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Abstract
Nitric oxide (NO) has been implicated in mediation of cerebral vasodilation during neuronal
activation and, specifically, in pharmacological activation of N-methyl-D-aspartate (NMDA) and
kainate receptors. Possible mediators of cerebral vasodilation to α-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA) have not been well studied in mature brain, although
heme oxygenase (HO) activity has been implicated in newborn pigs. In anesthetized rats, 5 min of
topical superfusion of 30 and 100 μM AMPA on the cortical surface through a closed cranial window
resulted in increases in pial arteriolar diameter. The dilatory response to AMPA was not inhibited
by superfusion of an NO synthase inhibitor, a cyclooxygenase-2 inhibitor, or a cytochrome P-450
epoxygenase inhibitor, all of which have been shown to inhibit the cortical blood flow response to
sensory activation. However, the 48 ± 13% dilation to 100 μM AMPA was attenuated 56–71% by
superfusion of the adenosine A2A receptor antagonist ZM-241385, the A2B receptor antagonist
alloxazine, and the HO inhibitor chromium mesoporphyrin. Combination of the latter three inhibitors
did not attenuate the dilator response more than the individual inhibitors, whereas an AMPA receptor
antagonist fully blocked the vasodilation to AMPA. These results indicate that cortical pial arteriolar
dilation to AMPA does not require activation of NO synthase, cyclooxygenase-2, or cytochrome
P-450 epoxygenase but does depend on activation of adenosine A2A and A2B receptors. In addition,
CO derived from HO appears to play a role in the vascular response to AMPA receptor activation in
mature brain by a mechanism that is not additive with that of adenosine receptor activation.
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INCREASES IN NEURAL ACTIVITY lead to increases in local perfusion. This effect may
depend, in part, on activation of ionotropic glutamate receptors, such as N-methyl-D-aspartate
(NMDA) and α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors
(35). Therefore, it is of interest to understand which potential vasodilator mechanisms mediate
cerebral vasodilation to pharmacological activation of the various glutamate receptor subtypes.

Application of AMPA to the cortical surface increases local O2 consumption (47), but
mediators of the vascular response to AMPA have not been well studied. Pial arterioles have
been shown to dilate in response to topical application of NMDA and kainate, and this dilation

Address for reprint requests and other correspondence: R. C. Koehler, Dept. of Anesthesiology and Critical Care Medicine, The Johns
Hopkins Medical Institutions, 600 North Wolfe St./Blalock 1404-E, Baltimore, MD 21287-4961 (e-mail: rkoehler@jhmi.edu)..
*H. Ohata and S. Cao contributed equally to this work.
GRANTS
This work was supported by National Heart, Lung, and Blood Institute Grant HL-59996.

NIH Public Access
Author Manuscript
Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2007 September
1.

Published in final edited form as:
Am J Physiol Regul Integr Comp Physiol. 2006 September ; 291(3): R728–R735.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



is attenuated by inhibition of nitric oxide (NO) synthase (14–16,27). However, the effect of
NO synthase inhibition on pial arteriolar dilation to AMPA has not been reported in adult
cerebral cortex, although CO generated from heme oxygenase (HO) has been implicated in the
pial arteriolar response to AMPA in newborn pigs (45). In adult brain, HO may play a role in
cerebral vasodilation to kainate-induced seizures (29).

In the present study, the response of pial arterioles to topical application of AMPA was
investigated in vivo in mature rats. The potential role of NO synthase was determined by use
of the inhibitor Nω-nitro-L-arginine (L-NNA), and the role of HO was determined by the use
of the inhibitor chromium mesoporphyrin (CrMP). Other mediators were also evaluated.
Because pial arteriolar dilation to glutamate and to sciatic nerve stimulation was reported to
be attenuated by the adenosine A2A receptor antagonist 4-(2-[7-amino-2-(2-furyl)[1,2,4]
triazolo[2,3-a][1,3,5] triazin-5-ylamino]ethyl)phenol (ZM-241385) (21,28), the contribution
of adenosine A2A receptors was assessed. In addition to the high-affinity A2A receptors, low-
affinity A2B receptors can also contribute to pial arteriolar dilation to adenosine (31,46). The
A2B receptor antagonist alloxazine was used to discern the potential role of adenosine A2B
receptors. Furthermore, cyclooxygenase-2 (COX-2) and cytochrome P-450 epoxygenase
metabolites of arachidonic acid have been implicated in the cortical blood flow response to
somatosensory activation (33,40,41). Moreover, the epoxygenase inhibitor N-
methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH) blocks the local blood
flow response to intrastriatal microdialysis perfusion of NMDA (6). Therefore, the effects of
MS-PPOH and the COX-2 inhibitor N-[2-(cyclohexyloxy)-4-nitrophenyl]-
methanesulfonamide (NS-398) on the pial arteriolar response to AMPA were also tested.

MATERIALS AND METHODS
Surgical procedures

All procedures were approved by the Johns Hopkins University Animal Care and Use
Committee. Anesthesia was induced in male Wistar rats (~300 g) with 4% halothane in O2-
enriched air and maintained with 1.5–2% halothane during surgery and 1.5% halothane during
the experimental protocol. The lungs were mechanically ventilated through a tracheostomy.
The inspired gas contained 30–40% O2. A catheter was inserted through a tail artery for arterial
blood pressure monitoring and blood sampling for analysis of pH, PCO2, and PO2.

Pial arteriolar diameter was measured through a closed cranial window by intravital
microscopy (4,18). With the rat in the prone position in a head holder, the skull was exposed,
the periosteum was removed, and a 3- to 4-mm-wide craniotomy was made over the left parietal
cortex. A plastic ring was secured with dental acrylic to the skull surrounding the craniotomy.
The exposed dura mater was kept moist with artificial cerebrospinal fluid (aCSF) containing
(in mM): 151 Na+, 3 K+, 1.3 Ca2+, 0.6 Mg2+, 134 Cl−, 24.6 HCO3

−, 6 urea, and 3.7 glucose.
The dura was incised, gently retracted, and cut to expose the pial surface. The window was
filled with warmed aCSF, and a glass coverslip was cemented to the plastic ring. The plastic
ring had an inflow and outflow port, a port for monitoring pressure, and a thermistor for
monitoring fluid temperature.

Experimental protocol
After ≥45 min from completion of surgery, the window was flushed over a 5-min period with
aCSF, and baseline measurements were obtained. In different groups of rats, the window was
then superfused with 1 mM L-NNA (n = 7), 100 μM NS-398 (n = 8), or 20 μM MS-PPOH
(n = 6). A control group was superfused with 0.1% ethanol vehicle (n = 8). In a second
experiment, the window was superfused with 15 μM CrMP (n = 7), 1 μM ZM-241385 (n = 7),
1 μM alloxazine (n = 7), CrMP + ZM-241385 + alloxazine (n = 7), or the AMPA receptor
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antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)quinoxaline (NBQX, n = 5). A control
group was superfused with 0.01% DMSO vehicle (n = 7).

L-NNA at 1 mM has been shown to inhibit cortical NO synthase activity and the blood flow
response to sensory stimulation within 1 h of administration (22,41). Therefore, all inhibitors/
antagonists were superfused for 1 h before testing of vascular reactivity to ensure sufficient
time for penetration into underlying cerebral cortex and a consistent exposure time for all
inhibitors/antagonists. The rate of superfusion was 0.1 ml/min for the first 20 min and 0.05 ml/
min for the last 40 min of superfusion before testing of the agonist. The height of the outflow
catheter tip was adjusted to maintain pressure in the window at 5 mmHg during superfusion.
NS-398 at 100 μM has been shown to effectively inhibit the cortical blood flow response to
whisker stimulation, but not to hypercapnia, acetylcholine, or brady-kinin (33). The inhibition
constant for epoxygenase activity in vitro by MS-PPOH is 13 μM (51). MS-PPOH at 20 μM
has been shown to inhibit the blood flow response to neural activation and to NMDA
administration without inhibition of NO synthase activity (6,40,41). CrMP at 15 μM has been
shown to inhibit HO activity and to have little effect on NO synthase or guanylyl cyclase
activity (3,25). Because CrMP is sensitive to light, care was taken to keep the CrMP infusion
syringe and catheter wrapped in opaque material and to add carbon black to the acrylic cement
of the window. ZM-241385 at 1 μM has been shown to inhibit pial arteriolar dilation to topical
adenosine, to a selective A2A receptor agonist, and to glutamate in vivo (31,46). Alloxazine at
1 μM has been shown to inhibit pial arteriolar dilation to topical adenosine and to a selective
A2B receptor agonist in vivo (46).

Measurements of arterial blood gases, blood pressure, and arteriolar diameter were repeated 1
h after the start of superfusion with the corresponding drug inhibitor. Pial arteriolar reactivity
to AMPA superfusion was studied with two doses that produced significant, dose-dependent
increases in diameter within 5 min of superfusion. AMPA (30 μM) + the same drug inhibitor
was superfused at a rate of 0.2 ml/min for 5 min and then washed out for 25 min at a rate of
0.1 ml/min with aCSF containing the respective drug inhibitor. The fluid volume in the window
was ~0.15 ml. Arteriolar diameter was measured at 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7, 10, 15,
20, and 30 min after the start of AMPA superfusion. After the 25-min washout period, arterial
blood gases were measured. A higher dose of AMPA (100 μM) + the respective drug inhibitor
was superfused for 5 min and then washed out for 25 min with the respective inhibitor/
antagonist, and measurements were repeated as described above. At the end of the experiment,
vascular reactivity to an NO donor was examined by superfusion of the window with 0.3 μM
sodium nitroprusside at a rate of 0.1 ml/min for 10 min.

To contrast the effect of L-NNA on the response to AMPA with the known effect of L-NNA
on the response to NMDA, the pial arteriolar response to 100 μM NMDA superfusion was
tested before and after application of 1 mM L-NNA in a group of eight rats.

Statistical analysis
For each intervention, the percent change in diameter was calculated for each arteriole ranging
in baseline diameter from 20 to 100 μm. Statistical analysis was performed using the average
percent change of one to four pial arterioles per rat, such that the sample size is the number of
rats. Changes in diameter of pial arterioles after 1 h of superfusion of each drug inhibitor/
antagonist were compared with baseline values by paired t-test. For each dose of AMPA, the
percent change in diameter over time was compared among inhibitor/antagonist groups by two-
way ANOVA with repeated measures. If there were an overall treatment effect, additional two-
way ANOVA with repeated measures was performed between the control group and each
individual inhibitor/antagonist group. If this ANOVA indicated a significant treatment effect
or treatment-time interaction, individual time points were compared with the control group by
application of the false discovery rate procedure for multiple t-tests (12). In addition, the
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maximum percent diameter response was compared among groups by one-way ANOVA, and
comparisons were made with the control group by Dunnett’s test. Values are means ± SD. The
level of significance was set at P < 0.05.

RESULTS
Superfusion of the cranial window with 30 and 100 μM AMPA produced dose-dependent
increases in pial arteriolar diameter (Fig. 1). After superfusion of 1 mM L-NNA, the response
to AMPA was not significantly reduced. In contrast, L-NNA decreased the dilator response to
100 μM NMDA.

To evaluate the contribution of other possible mediators, the response to 30 and 100 μM AMPA
was examined in separate groups of rats after superfusion of the cranial window for 1 h with
a single inhibitor. At the end of 1 h of superfusion of these inhibitors, the percent change in
pial arteriolar diameter was not significantly different from baseline (Table 1). Mean arterial
blood pressure and arterial PCO2 at the time of AMPA superfusion were in the normal range
and were not different from the vehicle groups (Table 2). Arterial pH was 7.35–7.49, arterial
PO2 was kept above 100 mmHg to maintain oxyhemoglobin saturation, arterial hemoglobin
concentration was 11–15 g/dl, and rectal temperature was 36.5–38.0°C.

Pial arteriolar diameter was measured at 0.5-min intervals during the 5-min periods of
superfusion of 30 and 100 μM AMPA. The maximum increase in diameter during low- and
high-dose AMPA superfusion was not significantly reduced by the COX-2 inhibitor NS-398
or by the epoxygenase inhibitor MS-PPOH (Fig. 2).

Treatment with 15 μM CrMP did not significantly affect the response to 30 μM AMPA.
However, CrMP substantially blunted the maximum response to 100 μM AMPA (Fig. 3). Two-
way repeated-measures ANOVA of the time-course response to 100 μM AMPA between the
control and CrMP-treated groups indicated a significant overall treatment effect of CrMP (P
< 0.025) and a significant treatment-time interaction (P < 0.001). The response was
significantly reduced from 3.5 through 7 min after the start of 100 μM AMPA superfusion (Fig.
4).

After superfusion of 1 μM ZM-241385, an adenosine A2A receptor antagonist, two-way
repeated-measures ANOVA indicated a significant treatment-time interaction at 30 μM (P <
0.02) and 100 μM (P < 0.001) AMPA and a significant overall treatment effect at 100 μM
AMPA (P < 0.005). At 100 μM AMPA, the dilatory response was significantly decreased from
3.5 to 10 min after the start of AMPA superfusion (Fig. 5). The maximum increase in pial
arteriolar diameter to 100 μM AMPA was significantly reduced by ZM-241385 (Fig. 3).

After superfusion of 1 μM alloxazine, the adenosine A2B receptor antagonist, two-way
repeated-measures ANOVA did not indicate a significant treatment-time interaction (P < 0.07)
at 30 μM AMPA, and the maximal response was not significantly altered. However, at 100
μM AMPA, the treatment-time interaction was significant (P < 0.001), and the dilatory
response was significantly attenuated from 3.5 to 5 min after the start of AMPA superfusion
(Fig. 6). The maximum increase in pial arteriolar diameter was significantly decreased by
alloxazine at 100 μM AMPA (Fig. 3).

Because CrMP, ZM-241385, and alloxazine attenuated, but did not eliminate, the dilatory
response to AMPA, these drugs were combined to determine whether they had additive
inhibitory effects. Dilation to 100 μM AMPA was attenuated by the combination of these three
drugs compared with the control group (Fig. 7). However, the attenuation was similar to that
seen with superfusion of the individual drugs (Fig. 3), thereby implying that these drugs do
not act in an additive fashion. Moreover, increasing the concentration of ZM-241385 from 1
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to 10 μM did not further attenuate the dilator response to 100 μM AMPA (from 14 ± 18% to
18 ± 6%), indicating that the dose of ZM-241385 was not submaximal. Higher doses of CrMP
and alloxazine were not tested because of concern that these agents would lose selectivity.

To determine whether the residual response may have been due an effect of AMPA not
mediated by AMPA receptors, the effect of the AMPA receptor antagonist NBQX was tested.
Superfusion of 30 μM NBQX blocked the dilation to 30 μM (Fig. 3) and 100 μM (Fig. 8)
AMPA. The response to 100 μM AMPA after NBQX was significantly different from that after
CrMP + ZM-241385 + alloxazine.

The ability of pial arterioles to dilate to 0.3 μM sodium nitroprusside was tested 25 min after
washout of 100 μM AMPA in the continued presence of each inhibitor/antagonist. The percent
increase in diameter was not different from the control groups (Fig. 9), thereby demonstrating
specificity of the inhibitory effects of CrMP, ZM-241385, and alloxazine on the AMPA
response.

DISCUSSION
The major new findings of this study are as follows: 1) AMPA receptor activation in the cerebral
cortex of adult rats leads to dilation of extraparenchymal pial arterioles in vivo, 2) this dilation
is partially mediated by activation of adenosine A2A and A2B receptors, 3) HO, rather than NO
or arachidonic acid, metabolites of COX-2 or epoxygenases, also contributes to the
vasodilatory response, and 4) A2A receptors, A2B receptors, and HO do not act by parallel,
independent mechanisms.

The nonselective adenosine receptor antagonist theophylline has been shown to partially inhibit
cerebral vasodilation in response to whisker stimulation (13) and topical application of
glutamate (21). Superfusion of rat cortical slices with glutamate or AMPA is capable of
generating release of adenosine (11,19). Adenosine dilates pial arterioles and intraparenchymal
arterioles primarily through the A2 receptor family (10,20,32). Further work by others (31,
46) has demonstrated that ZM-241385 inhibited pial and penetrating arteriolar dilation to low
concentrations of adenosine, whereas alloxazine provided greater inhibition than ZM-241385
at high concentrations of adenosine. Availability of highly selective A2B receptor antagonists
is limited. Alloxazine is approximately one order of magnitude more selective for A2B than
for A2A receptors (8), whereas ZM-241385 is nearly two orders of magnitude more selective
for A2A than for A2B receptors (36,37,43). In cardiac myocytes, 1 μM alloxazine inhibited by
50% the contractile response to 5′-(N-ethylcarboxamido)-adenosine (NECA), an A2 receptor
agonist that appears to have selectivity for A2B receptors, whereas this dose of alloxazine
exerted only a slight inhibition of the response to the A2A receptor agonist CGS-21660 (26).
In pial arterioles, 1 μM alloxazine completely blocked dilation in vivo to NECA at low doses
at which the dilation was not inhibited by 1 μM ZM-241385 (46). Thus, at the doses used in
vivo, ZM-241385 and alloxazine are expected to show selectivity for the corresponding
receptor subtypes. If the response to AMPA were mediated by A2A, and not by A2B, receptors,
the inhibitory effect of alloxazine on the dilatory response would be expected to be much
smaller than that of ZM-241385. The similarity of the magnitude of the inhibition of the dilation
to AMPA with ZM-241385 and alloxazine suggests involvement of both receptor subtypes. A
contribution of both receptor subtypes to the same functional response in the same cell type
has precedent in cardiac myocytes (26). However, because the effect of alloxazine on pial
arteriolar dilation to an A2A receptor agonist was not tested, an effect of alloxazine on A2A
receptors cannot be completely excluded in the present study.

Involvement of A2A receptors in the vascular response to AMPA is consistent with the work
of others showing that ZM-241385 inhibits pial arteriolar dilation to sciatic nerve stimulation
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and glutamate superfusion (21,28). However, involvement of A2B receptors was not
necessarily expected because of their lower affinity for adenosine. Moreover, vasodilation by
A2B receptor activation partially depends on NO synthesis (46), whereas NO synthesis
inhibition had no effect on AMPA-evoked dilation in the present experiments. An alternative
possibility is based on reports that activation of adenosine A2B receptors on astrocytes increases
intracellular Ca2+ (2,24,42), and increases in astrocyte Ca2+ can be coupled to vasodilation
(17,54). Perhaps astrocyte A2B receptors are part of a signaling pathway coupling AMPA
receptor activation to vascular dilation, whereas A2A receptors largely mediate the direct effects
of adenosine on pial arteriolar smooth muscle.

Because ZM-241385 and alloxazine did not completely block the dilatory response to AMPA,
mediators other than adenosine might be involved. One potential mediator is CO derived from
HO activity. HO activity has been implicated in cerebral vasodilation associated with seizures
evoked by systemic administration of kainate in rats (29) and bicuculline administration in
newborn pigs (44). However, seizure activity releases abundant amounts of glutamate, which
can then activate all glutamate receptor subtypes. Our results with the HO inhibitor CrMP
indicate that HO activity also participates in pial arteriolar dilation during AMPA receptor
activation. At high concentrations, CrMP can inhibit NO synthase and guanylyl cyclase, but
15 μM CrMP (present study) had no significant effect on NO synthase and guanylyl cyclase
(3). In addition, NO synthase inhibition in the present study did not have the same effect as
CrMP on the vascular response to AMPA. In newborn pigs, glutamate is postulated to act on
glutamate receptors in the endothelium and stimulate endothelial HO (38,39). However, there
is little evidence of functional vascular glutamate receptors in adult brain (5,14,15,30). The
constitutive isoform of HO, HO-2, is enriched in neurons (50). Thus it is presumed that AMPA
acted on neuronal receptors to stimulate HO-2 activity in neurons to generate diffusible CO in
the present study on adult rats.

Although CO may cause dilation by increasing cGMP in vascular smooth muscle, it also exerts
a primary effect directly on Ca2+ -sensitive K+ channels (23,52). Adenosine is thought to relax
arteriolar smooth muscle by increasing cAMP. The present findings that CrMP, ZM-241385,
and alloxazine each inhibit the AMPA response individually by >50% suggest that there may
be some interaction in the signaling pathways. Indeed, when the three inhibitors were
combined, there was no further inhibition of the response compared with that obtained with
each individual drug. The lack of an additive effect with combined inhibition also supports an
interaction of adenosine-and CO-signaling pathways. Whether adenosine and CO are regulated
sequentially (e.g., CO stimulates release of adenosine or adenosine receptor activation
stimulates release of CO) or adenosine receptor activation and CO act cooperatively in
permitting the opening of K+ channels is not known.

The finding that none of the inhibitor drugs that were tested alone or in combination completely
eliminated the dilatory response to AMPA raised the possibility that AMPA might be partially
acting via a non-AMPA receptor mechanism. However, the AMPA receptor antagonist NBQX
blocked the response, and the response after NBQX was significantly less than the response
to CrMP + ZM-241385 + alloxazine. Thus the vasodilation by AMPA is mediated by AMPA
receptors, and an additional mechanism appears to be responsible for the residual dilation after
inhibition of HO and adenosine A2A and A2B receptors.

Pial arteriolar vasodilation in response to topical NMDA is dependent on NO synthesis and is
presumed to be linked to a coupling of neuronal NO synthase to an NMDA receptor
macromolecular complex (9). It is unclear whether pial arteriolar dilation in response to
activation of other ionotropic glutamate receptors is also dependent directly on NO generation.
Kainate produces pial arteriolar dilation that is attenuated by L-NNA (15). However, it is
possible that a high level of activation of kainate receptors can cause release of glutamate,
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which could exert a secondary effect of NMDA receptor activation (48). The present results
demonstrate that a dose of L-NNA that was sufficient to inhibit NMDA-dependent dilation
had no effect on the dilation evoked by AMPA. This result was somewhat unexpected,
inasmuch as previous work from this laboratory showed that infusion of AMPA into a
microdialysis probe in the hippocampus increased the nitroarginine-inhibitable conversion of
arginine to citrulline (7). Perhaps differences in the properties of hippocampal and cortical
neurons and glia result in a different coupling of AMPA receptors to NO production, or delivery
of AMPA by the microdialysis route led to enhanced glutamate release and secondary
activation of NMDA receptors. Regional differences are also present between the cerebral
cortex and the cerebellum, where NO plays a greater role in AMPA-dependent neurovascular
coupling (53). Therefore, the present finding, showing a lack of NO dependence in AMPA-
evoked dilation, might be limited to cortical pial arterioles.

Metabolites of COX-2 (33), but not COX-1 (34), have been implicated in cortical vasodilation
by whisker stimulation. NS-398 at 100 μM, similar to that presently used, suppressed the
response to whisker stimulation ~50%, with no further decrement at 300 μM. However, NS-398
had no significant effect on the pial arteriolar response to AMPA in the present study. Similarly,
the cytochrome P-450 epoxygenase inhibitor MS-PPOH at a concentration that suppressed the
cortical hyperemia response to whisker and forepaw stimulation (40,41) had no effect on the
response to AMPA. These comparisons imply that stimulation of these two arachidonic acid
pathways sufficient to result in vasodilation during functional activation is not mediated by
AMPA receptor stimulation. However, our results are restricted to extraparenchymal pial
arterioles. Intraparenchymal arterioles may be subjected to greater control by arachidonic acid
metabolites. For example, the cytochrome P-450 2C11 epoxygenase is expressed in rat
astrocytes (1,41), and intraparenchymal vessels surrounded by astrocytes may be under greater
influence of epoxyeicosatrienoic acid generated by cytochrome P-450 2C11. Moreover,
COX-1 activity has recently been implicated in coupling between astrocyte foot processes and
intraparenchymal vasodilation (49).

In summary, the present study provides evidence that activation of cortical AMPA receptors
produces pial arteriolar dilation that is partially mediated by adenosine A2A and A2B receptors.
In addition, CO, rather than NO, appears to participate in the dynamic response to AMPA
activation. Adenosine receptor activation and CO act in a nonadditive manner, thereby
implying that their signaling is processed in series or in a nonlinear interaction on target proteins
such as K+ channels. The lack of effect of NO synthase inhibition on the cortical pial vascular
response to AMPA differs from the effect of NMDA in the cortex and from the role of AMPA
on vasodilation in the cerebellum. Therefore, activation of specific glutamate receptor subtypes
regulates cerebrovascular dilation by distinct pathways in distinct brain regions.
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Fig. 1.
Maximum percent increase in pial arteriolar diameter during superfusion of 30 and 100 μM
α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) in control group (n = 8) and
a group superfused with Nω-nitro-L-arginine (L-NNA, n = 7). Values are means ± SD. There
was no significant effect of L-NNA on the AMPA response. In another group (n = 8), L-NNA
reduced the dilator response to 100 μM N-methyl-D-aspartate (NMDA). *P < 0.05 vs. control.
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Fig. 2.
Maximum percent increase in pial arteriolar diameter during superfusion of 30 and 100 μM
AMPA in control group (n = 8), a group superfused with 100 μM NS-398 (n = 8), and a group
superfused with 20 μM N-methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH,
n = 6). Values are means ± SD. There was no significant effect of NS-398 or MS-PPOH on
the AMPA response.
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Fig. 3.
Maximum percent increase in pial arteriolar diameter during superfusion of 30 and 100 μM
AMPA in control group (n = 7), a group superfused with 15 μM chromium mesoporphyrin
(CrMP, n = 7), a group superfused with 1 μM ZM-241385 (n = 7), a group superfused with 1
μM alloxazine (n = 7), a group superfused with CrMP + ZM-241385 + alloxazine (Combined,
n = 7), and a group superfused with 30 μM 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(f)
quinoxaline (NBQX, n = 5). Values are means ± SD. *P < 0.05 vs. control.
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Fig. 4.
Time course of percent change of pial arteriolar diameter during 5 min of superfusion of 100
μM AMPA in 0.01% DMSO control group and group superfused with 15 μM CrMP. Values
are means ±SD (n = 7). *P < 0.05 vs. control at the same time. Superfusion of AMPA started
at 0 min at a rate of 0.2 ml/min through a cranial window with a volume of ~0.15 ml. Washout
of AMPA with 0.01% DMSO or CrMP in artificial cerebrospinal fluid (aCSF) started at 5 min
at a rate of 0.1 ml/min. Note nonlinear time scale during washout.
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Fig. 5.
Time course of percent change of pial arteriolar diameter during 5 min of superfusion of 100
μM AMPA in 0.01% DMSO control group and a group superfused with 1 μM ZM-241385.
Values are means ± SD (n = 7). *P < 0.05 vs. control at the same time point. Superfusion of
AMPA started at 0 min. Washout of AMPA with 0.01% DMSO or ZM-241385 in aCSF started
at 5 min. Note nonlinear time scale during washout.
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Fig. 6.
Time course of percent change of pial arteriolar diameter during 5 min of superfusion of 100
μM AMPA in 0.01% DMSO control group and a group superfused with 1 μM alloxazine.
Values are means ± SD (n = 7). *P < 0.05 vs. control at the same time. Superfusion of AMPA
started at 0 min. Washout of AMPA with 0.01% DMSO or alloxazine in aCSF started at 5 min.
Note nonlinear time scale during washout.
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Fig. 7.
Time course of percent change of pial arteriolar diameter during 5 min of superfusion of 100
μM AMPA in 0.01% DMSO control group and a group superfused with 15 μM CrMP + 1
μM ZM-241385 + 1 μM alloxazine. Values are means ± SD (n = 7). *P < 0.05 vs. control at
the same time. Superfusion of AMPA started at 0 min. Washout of AMPA with 0.01% DMSO
or drug combination in aCSF started at 5 min. Note nonlinear time scale during washout.
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Fig. 8.
Time course of percent change of pial arteriolar diameter during 5 min of superfusion of 100
μM AMPA in 0.01% DMSO control group (n = 7) and a group superfused with 30 μM NBQX
(n = 5). Values are means ± SD. *P < 0.05 vs. control at the same time. Superfusion of AMPA
started at 0 min. Washout of AMPA with 0.01% DMSO or NBQX in aCSF started at 5 min.
Note nonlinear time scale during washout.
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Fig. 9.
Percent increase in pial arteriolar diameter during superfusion of 0.3 μM sodium nitroprusside
in the 0.1% ethanol (EtOH) control group and groups superfused with L-NNA, NS-398, and
MS-PPOH in the 1st experiment and in the 0.01% DMSO control group and groups superfused
with ZM-241385, alloxazine, CrMP, CrMP + ZM-241385 + alloxazine (Combined), and
NBQX in the 2nd experiment. Values are means ± SD. There were no differences from the
control groups.
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Table 1
Baseline diameter and percent change in baseline pial arteriolar diameter 1 h after superfusion of inhibitor/
antagonist

Baseline Diameter

μm %Change

Ethanol (0.1%) 56±14 −1.9±2.8
L-NNA 56±8 −7.3±8.5
NS-398 63±14 6.4±7.1
MS-PPOH 50±14 2.1±9.2
DMSO (0.01%) 50±8 −2.5±6.7
ZM-241385 51±18 6.9±7.7
Alloxazine 54±15 0.4±4.4
CrMP 52±10 −1.4±3.7
Combined 48±19 5.7±8.1
NBQX 39±6 0.2±7.2

Values are means ± SD. L-NNA, Nω-nitro-L-arginine; MS-PPOH, N-methonylsulfonyl-6-(2-propargyloxyphenyl) hexanamide; CrMP, chromium
mesoporphyrin; NBQX, 6-nitro-7-sulfamoylbenzo (f) quinoxaline.
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Table 2
Mean arterial blood pressure and arterial PCO2 in rats superfused with 30 and 100 μM AMPA and treated with
inhibitors

30 μM AMPA 100μM AMPA

Mean arterial blood pressure, mmHg
Ethanol (0.1%) 92±9 91±10
L-NNA 89±8 90±10
NS-398 92±11 85±7
MS-PPOH 93±14 89±14
DMSO (0.01%) 96±13 99±12
ZM-241385 98±6 99±5
Alloxazine 99±3 99±5
CrMP 99±2 99±2
Combined 98±3 98±3
NBQX 99±6 99±4

Arterial PCO2, Torr
Ethanol (0.1%) 39±3 40±3
L-NNA 40±3 40±3
NS-398 41±3 40±4
MS-PPOH 42±3 40±4
DMSO (0.01%) 41±3 40±3
ZM-241385 38±3 39±3
Alloxazine 40±3 40±3
CrMP 41±4 42±2
Combined 39±3 38±3
NBQX 36±2 37±2

Values are means ± SD. AMPA, α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid.
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