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Abstract.

Novel agents that inhibit nerve growth factor signaling are required for the treatment

of inflammatory pain. The present study investigated the effect of local administration of inhibi-
tory peptide of TrkA (IPTRK3), a synthetic cell-penetrating peptide that antagonizes TrkA func-
tion, in complete Freund’s adjuvant (CFA)}-induced hyperalgesia in rats. Three hours after subcu-
taneous injection of CFA into the plantar surface of the rat’s left hind paw, 10 mM IPTRK3 was
injected at the same site. Thermal and mechanical hyperalgesia were tested in the ipsilateral hind
paw until 7 days after CFA injection. The ipsilateral dorsal root ganglion (DRG) was dissected out
for immunohistochemical analysis of transient receptor potential vanilloid subfamily member 1
(TRPV1) channels and TrkA. Local injection of this peptide significantly suppressed both thermal
and mechanical hyperalgesia produced by CFA and also significantly reduced TRPV1 expression
at the DRG. These results suggest that local administration of IPTRK3 is likely effective in the
treatment of inflammatory pain in rats.

Keywords: cell-penetrating peptide, inflammatory pain, Tat, TrkA,
transient receptor potential vanilloid subfamily member 1 (TRPV1)

Introduction

As there are limited varieties of conventional thera-
peutics (e.g., non-steroidal anti-inflammatory drugs,
opioids, local anesthetics) for the management of severe
inflammatory pain, novel drugs to inhibit nerve growth
factor (NGF) signaling are needed (1, 2). Increased ex-
pression of either NGF or its high-affinity receptor TrkA,
which exacerbates pain states, is reported in inflamma-
tory tissues, including burn-injured tissue (3, 4), postop-
erative surgical sites (5, 6), and human degenerative
fumbar facet joints (7). Local injection of complete Fre-
und’s adjuvant (CFA), which is utilized for the inflam-
matory pain model, also increases NGF expression in the
skin (8).

*Corresponding author. hirosem@u-fukui.ac.jp
Published online in J-STAGE on March 30, 2010 (in advance)
doi: 10.1254/jphs.09307FP
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Local injection of NGF induces either thermal or me-
chanical hyperalgesia in rats (9). Several studies have
revealed the mechanisms of NGF-induced hyperalgesia
(1, 9, 10). NGF binds to TrkA in the cell membrane of
peripheral nerves, and the activated TrkA in turn sensi-
tizes transient receptor potential vanilloid subfamily
member | (TRPV1) channels (1). Both NGF and TrkA
are transported retrogradely to the cell bodies of the
dorsal root ganglion (DRG) (10), where they enhance
expression of TRPV 1 with other pronociceptive proteins
in the DRG (1, 2).

Previously, we developed a new inhibitor of NGF
signaling, an inhibitory peptide of TrkA (IPTRK) activity
with both the cell-penetrating peptide and the amino acid
sequence corresponding to the activation loop of TrkA
(YGRKKRRQRRR-2cp-SRDIYSTDYYR-NH,,
acp = epsilon-aminocaproic acid) (11). We named this
peptide IPTRK3, since it was the third peptide we tested.
When IPTRK3 is injected locally, it is expected to sup-
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press intracellular TrkA activity after penetrating the cell
membrane of peripheral nerves, from which it would be
transported retrogradely to the DRG, where it may cause
suppression of the expression of TRPV1 in the DRG in
vivo {11). In the present study, we investigated the effect
of local administration of IPTRK3 at the site of inflam-
mation in a CFA-induced hyperalgesia model and exam-
ined its effect on TRPV1 expression in rats.

Materials and Methods

Experimental animals

The study protocol was approved by the Institutional
Animal Research Committee and was performed in ac-
cordance with the Ethical Guidelines of the International
Association for the Study of Pain (12). Adult male
Sprague-Dawley rats (weighing 200 — 250 g) were used
for this study. Rats were housed in a room maintained at
25°C and illuminated in a 12:12 h cycle. Rats were pro-
vided with ad libitum access to standard rodent chow and
water.

Synthetic cell-penetrating peptide antagonizing TrkA
Sfunction

IPTRK3 has two components: one is the cell-penetrat-
ing peptide sequence based on the human immunodefi-
ciency virus typel Tat (transactivator of transcription)—
derived peptide (47-YGRKKRRQRRR-57), and the
other is the amino-acid sequence of the activation loop of
TrkA (666 -SRDIYSTDYYR- 676), which inhibits TrkA
activity (11). Acp was inserted as a highly flexible spacer
between these two amino acid sequences. IPTRK3, de-
signed as YGRKKRRQRRR-acp-SRDIYSTDYYR, was
synthesized and purified by HPLC (Peptide Institute,
Osaka).

IPTRK3 was dissolved in phosphate-buffered saline
(PBS) to the concentration of 10 mM/L and then stored
at —30°C. We selected this concentration of 10 mM/L of
IPTRK3, which is over a hundred times the concentration
required for the inhibitory effects of TrkA activity both
in vitro and in cell cultures (30 — 60 4M), as shown in our
previous study (11), because local anesthetics are re-
ported to gradually diffuse into surrounding tissues after
local injection and get diluted to approximately a hun-
dredth or less of the original concentration in the periph-
eral nerve (13).

Induction of hyperalgesia

Hyperalgesia was induced by subcutaneously injecting
50 L of CFA (Sigma-Aldrich, St. Louis, MO, USA) into
the plantar surface of the left hind paw of the rats using
a 30-gauge hypodermic needle under sevoflurane anes-
thesia. Classical signs of inflammation, including edema

and redness, were observed for at least 7 days.

Behavioral assessments

The mid-plantar area of the left hind paw was tested
for thermal hyperalgesia (14). The light heat source, ap-
plied for a maximum of 20 s, was adjusted to produce
withdrawal latencies of approximately 10 s (Model 7370
Plantar Test; Ugo Basile, Milan, Italy). Rats were accli-
matized to the testing environment, and paw withdrawal
latencies of the left hind paws, as the noxious heat
threshold, were measured.

Mechanical hyperalgesia was also tested at the mid-
plantar area of the left hind paw, using an automated
version of the von Frey hair assessment (Model 37400
Dynamic Plantar Aesthesiometer, Ugo Basile). After rats
were acclimatized to the testing environment, a mechani-
cal stimulus, using a pointed metallic filament, was ap-
plied to the plantar surface of the hind paw through a
wire mesh—bottomed cage until the paw was withdrawn
or the preset cut-off was reached (50 g). The mechanical
threshold was defined as the force in grams at which the
rat withdrew its paw.

The noxious heat and mechanical thresholds were
separately measured in each group of rats. The threshold
was measured five times in each rat and then averaged.
Stimulus interval was 5 min. All measurements were
performed in a blinded fashion, with the investigator
unaware of the injected agent, whether IPTRK3 or PBS.

The effect of IPTRK3 on CFA-induced inflammatory
pain

To assess the effect of IPTRK3 on CFA-induced in-
flammatory pain, we once again anesthetized the rats
with sevoflurane 3 h after CFA injection and then injected
50 pL of either 10 mM IPTRK3 (n=15) or PBS (n=6)
subcutaneously into the same site as the CFA injection,
using a 30-gauge hypodermic needle under sevoflurane
anesthesia. Paw withdrawal latencies were measured
before and at 2, 4, and 6 hand 2, 4, and 7 days after CFA
injection. Mechanical thresholds were also measured in
the same way in other rats injected with either IPTRK3
(n=5)or PBS (n=15).

We also evaluated whether [PTRK3 itself affects the
noxious heat threshold or not. Either 50 xl. of 10 mM
IPTRK3 alone (n = 6) or PBS (n = 6) alone, without prior
CFA administration, was injected subcutaneously into
the plantar surface of the left hind paw of the rats, using
a 30-gauge hypodermic needle under sevoflurane anes-
thesia. Paw withdrawal latencies were measured before
injection as control values and at 2 h and 2 and 7 days
after injection.
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Immunohistochemistry

Three hours after CFA injection, rats were injected
locally with either IPTRK3 (n=4) or PBS (n = 4). Then,
1 h after local administration of peptide/PBS, all rats
were over-anesthetized with sevoflurane and perfused
transcardially with saline, followed by 4% paraformalde-
hyde. The left L4/5 DRGs were dissected out, post-fixed
in 4% paraformaldehyde, and transferred to 20% sucrose
overnight for cryoprotection. Ten-micron-thick sections
of the DRG were cut on a cryostat and processed for
TRPV1 and TrkA immunchistochemistry. Sections were
incubated overnight in rabbit anti-TRPV1 antibody
(1:3000; Neuromics, Edina, MN, USA) or rabbit anti-
TrkA antibody (1:200; Millipore, Billerica, MA, USA)
in 10 mM PBS at 4°C. This was followed by incubation
in biotinylated anti-rabbit IgG (1:50; Vector Labs, Burl-
ingame, CA, USA) for 1 h and in avidin-biotin complex
{(Vector Labs) for | h at room temperature. Sections were
exposed to 3,3'-diamino-benzidine-4HCl (Wako, Osaka)
in 50 mM Tris buffer, pH 7.4, containing 0.2% H,0..

The stained sections of the DRG were analyzed under
a light microscope for TRPV 1-positive neuron distribu-
tion. Every fourth section was picked from a series of
consecutive DRG sections, ten sections being counted
for each DRG. Results of microscopy were expressed as

CFA | IPTRK3 or PBS

| | -epBsS
-~ IPTRK3

Changes in paw withdrawal

latency (s)

0 2h 4h 6h 2d 4d 7d
Time course

Fig. 1. CFA-induced thermal hyperalgesia in rats. Time course of
changes in paw withdrawal latency were investigated starting before
subcutaneous injection of CFA (base line value, time point 0 h) and at
the time points of 2, 4, and 6 h and 2, 4, and 7 days after CFA injec-
tion. Either PBS (n=6) or IPTRK3 (n =15) was injected subcutane-
ously 3 h after CFA injection. **P < 0.01, compared with the baseline
value at 0 h in each group. *P < 0.05, ¥P <0.01, with comparison
between values in the two groups at the same time point. Results rep-
resent means = S.D.

the percentage of TRPV 1-positive neurons (15).

Statistical analyses

Data were analyzed using one-way analysis of vari-
ance with Bonferroni post hoc analysis. Statistical sig-
nificance was established at the P < 0.05 level. All values
are reported as the mean + S.D.

Results

IPTRK3 suppresses CFA-induced hyperalgesia

Paw withdrawal latencies after CFA injection in the
PBS group decreased significantly from 2 h to 7 days
(Fig. 1). IPTRKS3 showed significant suppression of these
decreases in paw withdrawal latencies compared to the
PBS-injection group from 4 h to 4 days. Mechanical
thresholds after CFA injection in the PBS group de-
creased significantly from 4 h to 4 days (Fig. 2). The
CFA-induced significant reduction of mechanical thresh-
old, however, was only observed at 4 and 6 hin the
IPTRK3 group. There was a significant difference in
mechanical thresholds between IPTRK3 and PBS groups
at 6 h. These results suggest that IPTRK3 likely sup-
presses both CFA-induced thermal and mechanical
hyperalgesia.

CFA || IPTRKS or PBS

1, \L = PBS

- IPTRK3
C
(]
2
L
E
7]
()
(=)
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Fig. 2. CFA-induced mechanical hyperalgesia in rats. The time
course of changes in the mechanical threshold was investigated start-
ing before subcutancous injection of CFA (baseline value, time point
0 h) and at the time points of 2, 4, and 6 h and 2, 4, and 7 days afer
CFA injection. Either PBS (n=35) or IPTRK3 (n=15) was injected
subcutaneously 3 h after CFA injection. *P < 0.05, **P < 0.01, com-
pared with the baseline value at 0 h in each group. *P < 0.05, compari-
son between values in the two groups at the same time point. Results
represent means + S.D.
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We also examined the changes in paw withdrawal la-
tencies after subcutaneous injection of IPTRK3 or PBS
without CFA. There were no significant differences in
noxious heat thresholds between and within groups of
rats injected with IPTRK3 or PBS alone at 2 h and 2 and
7 days. These results suggest that IPTRK3 itself induces
neither thermal hypoalgesia nor hyperalgesia.

IPTRK3 suppresses the expression of TRPVI at the
DRG

Protein expressions of TRPV1 and TrkA at the DRG
are shown in Figs. 3 and 4, respectively. Expression of
TRPV1 at the DRG after CFA injection was significantly
suppressed by IPTRK3 (Fig. 5). On the other hand, there
was no significant difference in TrkA expression in the
DRG between PBS and IPTRK3 groups (Fig. 5).

Discussion

IPTRK3, a cell-penetrating peptide with TrkA inhibi-
tory activity, suppressed CFA-induced thermal and me-
chanical hyperalgesia after local administration at the
site of CFA injection, together with reduction of protein
expression of TRPV in the ipsilateral DRG.

NGF antagonists can be categorized as NGF-capturing
agents, antagonists at the NGF-binding site, and antago-
nists of TrkA function (1). K252a, an antagonist of TrkA
function, is reportedly effective for inflammatory pain in
rats (16, 17). However, K252a likely has many adverse
effects because of lack of specificity for TrkA (1).
IPTRK3 also belongs to the class of antagonists of TrkA
function. In our previous study (11), this peptide showed
no effect on tyrosine kinase activities of the insulin re-
ceptor and epidermal growth factor receptor in vitro.
Further studies are needed to investigate the effect of
IPTRK3 on other pronociceptive protein kinases, such as
mitogen-activated protein kinase, protein kinase C, c-Jun
N-terminal kinase, and Ca*"/calmodulin-dependent pro-
tein kinase.

Single injection of a drug at the inflammatory area is a
fairly useful regimen for the clinical management of se-
vere inflammatory pain states, especially if it provides a
prolonged analgesic effect. A single injection of local
anesthetic at the site of inflammation, however, induces
a transient analgesic effect (18 — 21). Therefore, continu-
ous infusion of local anesthetics, either locally or sys-
temically, is needed for prolonged analgesia (20, 22, 23).
As single injection of IPTRK3 showed sufficient inhibi-
tory effects on thermal hyperalgesia lasting for at least 4
days in the present study, a single local injection of
IPTRK3 at the site of inflammation would be a favorable
regime for severe inflammatory pain states, for which
conventional therapy does not work.

CFA + PBS

CFA + IPTRK3

Fig. 3. Immunochistochemistry for TRPV1 channels in the dorsal
root ganglion 4 h after subcutaneous injection of CFA. Either PBS or
IPTRK3 was injected subcutaneously 3 h after CFA injection. Arrows
indicate typical TRPV1 protein. Scale bar, 50 ym.
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Fig. 4. Immunohistochemistry for TrkA in the dorsal root ganglion
4 h after subcutaneous injection of CFA. Either PBS or IPTRK3 was

injected subcutaneously 3 h after CFA injection. Arrows indicate typi-
cal TrkA protein. Scale bar, 50 gm.
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Fig. 5. Quantification of protein levels, as shown in Figs. 3 and 4,
by the percentage of either TRPV1- or TrkA-positive neurons.
*P < (.05, comparison between PBS and IPTRK3 groups. Results
represent means + 5.D. of four separate experiments in each group.
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"The suppressive effect of IPTRK3 on CFA-induced
mechanical hyperalgesia was smaller than that on CFA-
induced thermal hyperalgesia in the present study. An
electrophysiological study reported that the mechanism
causing mechanical sensitization of cutaneous nocicep-
tors after CFA injection into the rat’s hind paw is differ-
ent from that causing thermal sensitization (24). Other
investigators reported that a central mechanism causes
NGF-induced mechanical hyperalgesia, whereas both
peripheral and central mechanisms cause NGF-induced
thermal hyperalgesia (9, 25). Although these different
mechanisms inducing mechanical and thermal hyperal-
gesia might explain the distinction between suppressive
effects of IPTRK3 on each hyperalgesia, the precise
reason is unclear.

The present study showed that IPTRK3 suppressed
protein expression of TRPV1 in the DRG during inflam-
matory pain. NGF signaling upregulates the expression
of pronociceptive proteins, such as TRPV1, the brain-
derived neurotrophic factor, substance P, calcitonin
gene-related peptide, and the Na,1.8 sodium channel in
sensory neurons, that mediate nociception via peripheral
and central sensitization (1, 2). TRPV1 is essential for
thermal hyperalgesia induced by inflammation (15, 26).
Therefore, the suppression of TRPV1 expression is one
possible mechanism of the inhibitory effect of [IPTRK3
on CFA-induced thermal hyperalgesia.

A limitation of this study is that the reason why a single
local injection of IPTRK3 induced a prolonged inhibitory
effect on CFA-induced hyperalgesia is unknown. Further
studies are needed to investigate the time-course of ex-
pression of several pronociceptive proteins in peripheral
and central neurons and also to examine the half-life of
this peptide in vivo.

In summary, local administration of IPTRK3, a cell-
penetrating peptide having direct inhibitory effects on
TrkA activity, suppresses hyperalgesia induced by in-
flammation in rats. This peptide would be a new candi-
date as a viable therapeutic drug for inflammatory pain.
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Abstract. Nerve growth factor (NGF) and its high-affinity receptor, TrkA, are one of the targets
in the production of new drugs for the treatment of neuropathic pain. NGF contributes to both the
initiation and maintenance of sensory abnormalities after peripheral nerve injury. This study ex-
amined the effects of IPTRK3, a new synthetic cell-penetrating peptide that antagonizes TrkA
function, on neuropathic pain in mice. Partial sciatic nerve ligation (PSNL) was used to generate
neuropathic pain, and we injected IPTRK3 (2 or 10 mg/kg) intraperitoneally on day 7 after PSNL.
Effects of the peptide on hyperalgesia, allodynia, and expression of Fos in the spinal cord were
examined. Single administration of the peptide on day 7 significantly suppressed both thermal
hyperalgesia and mechanical allodynia. Gentle touch stimuli—evoked Fos expression in the lumbar
spinal cord was also significantly reduced. Intraperitoneal injection of a cell-penetrating peptide

antagonizing TrkA function appears effective for treatment of neuropathic pain in a mouse pain

model.

Keywords: cell-penetrating peptide, neuropathic pain, Tat, TrkA

Introduction

Chronic pain is classified into 3 categories: nocicep-
tive pain, neuropathic pain, and pain without a known
somatic background (1). Neuropathic pain is a common
symptom, defined as pain resulting from lesions or dis-
eases of the sensory transmission pathways in the periph-
eral or central nervous system (2, 3). Neuropathic pain
disrupts the lives of patients, in the form of paresthesia,
allodynia, or hyperesthesia, and treatment remains a
major challenge in modern medicine (4, 5).

As nerve growth factor (NGF) and TrkA, the high-af-
finity receptor for NGF, play pivotal roles in the
pathophysiology of peripheral neuropathic pain (6), these
proteins represent molecular targets for potential treat-
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ment of neuropathic pain in the future (7). Our previous
studies described the development of a new synthetic
cell-penetrating peptide IPTRK3) to directly inhibit ty-
rosine kinase activity of TrkA (8) and successful sup-
pression of nociceptive pain using IPTRK3 in rats (9). As
pathophysiological changes in the peripheral nervous
system are involved in mechanisms of nociceptive pain,
induced by subcutaneous injection of complete Freund’s
adjuvant into the hind paw of rats at the initial several
hours, we injected IPTRK3 subcutaneously at the same
site in the previous study (9). On the other hand, the pres-
ent study was designed to evaluate the effects of IPTRK3
on neuropathic pain, elicited by partial sciatic nerve liga-
tion (PSNL) in mice (10). As pathophysiological changes
in both the peripheral and central nervous systems are
crucial for mechanisms of neuropathic pain, we decided
to inject IPTRK3 intraperitoneally in the present study.
In animal models of neuropathic pain, the expression
of the proto-oncogene product Fos is reportedly evoked



80 W-Y Ma et al

in the spinal cord by repetitive gentle touch, which nor-
mally does not elicit Fos expression (11). The evoked
expression of Fos indicates a state of spinal sensitization.
We also investigated the effects of IPTRK3 on gentle
touch—evoked Fos expression in the spinal cord.

Materials and Methods

Animals

All the experimental protocols were approved by the
Animal Investigation Committee at our institution and
adhered to the Ethical Guidelines of the International
Association for the Study of Pain (12). Male ddY mice
(Japan SLC, Hamamatsu) weighing 30 — 40 g at the time
of experiments were maintained in wire-mesh cages in a
temperature-controlled room, on a 12-h light/dark cycle.
Food and water were available ad libitum.

Peptide synthesis

IPTRK3 contains both the amino-acid sequence of a
cell-penetrating peptide and that of the activation loop of
TrkA. The former sequence is based on the human
immunodeficiency virus type 1 Tat (transactivator of
transcription)—derived peptide (8, 9). IPTRK3 was syn-
thesized and purified by HPLC (Peptide Institute,
Osaka).

Neuropathic pain models

The PSNL model of neuropathic pain was used as
described for mice (10). Under sevoflurane anesthesia
and aseptic conditions, the left sciatic nerve was carefully
freed from surrounding connective tissues at a site near
the trochanter. The nerve was fixed in place by pinching
the epineurium on the dorsal aspect by using small for-
ceps, and then one-third to one-half of the nerve thickness
was tightly ligated with a 8-0 silk suture. The wound was
closed with 1 muscle suture and 2 skin staples. In sham-
operated mice, the nerve was exposed, but not ligated.

Behavioral testing

Thermal hyperalgesia in the hind paw was measured
using a plantar test (Ugo Basile, Comerio, Italy) (13).
Mice were placed in plastic cages with a glass plate sur-
face, and then a heat stimulus was applied from beneath
to the middle of the left plantar surface by means of a
radiant heat source. When the mouse withdrew its paw,
the sudden drop in reflected energy stopped the timer. A
cut-off time of 30 s was imposed to prevent tissue dam-
age. Thermal paw withdraw threshold (PWT) was
recorded once per trial as the withdrawal latency in
seconds.

Mechanical allodynia of the hind paw was assessed
using a dynamic plantar anesthesiometer (Ugo Basile).

Mice were placed in a test box with a wire mesh floor.
Under visual guidance with an attached angled mirror,
the thin metal blunt rod of this device was positioned
under the lateral region of the left plantar hindpaw. A
trigger was depressed, initiating contact of the rod to the
footpad. The applied force increased at a rate of 2.5 g/s
with a cut-off of 25 g at 10 s. The mechanical PWT was
measured once per trial and expressed as the tolerance
level in grams.

Thermal and mechanical PWTs were separately mea-
sured in each group of mice. Animals were habituated to
the testing environment daily for at least 5 days before
baseline testing. Prior to the behavioral test, mice were
acclimated to the testing boxes for 30 min. The threshold
was measured five times in each rat and then averaged.
The stimulus interval was 10 min.

Immunohistochemistry

Mice were put under deep anesthesia with sevoflurane
and intracardially perfused with 50 ml of 0.9% sodium
chloride, followed by 30 ml of 4% paraformaldehyde in
0.01 M phosphate-buffered saline (PBS). The spinal
cord was carefully transected in the upper sacral and
lower thoracic regions and post-fixed for 4 —16 h in
paraformaldehyde followed by incubation overnight in
20% sucrose at 4°C. Transverse sections of the 14-5
spinal cord were identified by identification of the lumbar
enlargements and nerve roots. The L4-L5 segment was
sliced into 40-um-thick sections on a cryostat and col-
lected in groups of 12 sections.

All reactions were performed at room temperature on
floating sections agitated on a shaker (except for reac-
tions with the avidin-biotin-peroxidase complex). After
washing twice for 10 min each time in 0.01 M PBS and
blocking for 90 min in 5% normal goat serum, the tissue
sections were incubated with a rabbit polyclonal anti-c-
fos antibody (1:20,000, anti-c-Fos Ab-5 Rabbit pAb;
Calbiochem, Darmstadt, Germany) at room temperature
for 16 — 18 h. These sections were washed again with
0.01 M PBST (0.01 M PBS and 0.3% Triton X-100) and
incubated for 1 h in biotinylated goat anti-rabbit second-
ary antibody (1:600; Vector Laboratories, Burlingame,
CA, USA). Sections were left at room temperature for
1 —2 h in the presence of avidin-biotin-peroxidase com-
plex (Vector Laboratories) and then incubated in diamino-
benzidine (Vector Laboratories). Sections were mounted
on gelatin-coated slides and cover-slipped.

To count Fos-labeled cells, sections from each mouse
were coded and 12 sections were selected at random
from among the L4-L5 spinal segments. The average
numbers of Fos cells either at laminae I-II (superficial
laminae) or laminae III-IV (deep laminae) were counted.
Sections were first examined under dark-field illumina-
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tion to determine gray matter landmarks, and then num-
bers were counted under bright-field illumination. Fos
cells were counted using a 10x objectives lens. A higher-
magnification 40x objective lens was used if labeled
cells were not clearly resolved.

Study design

To examine the effects of IPTRK3 itself on basal
thermal and mechanical PWTs, we measured them in
sham-operated mice. Thermal PWTs were measured 1
and 2 days before sham operation and also measured at
2, 6, 10, and 14 days after the operation. On day 7 after
the sham operation, PBS alone (0 mg/kg group) or
IPTRK3 dissolved in PBS (10 mg/kg group) were in-
jected intraperitoneally. Body weight was also measured
on each day. Mechanical PWTs were measured in the
same way as thermal PWTs in other mice.

The effects of IPTRK3 on thermal and mechanical
PWTs were examined in PSNL mice. Thermal PWTs
were measured 1 and 2 days before surgery for the PSNL
and also measured at 2 and 6 days after PSNL. On day 7
after PSNL, PBS alone (0 mg/kg group) or IPTRK3 dis-
solved in PBS (2 and 10 mg/kg group) were injected in-
traperitoneally. Thermal PWT was then evaluated at 1, 4,
and 8 h after injection on day 7 and also evaluated on
days 8, 9, 10, and 14 after PSNL. Mechanical PWTs
were also measured in the same way as thermal PWTs in
other mice.

To induce Fos expression on day 7 after PSNL, we
used gentle touch stimuli, which were applied manually
with the flat surface of the experimenter’s thumb to the
left plantar surface of the mouse, as previously described
(14). Mice received intraperitoneal injection of PBS
alone or 10 mg/kg of IPTRK3 on day 7 after PSNL or
sham operation, and then gentle touch stimuli were ap-
plied 1 h after injection. Each touch lasted 2 s and moved
from the middle position of the foot to the distal foot pad,
applied once every 4 s for 10 min without anesthesia.
Mice were divided into six groups: sham-operated mice
injected PBS alone with or without stimulation; PSNL
mice injected PBS alone with or without stimulation; and
PSNL mice injected IPTRK3 with or without stimula-
tion. Mice were deeply anesthetized at 2 h after stimula-
tion, and then perfused and processed for immunohis-
tochemical analysis of Fos expression in the spinal
cord.

Statistical analyses

Data were analyzed using one-way analysis of vari-
ance with Bonferroni post hoc analysis. Statistical sig-
nificance was established at the P < 0.05 level. All values
are reported as the mean % S.D.

Results

Intraperitoneal IPTRK3 showed no effects on thermal
hyperalgesia and mechanical allodynia in sham-operated
mice

Administration of IPTRK3 (10 mg/kg) to sham-oper-
ated mice caused no significant changes in thermal and
mechanical PWTs, compared to that of PBS (0 mg/kg).
Body weight also showed no significant difference be-
tween IPTRK3 and PBS (Fig. 1).

Intraperitoneal IPTRK3 suppressed thermal hyperalge-
sia on day 7 in PSNL mice

Figure 2A shows the results for IPTRK3 in terms of
thermal hyperalgesia. In all mice, thermal PWT showed
a large decrease on day 6 after PSNL. IPTRK3 adminis-
tered intraperitoneally on day 7 resulted in a significant
increase in thermal PWT for 2 days after injection. The
10-mg/kg dose significantly attenuated thermal hypetal-
gesia and PWT at 1 h after injection, almost reaching
preligation values (returning to 96% of preligation val-

| Sham | |IPTRK3)|
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Fig. 1. Effects of IPTRK3 on body weight, thermal hyperalgesia,
and mechanical allodynia in mice on day 7 afier sham operation.
Sham operation was performed on day 0. Body weight, thermal paw
withdrawal threshold (PWT), and mechanical PWT were measured.
Phosphate-buffered saline (PBS) alone (0 mg/kg, n=6) or IPTRK3
(10 mg/kg, n = 6) was administered intraperitoneally on day 7 after
sham operation. Results represent means & S.D.
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ues). The 2-mg/kg dose also increased thermal PWT at 1
h after injection, returning to 67% of preligation values.

Intraperitoneal IPTRK3 suppressed mechanical allo-
dynia on day 7 in PSNL mice

Figure 2B shows results for IPTRK3 on mechanical
allodynia. In all mice, mechanical PWT showed a large
decrease on day 6 after PSNL. On day 7, IPTRK3 in-
creased mechanical PWT, which peaked at 1 h and lasted
for 1 —2 days after intraperitoneal injection of the pep-
tide. The 10-mg/kg dose significantly attenuated me-
chanical allodynia and PWT returned to 88% of preliga-
tion values at 1 h after injection. The 2-mg/kg dose also
increased PWT at 1 h after injection, returning to 76% of
preligation values.

IPTRK3 reduced evoked-Fos expression on day 7 after
PSNL
To investigate the effect of tactile stimulation on spinal

| PSNL | |IPTRK3|
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E - 10 mg/kg
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©
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Days after PSNL
20+ B

15-gA

Mechanical PWT (g)
=
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Fig. 2. Effect of IPTRK3 on thermal hyperalgesia and mechanical
allodynia in mice on day 7 after partial sciatic nerve ligation (PSNL).
A) PSNL was performed on day 0, and thermal paw withdrawal
threshold (PWT) was measured. Phosphate-buffered saline (PBS)
alone (0 mg/kg, n=6) or IPTRK3 (2 mg/kg, n =6; 10 mg/kg, n=6)
was administered intraperitoneally on day 7 after PSNL. B) PSNL
was performed on day 0, and mechanical PWT was measured. PBS
alone (0 mg/kg, n = 6) or IPTRK3 (2 mg/kg, n = 6; 10 mg/kg, n=0)
was administered intraperitoneally on day 7 after PSNL. *P < 0.05,
**P <0.01, compared with values in the PBS-alone group (0 mg/kg)
at the same time point. Results represent means + S.D.

cord Fos expression on day 7 after PSNL, gentle touch
stimuli were applied at the hind paw. The number of
Fos-positive cells in the spinal cord dorsal horn was as-
sessed after gentle touch stimuli in sham-operated and
PSNL mice injected with either PBS alone (0 mg/kg) or
IPTRK3 (10 mg/kg). Micrographs (Fig. 3) qualitatively
demonstrated the patterns of ipsilateral dorsal horn Fos
expression in these three groups with ot without tactile
stimulation.

Quantitative data for Fos expression in superficial and
deep laminae are presented in Fig. 4. Without stimula-
tion, the number of Fos-positive cells in L4-L5 lumbar
segments was very low (0 — 3 Fos-positive neurons/sec-
tion), and no significant differences were seen among the
three groups. With stimulation, a small number of Fos-
positive cells were observed in L4-L5 lumbar segments
in sham-operated mice with PBS alone (sham group). In
PSNL mice with PBS alone (0 mg/kg group), numbers of
Fos-positive cells were increased significantly in both
superficial and deep laminae on day 7 after PSNL, com-
pared to numbers in sham-operated mice. Administration
of IPTRK3 (10 mg/kg group), however, suppressed the
number of Fos-positive cells significantly in both super-

Sham

PSNL
(0 mg/kg)

PSNL
(10 mg/kg)

Stimulation

Fig. 3. Photomicrographs illustrating expression of Fos in the L5
segment of the spinal dorsal horn in sham-operated mice and mice
that received partial sciatic nerve ligation (PSNL) on day 7 after opera-
tion with or without gentle touch stimulation. Photomicrographs in
(A) and (B) were from sham-operated mice with or without stimula-
tion, respectively. Photomicrographs in (C) and (D) were from PSNL
mice given PBS alone (0 mg/kg) with or without stimulation, respec-
tively. Photomicrographs in (E) and (F) were from PSNL mice given
IPTRK3 (10 mg/kg) with or without stimulation, respectively. All
photomicrographs were obtained using %10 magnification. Arrows
indicate typical Fos protein. Scale bar, 100 gm.
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ficial and deep laminae in PSNL mice (Fig. 4).
Discussion

As many patients with neuropathic pain cannot obtain
sufficient pain relief with available drugs, new analgesic
drugs are urgently needed for the treatment of neuro-
pathic pain (7, 15). Close attention has been paid to NGF
and TrkA, which are prospective targets for the develop-
ment of such drugs (7). Peripheral nerve injury causing
neuropathic pain increases NGF levels at peripheral sites
(16, 17). Intraperitoneal injection of either anti-NGF
antibody or anti-TrkA antibody after peripheral nerve
injury reportedly suppresses neuropathic pain in rodents
(18, 19). The present study showed that IPTRK3, a cell-
penetrating peptide that inhibits TrkA activity, produced
anti-allodynic and anti-hyperalgesia effects on neuro-
pathic pain in mice.

IPTRK3 suppressed both thermal hyperalgesia and
mechanical allodynia on day 7 after PSNL. Wild et al.
reported that a single dose of anti-NGF antibody, injected
intraperitoneally 7 days after spinal nerve ligation in rats,
started to suppress allodynia on day 2 after injection, and
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Fig. 4. Histograms showing the distribution of Fos-positive cells in
L4-L5 segments in laminae I-II (A) and III-IV (B) on day 7 after sham
operation or partial sciatic nerve ligation (PSNL). One hour after
sham-operated or PSNL mice received either PBS alone (0 mg/kg) or
IPTRK3 (10 mg/kg) intraperitoneally, gentle touch stimuli were
applied to half of the mice. Each group contained 4 mice. *P < (.05,
**P < 0.01, comparing values between the two groups. Results repre-
sent means + S.D.

this persisted to day 7 after injection (18). Conversely, a
single dose of IPTRK3, injected intraperitoneally 7 days
after the PSNL, started to suppress both thermal hyperal-
gesia and mechanical allodynia at 1 h after injection, and
this persisted to day 2 after injection in the present study.
[PTRKS3 is thus likely to have characteristics of more
rapid onset and shorter duration compared to anti-NGF
antibody. Although anti-NGF antibody can not penetrate
into the central nervous system, IPTRK3 could penetrate
into it. As TrkA-immunoreactive neurons were observed
in the rat spinal cord (20) and intrathecal administration
of the TrkA kinase inhibitor K252a reportedly suppressed
neuropathic pain induced by chronic constriction injury
in rats (21), TrkA kinase activity would play a role in
mechanisms of neuropathic pain. Therefore the differ-
ence of effect sites between the peripheral nervous system
for anti-NGF antibody and both peripheral and central
nervous systems for IPTRK3 might explain the differ-
ence of the time of onset for both agents. On the other
hand, as peptides made of L-amino acids, like [PTRK3,
are degraded by peptidases, and also because the half-life
of the cell-penetrating peptide Tat does not exceed 48 h
(22), degradation of IPTRK 3 might be one of the mecha-
nisms responsible for its short duration. Therefore an ana-
logue of IPTRK3 made by substituting L~amino acids for
the D-amino acids would be resistant against peptidases
and might have a long-lasting effect (22). Further study
is required to investigate the effects of repetitive or con-
tinuous administration of IPTRK3 or single administra-
tion of D-IPTRK3 after nerve injury on neuropathic
pain.

Fos, the protein of the immediate early gene c-fos, has
been extensively used as a marker for studying neural
correlates of nociception and as a neuronal marker for
testing the efficacy of analgesic compounds (23). In the
spinal cord of animal models for neuropathic pain, how-
ever, non-nociceptive stimuli, like repetitive gentle
touch, increase Fos level, which corresponds to mechani-
cal allodynia (11). IPTRK3 reduced gentle touch stimuli—~
evoked Fos expression in both superficial and deep lami-
nae on day 7 after PSNL. The superficial laminae are the
sites of termination of afferents responding to noxious
stimulation (C and AJd), and the deep laminae are the
sites of termination of non-nociceptive afferents respond-
ing to gentle touch (Af) (24). Mechanisms of the inhibi-
tory effects of IPTRK3 on evoked Fos expression and
mechanical allodynia might involve the suppression of
the interaction between nociceptive and non-nociceptive
afferents through TrkA (18).

IPTRK3 involves both the amino acid sequence of
transactivator of transcription-derived peptide, Tat
(YGRKKRRQRRR), which facilitates penetration into
the cell membrane, and the amino acid sequence of the
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activation loop of TrkA (666-SRDIYSTDYYR-676),
which directly suppresses TrkA function (8). In our pre-
vious in vitro and cell culture studies, IPTRK3 (30 — 60
4M) inhibited TrkA activity (8). In our other study using
the complete-Freund’s adjuvant—induced nociceptive
pain model of rats, we selected the concentration of 10
mM peptide for local administration at the inflammatory
site, as we expected that this would gradually diffuse into
surrounding tissues after local injection and be diluted to
approximately one-hundredth or less of the original
concentration in the peripheral nerve (9). Therefore, in
our previous study we injected 50 xl of 10 mM peptide
into the hind paw of rats weighing around 200 g, corre-
sponding to approximately 6 mg/kg (9). In the present
study, however, intraperitoneal injection of IPTRK3 at 2
mg/kg, a concentration smaller than that used for local
injection, showed effectiveness against neuropathic pain
in mice. This distinction can be explained by differences
in site of injection (e.g., inflammatory site vs. normal
site) and differences in the animal used (e.g., rats vs.
mice). Moreover, not only the inhibitory effect of
IPTRK3 on TrkA, but also some unknown effects might
be involved in the suppression of neuropathic pain in the
present study.

In summary, single intraperitoneal injection of a syn-
thetic cell-penetrating peptide that directly inhibits TrkA
activity has anti-hyperalgesic and anti-allodynic effects
after peripheral nerve injury in mice. Synthetic peptides
targeting TrkA could be candidates for new therapeutic
agents for neuropathic pain.
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