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Fig. 3. TRPV1-IR nerve fibers were reduced by BoNT-A treatment of the facial dermis.
Double labeling for TRPV1 (green; A, D) and CGRP (red; B, E) in the facial dermis of
control (A-C) and 0.5 ng/kg BoNT-A (D-F) groups. (C) Merged image of (A) and (B).
(F) Merged image of (D) and (E). As indicated by the arrowheads, the CGRP-IR nerve
fibers (B) colocalized with TRPV1-IR (A). As indicated by the arrows, the CGRP-IR
nerve fibers (E) did not colocalize with TRPV1-IR (D). Scale bar: 50 um for all images.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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the face skin (82446 times; n=11; Fig. 6A open bar). However,
animals that received an injection of 0.5 ng/kg BoNT-A into the left
side of the face 7 days earlier (Fig. 6A, solid bar) had a significantly
lower number of wipes (29426 times; n=10) compared to caps
(*p<0.001, one-way ANOVA followed by Scheffé's post hoc test). Like-
wise, animals pretreated with 10 mM capsazepine (Fig. 6A, gray bar)
had a significantly decreased number of wipes (26 4+ 14 times; n=9)
compared to caps (*p<0.001). There was no significant difference in
the number of wipes between the capsazepine-pretreated and BoNT-
A-injected animals.

Next, we assessed the selectivity of the BONT-A action by examining
the effect of BONT-A pretreatment on P2X;-mediated nociception. The
injection of a well-established P2X3 agonist, o.,3-methyleneATP, to the
lateral facial skin did not elicit any nocifensive behaviors. However,
the threshold for the induction of nocifensive behavior (head with-
drawal and wipes with the forelimb over the skin) with von Frey hair
(VFH) stimulation was lowered, which was interpreted as the develop-
ment of mechanical allodynia. We estimated the number of nocifensive
responses to 10 times VFH stimulation before and after injection of

Merged

Fig. 4. Reduced number of TRPV1-IR neurons innervating the dura mater after BONT-A treatment in the TG. Sections of the TG containing neurons retrogradely labeled with true
blue (A, D) and TRPV1-IR (B, E). (C) Merged image of (A) and (B). (F) Merged image of (D) and (E). In control (A~C), neurons retrogradely labeled with true blue (A) colocalized
with TRPVI-IR (B) are indicated by arrows, and true blue-containing neurons without TRPV1-IR are indicated by arrowheads. In BoNT-A-treated animals (D-F; injected with 0.5 ng/kg
BoNT-A containing 1% true blue solution), most of the neurons retrogradely labeled with true blue did not colocalize with TRPV1-IR (arrowheads). Scale bar: 50 pm for all images.
(G) Histogram summarizing the quantitative data on the proportion of TRPV1-IR-containing neurons in true blue-positive neurons. Differences between means were considered statistically

significant at p<0.0001 (Student's t-test).
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Fig. 5. The BoNT-A-induced reduction in TRPV1 protein expression was not mediated by transcriptional downregulation. (A) BoNT-A administration (0.25 ng/kg) reduced TRPV1
protein expression levels in the TG and facial dermis that contained trigeminal terminals on Day 7. Neurofilament was used to assess the equality of trigeminal nerve-derived
protein loading for the dermal samples. (B) Western blot analysis indicated that BoNT-A-mediated cleavage of SNAP25 occurred on Day 2 in a dose-dependent manner. At later
time points (Days 7 and 14), SNAP25 cleavage was clearly observed in animals that had received either dose (0.25 or 0.5 ng/kg) of BoNT-A. (C) Quantitative RT-PCR analysis
using TagMan® probes did not reveal significant changes in TRPVT transcript levels at Days 2 or 7 after BoNT-A administration (0.5 ng/kg). Statistical significance was set at

p<0.05 (one-way ANOVA followed by Scheffé's post hoc test).

o,p-methyleneATP into the left lateral face in control animals (Fig. 6B,
solid circles; n=>5) and animals pretreated with 0.5 ng/kg BoNT-A
(Fig. 6B, open circles; n=5). In control animals, the number of
nocifensive responses was 2.0+ 1.8 times before o,3-methyleneATP
injection (before), 4.64+2.3 times at 5 min, 5444.5 times at 20 min
and 5.4+4.4 times at 30 min. The number of nocifensive responses
after drug administration was significantly increased compared with
the baseline value (*p<0.001, one-way ANOVA followed by Scheffé's
post hoc test). In BoONT-A-pretreated animals, the number of nocicep-
tive response was 1.4+ 1.5 times before o,3-methyleneATP injection,
6.4+ 2.1 times at 5 min, 5.4+ 3.5 times at 20 min and 54 4 3.7 times
at 30 min. The number of nocifensive responses was significantly in-
creased after the drug administration compared with the value before
a,B-methyleneATP injection (*p<0.001, ANOVA followed by Scheffé's
post hoc test). However, two-way ANOVA did not detect significant
differences in the number of nocifensive responses between the control
and BoNT-A-pretreated groups, and BoNT-A pretreatment failed to
affect P2X3-mediated threshold alterations.

Next, we performed a surface protein biotin-labeling assay in TG
primary neurons. Approximately 90% of TRPV1-positive cells were
also CGRP positive (Fig. 7A). In our cultures, BoONT-A was capable of
cleaving SNAP25 in a dose-dependent fashion in the range of 0.1-
10 nM (Fig. 7B). As BoNT-A has been recognized as a neurotoxin,
we first examined the effect of BONT-A on cell viability. TG neurons
did not exhibit any morphological change suggestive of cell death
(Fig. 7C) or caspase-3 activation (data not shown) when subjected

to 1 nM BoNT-A for 24 h. We treated TG primary cultures with either
1 nM BoNT-A or vehicle for 24 h before labeling cell surface proteins
with biotin. We then examined TRPV1 and P2X; levels in whole cell
lysates and eluates from NeutrAvidin agarose beads (biotinylated
fractions). We compared the ratios of TRPV1 in the biotinylated fraction
to that in the corresponding whole cell lysate and found a reduction to
20.6430.9% in the BoNT-A-treated sample compared to the control
(vehicle-treated) sample (Figs. 7D and E). The biotin-labeled P2X;
level was not altered by BoNT-A treatment (Fig. 7E). Such differential
actions of BoNT-A were consistent with the behavioral analysis results.
To verify the efficiency of biotinylation in each sample, we also looked
at biotin-labeled Na/K-ATPase, a representative membrane-bound
protein. The results excluded the possibility that the decrease in
biotinylated TRPV1 in the BoNT-A-treated fraction was due to ineffi-
cient cell surface biotin labeling. We also observed that the BoNT-A
treatment caused decreased total TRPV1 expression in TG primary neu-
rons (Fig. 7F).

We then addressed whether impaired trafficking of TRPV1 to the
plasma membrane explained the decline in TRPV1 expression. Phosphor-
ylation at tyrosine residue 200 (Y200) is critical for plasma membrane
trafficking of TRPV1 (Zhang et al, 2005). We synthesized expression
plasmids encoding enhanced GFP (EGFP)-tagged wild-type TRPV1 and
mutant TRPV1 (tyrosine 200 to phenylalanine, Y200F), and these plas-
mid vectors were transfected into PC12 cells. We found that EGFP-
tagged Y200F TRPV1 mutant was poorly translocated to the plasma mem-
brane, whereas the EGFP-tagged wild-type TRPV1 was appropriately
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Fig. 6. Effects of BONT-A on capsaicin-induced nocifensive behaviors. A. The number of
wipes of the left face was counted over 45 min after application of a cotton patch
soaked with 10 mM capsaicin to the left side of the face for 30 s. B. The number of
nocifensive responses to 10 times stimulation using VFH before and after injection of
the P2X3 agonist o, 3-methyleneATP into the left lateral face in control animals (solid
circles) and animals pretreated with 0.5 ng/kg BoNT-A 7 days previously (open
circles). In both groups, there was a significant increase of the number of nocifensive
responses after drug administration compared with the baseline value (*p<0.001,
one-way ANOVA followed by Scheffé's post hoc test). Two-way ANOVA did not detect
significant differences in the number of nocifensive responses between the control and
BoNT-A-pretreated groups.

localized in the plasma membrane (Fig. 8A). Western blot analysis dem-
onstrated that Y200F TRPV1 expression was much lower than that of
the wild-type TRPV1 (Fig. 8B). The results implied that impaired plasma
membrane trafficking of TRPV1 led to reduced expression levels. How-
ever, at this point, a causal link between the two phenomena was
unclear. We hypothesized that a certain degradation mechanism might
affect cytoplasmic TRPV1. We investigated whether the ubiquitin-
proteasome or lysosome-mediated protein degradation system might
be involved in cytoplasmic TRPV1 proteolysis. First, we treated PC12
cells expressing either the wild-type or Y200F-mutant TRPV1 with
MG-132, a well-established proteasome inhibitor (Goldberg, 2003), for
24 h. This treatment increased the expression levels of both types of
TRPV1 in a dose-dependent manner (wild-type: 181.3 £37.2% at 1 uM,
291.44-59.3% at 5 uM; Y200F: 271.6 60.4% at 1 uM, 838.7 4-189.2%

at 5 uM), which indicated that proteasomal degradation was impli-
cated in TRPV1 catabolism (Figs. 8C, E). The immunoreactivity in
the high molecular range appeared to represent poly-ubiquitinated
EGFP-TRPV1 proteins (Fig. 8C). In addition, MG-132-induced poten-
tiation of protein expression was more robust in the cells expressing
Y200F-mutant TRPV1 than in cells expressing wild-type TRPV1. This
indicated that cytoplasmic TRPV1 was more vulnerable to proteasomal
degradation than plasma membrane-bound TRPV1, which provided a
good reason for the instability of TRPV1 that failed to translocate to
the plasma membrane. We also assessed the effects of lysosomal prote-
ase inhibition with a cocktail of E64d (30 puM), pepstatin A (15 uM), and
leupeptin (20 uM) (Mizushima et al., 2010). This intervention did not
alter wild-type or Y200F-mutant TRPV1 expression levels (wild-type,
104.6 £ 17.6%; Y200F, 104.3 4 12.5%), indicating that lysosomal prote-
ases did not play a major role in TRPV1 catabolism (Figs. 8D, E).

Discussion

This study demonstrated that subcutaneous BoNT-A administra-
tion to the region of the face innervated by the ophthalmic division
of the trigeminal nerve causes SNAP25 cleavage in TG neurons and
decreases TRPV1 protein expression in both trigeminal terminals and
neurons independently of transcriptional downregulation. Notably, TG
neurons that exhibited reduced TRPV1 expression after BoNT-A treat-
ment contained those receiving projections from the dura mater. Pain
behavior analysis showed that BoNT-A treatment attenuated TRPV1-
mediated nocifensive behaviors. The antinociceptive action of BONT-A
appeared selective because it did not affect P2X;-mediated pain-
induced behaviors. In our primary TG neuronal cultures, BONT-A treat-
ment concomitantly induced SNAP25 cleavage and reduced TRPV1
protein expression. More importantly it inhibited TRPV1 trafficking to
the plasma membrane, implying that the exocytosis-mediated TRPV1
delivery system is an important therapeutic target of BoNT-A. More-
over, the pharmacological assay using Y200F-mutant TRPV1 revealed
that TRPV1 is prone to ubiquitination and subsequent proteasomal deg-
radation, especially when its plasma membrane trafficking is blocked,
which accounted for its decreased expression levels following BoNT-A
treatment (Fig. 9).

Our Western blot data clearly demonstrated cleaved SNAP25 in the
TG after local BONT-A administration in the vicinity of trigeminal termi-
nals, which implies that BoNT-A effects are not localized; rather,
BoNT-A can affect neuronal somata that project axons to injection
sites. Antonucci et al. (2008) histologically demonstrated that BoNT-A
can be retrogradely transported, and even transcytosed, to afferent
synapses (Antonucci et al., 2008). Moreover, Matak et al. (2011) con-
firmed the appearance of BoNT-A-truncated SNAP-25 in the trigeminal
nucleus caudalis (TNC) neurons after BONT-A administration to the
whisker pad, which was abolished by pretreatment with colchicine
(Matak et al,, 2011). Their observation provided clear evidence for
transcytosis of peripherally-administered BoNT-A up to the brainstem.
Our observation that TG neurons innervating the dura mater also had
decreased TRPV1 expression strongly suggests that the effect of BONT-
A is not restricted to neurons directly treated with the toxin. In this
regard, Kitamura et al. (2009) demonstrated that intradermal adminis-
tration of BoNT-A to the whisker pad induced a potent inhibition of the
vesicular neurotransmitter release from the acutely dissociated TG neu-
rons, which was indicative of the occurrence of transcytosis within TG
(Kitamura et al,, 2009). Taken together, our data lend support to accu-
mulating evidence for active transcytosis of BONT-A within the sensory
nervous system.

ATRPV1-null mouse study confirmed that TRPV1 plays a pivotal role
in the development of inflammatory thermal hyperalgesia (Caterina et
al,, 2000). In addition, it is known that TRPV1 function can be enhanced
by increased plasma membrane expression levels and/or upregulation of
TRPV1 cation channel activity, and TRPV1 phosphorylation is important
in these phenomena (Bhave et al.,, 2003; Bonnington and McNaughton,
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Fig. 7. BoNT-A inhibited TRPV1 trafficking to the plasma membrane in TG neurons. (A) TRPV1 immunostaining showed that TRPV1 was expressed in CGRP-positive small-diameter
(~20 pm) neurons. Approximately 90% of TRPV1-positive cells were immunoreactive for CGRP. Green: TRPV1; red: CGRP; blue: nuclei; scale bar: 10 um. (B) BoNT-A cleaved
SNAP25 in a dose-dependent manner in the range of 0.1-10 nM. The molecular weights of the pro and cleaved forms were 25 and 23 kDa, respectively. The blot was probed for
GAPDH to confirm equal sample loading. (C) BoNT-A (1 nM) treatment for 24 h did not result in any morphological changes suggestive of cell death. Arrowheads indicate TG
neurons. (D) The ratio of TRPV1 in the plasma cell (biotinylated) fraction to that in the whole cell lysate was significantly reduced to 20.64 30.1% (p<0.05, Student’s t-test) in the
BoNT-A-treated cell culture compared to the vehicle-treated cell culture. The bar represents SD. (E) Cell surface biotin labeling indicated that TRPV1 plasma membrane expression in
TG neurons decreased 24 h after BoNT-A (1 nM) treatment. The decrease in TRPV1 band intensity in the biotinylated fraction sample was obvious, even after the whole cell lysate
TRPV1 level in the BoNT-A-treated sample was matched with that in the vehicle-treated sample. BONT-A treatment did not affect P2X;3 cell surface expression. The identical whole cell
lysate and biotinylated protein samples were examined for Na/K-ATPase o subunit, a representative plasma membrane protein, which confirmed that the decreased biotinylated
TRPV1 level induced by BoNT-A treatment was not due to inefficient biotin labeling. (F) BoNT-A reduced TRPV1 expression in the whole cell lysate of the TG culture. As indicated by
the numbers below the blots, quantification revealed that BONT-A (1 nM) treatment for 24 h reduced TRPV1 level, normalized by the GAPDH level by 33%. The blots were representative
of three independent experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2003; Gunthorpe and Chizh, 2009; Morenilla-Palao et al., 2004; Stein et acts on the tyrosine kinase receptor, TrkA (Zhang et al., 2005). As our
al,, 2006; Zhang et al, 2005; Zhu and Oxford, 2007). In particular, Y200 PC12 cells were grown in NGF-free medium, the basal trafficking of
phosphorylation of TRPV1 was found to be crucial in plasma membrane TRPV1 to the plasma membrane in our cultures was largely dependent
translocation evoked by NGF, an algogenic inflammatory mediator that on Y200 phosphorylation. NGF-induced Y200 phosphorylation of
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showed that the steady-state expression level of Y200F-mutant TRPV1 was lower than that of wild-type TRPV1. (C) Proteasomal inhibition using MG-132 (1 and 5 pM; Sigma) led
to increased expression of both wild-type and Y200F-mutated EGFP-TRPV1 in a dose-dependent manner. The magnitude of the elevation in MG-132-induced expression was
greater in PC12 cells expressing Y200F-mutant TRPV1, indicating that cytoplasm-localized TRPV1 was more vulnerable to proteasomal degradation than was membrane-
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(20 uM; Peptide Institute) did not alter the expression of wild-type or Y200F-mutant TRPV1. EPL: E64d + pepstatin A+ leupeptin. (E) Quantification of wild-type and Y200F-

mutant EGFP-TRPV1 protein level alterations following proteasome and lysosomal protease inhibition.

TRPV1 is mediated by the sequential activation of phosphatidylinositol
3-kinase (PI3-K) and Src kinase (Stein et al., 2006; Zhang et al., 2005;
Zhu and Oxford, 2007). Protein kinase C (PKC) also plays an important
role in NGF-driven, exocytosis-mediated TRPV1 surface membrane
expression, and the PKCS8-specific inhibitor rottlerin has been shown to
inhibit NGF-dependent phosphorylation and functional potentiation of
TRPV1, implying that PKC, particularly PKCS, acts upstream of the Src
kinase (Bhave et al, 2003; Bonnington and McNaughton, 2003;
Morenilla-Palao et al, 2004; Zhang et al., 2005). This is supported by
the finding that angiotensin-induced Src phosphorylation was abrogat-
ed by rottlerin in rat liver endothelial cells. Collectively, these results
suggest that the role of PKC6 in TRPV1 Y200 phosphorylation appears
likely to be mediated by Src kinase activation (Shah and Catt, 2002). Reg-
ulated exocytosis is accomplished when vesicles fuse with the plasma
membrane due to the coordinated actions of SNARE proteins (Dolly et
al., 2009; Stidhof and Rothman, 2009). Recently, Camprubi-Robles et
al. (2009) demonstrated that a lipopeptide that specifically inhibits
SNAP25 activity attenuated NGF-induced TRPV1 trafficking to the
plasma membrane (Camprubi-Robles et al, 2009), suggesting that
Y200 phosphorylation is closely associated with TRPV1 mobilization by

BoNT-A-sensitive exocytosis. Furthermore, a yeast two-hybrid study re-
vealed that the N-terminal domain of TRPV1, including the Y200 residue,
can interact with Snapin and synaptotagmin IX (Syt IX), which are both
vesicular proteins related to exocytosis. Therefore, we reasoned that our
results from Y200F-mutant TRPV1-expressing PC12 cells are pertinent
to our in vivo findings regarding BoNT-A action.

The present study demonstrated the differential effect of BONT-A
on the trafficking of TRPV1 over P2X; in the TG neurons. Contrary to
our finding, Apostolidis et al. (2005) reported concomitant decreases
of TRPV1 and P2X3 in the suburothelial nerve fibers after intradetrusor
injections of BoNT-A in humans (Apostolidis et al., 2005). This discrep-
ancy may reflect differences in tissues and/or species examined. Along
with TRPV1, P2X3 also plays an important role in the nociception
of the trigeminal system (Shinoda et al,, 2007, 2008; Staikopoulos et
al, 2007). Hsieh et al. reported that the potent TRPV1 agonist,
resiniferatoxin (RTX), induced degeneration of TRPV1-positive neuron
in the dorsal root ganglia (DRG), followed by an increase in P2X; ex-
pression in the remaining DRG neurons. The number of P2X;-positive
neurons correlated with the magnitude of sensitization that developed
after the RTX treatment. Their finding implies that P2X; expression
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increased in primary sensory neurons to compensate for the decreased
TRPV1 expression. In this sense, in addition to BONT-A administration, a
therapeutic measure that controls P2X; expression level may be
required to alleviate pain disorders.

The present study provides novel evidence that TRPV1 is susceptible
to proteasomal degradation in the cytoplasm, unless it translocates to
the plasma membrane. Proper cell surface receptor regulation is very
important for various physiological functions. As wild-type TRPV1 was
also shown to be sensitive to 24-hour-long MG132 treatment (Fig. 6C),
proteasome-regulated TRPV1 turnover appears to be dynamic and is
probably related to the fine-tuning of nociception. In this regard, the
balance between neuronal receptor synthesis and degradation is
expected to be tightly regulated. The ubiquitin-proteasome system is
known to be involved in receptor catabolism. For example, NR1, an
NMDA receptor subunit, is ubiquitinated by the F-box protein, Fbx2, a
component of E3 ligase, and is then degraded by a proteasome (Kato
et al., 2005). Details regarding the TRPV1 ubiquitination mechanism,
including the identification of the responsible E3 ligase, remain to be
elucidated. Nonetheless, it is a significant discovery of this study that
blocking TRPV1 trafficking to the plasma membrane markedly decreases
total TRPV1 expression due to proteasomal degradation. This finding
provides important insight into therapeutic measures against patholog-
ical conditions in which total TRPV1 expression and recruitment to the
plasma membrane are increased, as seen in inflammation-induced
hyperalgesic states. Our results also revealed that there is no discernible
contribution of lysosomal proteases to TRPV1 degradation.

This study provides a novel molecular basis for the efficacy of
BoNT-A in the treatment of pain disorders. Previously, Gazerani et
al. (2009) demonstrated that subcutaneous BoNT-A administered to
the forehead reduced capsaicin-induced trigeminal pain in humans,
thus providing strong evidence for a link between BoNT-A and
TRPV1 in the human trigeminal system (Gazerani et al., 2009). The
results of the rat pain behavior assay supported these findings and
revealed the selectivity of the antinociceptive action of BONT-A against
TRPV1. In addition, the failure of BONT-A pretreatment to affect P2Xs-
mediated nocifensive behaviors made it unlikely that the molecular
functions implicated in pain signal conduction and transmission, such

as ion channels and neuronal receptors, were influenced by BoNT-A
administration. Any detailed analysis of BoNT-A-induced molecular
events has been impossible using only in vivo studies; therefore, the
mechanism by which BoNT-A attenuated TRPV1 functions has
remained unclear. Here, we demonstrated that local administration of
BoNT-A to the face can target TG neurons of the ophthalmic division,
including those receiving projections from the dura mater, and these
neurons are related to nociception associated with headaches. Thus,
these findings have clinical implications for headache disorders. Infec-
tious and granulomatous diseases often affect meninges, and resultant
meningitis causes severe pain that is refractory to conventional therapy.
TRPV1 channel blockers have been used in humans for the therapeutic
purpose (Meents et al,, 2010). Among them, AMG 517, a highly TRPV1
selective antagonist, was administered to alleviate pain after molar
extraction, which caused long-lasting hyperthermia with maximal
body temperature above 40 °C (Gavva et al, 2008). This is consistent
with the body temperature-regulating function of TRPV1 (Romanovsky
etal, 2009), and the unfavorable side-effect hampers the further clinical
application of this agent. BONT-A-mediated inhibition of intracellular
TRPV1 trafficking seems to be superior to TRPV1 channel blockage
with respect to the development of hyperthermia.

BoNT-A has been demonstrated to be effective for chronic migraine
(Aurora et al, 2010; Diener et al., 2010). Although the precise patho-
physiology of migraine is still largely unknown, some researchers
postulate that neurogenic inflammation in the dura mater plays an
important role in the generation of migraine pain (Moskowitz, 1984).
Following this line, long-term inflammation likely causes TRPV1
upregulation in the trigeminal nociceptors and may be involved in
chronic migraine pathophysiology; the efficaciousness of BoNT-A
against chronic migraine seems consistent with this hypothesis. Ideally,
oral drugs capable of regulating exocytosis-mediated TRPV1 plasma
membrane trafficking should be developed. Such drugs could be
expected to have a broad spectrum of clinical applications, including
the treatment of a variety of non-neurological disorders associated
with TRPV1 hyperactivity, such as respiratory tract hypersensitivity
(Lee and Gu, 2009) and inflammatory bowel diseases (Akbar et al.,
2010).
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Alterations in microglia and astrocytes in the trigeminal
nucleus caudalis by repetitive TRPV1 stimulation on the

trigeminal nociceptors

Toshiya Kuroi, Toshihiko Shimizu, Mamoru Shibata, Haruki Toriumi,
Megumi Funakubo, Tatsuo Iwashita, Hitoshi Sato, Kenzo Koizumi

and Norihiro Suzuki

TRPV1 is a nonselective cation channel in nociceptors.
TRPV1 stimulation has been shown to lead to the activation
of microglia and astrocytes in the dorsal horn of the spinal
cord. However, information on the effect of TRPV1
stimulation on glial activation in the trigeminal nucleus
caudalis (TNC) is lacking. Here, we stimulated TRPV1 in the
trigeminal afferents by a repetitive injection of 10 mmol/I
capsaicin into the whisker pad for 2 days (d2 group), 4 days
(d4 group), or 6 days (d6 group). As a control (c group), the
vehicle was injected for 2 days. Anti-lbal and anti-glial
fibrillary acidic protein antibodies were used to
immunostain microglia and astrocytes in the TNC,
respectively. The ratio of the cross-sectional area
immunoreactive for Ibat to the entire area of the TNC was
increased in the d2 group compared with the ¢ group on
the injected side. Microglia were recruited to the superficial
layers of the TNC. The numbers of microglia were reduced
in the d4 group and the d6 group compared with the d2
group. The ratio of the cross-sectional area
immunoreactive for glial fibrillary acidic protein to the entire
TNC showed a significant increase in d2 group and the d4

Introduction

Glial cells are known to play a vital role in chronic pain.
Several studies have shown the activation of the microglia
and astrocytes in the spinal cord after inflammatory tissue
damage [1,2] or a peripheral nerve injury [3,4]. The
transient receptor potential, subfamily V, member 1
(TRPV1) receptor is a capsaicin-sensitive, proton-sensitive,
and heat-sensitive nonselective cation channel and plays
a role in nociception [5]. There are several inflammatory
diseases involving the trigeminal nerve-innervated areas that
cause severe and intractable pain, as exemplified by
meningitis and pulpitis. As TRPV1 function is known to
be upregulated by inflammatory mediators, the cation
channel plays a pivotal role in the evolution of inflammatory
pain. Although the precise relationship between nociceptive
stimulation and glial activation in the central nervous system
remains unclear, recent evidence has shown TRPVI1-
mediated activation of spinal cord glial cells [6]. An
intraplantar capsaicin injection induced thermal hypersensi-
tivity, which was accompanied by an increase in immuno-
staining for glial markers in the dorsal horn. However,

0959-4965 © 2012 Wolters Kluwer Health | Lippincott Williams & Wilkins

group compared with the ¢ group on the injected side.
Behavioral analysis indicated that mechanical allodynia
began to develop after 2 days of capsaicin treatment and
persisted for at least 6 days after the onset of the repetitive
capsaicin injection. These data indicate that TRPV1
stimulation activates the microglia and astrocytes in
temporally distinct ways and that the development of
mechanical allodynia is independent of such glial
activation. NeuroReport 23:560-565 © 2012 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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information on the relationship between TRPV1 stimulation
and glial activation in the brainstem trigeminal nucleus
region appears to be lacking.

In this study, we aim to observe the alterations in the
microglia and astrocytes in the trigeminal nucleus
caudalis (TNC) by a repetitive TRPV1 stimulation using
immunohistochemical techniques and to determine the
correlation between the immunohistological data and the
development of nocifensive behaviors.

Materials and methods

Animals

Experiments were performed on male Sprague-Dawley
rats (z = 27; body weight, 250-300g), 12 of which were
used for immunohistochemistry, with the remaining 15
used for behavioral testing. These experimental pro-
cedures were approved by the Animal Welfare Committee
of Keio University (No. 08075). Furthermore, all the
procedures were undertaken with the utmost care to
minimize the suffering of the animals.

DO 10.1097/WNR.0b013e3283546242
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Drug administration

After deep anesthetization with halothane, either 100 pl
of a 10mmol/l 8-methyl-N-vanillyl-z7ans-6-nonenamide
(capsaicin) solution (3.1 mg/ml in saline with 6% ethanol
and 7% Tween-80; Sigma-Aldrich, St Louis, Missouri,
USA) or a vehicle (saline with 6% ethanol and 7% Tween-
80) was subcutaneously injected into the left whisker pad
of each animal. In the immunohistochemical experiment,
animals were divided into four groups (#=3 in each
group) as follows: rats treated with the vehicle for 2 days
(¢ group), and with capsaicin for 2 days (d2 group), 4 days
(d4 group), and 6 days (d6 group). In clinically important
disease conditions, such as meningitis and pulpitis,
nociceptive stimulation is present for a certain period.
Therefore, we chose repetitive capsaicin treatment in
this study to mimic clinical situations as in the
inflammatory diseases.

Immunohistochemistry

On the day after the last injection in each group, the
animals were deeply anesthetized and transcardially
perfused with a mixture of 2% formaldehyde and 0.2%
picric acid in 0.1 mol/l phosphate buffer (pH 7.0).
Immediately after the perfusion fixation, the brainstem
was dissected out and the portion harboring the TNC was
processed into frozen serial sections of 12 pm thickness
using a cryostat (Reichert-Jung Cryocut 1800; Leica
Instruments, Buffalo Grove, Illinois, USA). The first ones
of three consecutive sections were used for immunostain-
ing. The frozen sections were preincubated with 10%
normal donkey serum for 30min. The sections were
incubated with primary antibodies for 48h at room
temperature. The sections were then rinsed with
0.01 mol/l PBS and incubated with species-specific
secondary antibodies for 2h at room temperature. The
specimens were mounted in buffered glycerol (pH 8.6).
In this manner, the slides were double labeled with the
anti-ionizing calcium-binding adapter molecule 1 (Ibal)
antibody (raised in rabbits; code 019-19741; Wako
Chemicals, Osaka, Japan; 1:200) and the anti-glial
fibrillary acidic protein (GFAP) antibody (raised in mice;
code G3893; Sigma-Aldrich; 1:500). Immunoreactivities
with the primary antibodies were visualized with species-
specific secondary antibodies raised in donkeys and
conjugated to Cy3 or fluorescein isothiocyanate; all the
antibodies were obtained from Jackson Immunoresearch
Laboratories (West Grove, Pennsylvania, USA).

The immunolabeled specimens were examined under
a Keyence BIOREVO BZ-9000 microscope (Keyence,
Osaka, Japan) fitted with a highly discriminating filter.

Quantitative analysis of immunoreactivities for

glial cells

We chose eight brainstem sections at the level of the
TNC on the capsaicin-injected side in each animal (three
animals per group). The sections were immunostained for
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Ibal and GFAP to label the microglia and the astrocytes,
respectively. Digital images were obtained using a high-
quality CCD camera attached to a fluorescent microscope
(BIOREVO BZ-9000; Keyence) and saved as Tiff files.
The TNC area on the section images was determined
according to the method of Paxinos and Watson [7].
Subsequently, we calculated the ratio of cross-sectional
area immunoreactive for Ibal or GFAP within the TNC
area and estimated the number of Ibal-immunoreactivity
(IR) cells per 1 mm? of the TNC area using an image
analysis software (Keyence). In these quantitative
analyses, we applied an identical fluorescence excitation
condition to all of the sections examined. All enhance-
ments were made uniformly across entire images. For
capturing fluorescence signals representing immunoreac-
tivities for Ibal and GFAP, we used a distinct optimal
condition for each marker in terms of segregation and
threshold settings.

Data were presented as mean=SD. Differences among the
groups were assessed by one-way analysis of variance,
followed by individual post-hoc comparisons (Bonferroni’s
test), and P value less than 0.05 was considered significant
(SPSS for Windows, version 19; SPSS Inc., Chicago, Illinois,
USA).

Behavioral testing

Pain-related behaviors were induced by mechanical
stimulation using home-made von Frey hairs (VFHs;
diameter 0.5 mm; bending forces 34.3 mN). Rats were
allowed to acclimate to their surroundings for 30 min
before testing. During the procedure for assessment of
sensitivity to mechanical stimuli, animals were restrained
at the trunk with a towel to calm them and treated gently.
Each VFH was applied ten times (once every 10s) to the
lateral facial skin, and the number of wiping instances by
forelimb or withdrawal response was then counted [8].
The frequency of nocifensive behaviors (head withdrawal
or wiping by the forelimb) was measured in 10 trials.
Animals were subjected to the behavioral test on two
occasions: before the injection [1 day before injection
(pre 2)] and just before the first injection (pre 1).
Subsequently, 10 mmol/l capsaicin (100 pl) was injected
into the left whisker pad. The same injection procedure
was repeated once a day for the designated period.
Before each injection procedure, the behavioral test
was carried out. In the control animals, mechanical
sensitivity was assessed using the same protocol without
the administration of capsaicin. All the behavioral tests
were carried out by an examiner blinded to the identity of
the animals.

Data were presented as mean=SD. Differences be-
tween groups were evaluated by one-way analysis of
variance, followed by individual post-hoc comparisons
(Bonferroni’s test), and P value less than 0.05 was
considered significant.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Fig. 1
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Alterations in Ibal {a—d) and glial fibrillary acidic protein (GFAP) (f—i) expressions in the ipsilateral trigeminal nucleus caudalis (TNC) by a repetitive
capsaicin injection into the whisker pad. Vehicle injection for 2 days (a, f). Capsaicin injection for 2 days (b, g). Arrowheads indicate the superficial
laminae of TNC. Capsaicin injection for 4 days (c, h). Capsaicin injection for 6 days (d, ). The scale bars=200 pum. Enlargements in the insets show
the alterations in the morphology of microglia. The scale bar in the inset=50 um. Quantitative analysis of Iba1-immunoreactivity (IR) cells and GFAP-

IR cells (e, j). The ratio of area immunoreactive for Ibal (e) and GFAP (j) to the total area of the ipsilateral TNC (a—i). The bars show the
mean = SD. *P<0.056 versus ¢ group. #P <0.05 versus d2 group.
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Results

Effect of trigeminal nociceptive stimulation on Iba1 and
glial fibrillary acidic protein immunoreactivity in the
trigeminal nucleus caudalis

As shown in Fig. 1a, Ibal-IR was observed sparsely in the
TINGC in the ¢ group. However, after trigeminal capsaicin
stimulation, Ibal-IR was increased especially in the
superficial laminae of TNC, where the central axons of
trigeminal ganglion neurons make synaptic contact with
the second-order trigeminal neurons, in the d2 group
(Fig. 1b, arrowheads). In addition, marked hypertrophy of
Ibal-IR cells was observed in the d2 group (Fig. 1b,
inset). Morphologically, the majority of the hypertrophic
microglia appeared to be ramified microglia, and only a
few ameboid microglia were identified. There were fewer
Ibal-IR cells and the extent of hypertrophy was less
conspicuous in the d4 group and the d6 group as
compared with the d2 group (Fig. 1c and d). Quantita-
tively, the ratio of the cross-sectional area of Ibal-IR cells
to the TNC area was 9.9%x4.7% in the c¢ group,
23.7%11.4% in the d2 group, 7.4%4.1% in the d4 group,
and 7.8%5.6% in the d6 group (mean=SD; Fig. le).
There was a significant difference between the d2 group
and the ¢ group (P < 0.05). Also, the estimated numbers
of Ibal-IR cells within the TNC region were
438.0£124.9/mm?” in the ¢ group, 511.8%139.8/mm? in
the d2 group, 292.4+109.0/mm? in the d4 group, and
286.2+117.3/mm? in the d6 group (mean=SD; Fig. 2).
The estimated numbers in the d4 group and the d6 group
were significantly decreased, compared with the d2 group
(P <0.05). The alterations in GFAP-IR in TNC after
capsaicin injections showed a temporal profile distinct
from those of Ibal-IR. As shown in Fig. 1f, GFAP-IR was
observed in the TINC before capsaicin stimulation in the
¢ group. The IR of GFAP cells was also increased in the
capsaicin injection groups (Fig. 1g~i), which was accom-

Fig. 2
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mean + SD. *P<0.05 versus d2 group.

Capsaicin-induced glial reactions in the brainstem Kuroi et al. 563

panied by cytoplasmic hypertrophy. However, there was a
trend toward reversion to the basal level in the d6 group
(Fig. 1i).

"The ratio of the cross-sectional area of GFAP-IR cells to
the TNC area was 7.3+1.2% in the ¢ group, 15.1+5.4%
in the d2 group, 13.8+2.7% in the d4 group, and
9.3+£1.9% in the d6 group (mean=*SD; Fig. 1j). There
was a significant increase in the d2 group and the d4
group compared with the ¢ group (P <0.05). The
number of GFAP-IR cells was not calculated in this
study because of technical difficulty in the precise
counting of these cells.

Effects of trigeminal nociceptive stimulation on

. nocifensive behaviors

As shown in Fig. 3, the VFH stimulation procedure that
we utilized did not induce a nocifensive response before
trigeminal capsaicin stimulation (Fig. 3, pre 1 and pre 2).
However, after the repetitive administration of capsaicin,
the number of nocifensive responses increased gradually
(day 1, 1.5%1.2 [mean=SD] times; day 2, 2.3%1.5
times; day 3, 2.8 1.7 times; day 4, 2.8+0.6 times; day 5,
4.1%1.3 times; day 6, 3.4%=1.0 times) and the maximal
number of nocifensive responses was observed on day 5.
The number of nocifensive responses was significantly
increased on days 2, 3, 4, 5, and 6 compared with pre 1
and pre 2. Meanwhile, the control animals did not show
a significant change in the nocifensive responses during
the observation period. Significant differences (P < 0.05)
were found between the capsaicin-treated animals and
the control animals at days 4, 5, and 6 (day 4, 0.5%0.8
times; day 5, 0.8=0.8 times; and day 6, 1.0+ 1.1 times).
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Discussion

The present study showed that repetitive TRPV1
stimulation at trigeminal nociceptors induced transient
morphological alterations in the microglia and astrocytes
in the TINC. Both microglia and astrocytes showed
cytoplasmic hypertrophy and, consequently, the areas
immunoreactive for their markers, Ibal and GFAP,
increased after TRPV1 stimulation. Such changes were
the most conspicuous at day 2, after which immuno-
reactivities for both markers gradually became less
marked. At day 2, microglia were recruited to superficial
layers of the TNC, where the first-order trigeminal
neurons make synaptic contact with the second-order
neurons. The number of microglia was reduced after day
2. Furthermore, our data indicated a temporal discrepancy
between the glial morphological alterations and the
occurrence of mechanical allodynia. Several lines of
evidence have indicated that glial cell activation is
responsible for the induction of mechanical allodynia in
neuropathic pain models [9,10]. In response to a nerve
injury, microglia have been shown to be rapidly activated
and involved in the initiation of chronic pain. Meanwhile,
astrocytes are activated on a slower timeline, and are
involved in the maintenance of chronic pain [11,12].
Hence, the present study has shown a novel pattern of
glial activation, apparently irrelevant to the development
of mechanical allodynia.

Chen ¢ a/. [6] have previously reported that a single
intraplantar injection of capsaicin induced hypertrophic
changes in the microglia and astrocytes in the dorsal horn
of the mouse lumbar spinal cord at day 3, but they did not
provide any quantitative data for a longer time period.
Despite the differences in animal species and experi-
mental settings, the rapidly induced morphological
changes after capsaicin treatment appear to be a common
feature of glial cells irrespective of their locations in
neural tissue.

Whether the activation of microglia and astrocytes is
related to the development of mechanical allodynia is
controversial. As mentioned above, most studies using
neuropathic pain models support the role of ghal
activation in the occurrence of allodynia [9,10]. However,
in inflammatory pain caused by complete Freund’s
adjuvant injection, mechanical allodynia has been shown
to be induced in a manner independent of glial
activation [13,14]. It is inferred that the mode of action
of glial cells differs in accordance with the experimental
settings. Glial cells in the central nervous system serve a
number of housekeeping functions required for healthy
neuronal communication [9]. Particularly, microglia are
known to play a role in the maintenance of synaptic
integrity. Morphologically, resting microglia are ramified
and they dynamically extend and retract their processes
for surveillance of the microenvironment [15]. In
response to nerve injury and brain ischemia, activated
microglia migrate to synapses and secrete neurotrophic

factors capable of repairing neurons [16,17]. In our study,
we observed that Ibal-IR cells were recruited to the
superficial laminae of the TNG, where the central axons
of trigeminal ganglion neurons make synaptic contact
with the second-order trigeminal neurons. We did not
observe any upregulation of IL-1f3, P,X4, or phosphory-
lated p38, which have been shown to contribute to
neuronal damage [18-20] (data not shown). Moreover,
there were only a few microglia with thick and retracted
processes (ameboid microglia), which are associated with
their neurotoxic actions [21]. Hence, it is likely that the
activation of microglia by repetitive peripheral TRPV1
stimulation in this study was neuroprotective. The
number of microglia located in the TNC decreased at
days 4 and 6. Microglia may have exited from the TNC.
Alternatively, they may have died through an apoptotic
process. Activation-induced microglial apoptotic death
has been reported in inflammatory and ischemic condi-
tions [22,23]. Moreover, the decrease in neuroprotective
microglia may have contributed toward the development
of mechanical allodynia. Interestingly, TRPV1 knockout
mice have a higher density of microglia and astrocytes in
the spinal dorsal horn as compared with wild-type
mice [6], which raises the possibility that there is a
certain TRPVI1-mediated machinery that decreases glial
numbers. Our observations that glial cell numbers
declined after 2 days of capsaicin treatment may reflect
such a modulatory role of TRPV1.

Our results have provided a novel insight into the roles of
brainstem glial cells under the TRPV1-relevant patholo-
gical pain conditions, which include meningitis, pulpitis,
and possibly migraine.

Conclusion

In summary, we have shown the novel dynamics of glial
activation in a TRPVl-associated pain model. TRPV1
induced a transient activation of glial cells in temporal
profiles discrepant from the development of mechanical
allodynia, and activated microglia appeared to exert
protective effects on trigeminal synaptic functions.
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Suppressive effect of chronic peroral
topiramate on potassium-induced cortical
spreading depression in rats
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Abstract

Objective: To evaluate the chronic effect of topiramate (TPM) on cortical spreading depression (CSD), which is thought to
be related to migraine aura.

Methods: Male rats (n = 30) were randomized to once-daily peroral treatment with TPM (50, 100, 200 or 600 mg/kg) or
vehicle for 6 weeks. We evaluated the characteristics of CSD induced by topical application of KCl under isoflurane
anesthesia and the changes in plasma level of TPM in each group. The effect of single administration of TPM on CSD was
also evaluated.

Results: After the final administration of TPM, when the plasma level of TPM was high, KCl-induced CSD frequency and
CSD propagation velocity were dose-dependently reduced and the interval between CSD episodes was elongated,
compared with the vehicle control. However, before the final administration of TPM, when the plasma level was very
low, the KCl-induced CSD profile was the same as that in the vehicle control. Single administration of TPM did not alter
the CSD profile. Local cerebral blood flow was not significantly altered by chronic administration of TPM.

Conclusion: TPM suppressed the frequency and propagation of CSD along the cerebral cortex, and might be a candidate

for relief of migraine.
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Introduction

Migraine is a common, chronic, incapacitating neuro-
vascular disorder characterized by severe headache,
autonomic nervous system dysfunction, and in some
patients an aura involving neurologic symptoms (1).
Recently developed selective serotonin receptor agon-
ists, such as triptans, are useful to treat migraine, but
strict compliance with the dosing schedule is essential
for effective treatment. Furthermore, frequent migraine
attacks may lead to excessive acute medication without
proper supervision, potentially resulting in medication-
overuse headache (2). Therefore, prophylaxis of
migraine is an important goal.

The pathophysiology of migraine is very complex,
but one of the main correlates is thought to be cortical
spreading depression (CSD) (3,4). CSD is a transient
neuronal depolarization that slowly propagates along
the cerebral cortex, followed by long-lasting suppres-
sion of neuronal activity (5). It has been proposed

that CSD is a neuronal mechanism underlying migraine
aura (6) and is involved in vasodilation of the middle
meningeal artery during headache, which is linked to
changes of neurometabolic brain activity with transmis-
sion via the trigeminal nerve (7).

A B-adrenoceptor antagonist, propranolol, has been
widely used in the prophylaxis of human migraine (8)
and has been shown to suppress CSD in an animal
model (9). However, the mechanism of its action
remains unclear. Topiramate (TPM; 2,3:4,5-bis-O-
(1-methylethylidene)-beta-D-fructopyranose sulfamate;
C1,H5NOgS), which is used as an anticonvulsant
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monotherapy for epilepsy in many countries (10}, is
also a promising candidate for treatment of migraine.
Several randomized, double-blind, placebo-controlled
multicenter trials have demonstrated that TPM reduces
the frequency of migraine and is well tolerated (11-14).
It was also shown to improve workplace productivity
and quality of life (15,16). The Prolonged Migraine
Prevention with TPM (PROMPT) trial revealed that
TPM reduced migraine auras in parallel with a reduc-
tion of headache, and the effects were similar in patients
with and without aura (17). In addition, recent studies
in experimental animals, as well as clinical observa-
tions, suggest that silent CSD may be involved in
migraine without aura (18,19). Thus, there is interest
in drugs that suppress CSD as candidates for preventive
migraine treatment. The inhibitory effect of TPM
on CSD has been investigated in experimental animals
(20), including a chronic administration study in
rats. In the present work, we examined in detail the
effect of 6-week daily oral administration of TPM
at various doses on potassium-evoked CSD in anesthe-
tized rats.

Materials and methods
General procedures of chronic study

Animals were used with the approval (No. 09058) of the
Animal Ethics Committee of Keio University (Tokyo,
Japan), and all experimental procedures were in accord-
ance with the university’s guidelines for the care and
use of laboratory animals. Male Sprague-Dawley rats
(8-9 weeks, initial body weight; 412 28 g, n = 30) were
randomized to fivegroups so that the mean body
weights were not significantly different among groups:
a vehicle group (0.5% methylcellulose: 400cps (centi-
poises); Sigma Aldrich Japan, Tokyo, Japan) and four
TPM groups (50 mg/kg, 100 mg/kg, 200 mg/kg, 600 mg/
kg; provided by Janssen Pharmaceutical K.K., Tokyo,
Japan). Test solution was adjusted to Sml/kg and
administered by gavage once daily for 6 weeks.
During the administration period, rats received food
and water ad libitum. The animals were kept in an
air-conditioned room maintained at 23.0+1.0°C and
55+£7% humidity with automatic lighting between
08:00 and 20:00. Body weight was monitored daily
throughout the treatment period.

Procedures of CSD measurement

On the final treatment day, the animals were anesthe-
tized with isoflurane (2.5-3.0%) and subjected to CSD
evaluation as previously reported (21). Briefly, each rat
was fixed to a head-holder (SG-3 N modified to be flex-
ible around the horizontal axis, Narishige Scientific

T 150 =% 600 mg/kg
£ ~#- 200 mg/kg
© @ 100 mg/kg
E— =2~ 50 mg/kg
S
= 100
2
s
= Final administration :
= of vehicle or TPM
5 50 ”"L’“"“‘”*T
g
8 } -
92—' . VKCI (before) ‘ L Ket (aften)

-1 0 0.5 . 2

Time (hr)

Figure 1. Plasma concentrations of TPM before and after the
final administration of TPM on the day of CSD evaluation in
chronically treated rats. An outlined arrow indicates the time of
final intragastric administration of vehicle/TPM (t=0) and solid
arrows indicate the times of KCl application on the surface of the
brain [KCI (before) at t=—1 and KCI (after) at t=1].

Instrument Lab., Tokyo, Japan) and a cranial
window of approximately 4mm in diameter was
opened in the left side of the skull at the parieto-
temporal region of the cerebral cortex. The dura was
removed and the exposed cortex was covered with a
cover slip to prevent it from drying out. CSD was
induced by introducing a drop (5 ul) of 1.0 M KCl solu-
tion into an additional posterior hole of 2 mm in diam-
eter, centered at the coordinates of 7mm posterior and
2 mm lateral to the bregma. Approximately 1h after the
first KCl application, when no further CSD had
occurred for more than 10min, vehicle or TPM was
administered through an intragastric catheter. The
second application of KCl was performed 1h after
the final administration of vehicle or TPM, as shown
in Figure 1. Arterial blood pressure (ABP) was
continuously recorded through a femoral arterial cath-
eter via a surgical strain gage (MLT0670 and ML117,
ADInstruments Pty. Ltd.,, Bella Vista, NSW,
Australia). Heart rate (HR) was determined from the
ABP wave. Continuous recordings of ABP, HR, cere-
bral blood flow (CBF) and direct current (DC) poten-
tial (see below) were acquired with a multi-channel
recorder (PowerLab 8/30, ADInstruments Pty. Ltd.)
and recorded with proprietary software (LabChart,
ADInstruments Pty. Ltd.) for offline analysis. All pro-
cedures were performed at constant body temperature,
maintained with a heating-pad and thermocontroller
(BWT-100, Bioresearch Center Co., Ltd., Nagoya,
Japan). CSD was elicited with KCI solution after con-
firmation that all parameters had remained stable for at
least 10 min.
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Table 1. Physiological parameters just before CSD evaluation in chronically treated rats

Before the last administration

After intragastric administration

Treatment group Body weight (g) MABP (mmHg) HR (bpm) MABP (mmHg) HR (bpm)
Vehicle 545+34 74+ 10 313+57 83+ 18 341 £50
Topiramate 50 mg/kg 536+ 41 85412 349+49 86+ 10 321428
Topiramate 100 mg/kg 514+53 75+4 295+ 17 83+ 10 285421
Topiramate 200 mg/kg 509 +25 74+ 10 295418 76+ 17 282 +£25
Topiramate 600 mg/kg 482+24% 84+7 317436 86+ 10 300442
HR, heart rate; MABP, mean arterial blood pressure.
*p<0.05 significant difference from the vehicle control.
A) - Vehicle treated
DC potential ¥ P B 10
(proximal) Y Ty T Y l mv
. J
DC pptentxal mﬁ»\_\m ' MJMEM\‘;WW“;MS, 110 mv
(distal) ¥ ¢ v
?ﬁ‘% : A A 7 2 A
CBF wwg et el N o S KMMf \‘WM_M__ EEEEEE E 50% change
ABP _ 150(§)mmHg
5 min
(B) TPM (600 mg/kg) treated
KClI
DC potential 2,
(proximal) V i ' 110 mV
DC potential | oo,
(distal) Homy
CBF NN A ,}50% change
ABP : E150(§)mmHg
5 min

Figure 2. Original recordings of DC potential at the proximal and

distal sites, as well as CBF and ABP. KCI was applied on the brain

surface at the arrows, | h after the final administration of vehicle (A) or 600 mg/kg of TPM (B) in rats treated for 6 weeks.

Measurements of DC potential and CBF

Two Ag/AgCl electrodes (tip diameter =200 um, EEG-
5002Ag, Bioresearch Center Co., Ltd.) were inserted
200um under the pia mater at the anterior edge
(0.5mm posterior and 2 mm lateral to bregma) and pos-
terior edge (3.5mm posterior and 2mm lateral to the
bregma) of the cranial window, and immobilized with
dental cement. Ag/AgCl reference electrodes (EER-
5004Ag, Bioresearch Center Co., Ltd.) were subcutane-
ously placed in the space between the skull-bone and
the scalp. DC potential was amplified at 1-100 Hz and
digitized at 1 kHz with a differential headstage and dif-
ferential extracellular amplifier (Model 4002 and EXI,
Dagan Co., Minneapolis, MN, USA).

CBF was monitored with a laser Doppler flowmeter
(LDF) (ALF 21 R, Advance Co., Ltd., Tokyo, Japan).
The probe, which had a diameter of 0.8 mm, was placed
on the surface of the cortex 2mm posterior and 2 mm
lateral to the bregma (intermediate region of the cranial
window).

Evaluation of CSD susceptibility

One application of KCI induced repetitive negative
deflections of DC potential (i.e., CSD). CSD was
detected at the posterior site (proximal) and then at
the anterior site (distal) after a delay. At the same
time, CBF was elevated, as reported previously (21).
We defined CSD as the occurrence of DC potential
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Response to 13! drop of KCI before the final oral administration
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Figure 3. Average values of CSD occurrence frequency (A), inter-CSD interval (B), total length of time for which CSD continued
(C) and CSD propagation velocity (D) in response to KCI application | h before the final oral administration of vehicle/TPM in
chronically treated rats (t=—1 in Figure |). The results in TPM-treated groups are not statistically significantly different from the

vehicle control.

deflections detected at both sites, together with CBF
elevation. We evaluated CSD occurrence frequency,
interval between CSD episodes, and total length of
time for which CSD continued (duration from the
first CSD to the last CSD). Propagation velocity from
the proximal to the distal site was also calculated based
on the distance between the electrodes.

Measurement of plasma level of TPM

Before the final administration of TPM (time 0), and at
30 min, 60 min, and 120 min after the final intragastric
administration of TPM, as shown in Figure 1, arterial
blood was collected through the arterial catheter. After
protein precipitation with acetonitrile, plasma samples
were used for measurement of the plasma level of TPM
by means of a validated liquid chromatography—
tandem mass spectrometry (LC-MS/MS) method (22)
with some modifications. Separation was done on a
reversed-phase LC column (X-Bridge C18 3.5um -
50 x 4.6mm, Waters, Milford, USA) with a mixture
of 10mM ammonium acetate and acetonitrile as the
mobile phase. Detection was by tandem MS on an
API-3000 MS/MS (Applied Biosystems, Toronto,
Canada), operated in the negative ion mode using the

TurbolonSpray™-interface. TPM was monitored at
the m/z transition 338.1 — 78.0 using a dwell time of
300ms. The limit of quantification was 50ng/ml. In
measurement of independent QC samples, the intra-
batch accuracy was between 85% and 115%.

Acute effect of TPM on CSD

Male Sprague-Dawley rats (12-19 weeks, body weight;
519 4+95¢g, n="7) were used for evaluation of the effect
of single administration of TPM. Using the same protocol
as described for chronically treated rats, we evaluated
the KCl-induced CSD profile and CBF before and
after intragastric administration of TPM (600mg/kg).
Changes of ABP, HR and blood gas level were followed.
Arterial blood gas analysis was performed with a
RapidLab 348 (Siemens AG, Munich, Germany).

Statistical analysis

All data are reported as means=+SD. Multiple com-
parisons were performed using Dunnett’s test among
vehicle and TPM chronic administration groups. The
paired t-test was used to evaluate the acute effect of
TPM on the CSD profile versus the pre-administration
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Response to 2nd grop of KCl at 1 hr after the final oral administration
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Figure 4. Average values of CSD occurrence frequency (A), inter-CSD interval (B), total length of time for which CSD continued
(C) and CSD propagation velocity (D) in response to KCl application | h after the final oral administration of vehicle/TPM in
chronically treated rats (t=1 in Figure 1). *p < 0.05, *p < 0.0l significant differences of the TPM-treated groups from the vehicle

control.

level. A p value of <0.05 versus the vehicle treatment
group or the pre-administration level was considered to
be statistically significant.

Results
Plasma level of TPM

The plasma level of TPM increased rapidly after
administration, and a dose-dependent plateau level
was maintained for 2h (Figure 1). After 6 weeks of
daily administration, the plasma level of TPM before
the final administration was 1/5 to 1/50 of the max-
imum level; that is, there was no indication of TPM
accumulation. After intraperitoneal administration of
200 or 500 mg/kg TPM, the plasma level reached a
maximum of 125414 or 155+98 pg/ml, respectively,
within 1h after administration. The maximum plasma
level after intragastric administration was approxi-
mately 1/3 of that after intraperitoneal administration
and remained at a plateau level for a longer period.

Effect of chronic TPM on CSD

Physiological parameters just before CSD evaluation
in each group are shown in Table 1. Although

dose-dependent suppression of growth was observed,
physiological parameters were not significantly different
among the treated group. Neither mortality nor abnor-
mal behavior was observed in any animal during the
treatment period. Therefore, we concluded that the
physiological state of the animals was not impaired.

As shown in Figure 2A, one application of KCIl
induced repetitive (between 2 and 8 times) negative
deflections of DC potential (i.e., CSD). CSD was
detected first at the posterior (proximal) site, and then
at the anterior (distal) site with a delay time of 14
to 80s. After the final administration of TPM, CSD
occurrence was slightly suppressed (Figure 2B). No
CSD-associated change of ABP was seen in any rat.
Mean arterial blood pressure (MABP) was maintained
within 20 mmHg in each rat throughout the experi-
ments, and did not decrease below 60 mmHg in any rat.

In the observation 1h before the final oral adminis-
tration of TPM, none of CSD occurrence frequency,
inter-CSD interval, total length of time for which
CSD continued or propagation velocity was statistic-
ally significantly different from the value in the vehicle
group (Figure 3). However, 1 h after the final oral
administration of TPM, during the plasma TPM level
plateau period, CSD occurrence frequency was dose-
dependently decreased, inter-CSD interval was
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Figure 5. Original recordings of DC potential at the proximal and distal sites and CBF showing an example of non-propagated DC
potential deflection. DC potential deflection detected at the proximal site was not propagated to the distal site, as indicated with an

arrowhead, and there was no CBF change.
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(t=—1 in Figure 1) (A) and those in response to KCI application after the final oral administration of drugs (t=1 in Figure 1) (B).
There are no statistically significant differences from the vehicle control.
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Table 2. Changes in physiological parameters, arterial pH and arterial blood gas in response to CSD induction with KCl application

MABP (mmHg) HR (bpm) pH PaO; (mmHg) PaCO, (mmHg)
Before administration of topiramate
Before KCI 80+5 320£22 746 0.0l 84+8 3943
After 1 h 8046 308424 7.45+0.03 78+ 10 3843
After intragastric administration of topiramate
Before KCI 82+ 14 298436 7.42+0.04 88+9 38+4
After I'h 76+ 13 288432 741 £0.04 8l+6 40+4

HR, heart rate; MABP, mean arterial blood pressure; PaO,, partial pressure of arterial oxygen; PaCO,, partial pressure of arterial carbon dioxide.

elongated, and propagation velocity was decreased.
The total length of time for which CSD continued
showed a tendency to decrease, but this was not signifi-
cant (Figure 4). A small negative deflection of DC
potential only at the proximal site but not at the
distal site, with a small CBF change or with no CBF
change, was detected in seven rats (three rats in the
600mg/kg group, two rats in the 100mg/kg group,
one rat in the 50 mg/kg group and one rat in the vehicle
group) (Figure 5). There was no difference in the CSD-
associated elevation of CBF before and after the final
administration of TPM (Figure 6).

Acute effect of TPM on CSD

KCl-induced CSD susceptibility (CSD occurrence fre-
quency, inter-CSD interval, propagation velocity and
total length of time for which CSD continued) was
not significantly influenced, but CSD-associated eleva-
tion of CBF was significantly reduced by single admin-
istration of TPM (Figure 7). Negative deflection of DC
potential only at the proximal site but not at the distal
site, with or without a small CBF change, was detected
in five rats after TPM administration. Physiological
parameters (MABP, HR, arterial pH, partial pressure
of arterial oxygen (Pa0O,) and carbon dioxide (PaCQOy))
were within normal ranges and were not significantly
changed either by KCI application or by intragastric
administration of TPM (Table 2).

Discussion

In our study, chronic peroral administration of TPM
suppressed CSD susceptibility, whereas single adminis-
tration had little effect on CSD susceptibility.
Intraperitoneal administration of TPM for 4 weeks
suppressed CSD occurrence frequency induced by
KCl application, enhanced the cathodal stimulation
threshold and lowered the propagation speed, and
longer administration (17 weeks) almost abolished
CSD occurrence (23). Thus, oral administration for a
longer period would be expected to have a potent effect
on CSD susceptibility.

The administered amount and plasma concentration
of TPM in the present experiment were much higher
than the clinically used levels in human. We demon-
strated rapid and stable absorption of orally adminis-
tered TPM in this study. However, the TPM
concentration before the final administration was very
low in this experiment, indicating that TPM was largely
eliminated within 1day in rats, and no accumulation
effect was observed during daily administration for 6
weeks. The biological half-life (T);) in humans is
27-31h (24). Thus, species difference in TPM turnover
rate and/or bioavailability might require a higher dose
in rats, and drug accumulation might also be different.
We found that CSD occurrence and propagation before
the final dose of TPM in the 6-week daily administra-
tion protocol were not different from those of the vehi-
cle control. This suggests that there might be a drug
threshold of approximately 25ug/ml in rats. This in
turn might be consistent with the observation in the
PROMPT trial that cessation of chronic TPM resulted
in loss of the prophylactic effect (25), and suggests that
monitoring of plasma TPM levels might be important
for effective treatment.

Single gavage administration of TPM had no effect
on CSD susceptibility in our experiment. It was also
reported by others that single intraperitoneal adminis-
tration did not reduce the number of CSD episodes
induced by KCI (23). These facts may suggest that a
certain period is required for manifestation of the
prophylactic effect of TPM. However, a single dose of
intravenous TPM inhibited CSD occurrence induced by
needle plunge, but did not influence the CSD propaga-
tion speed in anesthetized rats and cats (20). One pos-
sible explanation might be a time lag in the transfer of
TPM from blood to brain. It is also possible that there
is a depot effect due to drug accumulation within a
sequestered brain compartment. Although it is possible
that a single dose might block propagation in the distal
direction as seen in our experiment, a similar phenom-
enon was also seen in chronically treated rats. CSD
seems to be more effectively suppressed by chronic
treatment. Although intravenous injection might pro-
vide rapid relief of migraine, it may be possible to



