brain cancers.
11. Summary

Despite tremendous commercial success and decades of
progress in the development of drugs for the treatment of major
psychiatric disorders, they still have major therapeutic limitations
and a multitude of side effects and there is a significant need for
safer and more efficacious medications, The therapeutic limita-
tions include inadequate control of the negative symptoms of
schizophrenia, treatment resistance of a significant proportion of
patients suffering from depression, delayed onset of action of many
drugs for the treatment of depression and anxiety and the abuse
liability of the benzodiazepine class of anxiolytics. In the case of
autism, the need for effective treatments is even more pressing,
since there are no drugs approved to treat most of the core
symptoms of the disorder and the population of affected
individuals continues to grow at a rapid pace. The clinical and
preclinical data supporting the therapeutic potential of agonists at
several of the peptide receptors described in this review continues
to increase and these targets clearly merit a thorough evaluation in
the clinic. Given the difficulty that the pharmaceutical industry has
had improving upon the current generation of drugs for psychiatric
disorders and the technical advances that have occurred in the
discovery and development of peptide therapeutics, it might be an
opportune time to revisit the therapeutic potential of some of these
peptides. For example, development of a brain penetrant version of
neurotensin would permit an evaluation of its therapeutic
potential in the clinic and synthesis of selective peptide agonists
for the NT1 and NT2 receptors could lead to a more specific and
safer medication for the treatment of schizophrenia. Likewise,
synthesis of a brain penetrant version of a selective peptide agonist
for the CCK1 receptor would enable a re-evaluation of therapeutic
potential of this target for schizophrenia. In the case of NPY,
synthesis of brain penetrant versions of peptides selective for Y1,
Y5 or Y1 and Y5 receptors would allow an assessment of these
targets for the treatment of anxiety disorders. Nasal administration
of ocytocin has been shown to have clinically beneficial effects in
several limited clinical studies and formulation of a more brain
penetrant and stable version would enable an evaluation of
efficacy in more comprehensive clinical trials. However, small
molecule oxytocin agonists have recently been described in the
literature and depending on their progress the need for a peptide
agonist may not be as pressing. In the case of amylin, there is an
FDA approved version of this peptide that is currently on the
market for the treatment of diabetes that could potentially be used
to carry out clinical proof of concept studies for psychiatric
disorders such as anxiety and depression. Continued progress in
overcoming the technical limitations traditionally associated with
peptide therapeutics provides some real hope that the promise of
these targets will eventually be realized.
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