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TRPV1 activation results in disruption of the blood—brain barrier
in the rat

L2De-En Hu, '*Alexander S. Easton & *!'Paul A. Fraser

'King’s College London, Cardiovascular Division, New Hunt’s House, Guy’s Campus, London SE1 1UL

1 We have examined the role of TRPVI activation in disrupting the blood-brain barrier by
measuring the permeability of single pial venular capillaries in anaesthetized rats.

2 Capsaicin application to the brain surface resulted in increased permeability, maximal 2.1+0.12 x
10~°cm s~ (mean+s.e.m.) with log ECsy —4.5+0.10. Substance P methyl ester gave a similar response
(maximal 2.0+0.07, n=6, logECs, —4.8+0.07), but the selective NK, agonist, f-Alag-NKA, o
peptide, had no effect. Although CGRP decreased the permeability of venules (log ECso 10.34+0.11),
its receptor antagonist CGRPg 3; had no effect on the response to capsaicin.

3 The TRPVI1 antagonist capsazepine (1 mM) reduced the response to capsaicin (100 uM), from
1.78 +£0.15 to 0.634+0.10 (n=4). The NK, receptor antagonists GR205171 (100 uM) and SDZ NKT
376 (1 mM) also reduced the response to capsaicin (from 1.75+0.14 to 0.46+0.08; n=06, and from
1.85+0.13 to 0.48+0.05; n =15, respectively), indicating that capsaicin acts via TRPV1 in series with
NK,.

4 Starch microspheres were used to produce transient focal ischaemia. Permeability was increased
on reperfusion to a greater extent and more rapidly in vessels with diameter greater than 40 um
than those less than 15um. Capsazepine given intraperitoneally during ischaemia reduced the
permeability increase in small venules from 5.940.3 to 2.4+0.1, and from 11.4+0.8 to 5.14+0.9 in
large venules.

5 In conclusion, the TRPV1 receptor is active in the brain microvasculature and has its permeability-
increasing effect via substance P. It also plays a role in the immediate blood—brain barrier disruption
following ischaemia—reperfusion.
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Introduction

Cerebral oedema, which can be fatal, is a consequence of
stroke and trauma through raised cerebrovascular permeabil-
ity and consequent plasma protein leakage into the brain
parenchyma. In the last few years, inflammatory processes
have been suggested to play a significant role in this increased
cerebrovascular permeability. For instance, it has been shown
that the kallikrein—kinin system is activated following stroke
(Wagner et al., 2002), and that inhibition of the bradykinin B2
receptor can ameliorate the consequences of experimental
cerebral ischaemia when an antagonist is administered even
as late as 6 h following its induction (Ding-Zhou et al., 2003).
The tachykinin system also appears to play an important role:
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the infarct volume in experimental reversible focal cerebral
ischaemia was significantly reduced when a neurokinin 1
(NK,) receptor antagonist was applied (Yu et al., 1997).
Subsequent experiments showed that NK; receptors are
transiently induced on cerebral venular endothelial cells close
to and within the infarct area (Stumm et al., 2001), and,
furthermore, substance P containing nerve endings accumu-
lated in regions close to cerebral venules 2 days following
ischaemia.

There are a number of indications that the transient
potential receptor vanilloid 1 (TRPVI1, formerly known as
the vanilloid, VR1, or capsaicin receptor) is also involved in
disruption of the blood—brain barrier. Thus, immunoreactive
TRPVI is found widely in the brain on astrocytes and
pericytes, which are closely associated with the vasculature,
as well as neurones (Toth et al., 2005). Long-term pretreatment
with capsaicin, resulting in TRPV1 downregulation, reduces
post-traumatic neurological deficit and cerebral oedema
(Nimmo et al., 2004). Bradykinin, which is rapidly released
during ischaemia (Maier-Hauff er al., 1984), can activate
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TRPV1 when pH falls, as happens in ischaemia (Vyklicky
et al., 1998; Cortright & Szallasi, 2004). The TRPVI1
antagonist, capsazepine, would thus be expected to reduce
the cerebrovascular permeability increase that follows experi-
mental cerebral ischaemia.

The experiments described here were designed primarily
to investigate whether TRPVI1 activation acutely increases
cerebrovascular permeability, and whether this occurs via
substance P release. The possible endogenous activation of
TRPV1 receptors following experimental ischaemia was also
examined. These studies demonstrate that the functional
activation of TRPVI1 receptors results in raised cerebrovas-
cular permeability, which may be inhibited by TRPV1 and
NK, antagonists, and that TRPV1 antagonism protects
against blood—brain barrier disruption following experimental
focal ischaemia.

Methods
Animal preparation

The experiments were performed on Wistar rats of either sex,
aged between 23 and 33 days, weighing between 60 and 90 g,
and were within the guidelines directed by The Animals
(Scientific Procedures) Act 1986. The animals were anaesthe-
tized by an intraperitoneal (i.p.) injection of 60 mgkg~"' body
weight sodium pentobarbitone diluted in water (25% (wv™")),
and maintained by supplementary injection of 10% of the
original dose when necessary. At the end of the experiment,
the animal was killed by administering an overdose of the
anaesthetic. Once anaesthetized, a thermal probe was inserted
rectally and the animal was kept on a heating blanket
connected via the probe to a feedback circuit (CFP 8105
Harvard Instruments) to maintain its body temperature at
37+1°C. The trachea and the right common carotid artery
were cannulated routinely, the arterial cannula being placed
orthogradely and filled with heparinized saline (100 Uml™") to
prevent clot formation. A section of the frontoparietal bones
on the left side, between the coronal and lamboid sutures, was
thinned with a dental drill.

Measurement of permeability

The method used in this study, and its theoretical basis, has
been described fully (Fraser & Dallas, 1993; Easton & Fraser,
1994). Briefly, the microcirculation of the surface of the brain
was exposed by removing the dura; the arachnoid comes away
freely in these weanling animals who do have a fully developed
blood—brain barrier (Butt et al., 1990). A metal ring (internal
diameter 7mm and outside diameter 13 mm) was glued with
cyanoacrylate adhesive onto the cranium surrounding the
thinned bone. The thinned cranial surface within the ring was
constantly superfused with artificial cerebrospinal fluid (CSF)
at the rate of 0.5-1mlmin~'. The fluid was warmed to
37+0.3°C, and delivered through a fine plastic tube to ensure
that a layer of fluid was present at all times. The thinned bone
within the ring was removed carefully avoiding damage to the
meninges and cerebral surface. Pial microvessels were exposed
by cutting away the overlying meninges. The rat was then
placed on the modified stage of a microscope (ACM, Zeiss
Oberkocken) and the exposed cerebral surface was illuminated

with a 100 W xenon discharge lamp through a x 20 water-
immersion objective lens (Cooke, N.A. 0.5). Sulphorhodamine
B dye (580 Da) was introduced into single venular capillaries
via a bolus injection into the carotid artery and viewed through
a Zeiss ACM fluorescence microscope under 525-535nm
illumination. The fluorescent signal, which has been shown
to be linear with the dye concentration, was captured via a
microscope and an image-intensifier camera, and analysed
through a video densitometer. Permeability was assessed by
measuring the rate of loss of dye trapped in a single pial
venular capillary by a glass-occluding probe. The fluorescence
measurements were made from a small segment 200-300 um
from the open end of the occluded vessel, but not so close to
the occluding probe that the vessel diameter was distorted.
Permeability was calculated from the rate of decrease in
fluorescence under the measured portion of the occluded
segment. The diameter of the vessels did not change during
the occlusion (Easton & Fraser, 1994). As rate of fall of
intravascular concentration of a small polar molecule is
independent of the hydrostatic pressure (Fraser & Dallas,
1993), the concentration of the dye early in the occlusion,
before axial volume flux distorts the uniform axial concentra-
tion of dye in the region of measurement, will be given by
\=Cyx e, where k=4P/d, and P is the permeability and
d the diameter of the vessel. We have previously shown that the
repeated occlusions have no effect on the permeability
measurements for over 2h (Sarker et al., 2000).

Artificial CSF and drug application

The cerebral surface was superfused with an artificial CSF at
the rate of 0.5-1 mlmin~', warmed to 37+ 1°C and buffered to
pH 7.40, which formed a stable meniscus between the ring and
the objective. The CSF contained (mM) NaCl, 110.5; KCl, 4.7;
CaCl,, 2.5; KH,PO,, 1.1; MgSO,-7H,0, 1.25; NaHCO;, 25
and HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesul-
phonic acid], 15. All chemicals were obtained from Sigma,
Poole, Dorset, U.K., except MgSO,-7H,0, which was
obtained from Fisons, Loughborough, Leicestershire, U.K.
The superfusion was temporarily halted and the drugs were
applied to the cerebral surface while measurements were
carried out. The stable, specific NK; agonist substance P
methyl ester (SP-o-Me) was obtained from Cambridge
Research Biochemicals, the neurokinin 2 (NK,) agonist [f-
Alag]-neurokinin Ay ;o (f-Alag-NKA, ;y) and the TRPVI
agonist capsaicin from Sigma, and the human a-calcitonin
gene-related peptide (CGRP) and the antagonist CGRPg 3,
from Phoenix Pharmaceuticals, U.S.A. The NK, antagonists
SDZ NKT 343 (2nitrophenylcarbamoyl-(S)-prolyl-(S)-3-(2-
naphthyl) alanyl-N-benzyl-N-methylamide), its enantiomer
(R,R)-SDZ NKT 343 and GR205171 were supplied by
Novartis Institute for Medical Sciences, London, U.K., as
was capsazepine. SDZ NKT 343, capsaicin and capsazepine
were dissolved in Tween-80 and 95% ethanol and diluted with
saline; GR205171 was dissolved in saline. The doses are
expressed as the final concentration in the pool, unless
otherwise specified.

Permeability measurements were carried out on venular
capillaries between 8-15 and 40-60 um diameter as follows.
The selected dye-containing vessel was occluded, and once a
stable level of fluorescence was obtained (after about 60 s), the
drug, or mixture of drugs, was applied to the brain surface
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while the occlusion was maintained. The drug mixtures were
washed off the brain surface within 60s. The order of
application of the drug mixtures was randomized in any series.
All the experiments, unless otherwise stated, were completed
within 2h of the first measurement. Dose-response curves
were constructed by applying all the different doses of the drug
in pseudorandom order to a single vessel, and at least four
vessels (each vessel was from a different rat) were used for each
dose-response curve.

Transient ischaemia

The cerebral arterioles and downstream microcirculation were
blocked by the injection of degradable starch microspheres
(30mgml~!, 40 yum diameter; Spherex, Pharmacia, Sweden).
The vessels on the surface of the brain were viewed through the
microscope during the injection, which was terminated when
microspheres were seen in third and fourth branches of the
middle cerebral artery. About 200,000 microspheres were
needed for this level of blockage, which was designed to last
about 30min before plasma amylase digested the starch.
Further microspheres were carefully administered if it
appeared that the blockage would not last sufficiently long.
Blood pressure was continuously monitored and no significant
changes were observed throughout the experiments, not even
when the microspheres were infused, with mean pressure
ranging from 89 to 114 mmHg. The possibility that degrada-
tion products of the starch microspheres themselves contrib-
uted to the permeability increase was investigated by
microinjecting plasma containing dissolved starch micro-
spheres into the lumen of a venular capillary. No permeability
change was observed.

Statistics

Unless otherwise stated, the results are expressed as the
mean +s.e.m., and the significance of any changes was assessed
by using either the ‘Student’ #-test or analysis of variance and
the appropriate post-test. Sigmoidal dose-response curves
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Figure 1 An occlusion experiment. A selected pial venule was
occluded during the passage of a sulphorhodamine dye bolus
through the microvasculature, and the fluorescence measured at 5s
intervals. The rate constant of the decrease in fluorescence, obtained
from the fitted exponential, was used to calculate the permeability
(x10~%cms™'; shown below the relevant sections of the record)
before, during and after the application of agonist or agonist/
antagonist mixtures.

were fitted using GraphPad Prism version 4.03 for Windows,
GraphPad Software, San Diego CA, U.S.A.

Results

Capsaicin increases permeability via TRPV'I and NK,
receptor activation

The resting permeability to sulphorhodamine dye of the
majority of single venular capillaries used (see below for
the exception) in the absence of agonist was 0.1+0.04 x
10~°cms™" (mean+s.d.; 49 vessels: equivalent to a membrane
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Figure 2 Effects of capsaicin, NK; and NK, agonists on pial
venular permeability. The permeability effect of (a) the TRPVI
agonist capsaicin, (b) the NK; agonist SP-o-Me and (c) the NK,
agonist f-Ala(8)-NK, ;, was plotted against concentration. The data
were obtained from six to 13 venular capillaries, diameters between 8
and 15 um, each vessel from a separate animal, and displayed as
mean +s.e.m.
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specific resistance of 2400Qcm?) and this did not change
significantly over the course of the experiments, which lasted
about 2 h. Capsaicin application to the brain surface for 1 min
resulted in a reversible permeability increase (Figure 1), which
was dose dependent, with a maximal estimated permeability
increase of 2.1+0.12 x 10~ °cms™! (mean+s.em.; n=13) and
logECsy 4.5+0.10 (Figure 2a). The NK, receptor agonist
SP-o-Me (Figure 2b) gave a similar dose—effect relationship
(maximal 2.04+0.07, n=6, logECs, 4.84+0.07), but the
selective NK, agonist f-Alag-NKA, |, peptide produced only
a very small permeability increase (maximal 0.24+0.03, n=7).

CGREP is often released from the same nerves as substance P
and has marked vasodilator effects via adenylate cyclase
activation and cAMP formation (see Brain & Grant, 2004).
Raised endothelial cAMP reduces permeability, which is not
normally detectible in brain venules due to their very low
permeability, but we have previously shown that raising cAMP
will reduce permeability of vessels that had spontaneously
become permeable (Easton et al., 1997). The dose—effect curve
in the present experiments (Figure 3a) was obtained by
applying CGRP to such vessels: the maximum effect was to
reduce permeability from 2.3+0.20 to 0.1+0.1, (logECs
10.3+0.11, n=38). The CGRP receptor antagonist, CGRPg 37,
however, had no effect on the capsaicin dose—effect relationship
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Figure 3 Effects of CGRP on pial venular permeability. (a) The
permeability effect of CGRP on the permeability of venules that had
spontaneously become slightly leaky was plotted against concentra-
tion. Four vessels from four rats. (b) The effect of the CGRP
receptor antagonist CGRPg_3; on the capsaicin dose—effect curve;
four to 13 vessels for each of the curves, each vessel from a different
animal. All the vessel diameters were between 8 and 15 um.

(Figure 3b), which indicates that CGRP is not released when
TRPV1 is activated by capsaicin on the brain surface.

The concept that the capsaicin permeability-increasing effect
required the TRPV1 receptor to be activated was confirmed
by the experiments with capsazepine. Capsazepine itself had
no permeability-increasing effect (Figure 4a). Coapplication of
capsazepine (1 uM—1 mM) and 100 uM capsaicin produced a
dose-dependent reduction in permeability with 1 mM capsaze-
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Figure 4 Effect of capsazepine on the capsaicin-induced perme-
ability increase. (a) The effect of the TRPV1 antagonist capsazepine
on venular permeability was plotted against concentration; four
vessels. (b) The effects of 1-1000 uM capsazepine (CZP) on the
permeability-increasing effect of 100 uM capsaicin; ANOVA with
Dunnett’s multiple comparison test; four vessels, **P<0.01. (c)
Dose—effect curves produced by coapplication of capsazepine (1 uM—
1 mM) with capsaicin; each curve mean of four vessels from four
rats: vessel diameters were between 8 and 15 yum.
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pine reducing the permeability from 1.78 +0.15 to 0.63+0.10
(n=4; Figure 4b). Increasing capsazepine concentration also
moved the capsaicin dose—response curve progressively to the
right: log EC5y —4.6+0.05 for capsaicin alone to —4.3+0.07
with 10 uM capsazepine, to —3.9+0.05 with 100 uM and
—3.6+0.05 with 1 mM, but with no significant change to the
maximal permeability (Figure 4c; each curve based on four
vessels; ANOVA on logECs, showed a significant dose-
dependency P<0.005, F=38.0, df 3,16).

The NK, antagonist, GR205171, had no effect on perme-
ability itself (Figure 5a), but increasing concentrations of
GR205171 displaced the dose—effect curve for SP-o-Me to the
right: the log ECs, increased from —4.8+0.06 for SP-o-Me
alone to —4.3+0.06 with 1 uM GR205171, to —3.9+0.05 with
10 uM and to —3.4+0.09 with 100 uM, but with no significant
change to the maximal permeability (Figure Sb; each curve
based on four vessels; ANOVA on logECs, showed a
significant dose-dependency P<0.001, F=13.5, df 3,16).
GR205171 also dose dependently reduced the permeability
response to capsaicin (100 uM) such that with GR205171
(100 uM) permeability was reduced from 1.75+0.14 to
0.46+0.08; n=6 (Figure 5c), and progressively increased
log ECs, from —4.6+0.05 for capsaicin alone to —4.1+0.08
with 1uM GR205171, to —3.7+0.04 with 10uM and to
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—3.0+0.05 with 100 uM, but with no significant change to
the maximal permeability (Figure 5d; each curve based on four
vessels; ANOVA on logECs, showed a significant dose
dependency P<0.001, F=9.1, df 3,16). A similar pattern of
capsaicin response inhibition was found with the structurally
different NK; receptor antagonist SDZ NKT 343. This also
had no permeability-increasing effects (Figure 6a), dose
dependently reduced the response to 100 uM capsaicin, such
that with SDZ NKT 376 (I mM) permeability was reduced
from 1.85+0.13 to 0.48+0.05; n=5 (Figure 6b), and
progressively increased the logECs, from —4.6+0.05 for
capsaicin alone to —4.2+0.07 with 10uM SDZ NKT 343,
to —3.6+0.06 with 100 uM and to —3.0+0.05 with 1mM,
but with no significant change to the maximal per-
meability (Figure 6c; each curve based on four vessels;
ANOVA on log ECs, showed a significant dose dependency
P<0.05, F=4.5, df 3,16). The enantiomer, (R,R)-SDZ
NKT 343, had no effect on the capsaicin permeability
response (Figure 6d; each curve based on four vessels).
Schildt plots (not shown) of the antagonist effects gave Kp
of —5.1, —6.0, —5.5 and —6.8 for capsaicin-NKT 343,
GR205171, capsazepine and SP-o-Me-GR205171 interaction,
respectively, but the gradients were all well below unity (from
0.44 to0 0.79).
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Figure 5 The permeability response to capsaicin is inhibited by GR205171. (a) The effect of the NK, antagonist GR205171 on
venular permeability was plotted against concentration. (b) Dose—effect curves produced by coapplication of GR205171 (1-100 um)
with SP-0-Me; each curve mean of four vessels from four rats. (c) The effects of GR205171 (0.1-100 uM) on the permeability
response to capsaicin (100 uM); ANOVA with Dunnett’s multiple comparison test four vessels, **P<0.01, six vessels from six rats.
(d) Dose—effect curves produced by coapplication of GR205171 (1-100 uM) with capsaicin; each curve mean of four vessels from

four rats. All vessel diameters were between 8 and 15 um.
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Figure 6 The permeability response to capsaicin is inhibited by SDZ NKT 343. (a) The effect of the NK, antagonist SDZ NKT 343
on venular permeability was plotted against concentration. (b) The effects of SDZ NKT 343 (0.1-100 uM) on the permeability
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(d) Dose—effect curves produced by coapplication of the enantiomer (R,R)-SDZ NKT 343 (0.1 and 1 mM) with capsaicin; each curve
mean of four vessels from four rats. All vessel diameters were between 8 and 15 um.

Effect of capsazepine on experimental cerebral ischaemia

Capsazepine was administered i.p. (at 1pumolkg™) 20min
after the microspheres were administered. The starch micro-
sphere embolism method of producing cerebral ischaemia and
reperfusion was chosen as it produced a total cessation of flow
in the pial vessels, and the start of reperfusion was easily
observed in the pial vessels. Permeabilities were measured
immediately before and at 5Smin intervals for at least 30 min
after reperfusion started in similar-sized (diameters between 8
and 15 um) venules as used for the acute study. Preliminary
experiments showed that a blockage that lasted 30min
produced a small permeability increase only (ca.
2x107%cms™'), and accordingly the blockage time was
increased to 60 min. The mean permeability over the 35min
reperfusion following that was 5.940.3 x 10 °cms™!, n=8§,
which capsazepine treatment reduced to 2.4+0.1, n=4,
(Figure 7a). The effect of the treatment did not diminish
during the 35 min that it was followed.

Parallel experiments in the laboratory indicated that larger
venules are more reactive to ischaemia than the smaller ones.
We examined the permeability responses of these vessels
(diameters between 40 and 60 um), which although having the
same very low permeability before the microsphere embolism

had a much greater permeability on reperfusion after 30 min
blockage (11.3940.78, n=38). This rose and then fell slightly in
the following 30 min, the mean being 12.64+0.4 (n=8; see
Figure 7). With capsazepine treatment, the initial postblockage
permeability was less than half that of the untreated vessels
(5.104+0.91, n=5), but this reduction lessened with time, so
that after 30 min reperfusion, there was no difference between
the treated and untreated vessels.

Discussion

The experiments described here demonstrate that capsaicin
applied to the brain surface increases the permeability of the
pial microvasculature, and that an NK, agonist, which is likely
to be substance P, is a key mediator of the response.
Furthermore, we have shown that activation of TRPVI is
likely to be responsible for a component of blood—brain barrier
disruption in the early phase of the response to cerebral
ischaemia.

The possibility that TRPV1 has a role in cerebral oedema
formation consequent to ischaemia was investigated by using
starch microspheres to produce transient focal occlusion of
blood flow in cerebral microvessels. They provided a relatively
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Figure 7 The effect of capsazepine on blood—brain barrier disrup-
tion following experimental cerebral ischaemia—reperfusion studied
in single pial venules. The permeability to sulforhodamine dye
was measured immediately before, and at 5min intervals fol-
lowing starch microsphere embolization. Vehicle or capsazepine
(1 umol kg~') was injected i.v. 20 min after the embolization started.
(a) In the small venular capillaries capsazepine resulted in a
significantly smaller permeability increase after microsphere embo-
lism that lasted 60 min, which showed no sign of diminishing with
increased time of reperfusion (***P<0.0001 unpaired ¢-test with
Welch’s correction for unequal variances, eight vessels for vehicle,
four vessels capsazepine, one vessel from each animal). (b) The
larger venules gave a much larger permeability response, even for a
shorter duration of embolism, and this too was significantly
attenuated by capsazepine treatment, but the differences in the
permeabilities of the two groups diminished as reperfusion
progressed, until 30min after reperfusion when there was no
difference between the treated and untreated vessels (***P<0.0001
unpaired 7-test, eight vessels for vehicle, five vessels capsazepine, one
vessel from each animal).

ecasy and effective means of generating severe cerebral
ischaemia that resulted in increased permeability in the
microvessels being measured. The pial vessels were exposed
to atmospheric oxygen throughout, so the permeability
increase was not due to direct effects of hypoxia, nor could
it be due to direct contact with the microspheres because they
lodge on the arterial side of the circulation only. The
permeability increase is therefore most probably due to release
of a substance, or substances, from ischaemic tissue, which
diffused to the pial vessels that were measured. Degradable
starch microspheres have been used in chemotherapeutic drug
administration for hepatic cancer (see Hakansson ez al., 1997),
but have not been widely used as emboli to produce reversible
experimental ischaemia. Where they have been used previously
to occlude the rat cerebral vasculature, it was found that the
irreversible damage was related to the number of microspheres
injected (Laccourreye et al., 1993). An electron microscopy

study of starch microsphere interaction with rat liver and
kidney microvessels showed that they changed shape and
occupied almost the whole of the lumen before being digested
by plasma amylase (Makita et al., 1989). We found that
blocking TRPV1 with capsazepine during experimental focal
cerebral ischaemia-reperfusion reduced the blood-brain
barrier disruption considerably.

Other observations in our laboratory had led us to consider
the possibility that larger venules were more reactive than
smaller ones. This was borne out in the event as their
permeability response was larger, and more rapid, which is
also in accord with the cardiac arrest of model transient
ischaemia (Pluta et al., 1994). Permeability of both the large
and the small venules was greatly reduced by the capsazepine
treatment, but surprisingly these protective effects were only
transient in the larger venules, lasting for less than 30 min of
reperfusion.

Capsazepine was apparently much more effective in redu-
cing permeability postischaemia than against a direct capsaicin
challenge. One possible reason for this is the longer period for
equilibration in the postischaemia experiments than with acute
application to the pia (see below), but it is also possible that
the responsiveness of the ischaemic preparation is likely to be
considerably enhanced over that in the normal situation. We
have previously found that interleukin-18, which is released in
ischaemia, will rapidly enhance the permeability response to
bradykinin (Hu & Fraser, 1997) and preliminary evidence in
the laboratory indicates that this also occurs with substance P.

There have been a number of other indications that TRPV1
activation will result in brain injury and cerebral oedema, and
the endocannabinoid, anandamide, which increases following
cerebral ischaemia (Berger et al., 2004), could be the
endogenous ligand for this effect. It is interesting that
anandamide administered into the cerebral ventricles results
in cerebral oedema, which was greatly reduced by coadminis-
tration with capsazepine (Cernak et al., 2004). The recent
finding that capsaicin treatment administered shortly before
transient global cerebral ischaemia, protected neurones,
apparently conflicts with the idea that TRPV1 is a key player
in stroke (Pegorini et al., 2005), but it is possible that in that
study capsaicin was acting by desensitizing TRPV1.

The processes that lead from ischaemia to blood—brain
barrier disruption appear to involve a number of different
inflammatory mediators. We have found that both blocking
the bradykinin B, receptor with topically applied HOE 140,
and free radical scavengers, reduce postischaemic pial venular
permeability dramatically (Kurokawa & Fraser, 19995), but this
is the first time that a systemic treatment has had such an effect
in this model of severe transient ischaemia. It is probable that
substance P, and other inflammatory mediators, such as
VEGF and interleukin-1f, act synergistically, and blocking
any one of them results in a large decrease in the resultant
effect.

Previous experiments with capsaicin did not show any
effects on the blood—brain barrier permeability. Thus, systemi-
cally administered capsaicin (intravenously (i.v.) at 5 umol kg™
over 20 min) did not increase the uptake of a-aminoisobutyric
acid (Reid & McCulloch, 1987). A much higher concentration
of capsaicin was used in the present experiments, and topically
applied capsaicin gave a barely discernible response at 5uM
(ECso~ 50 um). Capsaicin behaves as a competitive uptake
inhibitor of substrates into a cancer cell line (Nabekura et al.,
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2005), so it is also possible that it is a substrate for
p-glycoprotein, which is expressed at the blood—brain barrier
(Bauer et al., 2005), thus preventing the uptake of i.v. capsaicin
and its access to TRPVI.

The brain TRPVI1 receptor has a higher affinity for
capsaicin than that of the periphery (Szabo et al., 2002), so it
is a little surprising that we needed such high doses. On the
other hand, the antiretching effect of capsaicin applied to the
fourth ventricle required a dose of 330 uM to have a significant
effect (Shiroshita et al., 1997). It is possible that capsaicin is
rapidly metabolized to inactive compounds in the brain, as
is its derivative DA-5018 (Kang & Kim, 1999), but it is also
possible that the TRPV1 receptor is not located directly on the
pial surface. The permeability measurements in the present
experiments were made within 1min of drug application to
avoid complications that can arise from the rapid release of
other substances, such as occurs with prolonged bradykinin
application and interleukin-1§ release (Hu & Fraser, 1997),
and this did not allow sufficient time for equilibration between
drug and receptor to give a true estimate of pD,. TRPV1 has
been found on cultured brain endothelium (Golech et al.,
2004), and its activation leads to a rise in endothelial [Ca®*],
a sufficient condition for a rapid permeability response in this
preparation (Sarker et al., 1998). The present experiments,
however, show that a tachykinin NK, agonist, but not an NK,
agonist (Nicolau ez al., 1993), is a necessary intermediate
between capsaicin and the pial venular permeability response;
hence, it appears that TRPV1 cannot be active on pial venular
endothelium.

Substance P methyl ester was used to stimulate the NK;
receptor, rather than substance P itself, as it is less prone to
rapid degradation, but it is nevertheless a substrate for neutral
endopeptidase (Skidgel ef al., 1984), which is expressed on the
brain surface (Norman ez al., 2003). This could also contribute
to the high ECsy (x25uM) for the SP-o-Me permeability-
increasing effect: we have previously shown that the ECs, for
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