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Summary: Thyrotropin-releasing hormone (TRH; Protirelin),
an endogenous neuropeptide, is known to have anticonvulsant
effects in animal seizure models and certain intractable epilep-
tic patients. Its duration of action, however, is limited by rapid
tissue metabolism and the blood–brain barrier. Direct nose-to-
brain delivery of neuropeptides in sustained-release biodegrad-
able nanoparticles (NPs) is a promising mode of therapy for
enhancing CNS neuropeptide bioavailability. To provide proof
of principle for this delivery approach, we used the kindling
model of temporal lobe epilepsy to show that 1) TRH-loaded
copolymer microdisks implanted in a seizure focus can atten-
uate kindling development in terms of behavioral stage, after-
discharge duration (ADD), and clonus duration; 2) intranasal
administration of an unprotected TRH analog can acutely sup-
press fully kindled seizures in a concentration-dependent man-
ner in terms of ADD and seizure stage; and 3) intranasal

administration of polylactide nanoparticles (PLA-NPs) contain-
ing TRH (TRH-NPs) can impede kindling development in
terms of behavioral stage, ADD, and clonus duration. Addi-
tionally, we used intranasal delivery of fluorescent dye-loaded
PLA-NPs in rats and application of dye-loaded or dye-attached
NPs to cortical neurons in culture to demonstrate NP uptake
and distribution over time in vivo and in vitro respectively.
Also, a nanoparticle immunostaining method was developed as
a procedure for directly visualizing the tissue level and distri-
bution of neuropeptide-loaded nanoparticles. Collectively, the
data provide proof of concept for intranasal delivery of TRH-NPs
as a viable means to 1) suppress seizures and perhaps epilep-
togenesis and 2) become the lead compound for intranasal
anticonvulsant nanoparticle therapeutics. Key Words: TRH,
drug delivery, intranasal, kindling, thyrotropin-releasing hor-
mone, epilepsy therapy.

INTRODUCTION

Thyrotropin-releasing hormone (L-pyroglutamyl-L-histidyl-
L-prolineamide) (TRH; Protirelin) was the first endoge-
nous neuropeptide to be fully characterized in animals
and humans. In addition to its neuroendocrine role in
regulating the hypothalamic–pituitary axis, TRH has a
noteworthy presence in limbic system areas.1-3 TRH, its
metabolic enzymes (PAP I, PAP II), TRH mRNA, post-
translational processing enzymes (PC1, PC2), and TRH
receptors (TRH-R1, TRH-R2) are most abundant in ol-
factory-linked limbic structures, such as the amygdala,
septum, hippocampus, and entorhinal cortex.1,4-7 More-
over, both TRH and TRH mRNAs are upregulated sub-
stantially over several days, whereas TRH receptors and

receptor mRNAs are downregulated in specific seizure-
prone areas such as the amygdala and hippocampus after
electroconvulsive and amygdala-kindled seizures.8-14

Recent reports have documented an anticonvulsant
role of TRH, from animal studies15-20 to clinical trials in
intractable epilepsies such as West syndrome and Len-
nox–Gastaut syndrome, with none of the reported mor-
bidity or mortality seen with current therapy.21-24 The
status of the blood–brain barrier (BBB) in these syn-
dromes is not well established, and in fact may permit
greater neuropeptide penetration to the CNS. Nonethe-
less, use of TRH or analogs for other intractable epilep-
sies such as seen in the temporal lobe has not yet ap-
peared.21

The antiepileptic effect of TRH observed clinically
and in animals suggests a novel mechanism of action and
represents a potential new class of anticonvulsants, neu-
ropeptides.25,26 Therapeutically, site-specific sustained
bioavailability of neuropeptides in general is compro-
mised because of an inability to cross the BBB and rapid
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rates of metabolism in several tissue compartments by
endogenous specific and nonspecific endopeptidases.27,28

Recent studies have provided proof of concept in humans
of relatively rapid neuropeptide transport from nose to
cerebrospinal fluid.29-31 The intranasal route of delivery
presents a possible alternative route of administration for
TRH and other neuropeptides, accessing the brain
through the nasal cavity by way of transport through the
olfactory neuroepithelium.32

Substances the size of nanoparticles can enter the ol-
factory neurons by way of receptor-mediated uptake,33

bulk endocytosis,34 or pinocytosis34,35 across the dendro-
somatic membrane. Once inside the olfactory neuron, the
unmyelinated axon projecting through the cribriform
plate and synapsing within the olfactory bulb allows for
direct transport of substances from the nasal cavity to the
brain.36 Direct and indirect projections from the olfac-
tory bulb innervate seizurogenic regions in the temporal
lobe, such as the amygdala, piriform and entorhinal cor-
tices, and hippocampal formation.33,37 Supporting cells
or Bowman’s glands may allow an additional, non-neu-
ronal epithelial pathway for entry of compounds into the
brain by way of pinocytosis, diffusion or paracellular
transport through cell junctions.37-39

As opposed to the neuronal pathway, drugs appear in
the CSF and brain a few minutes after nasal application
when transported through the non-neuronal pathway.29,39

The preferred route by which intranasally administered
drugs and nanoparticles gain entry to the CNS from the
olfactory epithelium is presently unknown. Intranasal de-
livery is not a new concept, but the synthesis of newer
biodegradable polymers in nanoparticle formulations as
neuropeptide carriers has generated renewed interest in
this approach to CNS drug delivery.
The studies presented in this review aim to provide

current proof of principle that in situ delivery of sus-
tained-release biodegradable microdisks and intranasal
delivery of neuropeptide-loaded biodegradable nanopar-
ticles may provide a new approach in seizure therapy.

KINDLING PARADIGM

Our work has focused on the kindling paradigm as an
animal model of temporal lobe epilepsy and epileptogen-
esis. Kindling is a chronic electrically or chemically
induced animal model of epilepsy that mimics partial
seizures that progress to become generalized; kindling
has been studied more extensively than any other tem-
poral lobe epilepsy or seizure model.40 Recurrent, sub-
convulsive, electrical stimulation of certain brain struc-
tures, such as the amygdala or hippocampus, can reliably
lead to fully kindled seizures.41

Full kindling is permanent and includes behavioral,
electrophysiological, neuroanatomical, and neurochemi-
cal characteristics associated with partial and generalized

seizures. Limbic kindling begins with establishing the
afterdischarge threshold (ADT), an initial focal seizure
response at the stimulated site that is expressed on the
EEG as an epileptiform discharge. With repeated daily
subconvulsive electrical stimulations, the afterdischarges
(ADs) become progressively more complex and pro-
longed until generalized tonic–clonic seizures (stage V)
seizures occur.42 After four to five consecutive stage V
seizures, the animal is said to be permanently kindled.41

A brief description of the kindling procedure and nasal
port implantation used in our lab is provided, because all
studies in this review used this basic or updated kindling
protocol. The nasal port and stimulating electrode im-
plantation procedure, as well as the kindling procedure,
have been detailed previously.12,19 Male Sprague-Daw-
ley rats (60-65 days of age) (Harlan Industries, Indianap-
olis, IN) were maintained under controlled environmen-
tal conditions conducted in compliance with the animal
welfare act and in adherence to the principles set forth in
the Guide for the Care and Use of Laboratory Animals,
National Institutes of Health publication 86-23, 1985
edition.
On the day of surgery, rats (290-300 g) were anesthe-

tized, the head was secured in stereotaxic apparatus
(model 1504; David Kopf Instruments, Tujunga, CA),
and anesthesia was maintained at 1.75% isoflurane. Bi-
polar stainless steel electrodes (Plastics One, Roanoke,
VA) were implanted into the basolateral amygdala bilat-
erally using stereotaxic coordinates from the atlas of
Paxinos and Watson43 (incisor bar: �3.3 mm; anterior–
posterior: �2.8 mm from bregma; left/right 
 5.0 mm
from bregma; dorsal/ventral �8.5 mm from skull). A
ground screw (Plastics One, Roanoke, VA) was placed in
the skull lateral (�2.0 mm) and anterior (�2.0 mm) to
the bregma. Once the head cap was secure in place, a
midline incision was made to expose the nasofrontal
suture. Immediately posterior to the nasofrontal suture, a
0.50-mm diameter hole was drilled bilaterally to access
the olfactory epithelium within the posterior nasal cavity
immediately anterior to the cribriform plate. Stainless
steel nasal ports were inserted into the holes and an-
chored to the skull with cranioplastic cement (Plastics
One, Roanoke, VA) (FIG. 1).

After surgery, in addition to monitoring of weight
gain, olfactory function in animals was assessed by ob-
serving preference for fruit-flavored snacks over normal
chow. At the end of the study, gross examination of the
nasal cavity was conducted on some animals to evaluate
the placement of the nasal ports; no evidence of olfactory
epithelium pathology was observed. An ADT was deter-
mined in each animal by administering stimulations of
increasing current (from 60 to 120 �A, in increments of
20 �A) with 2-min intervals between stimulations until
an afterdischarge (AD) was recorded on the electroen-
cephalograph (EEG). All animals with 60-120 �A ADTs
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were administered a daily stimulation consisting of a 1-s
train of 60-Hz biphasic square-wave stimulations with
peak-to-peak amplitude of 135-200 �A (mean ADT �
50 �A) generated by an S88 stimulator and constant-
current converters (Grass Instruments, Quincy, MA).
The EEGs (Model 79 EEG polygraph; Grass Instru-
ments, Warwick, MA) were converted from an analog to
digital signal using an A/D converter, and stored in a
desktop computer for analysis using the digital Polyview
EEG Acquisition System (Grass Instruments, West War-
wick, RI). Behavioral parameters of each seizure were
captured simultaneously with EEG acquisition using a
digital camera (V1.50.05; Creative Labs, Milpitas, CA)
and stored for subsequent analysis. The classification of
Racine42 was used to score the behavioral component of
kindling (stages I – V). The afterdischarge duration
(ADD)/seizure duration, clonic activity, and behavioral
seizure stage were acquired after each stimulation. Rats
were stimulated once daily until four consecutive stage V
seizures occurred, which marked the point at which the
animals became fully kindled (permanent acquired tem-
poral lobe epilepsy).41

EFFECT OF SUSTAINED RELEASE
MICRODISKS ON KINDLING DEVELOPMENT

Wan et al.17 demonstrated that bilateral intrahippocampal
injection of unprotected TRH can acutely reduce afterdis-
charge and seizure duration in previously kindled rats. Con-
currently, we incorporated TRH into a surface-eroding bio-
degradable polyanhydride copolymer as a sustained-release
microdisk carrier for stereotaxic implantation. These studies
explored the notion that direct delivery of TRH to a seizure
focus can impede seizure activity.
A single TRH microdisk (3.6 �g TRH) implanted ster-

eotaxically into the seizure focus (amygdala) significantly
suppressed kindling expression when evaluated by the
number of stimulations required to reach each seizure stage
and to become fully kindled (8.63 
 0.92 vs 16.17 

1.37, mean 
 S.E.M.). The TRH microdisks delayed AD
transfer to the contralateral amygdala, and significantly
shortened the AD duration in both the ipsilateral (stim-
ulated) and contralateral amygdala during kindling. An
example is given in FIG. 2. Two indices of seizure se-
verity, afterdischarge duration (stimulated 87.40 
 5.47
vs 51.80 
 15.65, unstimulated amygdala: 89.60 
 5.55
vs 48.67 
 15.8) and clonus duration (71.2 
 5.94 vs
29.40 
 8.87) were also significantly reduced by a single
microdisk implant. Remarkably, 50 days after initiation
of the study, a significant reduction in clonus duration
(53.90 
 3.27 vs 40.09 
 4.14) still remained in the
TRH implanted groups. Moreover, implanted microdisks
(with or without TRH) had no effect on afterdischarge
threshold prior to kindling and no apparent change in
animal behavior was evident throughout the study.
This suggests that polymeric TRH may be implanted

into a known or potential seizure focus without appar-
ently affecting ongoing neuronal activity.16 In addition,
the safety of implanting biodegradable polymers into the
brain has been demonstrated clinically.44 The amygdala
is a key site of kindled seizures and has widespread
connections with cortical and subcortical areas. It seems
reasonable, therefore, to consider that site-specific sus-
tained delivery of sufficient TRH is effective in substan-
tially decreasing the level of excitability of amygdala
efferents and that it retards the rate of seizure spread (or
generalization) throughout the brain for a prolonged period.
Physiologically, densities for TRH receptors (TRH-R1,

TRH-R2) are highest in temporal lobe areas most notably in
the amygdala, piriform cortex, entorhinal cortex and hip-
pocampal dentate gyrus5,45,46 which correlate well with
known sites of temporal lobe seizure foci. Furthermore, it
appears that the in situ delivery route was more effective
than intravenous TRH delivery.18,47 Moreover, the data in-
dicate that if sufficient TRH reaches the seizure focus over
time the effect can be prolonged. These findings support the
use of biodegradable sustained-release carriers clinically for
potential neuropeptide delivery to site-specific CNS loci.16,17

FIG. 1. Delivery ports implanted into the nasal cavity of the rat.
A: Delivery ports (1) were implanted bilaterally, posterior to the
nasofrontal suture (2), allowing entry onto the nasal cavity just
anterior to the cribriform plate as shown from the dorsal view. B:
The midsagittal view shows that the left nasal port (1) gains
direct access to the nasal olfactory epithelium (3) from the out-
side when placed from posterior to the nasofrontal suture (2).
The olfactory epithelium allows access to the olfactory bulb (5),
after passage through the cribriform plate (4). Reprinted from
Veronesi et al.19 (Epilepsia 2007;48:2280–2286), with permission
of Blackwell Publishing.
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This therapeutic approach can be effective in delivery of
drugs directly to single or multiple seizure foci bilaterally,
and is potentially useful also in prophylactic treatment of
mirror foci. The results also imply that a sustained thera-
peutic level of an anticonvulsant neuropeptide that can be
delivered to seizurogenic foci noninvasively, perhaps intrana-
sally, could result in efficacious therapy as well.

EFFECT OF INTRANASAL DELIVERY
OF UNPROTECTED TRH ON FULLY

KINDLED SEIZURES

Therapeutically, clinical anticonvulsants such as mi-
dazolam have been successfully delivered intranasally in
the management of acute seizures.48,49 Intranasal deliv-

FIG. 2. Representative bilateral EEG recordings from the amygdala after the fourth (S4) and seventh (S7) kindling stimulation in thyrotropin-
releasing hormone (TRH) microdisk implanted rats. In panels A and B, the upper tracings (A1 and B1) represent control rats (Control #82 and
#84, respectively); the lower tracings (A2 and B2) represent TRH-microdisk implanted rat TRH #85. A 200-�A stimulus was given to the right
amygdala (RA) of each animal, whereas the contralateral left amygdala (LA) was unstimulated. S4 (panel A) resulted in a prolonged
afterdischarge duration (98 s) from both the RA and LA of the control animal (tracing A1). In marked contrast, tracing A2 depicts a short series
of afterdischarges (24 s) from the stimulated RA and absence of stimulus transfer to the contralateral LA of the TRH-microdisk animal.
Behaviorally, S4 resulted in a stage 3 response in the control rat (A1), whereas only a stage 1 response was observed in the TRH-microdisk
animal (A2). S7 (panel B), resulted in prolonged afterdischarge duration (�130 s) from both the RA and LA of the control animal (tracing B1).
In contrast, tracing B2 depicts a much shorter series of afterdischarges (28 s) from the stimulated RA and absence of transfer to the
contralateral LA of the TRH-microdisk animal. Behaviorally, S7 resulted in a stage 5 generalized seizure in the control rat (B1), but only a stage
2 response was observed in the TRH-microdisk animal (B2). Legend: Thick arrows, kindling stimulation; thin arrows, afterdischarge duration;
WDS, wet dog shakes. Reprinted from Kubek et al.16 (Brain Res 1998;809:189–197), with permission of Elsevier Publishing.
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ery represents a feasible method also for neuropeptides
that are not otherwise bioavailable to bypass the BBB
and exert therapeutic effects in the CNS.39,50 For in-
stance, nerve growth factor (NGF), insulin-like growth
factor (IGF-I), estrogen, and interferon-� have all been
shown to reach the CNS after intranasal administra-
tion.38,51-53 Intranasal administration of NAP, an 8-amino
acid peptide, has been shown to be neuroprotective and to
exert cognitive enhancing properties in mice,54,55 and mela-
nocortin and insulin are found in the cerebrospinal fluid
(CSF) after intranasal administration in humans.29 Chep-
urnov et al.56 recently reported that intranasal application of
TRH significantly attenuated pentylenetetrazole-induced
generalized seizures. This prompted us to examine this ap-
proach in the kindling paradigm using a metabolically sta-
ble TRH analog.19

In our hands, intranasal delivery of 3-methyl-histidine
TRH (3Me-H TRH) (10�9, 10�8, 10�7 mol/L) adminis-
tered at 60 and 30 min prior, but not 120 and 90 min prior,
to a seizure stimulus significantly (p � 0.05) reduced total
seizure duration in a concentration-dependent manner
(22%, 31.5%, 44% respectively). Regression analysis re-
vealed a linear relationship between increasing 3Me-H
TRH and attenuation of the total seizure duration (y �

�18.48x � 143.6, R2 � 0.968). The time spent in stages
I-IV was significantly (p � 0.05) reduced relative to saline
control at the 10�8 mol/L (27%) and 10�7 mol/L (41.5%)
concentrations (FIG. 3). Similarly, a reduction of time spent
in stage V was also significant at the 10�8 mol/L (58.5%)
and 10�7 mol/L (62.5%) 3Me-H TRH concentrations (FIG.
3). Although not statistically significant, intranasal delivery
of 10�9 mol/L 3Me-H TRH showed a tendency toward
reduction of both the partial and generalized seizure re-
sponse (FIG. 3). Forelimb and hindlimb clonic activity dur-
ing a seizure may be considered a measure of seizure se-
verity.16 Although clonus duration in treated animals was
significantly reduced only at the 10�7 mol/L concentration
(31%) (FIG. 3), regression analysis revealed a linear rela-
tionship between increasing 3Me-H TRH and a reduction in
seizure severity (y � �6.13x � 68.15, R2 � 0.973).

These data demonstrate that an analog of TRH, deliv-
ered intranasally at nanomolar concentrations, can sig-
nificantly reduce several seizure parameters in fully kin-
dled animals for up to 1 h after administration.19 Our
results support and extend the work by Chepurnov et
al.,56 who reported that intranasal application of TRH
significantly attenuated pentylenetetrazole-induced gen-
eralized seizures. The finding that 3Me-H TRH signifi-

FIG. 3. Effect of intranasal 3-methyl-histidine TRH (3Me-H TRH) on seizure characteristics in fully kindled animals. 3Me-H TRH (10�9,
10�8, and 10�7 mol/L) administered intranasally at 60 and 30 min before the seizure stimulus significantly (*p � 0.05) reduced total
seizure duration (22%, 31.5%, and 44% respectively) (solid black bars). The time spent in stages I-IV was significantly (*p � 0.05)
reduced compared with saline control after intranasal delivery of 10�8 mol/L (27%) and 10�7 mol/L (41.5%) 3Me-H TRH, and delivery
of 10�9 mol/L 3Me-H TRH showed a tendency toward reduction in stage I-IV seizure duration (black horizontal hatching). The time spent
in stage V was significantly (*p � 0.05) reduced compared with saline control after intranasal delivery of 10�8 mol/L (58.5%) and 10�7

mol/L (62.5%) 3Me-H TRH, and a tendency toward reduction in generalized seizure was seen at 10�9 mol/L (gray bars). Clonus duration
in treated animals was significantly (*p � 0.05) reduced at the 10�7 mol/L concentration (31%) (gray diagonal hatching). Reprinted from
Veronesi et al.19 (Epilepsia 2007;48:2280–2286), with permission of Blackwell Publishing.
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cantly reduced total seizure duration in a concentration-
dependent manner has important implications, because it
has been suggested that drugs that affect the ADD also
tend to more efficaciously suppress behavioral symp-
toms.57 This result is similar to the effects of TRH after
intracerebral administration, in which seizure duration
was significantly attenuated in fully kindled animals,17 as
well as during kindling development.16

The TRH analog had significant concentration-depen-
dent effects on behavioral stages I through IV and on stage
V seizures. We previously demonstrated a prolonged effect
of sustained-release TRH on clonus duration.16 After intra-
nasal delivery, 3Me-H TRH significantly reduced clonus
duration only at the highest concentration, although a ten-
dency toward reduction was evident at all concentrations.
This suggests that prolonged bioavailability is essential for
continued efficacy. The findings that all but two of the
3Me-H TRH-treated animals experienced less than a stage
V seizure is in accord with another report that TRH or its
analogs, when delivered into the dorsal hippocampus in
fully kindled animals, had minimal effect on seizure stage
but significantly reduced seizure duration.17

Collectively, several studies have now shown proof of
principle for the intranasal approach to neuropeptide de-
livery to the CNS. Unfortunately, our findings and those
of Chepurnov et al.56 revealed a significant limitation in
this delivery method, in that a substantial number of
smaller, unprotected, rapidly metabolized neuropeptides de-
livered intranasally would fail to provide a sustainable ther-
apeutic effect—most likely because of rapid metabolism.

EFFECT OF INTRANASAL DELIVERY OF
TRH NANOPARTICLES ON KINDLING

DEVELOPMENT

Although the results just discussed provide proof of
principle for the intranasal route of TRH delivery to the
CNS, it is apparent that sustained bioavailability is es-
sential for a feasible therapeutic effect. Methods devel-
oped to deliver neuropeptides via liposomes and capsular
carriers have not been effective.16,32,58-60

Early sustained-release formulations of TRH-containing
Copoly((�)-lactic/glycolic acid) (PLGA) microspheres in-
jected subcutaneously caused a dose-dependent shortening
of pentobarbitone-induced sleeping time61 and improved
experimentally induced parkinsonism62 in rats, but at levels
known to stimulate an unwanted endocrine response.
Therefore, sustained-release preparations loaded with
neuropeptides in combination with the advantages ob-
tained from intranasal delivery may provide the key el-
ements for attaining more prolonged, site-specific effects
while reducing unwanted side effects.32,63

Most recently reports have appeared showing intrana-
sal uptake and delivery of nanoparticles to the brain but
without demonstrating a subsequent physiological ef-

fect.64 Our D,L-polylactide nanoparticles are submicron-
sized (�100 nm) polymeric colloidal particles, with a
therapeutic agent of interest (i.e., TRH) entrapped within
their polymeric matrix.58-60 The use of TRH-NPs is hy-
pothesized to increase target tissue bioavailability after
intranasal delivery.
We proposed to demonstrate that intranasal delivery of

TRH-loaded nanoparticles can suppress kindling devel-
opment, as was demonstrated with our previous micro-
disk implant studies in situ.16 Thus, we pretreated two
groups of rats with either TRH-NPs or unloaded NPs
(Blank-NPs) 7 days before kindling. On day 8, kindling
stimulations were initiated, along with intranasal NP treat-
ment, and continued once a day until the subjects became
fully kindled (permanently epileptic) or up to 20 stimula-
tions.
The afterdischarge duration (ADD) of the TRH-NP

treated group was significantly attenuated from the 10th
to 13th stimulations (FIG. 4). Moreover, the number of
stimulations required to reach the first stage V seizure
and to become fully kindled (4 consecutive stage V
seizures) was significantly prolonged in the TRH-NP
group (FIG. 5). This trend was evident at stage IV (p �
0.08) and became significant by stage V, with the tran-
sition to kindling permanence being most affected in
the TRH-NP group (FIG. 5). TRH-NP therapy signif-
icantly (p � 0.05) delayed the onset to clonus (1.61

FIG. 4. Effect of intranasal TRH nanoparticles (TRH-NPs) on
afterdischarge duration (ADD) in the amygdala during kindling.
The ADD for the TRH-NP group (triangles) was significantly lower
than the Blank-NP group (squares) as kindling progressed. Ini-
tially, both groups consisted of 8 rats each and subjects were
removed from further stimulation once fully kindled (at four con-
secutive stage V seizures), thus accounting for the decreasing
number of subjects (indicated in parenthesis) beyond the 6th
stimulation. Statistical analysis was performed on data from
stimulations 1–13 using repeated measures ANOVA followed by
Hochberg’s step-up Bonferroni method. Error bars indicate
means 
 S.E.M.; * p � 0.05.
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fold) and suppressed overall clonus duration (0.75
fold) during stage V seizures, compared with Blank
NPs (data not shown). The TRH-NP treated animals
showed no observable behavioral changes or signifi-
cant weight change over the course of the study, in-
directly indicating no apparent alteration in the pitu-
itary–thyroid hormone axis. Future studies are planned
to include direct measurement of endocrine-related
hormones in plasma such as TSH, prolactin, and thy-
roxin after TRH-NP therapy.
These data mimic our earlier in situ TRH microdisk

data, wherein several kindling characteristics were sig-
nificantly attenuated after a 7-day priming period, includ-
ing ADD, delay to clonus, and clonus duration16—although
the NP effects were not as robust. The design of this
initial NP study did not include determination of TRH
levels in the brain after intranasal delivery, because these
studies are technically more difficult; they remain a sub-
ject for future research. One possible reason for the less
robust NP response could be a lower concentration of
TRH at the seizure focus. Nonetheless, we believe that
these are the first data to appear that provide direct proof
of concept for efficacy in the use of intranasal biodegrad-
able nanoparticle seizure therapy.65,66 Taken together,
our results strongly suggest that intranasal administration
of sustained-release anticonvulsant neuropeptide nano-
particles may be a viable new means for suppressing

temporal lobe seizures and other intractable seizures,
such as West syndrome and Lennox–Gastaut syndrome.

NANOPARTICLE CHARACTERISTICS

Poly (L-lactic acid-D-lactic acid) nanoparticles (D,L-
PLA NPs) with or without TRH were prepared by the
solvent evaporation method using a double emulsion
process. Briefly D,L-PLA was prepared by ring-opening
polymerization of L-lactide and D-lactide using stannous
1-ethylhexanoate (Sn(Oct)2) as a catalyst and benzyl
alcohol as a co-catalyst. The synthesis and polymer anal-
ysis were as described previously.67 We used a particle
analyzer and transmission electron microscopy (TEM) to
characterize the size of the TRH nanoparticles, whereas
the Nile red NPs were characterized by the particle an-
alyzer alone. The particle sizes were determined at 25°C
for 200 s, using a Coulter N4 MD submicron particle size
analyzer (Beckman Coulter, Fullerton, CA). Nile red
loaded PLA nanoparticles used in the following studies
were in the range of 88, 100, and 560 nm in diameter. For
TEM NanoVan stain (pH 8.0) (Nanoprobes, Stony
Brook, NY) and nanoparticle-containing grids were ex-
amined at 50K (FIG. 6). The TRH nanoparticle samples
measured with the particle analyzer and with TEM re-
vealed a mean diameter of 108 
 12 nm for the TRH-
NPs and 102 
 12 nm for the Blank-NPs, demonstrating
a uniformity of nanoparticle size and shape.68

The availability of NPs loaded with a fluorescent dye
or with the dye attached to the nanoparticle has been a
significant tool in determining uptake and distribution in
nose-to-brain studies. Our goal was to determine the
location of lipophilic Nile red released from 560-nm and
100-nm PLA NPs within the brain parenchyma after
intranasal delivery, and the time course for its presence,
using fluorescence microscopic visualization.
Intranasal delivery of a single application of 88- to

102-nm and 560-nm NPs loaded with Nile red were
given to a series of rats. Uptake and transport into the
brain occurred with the 88-nm and 102-nm particles but
not the 560-nm particles (control: 560-nm particles at
24 h after delivery) (FIG. 7). Using NIH Image-J soft-
ware (NIH, Bethesda, MD; http://rsb.info.nih.gov/ij/) it
was determined that the smaller particles were observed
to transport and deliver the Nile red to several seizure-
sensitive areas of the rat brain at different rates (FIG. 7).
These included the olfactory bulb and tract, septal nuclei,
insular cortex, hippocampus, and thalamus. It was also
found that the peak fluorescence occurred between 24
and 48 h after delivery, whereas fluorescence was still
detectable up to 192 h (FIG. 7). These results indicate
that the lipophilic dye is not simply released from the
particles in the nasal cavity and absorbed by the olfactory
epithelium but that the smaller particles are most likely
taken up and transported to various sites and deliver the

FIG. 5. Effect of intranasal TRH-NPs on kindling stage. The num-
ber of stimulations required to become fully kindled (permanently
epileptic) was significantly greater for the TRH-NP group (gray bars)
than for the Blank-NP group (black bars). The number of stimula-
tions needed to reach stage V kindling was significantly greater for
the TRH-NP group (gray bars) than the Blank-NP group (black
bars). A trend toward suppression of kindling development was
evident as early as stage IV (p � 0.08) with this intranasal dose of
TRH-NPs. Statistical analysis was performed on the data using the
Mann–Whitney test. Error bars indicate means 
 S.E.M. Kindled:
the number of stimulations to achieve four consecutive stage V
seizures; * p � 0.05).
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dye whereas the larger particles were not. The data also
suggest that the peak delivery with these nanocapsules in
specific loci is heterogeneous.68

We have also conducted uptake studies in cultured
hippocampal neurons. Fluorescence microscopy of dye-
loaded and dye-attached NPs provided additional data on
the uptake and transport of NPs in neuronal processes
(FIG. 8). These data show that neurons are capable of
endocytosing and transporting nanoparticles, and that
this process could possibly occur in the olfactory neuro-
epithelium during intranasal delivery.68 We produced a
highly specific polyclonal antibody to TRH that has been
used for both immunocytochemistry and radioimmuno-
assay.69 Using this antibody, we have been able to visu-
alize TRH-NPs in the brain, whereas Blank-NPs are
undetectable (FIG. 9). This new technique provides the
technology to specifically determine the uptake, time-
course, distribution, and concentration of TRH-NPs, as
well as other neuropeptide nanoparticles, throughout the
CNS and in other tissue compartments as well. This
provides a very powerful semiquantitative tool to help
determine the dose–response relationships necessary for
achieving pharmacological effects in the future.68

In summary, we have shown that fluorescent dye-
loaded nanoparticles, with nominal diameters in the range
of 80 to 100 nm, when applied in proximity to the olfactory
neuroepithelium or neurons in culture, can be transported
from nose to brain and in neuronal processes, respec-
tively. Drug transport and metabolism in the nasal olfac-
tory epithelia are incompletely understood, and anatom-
ical and functional differences exist in the nasal mucosa
of rats and humans.70 Nonetheless, nanoparticles are
generally taken up efficiently by cells, penetrate deep
into tissues, cross barriers present in epithelial linings,
and appear to have minimal ciliotoxicity.64,71 New in-
sights into the various routes and mechanisms whereby
drug-loaded nanoparticles are transported to the CNS are
beginning to emerge.32,63,64,72

Clearly, much more work is needed to determine the
mechanisms and kinetics of nasal port nanoparticle de-
livery. However, because the TRH loaded PLA NPs used
in our studies were similar in size and composition to the
Nile red NPs, it seems reasonable to consider that the
TRH-NPs could have been transported from the targeted
olfactory epithelium to the CNS in a similar manner to
reach and sustain a bioactivity level sufficient to affect

FIG. 6. Size determination of TRH nanoparticles using transmission electron microscopy. A: Schematic of a translucent nanoparticle
made visible by the NanoVan stain applied to a 1-mm-diameter copper grid with a carbon film. B: Sample images of nanoparticles
captured at 50,000� magnification using a Tecnai G2 12 Bio Twin transmission electron microscope (FEI, Hillsboro, OR) and AMT
camera system (Advanced Microscopy Techniques, Danvers, MA).
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kindling on a 24-h delivery schedule. Additionally, by
modulating polymer characteristics and thus release rate,
therapeutic levels may be more efficiently controlled in
target tissue where long-term therapy is needed at higher
concentrations.73 Similar to other, smaller neuropeptides,

TRH is a relatively stable compound that can be incor-
porated into polymeric devices in varying concentrations
with minimal loss of bioactivity by proteolytic en-
zymes.58,60,74 The actual kinetics of TRH release from
the nanoparticles has not been characterized in vivo.

FIG. 7. Time course of Nile red fluorescence in the rat brain after intranasal nanoparticle delivery. A: Control fluorescence from 560-nm
NPs, 24 h after intranasal delivery. For the intranasal uptake analysis, 130 digital images were captured for each sample at 4�
magnification and montaged to reconstruct an entire horizontal brain section (Bioquant Imaging, Nashville, TN). The NIH Image-J
pixel-based analysis software program (NIH, Bethesda, MD) was used to analyze fluorescence intensity generated from a single image.
B: Mean fluorescence intensity in anatomical subregions over time. Images were converted into 8-bit images and background was
subtracted. Anatomical subregions of interest (ROI) were generated within Image-J to allow for analysis of pixels contained within the
olfactory bulb (OB: black), septal nuclei (MSLS: red), thalamus (TH: green), granular insular cortex (GI: violet), hippocampus (HP:
turquoise), and deep mesencephalic nucleus (DMPE: orange) of all brains (n � 3 for 0, 12, 24, 48, 72, and 96 h). A ROI was defined using
polarized light images of the sections corresponding to horizontal section from Paxinos and Watson atlas. Horizontal sections
corresponding to �5.32 mm ventral to bregma were analyzed. From each ROI, the mean and maximum fluorescence intensity was
generated from a histogram depicting 256 possible grayscale units (0 � darkest, 256 � brightest). The mean value of fluorescence
indicates the overall fluorescence within a ROI.
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Future work in this area should provide insight into TRH
site distribution, rates of degradation, and long-term re-
ceptor modulation.

CONCLUSIONS

Significant recent advances in the development of non-
toxic biodegradable polymers in the form of microdisk and
nanoparticle carriers suggest that such devices have a sig-
nificant potential in delivering neuropeptides and perhaps
other larger peptides to the brain. Intranasal delivery of
neuropeptides directly to specific CNS targets using poly-
meric nanoparticles represents a new frontier in drug deliv-
ery. Advantages of this means of circumventing the BBB
include ease of use, long-term compliance, uninterrupted
delivery, ease of dosing, treatment schedules, and cost sav-
ings per dose.32,37-39,48,63,75-78 We have focused on intra-
nasal delivery through olfactory neurons as a plausible
means for targeting specific temporal lobe structures and

disorders specifically associated with this CNS site. The
neuroepithelium and neuroanatomy of the olfactory sensory
system have important CNS synaptic terminations largely
associated with limbic cortical and subcortical structures.
Although the olfactory receptor neuron has direct contact
with the external environment, it is known that several
neuroprotective barriers exist that must first be permeated,
without compromising barrier integrity, to successfully ac-
cess the olfactory long tracts.
Questions related to intranasal neuropeptide uptake,

transport, transneuronal transport, and terminal release
have been considered.32,79 Even though intranasal
drug delivery to the brain has been actively researched
for some time with only marginal success, the devel-
opment of newer sustained-release biodegradable
nanoparticles (as in the work reported here) may ren-
der this approach more successful in enhancing neu-
ropeptide bioavailability.

FIG. 8. Uptake of 100-nm Nile red NPs (A) and 20-nm polystyrene green fluorescent beads (B) into individual hippocampal neurons in
vitro. Fetal hippocampal neurons were grown in serum-free medium containing neurobasal medium supplemented with 2% B-27 (Gibco,
Grand Island, NY). This combination has been shown to reduce glia to less than 0.5%. Medium 1 consisted of neurobasal medium, B-27
supplement, 200 mmol/L L-glutamine (Sigma–Aldrich, St. Louis, MO), basic fibroblast growth factor (BFGF) (50 �mol/L/12 mL), and
normocin (2 �g/mL), an antibiotic, as additional components, which further optimize neuronal growth and select against microbial
contamination. After 14 days in culture, the differentiated neurons were removed from the incubator and the medium was carefully
aspirated from the culture dishes to remove cellular debris. A 1 mg/mL stock solution of Nile red NPs (10 mg/mL PLA) was diluted with
medium 1 to provide a final amount of 50 ng/mL medium (500 ng/mL PLA). A 10 mg/mL stock solution of Blank-NPs was also diluted
to provide a final amount of 500 ng/mL PLA and served as a nonfluorescent nanoparticle control. Neurons were incubated with either
Nile red NPs (100 nm) or 1 � 1014 20-nm polystyrene fluorescent microspheres (FluoSpheres; Invitrogen–Molecular Probes, Eugene, OR)
for 5 h, then washed with PBS. Cells were fixed using 10% formalin and viewed using a fluorescence microscope (Texas red/fluorescein
isothiocyanate filter) at 60� magnification. A: A representative image of neuronal uptake of 100-nm Nile red NPs before or during release
of Nile red NPs (arrows indicate individual NPs before or during release of Nile red within a process of a neuron). B: A representative
Image of neuronal uptake of 20-nm yellow-green FluoSpheres (arrows indicate individual FluoSpheres within a process of a neuron).
Blank NPs could not be detected (data not shown).
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For now, we do not know the preferred route by which
intranasally administered drugs and nanoparticles gain
access to the CNS from the olfactory epithelium. At least
three possibilities exist: 1) olfactory nerve uptake; 2)
paracellular uptake; and 3) microvascular uptake. Under-
standably, this portal is the subject of extensive ongoing
research. (For reviews, see Lockman et al.63 and Kubek
et al.79) An important consideration in the application of
nose-to-brain nanoparticle delivery is that the particles
must be delivered to the olfactory neuroepithelium, and
not simply deposited into the respiratory epithelium. We
feel that our nasal port system provides uniform and
consistent access to the olfactory epithelium of the rat
and could be modified for other animals as well.19 Hu-

man nasal applicators are commercially available that
target the olfactory epithelium. These new devices can
advance the development of intranasal nanoparticle drug
delivery.
Overall, we have presented several lines of evidence

that biodegradable nanoparticles provide a novel mech-
anism to overcome many obstacles for long-term contin-
uous intranasal delivery of neuropeptides to the brain. As
reviewed herein, TRH delivered to these sites in sufficient
concentrations is known to attenuate seizures.16,17,19,56

Therefore, it seems reasonable to conclude that certain neu-
ropeptides and perhaps other drugs can be delivered safely
and repeatedly using intranasal nanoparticles as sustained-
release carriers to enhance bioavailability to clinically rel-

FIG. 9. Immunostaining of TRH nanoparticles 30 min after intra-amygdalar injection. A 10-�L Hamilton syringe loaded with 10 �L
(1 �g/1 �L) TRH-NPs was inserted into the left basolateral amygdala (BLA) using stereotaxic coordinates from the atlas of Paxinos and
Watson43 were injected slowly over 5 min. The same procedure was conducted for Blank-NPs into the contralateral BLA. After 30 min,
the animal was perfused and fixed and the brains sectioned using a sliding microtome (Leica SM 2000 R). Sections (30 �m) were
incubated in phosphate buffer containing a primary anti-rabbit TRH antibody (1:4000) produced in our lab,69 then washed and incubated
with biotinylated goat anti-rabbit IgG secondary antibody (1:500) (BA-1000, Vector Labs, Burlingame, CA). After incubation with the
rabbit IgG Vectastain ABC kit and Vector SG chromogen SK-4700 (Vector Laboratories Burlingame, CA), the sections were viewed under
a light microscope at 5� and 40� magnification. Digital photos were acquired using Spot 4.0 imaging software (Diagnostic Instruments,
Sterling Heights, MI). A: Image from a 30-�m section depicting injection site of Blank-NPs (100 nm) in the right BLA of a rat at 5�. B:
Image from the same section showing the injection site of TRH-NPs (100 nm) in the left BLA, at 5�. C: Blank-NPs in the right BLA, at
40�. D: TRH-NPs in the left BLA, at 40�. Note the intense staining exclusively at the injection site of the TRH-NPs.
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evant CNS targets. In this fashion, TRH-NPs may provide
an alternative treatment that could significantly impede or
possibly prevent epileptogenesis where more conven-
tional therapies have not been successful. Clearly, much
more pharmacokinetic and pharmacotherapeutic research
is necessary to optimize this intranasal neuropeptide car-
rier system. Because both TRH and its carrier polyanhy-
dride have been used clinically, the immediate goal is to
design a TRH-NP that could serve as the prototype for
the intranasal delivery of other anticonvulsant neuropep-
tides such as neuropeptide Y, galanin, somatostatin, and
adrenocorticotropic hormone.
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