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Abstract
Biological, genetic, and clinical data provide compelling proof for N-type voltage-gated calcium
channels (CaV2.2) as therapeutic targets for chronic pain. While decreasing channel function is
ultimately anti-nociceptive, directly targeting the channel can lead to multiple adverse effects.
Targeting regulators of channel activity may facilitate improved analgesic properties associated
with channel block and afford a broader therapeutic window. Towards this end, we recently
identified a short peptide, designated CBD3, derived from collapsin response mediator protein 2
(CRMP-2) that suppressed inflammatory and neuropathic hypersensitivity by inhibiting CRMP-2
binding to CaV2.2 [Brittain et al., Nature Medicine 17:822–829 (2011)]. Rodents administered
CBD3 intraperitoneally, fused to the HIV TAT protein cell penetrating domain, exhibited
antinociception lasting ~4 hours highlighting potential instability, limited oral bioavailability, and/
or rapid elimination of peptide. This report focuses on improving upon the parental CBD3 peptide.
Using SPOTScan analysis of synthetic versions of the parental CBD3 peptide, we identified
peptides harboring single amino acid mutations that bound with greater affinity to CaV2.2. One
such peptide, harboring a phenylalanine instead of glycine (G14F), was tested in rodent models of
migraine and neuropathic pain. In vivo laser Doppler blood flowmetry measure of capsaicin-
induced meningeal vascular responses related to headache pain was almost completely suppressed
by dural application of the G14F peptide. The G14F mutant peptide, administered
intraperitoneally, also exhibited greater antinociception in Stavudine (2'-3'-didehydro-2'-3'-
dideoxythymidine (d4T)/Zerit®) model of AIDS therapy-induced peripheral neuropathy compared
to the parent CBD3 peptide. These results demonstrate the patent translational value of small
biologic drugs targeting CaV2.2 for management of clinical pain.
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1. Introduction
The management of severe chronic pain in patients is challenging as often the reason for the
pain is not clear and effective pharmacological treatment is difficult to achieve with
currently available drugs [1]. One recent success story for chronic neuropathic pain
treatment is the FDA approval of a synthetic ω-conotoxin, Ziconotide (Prialt®), which
serves to block a voltage-gated ion channel, known as the N-type voltage-gated calcium
channel, (CaV2.2) [2]. By this mechanism, Ziconotide effectively reduces pain. However,
ziconotide can only be used to treat a small subset of patients, has a narrow therapeutic
window due to the numerous off-target effects within and external to the CNS.

N-type calcium channels are multiprotein complexes comprised of a pore-forming α-
subunits and auxiliary α2/δ, β, and γ subunits [3]. CaV2.2 channels serve as the nidus for
pain transduction as mice lacking CaV2.2 exhibit an increased threshold for pain [4], and
expression of CaV2.2 is upregulated following a chronic constrictive nerve injury [5]. The
importance of CaV2.2 in pain is further highlighted by the demonstration of a naturally
occurring alternative splice form of CaV2.2 (i.e., exon 37a) in small-diameter nociceptors
[6]; neurons with exon 37a containing CaV2.2 are critical for thermal hyperalgesia, and
thermal and mechanical nociception [7]. Mechanistically, the presence of CaV2.2 in the
presynaptic nerve terminal of primary afferent nociceptive neurons is thought to release
excitatory neurotransmitters into the synapse present between nociceptive neurons of the
peripheral nervous system and the dorsal horn of the spinal cord. In sum, by virtue of their
ability to control the regulated release of neurotransmitters, the N-type Ca2+ channels are a
prime target for the development of novel analgesics [2,8,9].

The purported pharmacological mechanism of action of Ziconotide involves tonic blockade
of the closed state of the CaV2.2 channel which is likely to contribute to many of the drug's
side effects. One manner to sidestep this issue is to design a state-dependent blocker of
CaV2.2 which would preferentially inhibit the channel during higher frequencies of firing
associated with pain compared to the slower frequencies associated with normal
physiological function. Pharmaceutical companies have recently reported TROX-1 as a
state-dependent, non-subtype selective CaV2 channel inhibitor [10,11].

We have advanced an alternative approach – targeting modulators of channel trafficking as a
novel route of drug discovery for treatment of clinical pain. Precedence for such a strategy
exists as the drug gabapentin (Neurontin®) likely targets the α2δ1 subunit of voltage-gated
calcium channels by impairing its trafficking, resulting in reduced neurotransmitter and
spinal sensitization [12]. Recently, we identified collapsin response mediator protein 2
(CRMP-2) as a novel modulator of CaV2.2 [13,14]. CRMP-2 is a cytosolic phosphoprotein
originally identified as a mediator of semaphorin3A growth cone collapse [15]. CRMP-2 has
been shown to regulate axon number and length [16] and neuronal polarity [17–19]. We
determined that CRMP-2 interacts with CaV2.2 and that overexpression of CRMP-2 leads to
increased surface expression of CaV2.2 and enhanced Ca2+ currents [13,14,20]. CRMP-2
overexpression also increases stimulated release of the excitatory neuropeptide calcitonin
gene-related peptide (CGRP) from dorsal root ganglia (DRG) [14]. Furthermore,
knockdown of CRMP-2 dramatically reduced Ca2+ currents and transmitter release [13,14].
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These findings suggest that the biochemical interaction between CRMP-2 and CaV2.2 is
required for proper channel trafficking and function.

Disruption of the interaction between CaV2.2 and CRMP2 by a short peptide (CBD3)
corresponding to a 15 amino acid region of CRMP-2 produces a number of changes
including pain signal transmission [21]. Fusing CBD3 to the HIV TAT protein resulted in a
cell permeable protein, which reduced CaV2.2-mediated currents in vitro, decreased
neuropeptide release from sensory neurons and inhibited excitatory synaptic transmission in
dorsal horn neurons of the spinal cord [21]. Furthermore, CBD3 administration in vivo
reduced hypersensitivity to tactile stimuli in a number of pain models, including a model of
neuropathic pain induced by anti-retroviral drug treatment [21] and a chronic inflammatory
pain model involving focal demyelination of the sciatic nerve [22]. In a battery of rodent
behavioral tests, CBD3 was found to be mildly anxiolytic without affecting memory
retrieval, sensorimotor function, or depression. Importantly, sympathetic activity was not
affected by CBD3 [22]. In this report, we investigate the usefulness of a novel peptide
derived from the parental CBD3 peptide in animal models of migraine and AIDS therapy-
induced peripheral neuropathy. Our results point to the high translational value of small
biologic drugs targeting CaV2.2 for the management of clinical pain.

2. Experimental Procedures
2.1 Peptides

TAT-CBD3 (YGRKKRRQRRRARSRLAELRGVPRGL; the transduction domain of the
HIV TAT protein is indicated in the underlined text), TAT-CBD3-G14F
(YGRKKRRQRRRARSRLAELRGVPRFL) and TATCBD3reverse
(YGRKKRRQRRRLGRPVGRLEALRSRA; a reversed version of the CBD3 sequence with
no homology to any known sequence) were synthesized by GenScript USA Inc.
(Piscataway, NJ) and verified by mass spectroscopy (Department of Chemistry, IUSM) prior
to use. Peptides were dissolved in saline prior to use.

2.2 Animals
Pathogen-free, adult male (for blood flow) or female (for pain studies) Sprague-Dawley rats
(150–200 g; Harlan Laboratories, Madison, WI) were housed in temperature (23 ± 3°C) and
light (12-hlight: 12-h dark cycle; lights on at 07:00 h) controlled rooms with standard rodent
chow and water available ad libitum. Experiments were performed during the light cycle.
These experiments were approved by the Institutional Animal Care and Use Committee of
Indiana University/Purdue University in Indianapolis. All procedures were conducted in
accordance with the Guide for Care and Use of Laboratory Animals published by the
National Institutes of Health and the ethical guidelines of the International Association for
the Study of Pain. All animals were randomly assigned to either treatment or control groups.

2.3 Laser Doppler flowmetry
Six to nine male rats per group were anesthetized with ketamine/xylazine and the animal's
body temperature was maintained at 37°C with a homeothermic blanket. For the
measurement of meningeal blood flow, the animals head was fixed in a stereotaxic frame
and a cranial window prepared [23] with the dura left intact. Dural blood flow was measured
with a laser Doppler flowmeter (TSI, MN). A needle type probe was placed over a large
branch of the middle meningeal artery (MMA), distant from visible cortical blood vessels
and the cranial window kept moist with synthetic interstitial solution (SIF) consisting of:
135 mM NaCl, 5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM D-glucose
(pH 7.3). Blood flow was recorded on-line at a frequency of 1 Hz using Axoscope software
(Axon Instruments, CA).
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2.4 Drug administration
Drugs or peptides were diluted fresh daily in SIF. TAT-CBD3 G14F was administered to the
dural surface (50 μl, 10 μM). Capsaicin was dissolved in SIF to 100 nM for nasal
administration. To stimulate the nasal mucosa, 50 μl of capsaicin solution was applied over
a 30 s period at a site 2 mm into the right nostril using a Pipetman pipette [24]. SIF or SIF
containing 0.1% ethanol was applied to the dura or nasal mucosa as a control in all
experiments 15 minutes prior to drug application and had no effect on meningeal blood
flow.

2.5 Data collection and statistics
Data was collected at 1 Hz and binned by averaging 60 samples (1 minute intervals) for
statistical analysis or 10 samples (10 s intervals) for graphical representation. Basal blood
flow was determined as the mean flow rate measured during a 3 minute period prior to drug
application and the effects of test compounds were calculated by comparing the peak
response within three minutes of administration to the average blood flow in the three
minutes proceeding administration. Changes in blood flow for each animal were calculated,
averaged within treatment groups and expressed as percentage changes relative to the basal
blood flow. Comparison of blood flow changes was performed using an unpaired tudent's t-
test. Data values are presented as means ± SEM. The significance level for all tests was set
at p < 0.05.

2.6 Immunohistochemistry of trigeminal ganglion neurons (TRGs)
Adult Sprague-Dawley rats were injected (i.p.) with 20 mg/kg FITC-TAT-CBD3 peptide.
Rats were then euthanized 15 minutes later with CO2 and transcardially perfused with saline
followed by 4% paraformaldehyde. Trigeminal root ganglia were immediately removed and
post fixed for 24 hours. The tissues were immersed in 4% paraformaldehyde at 4°C for 24
hours and then in 15% sucrose buffer for 24 hours at 4°C. Sagittal sections of the TRG were
serially cut at 14 mm onto SuperFrost Plus microscope slides (Fisher Scientific, Pittsburgh
PA). At least 6 sections were obtained for immunocytochemical analysis per TRG. All
sections were stained with Hoechst 33258 nuclear marker nuclear label (1:1000, 5 minutes;
Invitrogen Corporation, Carlsbad, CA). The signal from labeled cells was captured with
fluorescent microscopes fitted with a CoolSNAP HQ2 charge-coupled devise camera
(Photometrics, Tucson, AZ). Cells were visualized at 10 × magnification using a Nikon
Eclipse 90i upright microscope (Melville, NY) and at 20 × magnification using a Delta
Vision Core (Applied Precision, Issaquah, WA) with an Olympus 1×71 microscope
(Olympus America Inc., Center Valley, PA).

2.7 d4T model of peripheral neuropathy
Hyperalgesia and allodynia were established by a single injection (50 mg/kg) of the FDA
approved antiretroviral drug 2′-3′-didehydro-2′-3′-dideoxythymidine ((d4T)/Zerit®,
Sigma) given i.p. A single administration of d4T produced a significant bilateral decrease in
paw withdrawal threshold to von Frey hair stimulation starting at post-injection day (PID) 3
through the last day of testing at PID42 [25].

The von Frey test was performed on the area of the hind paws as previously described
[21,26]. Briefly, the rat was placed on a metal mesh floor and covered with a transparent
plastic dome where the animal rested quietly after an initial few minutes of exploration.
Animals were habituated to this testing apparatus for 15 minutes a day, two days prior to
pre-injection behavioral testing. Following acclimation, each filament was applied to six
spots spaced across the glabrous side of the hind paw; two distinct spots for the distribution
of each nerve branch (saphenous, tibial and sural). Mechanical stimuli were applied with
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seven filaments, each differing in the bending force delivered (10, 20, 40, 60, 80, 100, and
120 mN), but each fitted a flat tip and a fixed diameter of 0.2 mm. The force equivalence of
mN to grams is: 100 mN=10.197 grams. The filaments were tested in order of ascending
force, with each filament delivered for 1 s in sequence from the 1st to the 6th spot alternately
from one paw to the other. The interstimulus interval was 10–15 s. A cutoff value of 120
mN was used; animals that did not respond at 120 mN were assigned that value.

Measurements were taken on 3 successive days before rats were subjected to peptides. At
least 6 rats were used per condition. Stimuli were applied randomly to left and right hind
paws to determine the stimulus intensity threshold stiffness required to elicit a paw
withdrawal response. The incidence of foot withdrawal was expressed as a percentage of six
applications of each filament as a function of force. A Hill equation was fitted to the
function (Origin version 6.0, Microcal Software) relating the percentage of indentations
eliciting a withdrawal to the force of indentation. From this equation, the threshold force
was obtained and defined as the force corresponding to a 50% withdrawal rate. A threshold
that exhibits at least a −20 mN difference from the baseline threshold of testing in a given
animal is representative of neuropathic pain [27].

Threshold values were statistically analyzed for each foot separately and the significance of
differences between the average of at least two pre-injection tests and the mean obtained for
each post-injection test. In all tests, baseline data were obtained for the d4T-treated and
sham-treated groups before drug or vehicle administration. Within each treatment group,
post-administration means were compared with the baseline values by repeated measures
analyses of variance (RMANOVA) followed by post hoc pairwise comparisons (Student-
Newman-Keuls Method). A probability level of p <0.05 indicates significance.

3. Results
CBD3, a peptide from CRMP-2. Over the last few years, we have described an interaction
between CaV2.2 and tetrameric collapsin response mediator protein 2 (CRMP-2) that
positively regulates channel function by increasing cell surface trafficking [13,14,20]. The
interaction between CaV2.2 and CRMP2 can be disrupted by a short peptide (CBD3)
corresponding to a 15 amino acid region of CRMP-2 (Figure 1A,C). Fusing CBD3 to a short
region of the transduction domain of the HIV TAT protein resulted in a cell permeable
protein, which reduced CaV2.2-mediated currents in vitro, decreased neuropeptide release
from sensory neurons and inhibited excitatory synaptic transmission in dorsal horn neurons
of the spinal cord [21]. Furthermore, CBD3 administration in vivo reduced pain behavior in
a number of pain models, including a model of neuropathic pain induced by anti-retroviral
drug treatment [21] and a chronic inflammatory pain model involving focal demyelination
of the sciatic nerve [22]. In a battery of rodent behavioral tests, CBD3 was found to be
mildly anxiolytic without affecting memory retrieval, sensorimotor function, or depression.
Importantly, sympathetic activity was not affected by CBD3 [22]. Given a wide therapeutic
window of efficacy of CBD3, we explored potential strategies of optimizing the parent
peptide. One such approach, probing peptide arrays of systematic single site mutants of
CBD3 coupled with assessment of binding to CaV2.2 using a far-Western technique,
resulted in the discovery of several peptides with greater binding affinity to CaV2.2 [22].
Here, we explored the potential usefulness of one such CBD3 variant, G14F, in in vivo
models of migraine and pain. The glycine residue is fully conserved between rodents and
humans and also between CRMP-1, -3, and-4 (Figure 1B). Further, the region of the CBD3
is likely surface exposed and thus available for protein-protein interactions (Figure 1C).
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3.1 G14F blunts meningeal blood flow in an animal model of migraine
The dura mater is innervated by trigeminal capsaicin-sensitive peptidergic nociceptive
afferent nerves which underlie meningeal vascular responses related to headache pain [28].
The role of calcitonin gene-related peptide (CGRP) released by sensory fibers in headache
and chronic migraine has recently been highlighted by clinical trials demonstrating the
efficacy of CGRP antagonists [29]. Since we have previously reported the involvement of
calcium channels [30] and CRMP-2 [14] in CGRP release, we consequently tested the
potential involvement of the CRMP-2 in vasodilatation in the rat dura. Capsaicin induced a
rapid and robust increase in meningeal blood flow (Figure 2A) which returned toward
baseline values within minutes. We have previously shown that dural application of TAT
CBD3 prior to capsaicin significantly inhibited the capsaicin-induced blood flow changes
[21]. Here, we tested if G14F variant of CBD3 was similarly effective. Changes in
meningeal blood flow in response to 100 nM capsaicin were assayed using laser Doppler
flowmetry as previously described [21,22,31]. The peptide was administered topically to the
dura 15 min before nasal administration of capsaicin. G14F significantly reduced capsaicin
evoked changes in blood flow (Cap, 35 ± 5% (n = 9) versus G14F, 7 ± 5% (n = 6); Figure
2B). Basal blood flow was not altered by the peptide compared to saline (Sal, −1 ± 2% (n =
9) versus G14F, −3 ± 2% (n = 6)). There was no effect of G14F administration alone on
basal blood flow. We have previously demonstrated that a TAT scramble peptide and the
synthetic interstitial fluid (control) do not alter basal blood flow or inhibit capsaicin-induced
blood flow [21]. Because the activation of trigeminal sensory fibers by capsaicin elicits
meningeal CGRP-dependent vasodilatation and is a readout of trigeminal activity, we
confirmed that trigeminal ganglion neurons (TRGs) can be targeted by TAT-CBD3 (Figure
3).

3.2 G14F attenuates d4T-induced neuropathic pain behavior
Next, we examined the effects of the peptide on chronic nociceptive behavior in an animal
model of AIDS therapy-induced painful neuropathy [25,32]. Nucleoside reverse
transcriptase inhibitors (NRTIs), part of the highly active antiretroviral treatment (HAART)
for AIDS includes drugs such as zidovudine (AZT), zalcitabine (ddC), didanosine (ddI) and
stavudine (d4T) that produce side-effects including painful neuropathies. The ability of
peptides to reverse tactile hypersensitivity was evaluated in rats seven days after a single
injection of d4T. TAT-CBD3 alone had no effect on paw withdrawal threshold (PWT)
(Figure 4). TAT-CBD3, but not TAT-reverse, caused an increase in PWT when
administered intraperitoneally (i.p.) (Figure 4). In contrast, at the same i.p. dose of 10 mg/
kg, TAT-CBD3-G14F produced a complete reversal of tactile hypersensitivity at 1 h after
i.p. injection. Four hours after injection, TAT-CBD3 was no longer effective whereas TAT-
CBD3-G14F-induced reversal of hypersensitivity had diminished by 50% but was still
significantly better than control. By 24 hours, the effect of both peptides had subsided with
no difference in hypersensitivity compared to d4T-treated rats (Figure 4).

4. Discussion
In this report, we demonstrate that a variant of the CBD3 peptide, designed for the purpose
of blocking the interaction between CRMP-2 and the calcium channel complex, is effective
in blocking capsaicin-induced meningeal vasodilatation (as a model of headache pain) and
in a NRTI-induced painful peripheral neuropathy model. These findings provide further
proof of the importance of targeting voltage-gated calcium channels, particularly the N-type
channel, for mitigation of pain.

Although targeting CaV2.2 has been convincingly shown to be beneficial in terms of pain,
complete block of CaV2.2, however, is not without side-effects. As we have recently
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reported [21,22] and report in this paper, taking the alternative approach of targeting
regulators of CaV2.2 is a promising strategy for developing pain therapeutics that may
circumvent some of the psychiatric symptoms, cognitive impairment, and postural
hypotension observed following Prialt usage, likely attributable to CaV2.2's importance in
the central and sympathetic nervous systems [2]. N-type calcium channels are present in the
presynaptic terminals of primary afferent sensory neurons, notably A-δ and C fibers [33],
thus accounting for the actions of CBD3 peptides on the CNS. CaV2.2-containing neurons
within the peripheral nervous system are responsible for relaying nociceptive signals
primarily through their connections within the spinothalamic tract, in laminae I and II
[2,9,34]. Calcium influx through these channels is the primary mechanism underlying
substance P and CGRP release from these fibers [2,9,35].

Pharmacologic block of CaV2.2 not only reduces neurotransmitter release but may also
decrease the excitability of the postsynaptic neurons within lamina I of the spinal cord [35].
We had previously shown that CRMP-2 modulates CGRP release from dorsal root ganglia
[14]. Therefore, we tested the novel CBD3 variant in a model of meningeal vasodilatation in
response to noxious stimuli [21]. In this model of `migraine', activation of trigeminal
sensory fibers by noxious stimuli elicits meningeal vasodilatation which is CGRP-dependent
[36–39] therefore measuring changes in meningeal vasodilation is an indirect method of
measuring trigeminal activity. Efficacy of a compound in this model is highly predictive of
success in clinical trials [40,41] therefore this model is widely used despite the fact that the
association between meningeal vasodilatation and migraine pain is not well-understood
[42,43]. We have previously used this model to determine the effects of environmental
irritants on meningeal vasodilatation using Laser Doppler flowmetry [31]. G14F CBD3 was
very effective at suppressing the capsaicin-elicited increase in meningeal blood flow,
demonstrating its usefulness in attenuating acute pain signals.

The G14F CBD3 peptide was also successful in suppressing hypersensitivity in an animal
model of HIV-treatment-induced peripheral neuropathy. Nucleoside reverse transcriptase
inhibitors exacerbate the distal symmetrical peripheral neuropathy characterized by multi-
organ pain, numbness, burning and/or dysaethesia observed in AIDS sufferers [44], resulting
in discontinuation of use in up to 10% of the patients. This model of chronic pain employs
the anti-retroviral treatment 2'-3'-didehydro-2'-3'-dideoxythymidine (d4T) to induce the
small fiber dying back neuropathy that is seen in post-treatment AIDS patients [25].
Animals treated with d4T exhibit hyperalgesia and allodynia [25]. The effect of the novel
G14F CBD3 peptide on chronic pain is likely attributed to its ability to block the functional
interaction of CRMP2 and CaV2.2. It had been posited that the neuropathy within the d4T
model is a result of decreased calcium buffering, as treatment with calcium buffering agents
attenuated the d4T-induced neuropathy to a slight degree [25]. The efficacy of the G14F
CBD3 peptide suggests that N-type voltage calcium channels on the presynaptic terminals of
these small afferent sensory neurons are a key component of the d4T-induced neuropathy.

Chronic pain syndromes are a significant clinical problem because of the scope of
individuals diagnosed with the disorders, the complexity of the conditions, the lack of
understanding of the etiology of neuropathic pains, and the lack of adequate treatment
modalities. As a result, the discovery of novel targets for the potential treatment of chronic
pain is critically important. The low therapeutic index of the current N-type blockers propels
the search for alternative methods of treatment. TAT CBD3 peptides, an effective uncoupler
of CaV channels, represent a class of molecules with demonstrable efficacy in abolishing the
pain hypersensitivity in an animal model of chronic neuropathic pain. Here, we propose that
variants of the CBD3 peptide can be tailored to improve upon the parent peptide. Future
studies will be aimed at translating the success of the CBD3 peptide(s) to an oral
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formulation that could be potentially useful in managing a broad spectrum of clinical pain
conditions.
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Figure 1.
CRMP-2 structure illustrating location of partial CBD3 peptide. (A) Superimposed ribbon
overlaid on top of surface representations of the three-dimensional structure of the CRMP-2
monomer (RCSB databank PDB code: 2GSE) [45]. The location of the 6 amino acids of the
CBD3 peptide are illustrated in the boxed region. (B) Amino acid alignment of the region of
CBD3 (amino acids 484–489) across CRMPs 1–4. Fully conserved residues are indicated by
the asterisk. The purple dotted line represents the CBD3 peptide present in the crystal
structure (boxed region in A). The glycine residue at the 14th position of the CBD3 peptide
is indicated in yellow shading. (C) Tetrameric structure of CRMP-2 highlighting the location
of the peptide (arrow). For clarity, only the CBD3 peptide emanating from the monomer
shown in ribbon representation (in cyan) is illustrated. Crystallographic images were
rendered using PyMol.

Ripsch et al. Page 11

Transl Neurosci. Author manuscript; available in PMC 2012 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of a mutant CDB3 peptide on capsaicin-stimulated meningeal blood flow. (A)
Representative normalized traces of middle meningeal blood flow changes in response to
nasally administered capsaicin (100 nM) in the absence (control, black trace) or presence of
TAT-G14K peptide (grey trace). The peptide (30 μM) was administered to the dura 15 min
before capsaicin administration. Laser Doppler flowmetry measurements were collected at 1
Hz and binned by averaging every 10 samples for graphical representation. The data from
each rat were normalized to the first 3 min of basal data. (B) Summary of blood flow
changes after nasal administration of capsaicin in the absence or presence of previous
administration of TAT-CBD3 G14F to the dura. Changes in blood flow were calculated by
comparing the average of 3 one minute intervals before capsaicin compared to the one
minute interval after capsaicin. Bars indicate mean ± SEM with the n=6–9 rats tested per
group. *p< 0.05 versus capsaicin alone (unpaired Student's t test).
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Figure 3.
TRGs are targeted by CBD3. Representative example of FITC-TAT CBD3 fluorescence, 1
hr after a 20 mg/kg i.p. injection into a control rat, in sensory neurons of rat TRG. Nuclei of
all cells stained with Hoescht dye.
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Figure 4.
TAT-CBD3 G14F peptide reduces antiretroviral toxic neuropathic pain. Effect of TAT-
CBD3 parent and mutant peptides on d4T-induced decreases in paw withdrawal threshold
(PWT) in the rat at 1, 4 and 24 post injection. Animals subjected to a single d4T injection
exhibited a decrease in PWT that was abolished by i.p. administration of TAT-CBD3 or
TAT-CBD3G14F peptides on post-injection day 14 or later. Data represent means ± S.E.M.;
#, p < 0.05 versus d4T-treated animals (n=6–8 each).
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