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The whisker-to-barrel cortex is widely used to study neurovascular coupling, but the cellular basis that underlies the perfusion changes
is still largely unknown. Here, we identified neurons recruited by whisker stimulation in the rat somatosensory cortex using double
immunohistochemistry for c-Fos and markers of glutamatergic and GABAergic neurons, and investigated in vivo their contribution
along with that of astrocytes in the evoked perfusion response. Whisker stimulation elicited cerebral blood flow (CBF) increases concom-
itantly with c-Fos upregulation in pyramidal cells that coexpressed cyclooxygenase-2 (COX-2) and GABA interneurons that coexpressed
vasoactive intestinal polypeptide and/or choline acetyltransferase, but not somatostatin or parvalbumin. The evoked CBF response was
decreased by blockade of NMDA (MK-801, �37%), group I metabotropic glutamate (MPEP�LY367385, �40%), and GABA-A (picro-
toxin, �31%) receptors, but not by GABA-B, VIP, or muscarinic receptor antagonism. Picrotoxin decreased stimulus-induced somato-
sensory evoked potentials and CBF responses. Combined blockade of GABA-A and NMDA receptors yielded an additive decreasing effect
(�61%) of the evoked CBF compared with each antagonist alone, demonstrating cooperation of both excitatory and inhibitory systems
in the hyperemic response. Blockade of prostanoid synthesis by inhibiting COX-2 (indomethacin, NS-398), expressed by �40% of
pyramidal cells but not by astrocytes, impaired the CBF response (�50%). The hyperemic response was also reduced (�40%) after
inhibition of astroglial oxidative metabolism or epoxyeicosatrienoic acids synthesis. These results demonstrate that changes in pyrami-
dal cell activity, sculpted by specific types of inhibitory GABA interneurons, drive the CBF response to whisker stimulation and, further,
that metabolically active astrocytes are also required.

Introduction
The temporal and spatial coupling between increased neuronal
activity and cerebral blood flow (CBF), known as neurovascular
coupling, closely depends on incoming afferents and, primarily,
their local processing by targeted neurons (Logothetis et al., 2001;
Lauritzen and Gold, 2003; Angenstein et al., 2009). Additionally,

a coordinated interplay between neurons, astrocytes, and mi-
crovessels appears to be required for this highly regulated re-
sponse that underlies contemporary brain imaging techniques
that use vascular signals as surrogate markers of neuronal activity
(Koehler et al., 2009; Carmignoto and Gómez-Gonzalo, 2010;
Cauli and Hamel, 2010). Therefore, understanding the cellular
basis of the activated neurocircuitry is essential for adequate in-
terpretation of brain imaging data. A growing body of evidence
suggests that both excitatory and inhibitory neurons govern
the hemodynamic response to increased neuronal activity
(Niessing et al., 2005; Kocharyan et al., 2008; Enager et al.,
2009). However, the identity of the neurons recruited by a
given afferent input, their interaction with astrocytes, and the
mechanisms by which their activation results in changes in
CBF remain largely unexplored.

The rodent whisker-to-barrel cortex pathway is a widely used
model in the study of functional hyperemia (Woolsey et al., 1996;
Jones et al., 2001). This sensory system allows rodents to acquire
tactile information to build a map of their surroundings, infor-
mation from each whisker being processed by distinct barrel
structures in layer IV of the contralateral somatosensory cortex
(Woolsey and Van der Loos, 1970; Ferezou et al., 2006). Neurons
of the barrel cortex targeted by thalamocortical glutamatergic
afferents have been extensively investigated anatomically and
electrophysiologically (Staiger et al., 1996a,b; Maier and McCa-
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sland, 1997; Gentet et al., 2010). In addition to this highly orga-
nized neuronal connectivity, the blood supply of each barrel is
also functionally compartmentalized (Cox et al., 1993). Follow-
ing vibrissae stimulation, brain imaging studies have visualized
local increases in CBF in the barrels corresponding to the stimu-
lated whiskers (Martin et al., 2002; Dunn et al., 2005; Berwick et
al., 2008). Given the robustness of this paradigm, it has been used
to identify several mediators of the evoked CBF response (for
review, see Koehler et al., 2009; Cauli and Hamel, 2010).

In the present study, we sought to identify the cortical excitatory
and inhibitory neurons recruited in vivo by whisker stimulation,
determine their respective contribution in the hemodynamic re-
sponse, and assess whether astrocytes are involved in transmuting
neuronal signals into vascular responses. Using double immuno-
staining for c-Fos as a reporter of neuronal activity (Staiger, 2006)
and markers of excitatory and inhibitory neurons, together with
in vivo pharmacology, we demonstrate that the evoked CBF re-
sponse to whisker stimulation results from the recruitment of selec-
tive populations of excitatory pyramidal cells and inhibitory
interneurons. Further, the data indicate that the vascular response is
primarily driven by enhanced activity of output excitatory pyrami-
dal neurons that release glutamate and cyclooxygenase-2 (COX-2)
products. Moreover, metabolically active astrocytes and P450 ep-
oxygenase vasoactive messengers are required for the full expression
of this response.

Materials and Methods
Animals. Adult male Sprague–Dawley rats (280 –320 g, Charles River)
were used. Procedures were approved by the animal ethics committee of
McGill University and followed the guidelines outlined by the Canadian
Council on Animal Care. For slice experiments, young male Wistar rats
(postnatal days 17 � 0.5, Janvier) were used in accordance with the

guidelines published in the European Commu-
nities Council Directive of November 24, 1986
(86/609/EEC).

Whisker stimulation. For anatomical studies,
to prevent c-Fos induction related to stress
and/or novelty (Staiger, 2006) rather than to
the stimulus itself, rats were habituated to the
stimulation protocol by a daily �30 – 45 min
handling period for 1 week preceding the ex-
perimental day. During each session, rats were
gently restrained in a plastic cone and the whis-
kers manually displaced with a paintbrush
(3– 4 Hz) (Filipkowski et al., 2000). Two days
before the experiment, all but three whiskers
(C1, C2, and C3) (Fig. 1A) on the right side and
all whiskers on the left side of the snout were
clipped close to the skin under sodium pento-
barbital anesthesia (60 mg/kg, i.p.). On the ex-
perimental day, awake restrained rats were
subjected to a 20 min stimulation of the right
C1–C3 vibrissae, returned to their cages and
killed 1 h later for brain fixation (see below).
CBF measurement studies (detail below) were
performed in urethane-anesthetized rats and,
to avoid neuronal adaptation related to long-
lasting sensory stimulation (Heiss et al., 2008),
a stimulus of higher frequency (8 –10 Hz, elec-
trical toothbrush) and shorter duration (3– 6
stimulations of 20 s each interspaced by 40 s)
was used. The identity of the recruited cells un-
der such conditions of stimulation and anes-
thesia was anatomically analyzed in a separate
group of rats (n � 1–3) perfused after three
stimulation blocks separated by 20 min inter-
vals, saline being administered intracisternally

before the second and third blocks to best mimic pharmacological exper-
iments (see below).

Identification of activated cortical cells by double immunohistochemistry.
Rats were anesthetized with pentobarbital and their brains perfusion-
fixed (500 ml of ice-cold 4.0% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4). The cells recruited by whisker stimulation were iden-
tified by double immunohistochemistry of c-Fos and markers of py-
ramidal cells, specific subtypes of GABA interneurons or glial cells on
free-floating freezing microtome 25 �m thick coronal sections, as de-
scribed previously (Kocharyan et al., 2008). Briefly, sections were first
immunostained for c-Fos (rabbit anti-c-Fos, 1:15,000; Oncogene) de-
tected with the ABC complex (45 min, Vectastain ABC kit, Elite PK-6100,
Vector Laboratories) and visualized with the SG reagent (SK-4700, Vec-
tor Laboratories, blue-gray precipitate). Whereas a few single-labeled
c-Fos sections were kept aside to delineate the location of activated cells
within the barrel cortex, most were processed for double immunostain-
ing with all other antibodies detected in the second position with species-
specific secondary antibodies (1:200, Vector Laboratories, 45 min), and
visualized with 3, 3�-diaminobenzidine (DAB, kit SK-4100, Vector Lab-
oratories, brown precipitate). Primary antibodies were as follows: goat
anti-choline acetyltransferase (ChAT, 1:250; Millipore Bioscience
Research Reagents), anti-COX-1 or anti-COX-2 (1:500; Santa Cruz Bio-
technology), guinea pig anti-VIP (1:5000; Peninsula), mouse anti-
parvalbumin (PV, 1:40,000; Sigma), or rabbit anti-GFAP (1:300;
DAKO), anti-neuronal nitric oxide synthase (nNOS, 1:10,000; Milli-
pore), or anti-somatostatin (SOM, 1:2000; Peninsula Laboratories). Sec-
tions were observed under light microscopy (Leitz Aristoplan, Leica),
and digital pictures taken (CoolPix 4500, Nikon), calibrated, and edited
with Adobe Photoshop 7 (Adobe Systems).

Laser Doppler flowmetry of CBF. Rats were anesthetized with urethane
(1.1 g/kg, i.p., in saline) and a catheter filled with heparinized saline
inserted in the femoral artery for monitoring of physiological parame-
ters. Animals were fixed in a stereotaxic frame (David Kopf Instruments),
body temperature maintained at 37°C using a temperature control sys-

Figure 1. Increased CBF and c-Fos immunoreactivity induced by whisker stimulation. A, Schematic representation of the
stimulation paradigm of whiskers C1, C2, and C3 used for immunohistochemical studies and of the corresponding barrels in the
somatosensory cortex (modified with permission from Aronoff and Petersen, 2008). B, Representative cortical CBF recordings in
the ipsilateral and contralateral cortices before and after whisker stimulation (20 s, illustrated by the black bar above the x-axis) of
all whiskers on the right snout. CBF was increased significantly only in the stimulated contralateral cortex, with a minimal response
on the ipsilateral side (n � 3). C, Overall distribution of c-Fos immunostaining in a coronal section of the stimulated contralateral
(left) and unstimulated ipsilateral (right) barrel cortices following 20 min whisker stimulation. Increased c-Fos-positive nuclei were
selectively located in specific layers of the contralateral cortex and, particularly, in layer IV where the target barrel is located. Note
that very few c-Fos-positive nuclei were present in adjacent neighboring barrels (small arrows in left panel). High magnifications
of the barrels in both contralateral and ipsilateral cortices are shown at the bottom. Scale bar, 100 �m.
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tem (FHC), and the whiskers on the right side trimmed to a length of
�1.0 cm. The skull was exposed and a 3 � 3 mm region over the left
barrel cortex (bregma coordinates AP: �3.0 mm; L: �/�7.0 mm) (Ger-
rits et al., 1998) was thinned to translucency with a drill while being
intermittently cooled with saline. CBF was recorded from a laser Doppler
flowmetry (LDF) needle-shaped probe (Transonic Systems) positioned
in areas free of large blood vessels before, during, and after stimulation.
Pilot experiments (n � 3) with two laser probes on corresponding areas
of the left and right barrel cortex showed the selectivity of the contralat-
eral CBF response (Fig. 1 B); therefore, all subsequent measures were
performed only in the left barrel cortex. Pilot experiments demonstrated
an evoked CBF response of comparable intensity whether induced with a
toothbrush (23.1 � 3.1%) or manually with a Q-tip (19.1 � 1.9%, �3– 4
Hz, Niwa et al., 2000).

Pharmacology. To investigate the contribution of glutamatergic and
GABAergic neurons, as well as of astrocytes in the evoked CBF response,
pharmacological blockade of receptors, inhibition of vasoactive messenger
synthesis, or astroglial metabolism was achieved by intracisternal injection (3
�l, i.c.) under microscope monitoring (Kocharyan et al., 2008). Antagonists
targeted group I metabotropic glutamate receptors (mGluR-1 and
mGluR-5, MPEP � LY367385, n � 5), NMDA (MK-801, n � 8), GABA-A
(picrotoxin, n � 7), GABA-B (CGP 35348, n � 6), muscarinic acetylcho-
line (mACh, scopolamine, n � 4), or VIP [VIP(6 –28), n � 5] receptors.
Enzyme inhibitors targeted the rate-limiting prostanoid synthesizing en-
zymes COX (indomethacin, n � 3), COX-1 (SC-560, n � 4), and COX-2
(NS-398, n � 6), the vasodilatory epoxyeicosatrienoic acids (EETs) syn-
thetic enzymes P450 epoxygenases (MS-PPOH, n � 5), and astroglial
metabolism through inhibition of mitochondrial aconitase by the pref-
erential uptake of fluoroacetate (n � 6) or fluorocitrate (n � 6) by glial
cells (Fonnum et al., 1997). In each rat, only one compound or combi-
nation of two compounds was tested in addition to the no-drug and
vehicle conditions. CBF measurements were recorded and averaged from
three to six stimulations before and after either vehicle or drug adminis-
tration (measured at 20, 40, and 60 min after injection). Heart rate and
arterial blood pressure (PowerLab, ADInstruments) as well as blood
gases and pH (Rapid Lab 348, Bayer) were monitored throughout the
experiment and were comparable between all conditions (supplemental
Table 1, available at www.jneurosci.org).

Because it was recognized that simultaneous blockade of several path-
ways, even with high inhibitor or antagonist concentrations, did not fully
inhibit the hyperemic response to sensory stimulation (Koehler et al.,
2009; Leithner et al., 2010), we did not attempt to reach maximal inhibi-
tion but aimed to provide evidence for the contribution of specific path-
ways. Hence, we used a 10 �4

M concentration for most compounds
except for fluoroacetate (10 �3

M), fluorocitrate (3 � 10 �4
M), MK-801

(4 � 10 �3
M), and MSPP-OH (10 �3

M), and presented the most effica-
cious incubation time for each compound. Concentrations and incuba-
tion times were determined from previous (Kocharyan et al., 2008) or
from pilot studies based on demonstrated efficacy of the compounds
after intracerebroventricular injection in other CNS-mediated functions.
GABA receptor antagonists were used at doses that did not induce epi-
leptic activity (Kocharyan et al., 2008; see below).

Drugs. Unless otherwise stated, drugs were prepared in 0.5 M PBS.
MK-801, CGP35348, and picrotoxin (vehicle 0.5% ethanol in 0.5 M PBS)
were purchased from Tocris Bioscience. Fluoroacetate sodium, fluoroci-
trate, indomethacin (vehicle 0.2% ethanol in 0.5 M PBS), MPEP, LY-367385
(vehicle 10�3

M NaOH in 0.5 M PBS equilibrated to pH 7.4 with 1N
HCl), scopolamine, and VIP(6–28) were from Sigma. MS-PPOH [N-
(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide, vehicle 0.5%
ethanol in 0.5 M PBS], NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-
methanesulfonamide, vehicle 1.5% DMSO in 0.5 M PBS) and SC-560 [5-(4-
chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole,
vehicle 0.5% ethanol in 0.5 M PBS] were obtained from Cayman Chemicals.

Electrophysiological recordings. This approach was used to measure the
concurrent effects of picrotoxin on somatosensory evoked potentials
(SEP) and CBF. Rats were prepared as indicated above for pharmacolog-
ical studies with the following modifications. The bone over the somato-
sensory cortex was removed to expose the dura mater. A chamber made
of silicone was created on top of the surrounding bone, filled with saline,

and a 16-channel electrocorticography (ECoG) array specifically de-
signed for the rat barrel cortex (NeuroNexus Technologies) was posi-
tioned. The LDF probe was positioned above the array and, once a
reproducible stimulus-evoked CBF response was detected, the positions
of the array and the LDF probe were secured with 1% agar. Whiskers were
deflected (4 Hz) using an air-puff stimulator (Sanganahalli et al., 2008)
during 10 stimulation blocks (20 s on interspaced by 40 s off) following
intracerebroventricular injection (3 �l) of either vehicle or picrotoxin
(10 �4

M), with a 20 min interval between the two conditions. Electro-
physiological data were acquired at 24 kHz using a RZ2 multichannel
recording system (Tucker-Davis Technologies) and analyzed using anal-
ysis scripts written in MATLAB (MathWorks). SEP data were obtained
after resampling at 2 kHz and filtering between 0.5 and 250 Hz. SEP
amplitudes were measured by averaging twenty 1 s epochs within each
stimulation block and identifying the four pairs of trough (P deflection)
and peak (N deflection) associated with the 4 Hz stimulation. The aver-
age trough-to-peak amplitude was then computed for each of the 10
stimulation blocks, in each of the 16 channels of the ECoG array. The 10
resulting SEP amplitudes (1 per each stimulation block) were used to
identify channels that demonstrated statistically significant SEP after ve-
hicle injection (one-tailed t test, comparison between trough-to-peak
amplitudes during stimulation epochs and corresponding times during
the baseline epochs). In one rat, six of the channels did not show statis-
tically significant SEP and were therefore excluded from the analysis. The
SEP amplitudes were averaged over ECoG contacts to obtain the overall
SEP amplitudes under vehicle or picrotoxin injection.

Closed cranial window testing. This approach was used to compare the
vascular effect of picrotoxin after cortical superfusion with that observed
after intracerebroventricular injection and to measure picrotoxin effects
on EEG activity. Rats were anesthetized with isoflurane (5% in 30%
oxygen for induction, 2–2.5% for maintenance) and placed under artifi-
cial ventilation via tracheotomy (50 bpm, SAR 830/P ventilator, CWE).
Respiratory parameters, including tidal pressure, O2 saturation, and end-
tidal CO2 levels, were monitored via a capnograph (BCI 300 Capno-
check, BCI), and rectal temperature was kept stable with a heating
blanket (�37°C, TC-1000 temperature controller, CWE). The femoral
artery and vein were cannulated for arterial blood pressure recordings
and blood analysis (pH, pCO2, and pO2, ABL 80 FLEX, Radiometer) and
pancuronium bromide infusion (0.5 mg/kg/h), respectively. Rats were
then placed in a stereotaxic frame, the bone and dura overlying the right
barrel cortex (coordinates as above) were removed (�2 mm diameter),
and the exposed cortex was covered with 1% agarose in artificial CSF
(aCSF) (Harvard Apparatus). A piece of standard #1 glass coverslip was
sealed over this region with dental cement, through which three tubes
were placed for aCSF circulation, vehicle or picrotoxin (10 �6

M) super-
fusion (5 �l/min, 0 –30 min), or insertion of the EEG recording electrode.
Two reference electrodes were placed on the thinned skull on the con-
tralateral side and over the cerebellum. Anesthesia was then switched to
urethane (1 g/kg, i.p., 2 injections over 30 min) and, after recovery (30
min), the CBF responses to left whisker stimulation were measured by
laser Doppler (Moor Instruments) using a probe positioned on the cov-
erslip. EEG potentials were amplified 10,000-fold, digitized at a sampling
rate of 2.0 kHz, transferred to a computer, and analyzed off-line using
scripts written in MATLAB between (0 –30 Hz) under aCSF, vehicle, and
picrotoxin and presented as spectrum analysis (Lévesque et al., 2009).
Physiological parameters were unaltered (supplemental Table 1, avail-
able at www.jneurosci.org).

Whole-cell recordings and single-cell RT-PCR. Young rats were decapi-
tated, their brains quickly removed, and coronal slices (300 �m thick)
containing the barrel cortex were cut using a vibratome (Karagiannis et
al., 2009). Individual slices were transferred to a recording chamber and
perfused (1–2 ml/min) with oxygenated aCSF (30 –34°C). Patch pipettes
(4 – 8 M�) were filled with 8 �l of autoclaved K-gluconate-based RT-
PCR internal solution. Astrocytes and pyramidal neurons were visualized
in the slice using infrared videomicroscopy with Dodt gradient contrast
optics, and astrocytes were also stained by superfusion (20 min) of aCSF
containing 1 �M sulforhodamine 101 hydrate (SR101, Sigma) (Nimmer-
jahn et al., 2004). SR101 was excited at 535 nm with a light-emitting
diode system (CoolLED, Precise Excite) and red fluorescence collected at
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607/34 nm using a bandpass filter (Semrock). Images were captured with
a digital camera (CoolSnap HQ2, Roper Scientific) and Imaging work-
bench 6.0 software (Indec). Whole-cell electrophysiological properties
were recorded in voltage clamp mode for astrocytes and in current clamp
mode for pyramidal neurons. Input resistance of astrocytes was deter-
mined by plotting a voltage/current curve of the current response at
steady state and was corrected for series resistance determined by plot-
ting a voltage/current curve of the capacitive transients. Input resistance
of pyramidal neurons was measured as described previously (Karagian-
nis et al., 2009). Membrane potential values were not corrected for liquid
junction potential. At the end of the recording, the cell cytoplasm was
aspirated in the recording pipette, expelled into a test tube, and reverse
transcription (RT) performed (Lambolez et al., 1992). Two single-cell
RT-PCR (scRT-PCR) protocols were designed to detect the expression of
COX-1 and COX-2 isoforms simultaneously with GFAP and the
calcium-binding protein (S100�) in astrocytes or with the vesicular glu-
tamate transporter 1 (VGlut1) in pyramidal cells. Two amplification
steps were performed essentially as described (Cauli et al., 1997), with 10
�l of the RT reaction products using the primer pairs listed in Table 1.

Statistical analysis. For immunohistochemistry, one to three sections
per rat were taken at the bregma levels corresponding to the somatosen-
sory cortex. Cells costained for both c-Fos and the selected markers were
counted in layers II–IV under the microscope in both the c-Fos-
delineated activated contralateral barrel and the corresponding, non-
stimulated area in the ipsilateral cortex. Counts were expressed as a
percentage of the total population of labeled cells counted for each cell
type. The total number of cells counted was 1073 (COX-2), 279 (VIP),
205 (ChAT), 424 (SOM), 282 (nNOS), and 268 (PV) for the long stim-
ulation in awake rats (n � 4 – 6 rats). For the short duration stimulus
under urethane anesthesia, the counted cells corresponded to 552 (COX-
2), 161 (VIP) 164 (SOM), 104 (nNOS), and 87 (PV) (n � 1–3 rats).
Double-labeled cells in the ipsilateral and contralateral sides were com-
pared by Student’s t test and data expressed as specifically activated cells
after subtracting the percentage activation on the ipsilateral side from the
contralateral side.

CBF changes induced by whisker stimulation were measured in arbi-
trary flux units, saved, and analyzed on a PC using Chart 7 software
(ADInstruments). The percentage changes were averaged over the 20 s
period of whisker stimulation obtained from five or six trials. Drug ef-
fects were tested by repeated-measures ANOVA and a post hoc Newman–
Keuls test. Changes in SEP amplitude and evoked CBF responses between
vehicle and picrotoxin were compared by paired Student’s t test, and data
were correlated using a Pearson correlation.

Comparison of the occurrence of COX-1 and COX-2 between re-
corded astrocytes and pyramidal neurons was done according to:

��� �
�pa � pb�

�pq

na
�

pq

nb

,

where pa and pb represent the percentage of occurrence, and na and nb

represent the number of individuals in populations a and b. The variable

p denotes the percentage of occurrence in the overall population with q �
1 � p. The quantity ��� was tested against a normal distribution to deter-
mine statistical significance of the difference of expression (Fisher and
Yates, 1963). Comparison of electrophysiological and morphological
properties between populations was performed using a Mann–Whitney
U test.

All reported values are means � SEM. All statistical analyses were
performed with Prism4 (GraphPad Software), and p 	 0.05 was consid-
ered significant.

Results
Contralateral barrel cortex activation by vibrissal stimulation
Baseline CBF recorded in the barrel cortex was very stable, and
deflection of the right facial vibrissae resulted in a sharp increase
in CBF on the contralateral side (23.1 � 3.1%), with a much
smaller response on the ipsilateral cortex (1.8 � 0.4%, n � 3, p 	
0.05) (Fig. 1B). Because the BOLD response in the whisker-to-
barrel pathway is paralleled by the strength of c-Fos expression in
the respective cortical layers (Lu et al., 2004), we used c-Fos up-
regulation as an index of the neuronal activation underlying he-
modynamic changes. As expected, the selective increase in
contralateral CBF was substantiated by increased c-Fos induction
in the contralateral barrel cortex following C1–C3 whisker stim-
ulation. The c-Fos immunoreactivity was prominent in layer IV,
but also occurred in layers II/III and V/VI (Fig. 1C). The barrel-
related columnar organization corresponding to the stimulated
whiskers was clearly delineated. In contrast, there were few c-Fos
immunolabeled cells in the ipsilateral barrel cortex and in the
neighboring barrels where spreading subthreshold depolariza-
tions have been reported (Ferezou et al., 2006) (Fig. 1C). This is
explained by the fact that depolarizations in the areas surrounding
the recruited barrels are presumably unable to induce sufficient syn-
chronized action potentials (Petersen et al., 2003; Ferezou et al.,
2006) required for c-Fos induction (see Discussion). We then deter-
mined the neurochemical identity of recruited neuronal populations
in layers II–IV that are encompassed in the CBF readings measured
with laser Doppler.

Recruitment of specific subsets of pyramidal cells and
GABA interneurons
Double-immunostained sections revealed recruitment of pyra-
midal cells immunostained for COX-2, which is constitutively
expressed in a subgroup of these neurons in the cerebral cortex
(Yamagata et al., 1993; Breder et al., 1995). These double-
immunostained c-Fos/COX-2 pyramidal cells were mainly lo-
cated in layers II/III (Fig. 2A), but were also intermingled within
the activated layer IV of the barrel (15% of all COX-2 cells being
specifically c-Fos-positive) (Fig. 2B,H). Several GABA interneu-

Table 1. PCR primers used in the RT-PCR protocol for astrocytes and pyramidal cells

Gene accession # First PCR primers Size (bp) Second PCR nested primers Size (bp)

GFAP Sense, 454 AGCTCCAAGATGAAACCAACCTa 631 Sense, 509 ACAGACAGGAGGCGGATGAA 263
NM_017009 Antisense, 1066 CGATCTCGATGTCCAGGGCa Antisense, 749 GGACCGATACCACTCTTCTGTTT
S100� Sense, 45 CATCAGTATTCAGGGAGAGAGGG 166 Sense, 58 GGGAGAGAGGGTGACAAGCA 132
NM_013191.1 Antisense, 191 GTCACACTCCCCATCCCCAT Antisense, 170 TTCGTCCAGCGTCTCCATCA
COX-1 Sense, 27 GTTTCCCCTGCTGCTGCTC 359 Sense, 137 AGGGTGTCTGTGTCCGCTTC 185
NM_017043.1 Antisense, 366 GGCTGGGGATAAGGTTGGAC Antisense, 301 GGCATTCACAAACTCCCAGAT
COX-2 Sense, 199 CTGAAGCCCACCCCAAACAC 247 Sense, 202 AAGCCCACCCCAAACACAGT 206
NM_017232.2 Antisense 426 TGGGAGTTGGGCAGTCATCA Antisense, 384 CTGGTGTAGTAGGAGAGGTTGGAG
VGluT1 bSense, 361 GGCTCCTTTTTCTGGGGGTACb 259 Sense, 373 TGGGGGTACATTGTCACTCAGAb 201
NM_053859.1 Antisense, 600 CCAGCCGACTCCGTTCTAAGb Antisense, 553 ATGGCAAGCAGGGTATGTGACb

Position 1, first base of the start codon.
aLambolez et al., 1992.
bGallopin et al., 2006.
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rons, primarily in layers II/III and in the
outer rim of the layer IV barrel, were also
recruited by whisker stimulation. They
corresponded to those that coexpressed
VIP or ChAT in which c-Fos-positive nu-
clei were essentially observed (24% and
19% of VIP and ChAT interneurons, re-
spectively) (Fig. 2D,E,H). In contrast,
PV-, SOM-, or NOS-expressing GABA in-
terneurons did not show significantly in-
creased c-Fos immunostaining compared
with the nonstimulated side (Fig. 2F–H).
Double immunostaining for COX-1,
which mainly labeled microglial cells
(Deininger and Schluesener, 1999; Yer-
makova et al., 1999), revealed no colocal-
ization with c-Fos (Fig. 2C). This excluded
c-Fos as a marker of recruited microglial
cells under sensory stimulation, as shown
before for astrocytes (Staiger et al., 2002)
and confirmed here by the lack of GFAP/
c-Fos double-labeled astrocytes (data not
shown).

To further address the cellular distribu-
tion of COX isoenzymes, in view of our an-
atomical results above and the controversy
on the role of COX-1-derived prostanoids
in the neurovascular coupling response to
sensory stimulation (Niwa et al., 2001; Ta-
kano et al., 2006, Gordon et al., 2008), we
performed scRT-PCR experiments in iden-
tified layer II/III pyramidal neurons and as-
trocytes. We confirmed COX-2 mRNA
expression in a subset of recorded pyrami-
dal neurons (40%, n � 20), and also de-
tected COX-1 mRNA in these cells (50%)
(Figs. 3A–C), a finding likely reflecting their
very low level of COX-1 protein, as noted
recently (Tanaka et al., 2009). In contrast,
COX-1 or COX-2 mRNAs were detected in few (10%) or none (0%)
of the recorded SR101-labeled astrocytes (n � 20, p 	 0.01), whose
identity was confirmed by their significantly lower input resistance
(66 � 14 M� vs 183 � 15 M� for pyramids, p 	 0.001) and more
hyperpolarized resting membrane potential (�86.9 � 1.6 mV vs
�66.1 � 1.9 mV for pyramids, p 	 0.001), lack of action potential,
linear I/V relationship (Kafitz et al., 2008), and expression of astro-
glial marker S100� and GFAP (Fig. 3D–F). Although cortical astro-
cytes in the early developing cerebral cortex transiently express
COX-2 (Cahoy et al., 2008), our scRT-PCR data obtained from ju-
venile rats corresponded to the adult phenotype as indicated by their
electrophysiological properties (Houades et al., 2008; Kafitz et al.,
2008) and the absence of COX-2 expression both at the mRNA
(Cahoy et al., 2008) and protein (Takano et al., 2006; this study)
levels.

Mediators of the hemodynamic response to
vibrissal stimulation
When recruited neurons were identified in urethane-
anesthetized rats submitted to a short-duration whisker stimula-
tion, as used for pharmacological experiments, c-Fos
immunostaining was of a weaker intensity compared with that in
awake rats. However, COX-2 (23%) and VIP (20%) neurons were
alsoselectivelyrecruitedontheactivatedside,whereasSOM(3%),NOS

(2%), and PV (0%) positive GABA interneurons were not, allowing use
of these experimental conditions in the pharmacological dissection of
the hyperemic response.

Implication of COX-2 pyramidal cells and glutamatergic
neurotransmission
As c-Fos was induced in a significant proportion of COX-2 pyra-
midal cells (Fig. 2B,H), we first investigated the contribution of
prostanoids in the hyperemic response. Blockade of their synthe-
sis by nonselective COX inhibition (indomethacin) or selective
inhibition of COX-2 (NS-398), but not COX-1 (SC-560), less-
ened the CBF response to whisker stimulation, with decreases
corresponding to 51.2 � 12.0% ( p 	 0.05), 51.2 � 8.0% ( p 	
0.01), and 5.2 � 2.2% (n.s., up to 60 min), respectively (Fig.
4A,B). These findings unequivocally confirmed the implication
of COX-2 products in this hyperemic response, as originally re-
ported in the mouse (Niwa et al., 2000). Together with the lack of
COX-2 expression in astrocytes at the mRNA (Fig. 3D–F) and
protein (Fig. 2A,B) (Takano et al., 2006) levels and c-Fos protein
induction in COX-2 pyramidal cells (Fig. 2B,H), these observa-
tions demonstrate that COX-2 pyramidal neurons are the pri-
mary source of dilatory COX-2-derived prostanoids in the
hyperemic response to whisker stimulation.

A role for NMDA receptors has previously been reported in
the evoked CBF response or generation of the BOLD signal after

Figure 2. Distribution of double-immunostained c-Fos nuclei in cells identified with markers of pyramidal cells and interneu-
rons in the stimulated contralateral barrel cortex. A, Distribution of c-Fos-positive COX-2 pyramidal cells in superficial layers of the
contralateral somatosensory cortex. B, Higher magnification of c-Fos-positive COX-2 pyramidal cells (black arrows) in layers II/III of
the activated barrel cortex. Several COX-2 pyramidal cells are not double stained for c-Fos (open arrow). C, COX-1 immunoreactivity
was limited to microglial cells that did not exhibit c-Fos-stained nuclei (open arrows). Among the subsets of interneurons that
stained positively for c-Fos (black arrows) were those that colocalized VIP (D) and ChAT (E), but not SOM or PV (open arrows in F or
G). H, Quantitative analysis of specifically labeled c-Fos-positive COX-2 pyramidal cells and subgroups of GABA interneurons in
layers II–IV of the contralateral barrel cortex. *p 	 0.05, **p 	 0.01, ***p 	 0.001, differences between ipsilateral and con-
tralateral sides (paired Student’s t test). Scale bars: A, 150 �m; B–G, 20 �m; insets, 12 �m.
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sensory stimulation (Norup Nielsen and Lauritzen, 2001; Gsell et
al., 2006). Additionally, activation of NMDA receptors was
shown to stimulate the neuronal release of COX-2-derived pros-
taglandin E2 (PGE2) (Pepicelli et al., 2005), a major vasodilator
prostanoid. We therefore evaluated the contribution of NMDA
receptors and found that their antagonism with MK-801 de-
creased the evoked CBF response (�37.3 � 8.6%, p 	 0.01) (Fig.
5A). Further, as expected from a sequential process involving
activation of NMDA receptors and subsequent release of COX-2
derived prostanoids, combined NMDA receptor and COX-2
blockade did not potentiate the inhibition seen with either com-
pound alone, and the reduction was almost identical to that in-
duced by MK-801 alone (�39.0 � 3.6%, p 	 0.001) (Fig. 5B). We
then assessed the implication of group I mGluRs, identified as a
required signaling cascade in the hyperemic response to sensory
stimulation (Zonta et al., 2003; Shi et al., 2008). We found that
combined blockade of mGluR1, restricted to a subset of cortical

GABA interneurons (Baude et al., 1993)
including those that contain VIP (Cauli et
al., 2000) and mGluR5 that are expressed
in most cortical neurons and astrocytes
(Cauli et al., 2000; Cahoy et al., 2008),
with MPEP and LY367385 significantly
reduced the evoked CBF response
(�40.3 � 5.3%, p 	 0.01) (Fig. 4C). To-
gether, these data emphasize the multifac-
eted sites of action for glutamate in this
hemodynamic response.

Implication of inhibitory GABA
interneurons
As whisker stimulation induced c-Fos in
GABA interneurons that selectively ex-
pressed VIP and ACh, we then evaluated
the implication of these established vaso-
active mediators in the evoked CBF
response. Surprisingly, blockade of vaso-
dilatory mAChR or VIP receptors using
antagonists [scopolamine or VIP(6 –28)]
with reported efficacy on stimulus-
evoked CBF responses (Nakao et al., 1999;
Kocharyan et al., 2008) or other CNS
functions (Gajewska et al., 2005) did not
affect this hyperemic response, even after
40 or 60 min (Fig. 4C). Similarly, blockade
of GABA-B receptors with CGP35348
(tested up to 10�2

M) failed to alter the
CBF response (Fig. 4C, for 10�4

M). In
contrast, blockade of GABA-A receptors
with picrotoxin administered by intracis-
ternal injection (Fig. 6A) or cortical su-
perfusion through a cranial window (Fig.
4C) significantly decreased the evoked
CBF response compared with vehicle
(�30.6 � 7.2%, p 	 0.05, or �36.6 �
4.6%, p 	 0.05, at 20 min). This occurred
without any effect of picrotoxin on base-
line CBF or global cortical activity, as
shown by cortical EEG recordings (Fig.
6B), in accordance with our previous
findings after intracisternal injection
(Kocharyan et al., 2008). A more refined
analysis of SEP within the activated barrel
cortex showed a significant correlation

between the effects of picrotoxin on the sensory-evoked CBF
response and on the SEP amplitude ( p 	 0.01, n � 12) (Fig.
7A–C). When all rats were taken in the analysis, including two
that did not respond to picrotoxin based on no change in their
evoked CBF response, the decrease in the SEP amplitude under
picrotoxin compared with vehicle nearly reached significance
( p � 0.065) (Fig. 7B). However, when analysis was performed
only in rats with decreased CBF responses (n � 10 of 12), the
latter taken as a criterion for effective intracisternal picrotoxin
injection, a significant decrease in the SEP amplitude following
picrotoxin administration was evidenced ( p 	 0.05) (Fig. 7D).
Together, these data indicate that GABA, but not ACh or VIP,
presumably released from recruited interneurons and acting via
GABA-A receptors is involved in the hyperemic response. The
data further indicate a key role for GABA in balancing excitation
and orchestrating action potential in excitatory neurons (Cardin

Figure 3. Electrophysiological and molecular analyses of pyramids and perivascular astrocytes. A, Infrared Dodt gradient con-
trast (IR-DGC) image of a layer III pyramidal cell that showed the typical firing of a regular spiking neuron with frequency adapta-
tion and amplitude accommodation of action potentials in current clamp recordings (B). C, This pyramidal cell also expressed
VGluT1 and COX-2; the high molecular weight band in the COX-2 lane corresponds to genomic amplification. RT-mPCR protocol
performed on 500 pg of total cortical RNAs showing PCR products corresponding to the expect sizes for VGluT1, COX-1, and COX-2
amplicons. D, SR101 vital staining of perivascular cortical astrocytes. Wide-field fluorescence imaging of a SR101-labeled cortical
slice (left panel) showing an intensely labeled astrocyte (arrow) and its process (arrowhead) in the vicinity of a diving arteriole (*).
The pial surface is on the right side. Corresponding field under IR-DGC (middle panel); superimposition of the two images is shown
in the right panel. The arrow indicates the SR101-stained astrocyte that was recorded in whole-cell configuration depicted in E.
Note the linear I/V curve and the hyperpolarized resting membrane potential characteristic of passive astrocytes. The inset illus-
trates representative current responses evoked by voltage steps (from �180 mV to �40 mV, 20 mV increments) used to deter-
mine the I/V curve at steady state. F, RT-mPCR analysis of the SR101-positive astrocyte (shown in A and B) revealed expression of
GFAP and S100�, but not COX-1 or COX-2, whereas total cortical RNAs showed PCR products of the expect size for all amplicons.
Lanes 
 correspond to the molecular weight marker Phi X 174/HaeIII.
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et al., 2009; Gentet et al., 2010). Moreover,
the correlation between the changes in
SEP and evoked CBF responses induced
by picrotoxin indicates that the decreased
CBF responses are linked to decreased
synchronized neuronal responses. Yet, a
small effect of picrotoxin on cerebrovas-
cular GABA-A receptors cannot be totally
excluded because no change in SEP was
associated with a 9.4% decrease in the hy-
peremic response (Fig. 6C, intercept). It
should be noted, however, that subtle
changes in inhibitory microcircuits do not
necessarily cause significant changes in
global cortical activity.

Independent contribution of excitatory
and inhibitory neurons
To evaluate the relative contribution of
glutamatergic and GABAergic transmis-
sion, we combined injection of picrotoxin
and MK-801, which yielded a significantly
higher inhibition of the CBF response
(�61.1 � 7.4%, p 	 0.001) as compared
with either compound alone ( p 	 0.05 vs
either MK-801 or picrotoxin) (Figs. 4C, 6C).
These observations pointed to NMDA and
GABA-A receptors contributing to the
evoked CBF response, at least partly
through distinct pathways, notwithstanding
the glutamate effects mediated through re-
ceptors other than NMDA, such as mGluRs
and AMPA/kainate receptors (Norup
Nielsen and Lauritzen, 2001; Zonta et al.,
2003; Lovick et al., 2005; Gsell et al., 2006;
Shi et al., 2008; this study). We similarly
combined COX-2 inhibition and GABA-A
receptor blockade, but this failed to further
impair the hyperemic response compared
with COX-2 inhibition alone (�51.9 �
9.4% vs �51.2 � 8.0%) (Figs. 4B, 6D). This
finding, rather than resulting from a serial
process involving GABA-A receptors activa-
tion and release of COX-2-derived prosta-
noids, as is the case for NMDA receptors,
may reflect the reported decreasing effects of
COX-2 inhibition on neurotransmission
(Slanina and Schweitzer, 2005) and, there-
fore, neurovascular coupling.

Astroglial messengers as intermediaries for
both inhibitory and excitatory neurons
Although sensory input recruits cortical
astrocytes (X. Wang et al., 2006), their ac-
tivation cannot be probed by c-Fos induc-
tion (Staiger et al., 2002; this study).
Consequently, we first explored their im-
plication as cellular intermediary in neu-
rovascular coupling (Carmignoto and
Gómez-Gonzalo, 2010) by impairing
their oxidative metabolism with fluoroci-
trate and fluoroacetate, which are prefer-
entially taken up by astrocytes compared
with neurons (Fonnum et al., 1997; Lian

Figure 4. Blockade of specific neurotransmitter receptors, synthesis of dilatory mediators, or astroglial metabolism impaired the CBF
response evoked by whisker stimulation. A, Neuronal and astroglial pathways and sites of action (indicated by �) of the different phar-
macological tools used. The shaded area indicates that the COX-1 pathway is common to both astrocytes and pyramidal neurons, whereas
the P450 epoxygenase and COX-2 pathways are located in astrocytes and neurons, respectively. AA, Arachidonic acid; Indo, indomethacin;
PGs, prostaglandins; TCA, tricarboxylic acid. B, Whisker stimulation-evoked CBF responses were reduced after nonselective COX inhibition
(indomethacin), an effect mimicked by COX-2 (NS-308), but not COX-1 (SC-560), inhibition. Combined administration of MK-801 and
NS-398 did not further inhibit the evoked CBF response. Similarly, combined blockade of COX-2 (NS-398) and NMDA (MK-801) or GABA-A
(picrotoxin) receptors did not have a larger effect than NS-398 alone. The evoked CBF response was reduced by inhibition of EET synthesis
(MS-PPOH), an effect not potentiated when combined with blockade of NMDA or GABA-A receptors. C, Evoked CBF responses were reduced
after antagonism of NMDA receptors with MK-801, of group I mGluRs with MPEP and LY367385, and GABA-A receptors with picrotoxin
[either after intracisternal injection or superfusion through a closed cranial window (SPF)]. In contrast, blockade of GABA-B (CGP35348),
muscarinic ACh (scopolamine), or VIP [VIP(6 –28)] receptors did not alter the evoked CBF response. Combined GABA-A and NMDA receptor
blockadewithpicrotoxinandMK-801hadanadditivereducingeffectontheevokedCBFwhencomparedwitheachcompoundindividually.
D,Whiskerstimulation-evokedCBFincreaseswerereducedafter inhibitionofastroglialoxidativemetabolism(fluorocitrate, fluoroacetate).
The number of rats used is indicated within parentheses. Values are mean � SEM of change versus the evoked CBF response after vehicle
injection. *p 	 0.05, **p 	 0.01, ***p 	 0.001 versus vehicle by repeated-measures ANOVA. �p 	 0.05 versus MK-801 or picrotoxin
alone, by one-way ANOVA.

Figure 5. NMDA receptor blockade reduced the CBF response to whisker stimulation. A, Average CBF responses to whisker stimulation
at baseline, following vehicle or NMDA receptor antagonism with MK-801. MK-801 significantly decreased the evoked CBF responses (n�
8). There was no additive effect when NMDA receptors were blocked concurrently with inhibition of COX-2 with NS-398 (B, n�8) or P450
epoxygenase with MS-PPOH (C, n � 5). None of the vehicles had an effect on baseline or evoked CBF. The 20 s stimulation is indicated by
the black line on the x-axis, and shaded areas denote SEM. Values are mean�SEM.��p	0.01,���p	0.001 versus baseline. *p	
0.05, **p 	 0.01, ***p 	 0.001 versus vehicle by repeated-measures ANOVA.
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and Stringer, 2004; Zielke et al., 2007) (Fig. 4A). These com-
pounds blocked �40% of the CBF response after 60 min (Fig.
4D), supporting a role for metabolically active astrocytes in this
neurovascular coupling response. Because these compounds, at
least in cell cultures, can also affect neuronal responses (Hassel et
al., 1995), which would question the role of astrocytes in neuro-
vascular coupling, we further evaluated their role via inhibition of
the P450 epoxygenases. This synthetic pathway is thought to be
astrocytic and responsible for the release of vasodilatory eico-
sanoids EETs (Alkayed et al., 1996; Koehler et al., 2009) (Fig. 4A).
The selective P450 epoxygenases inhibitor MS-PPOH signifi-

cantly diminished the perfusion response
(�39.0 � 4.5%, p 	 0.001) (Fig. 4B), a
reduction remarkably similar to that re-
ported after superfusion of the same com-
pound for 1 or 2 h over the sensory cortex
(�38%; Shi et al., 2008). Considering that
astrocytes also express glutamate and
GABA-A receptors (Conti et al., 1997; Ca-
hoy et al., 2008), which activation by se-
lective agonists induces vasodilatation
independently of spiking activity (Fergus
and Lee, 1997; Zonta et al., 2003; Lovick et
al., 2005), we examined the relationship
between EETs and excitatory and inhibi-
tory neurotransmission. We coadminis-
tered MS-PPOH with MK-801 or
picrotoxin and found no additive decline
on the CBF response (�40.7 � 4.5%, p 	
0.05, or 36.3 � 7.5%, p 	 0.01) (Figs. 4B,
5C, 6E), which suggests that EETs possi-
bly act as signaling intermediaries for both
pyramidal cells and GABA interneurons.

Discussion
Our anatomical observations show that py-
ramidal cells that contain the rate-limiting
prostanoid synthesizing enzyme COX-2
and GABA interneurons that express VIP or
ChAT sculpt the hemodynamic response to
whisker stimulation. Additionally, our
pharmacological data demonstrate that
neuronal release of glutamate, COX-2 pro-
stanoids, and GABA, but not VIP or ACh,
are essential for the full expression of the
CBF response and that metabolically active
astrocytes participate in this response, pre-
sumably through the release of EETs (Fig.
8). These findings indicate that the vascular
response is driven by enhanced activity,
partly due to GABA-A-mediated synchro-
nization of cortical network, of excitatory
pyramidal cells that release glutamate and
COX-2 products. We conclude that pyra-
midal neurons act as “neurogenic hubs” in
neurovascular coupling to sensory input.

Identity of the cortical neuronal
circuitry recruited by whisker
stimulation
We show that CBF increases evoked by
sensory stimulation not only matched
with c-Fos upregulation as shown for
BOLD responses (Lu et al., 2004), but that

c-Fos induction occurred in specific subsets of excitatory and
inhibitory neurons in layers II/III and IV. Notwithstanding the
dominant labeling of pyramidal and spiny stellate cells (Filip-
kowski et al., 2000; Staiger et al., 2000, 2002), our double-
immunohistochemical data established that numerous recruited
cells, located mainly in layers II/III, corresponded to COX-2 py-
ramidal cells. Consistent with the direct thalamic afferent input
(Staiger et al., 1996b) of the overlapping populations of VIP- and
ChAT-expressing GABA interneurons (Chédotal et al., 1994), we
observed robust c-Fos induction in these cells throughout layers

Figure 6. GABA-A receptor antagonism reduced the CBF response to whisker stimulation. A, One second average CBF responses
to whisker stimulation measured at baseline, following vehicle or GABA-A receptor blockade after picrotoxin administration.
Intracisternal injection of picrotoxin (A, n � 7) significantly reduced (�31%) the evoked CBF response to whisker stimulation. B,
Representative EEG trace (top) recorded from a single rat during baseline, vehicle, or picrotoxin superfusion through the cranial
window. Power spectral densities (bottom) were obtained through a 1024-point short-time Fourier transform, using time win-
dows of 1 s with 75% overlap. The frequency band from 0 to 30 Hz was normalized in amplitude from 0 to 1 and equalized with an
exponential function with exponent 0.15, for better visualization. There was no change in the EEG between conditions. C, Com-
bined administration of picrotoxin and MK-801 decreased the evoked CBF response (�61%, n � 8) significantly more than each
compound applied individually (A, Fig. 4 A, B). D, Combined administration of picrotoxin and NS-398 decreased the evoked CBF
response (�52%, n � 7) more than each compound applied individually, but it did not reach significance (A, Fig. 4 B). E, Similarly,
combined GABA-A receptor blockade and inhibition of P450 epoxygenase with MS-PPOH decreased the evoked CBF response by
�36%, which compared well with the inhibition induced by each compound individually (A, Fig. 4 B). None of the vehicles had an
effect on baseline or evoked CBF. The 20 s stimulation is indicated by the black line on the x-axis, and shaded areas denote SEM.
Values are mean � SEM. �p 	 0.05, ��p 	 0.01, ���p 	 0.001 versus baseline. *p 	 0.05, **p 	 0.01, ***p 	 0.001 by
repeated-measures ANOVA.
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II–IV of the activated barrels in both awake and anesthetized rats.
As stimulus-induced c-Fos expression depends on various fac-
tors, but largely on firing patterns (Fields et al., 1997; Guo et al.,
2007), this induction likely reflects a strong Ca 2� influx achieved
by the bursting behavior described for both glutamatergic and
VIP/ChAT neurons (Porter et al., 1998; de Kock and Sakmann,
2008; Karagiannis et al., 2009).

In contrast, we found no c-Fos in PV interneurons that receive
strong thalamic afferents (Staiger et al., 1996a; Porter et al., 2001)
and in the group of SOM/NOS interneurons that frequently ex-
press calbindin (Kubota et al., 1994; Gonchar and Burkhalter,
1997). Because c-Fos expression in PV and calbindin interneu-
rons is induced by exploration of a novel environment (Bertini et
al., 2002; Staiger et al., 2002), our experimental paradigm in pre-
trained and restrained or anesthetized rats may be unsuited for
c-Fos upregulation in these interneurons (Staiger, 2006). Addi-
tionally, the lack of c-Fos in PV and SOM/NOS interneurons
could result from their silencing by the inhibitory drive imposed
by the recruited VIP cells that innervate both PV and calbindin
interneurons (Staiger et al., 2004; Dávid et al., 2007) (Fig. 8). Such
a scenario was recently recognized in head-restrained mice
whereby fast-spiking, PV-containing, GABA interneurons mark-
edly reduced their firing rate during active whisking, whereas that
of nonfast spiking cells, which encompass VIP interneurons,
greatly increased, making these interneurons the dominant
source of cortical inhibition during whisking (Gentet et al.,
2010). Another contributing factor could be that PV neurons

receive depressing glutamatergic input from the thalamus (Tan et
al., 2008). Hence, our findings, together with recent studies on
different subcortical or corticocortical afferent pathways and en-
suing hypermic responses (Kocharyan et al., 2008; Enager et al.,
2009), emphasize that the activated cortical circuitry is both af-
ferent and stimulus specific, as distinct subsets of cortical neu-
rons were recruited depending on the input.

Role of excitatory pyramidal cells in the stimulus-evoked
hemodynamic response
When testing in vivo the contribution of excitatory neurons in the
perfusion response, we confirmed that glutamate receptor acti-
vation was necessary for the full expression of the evoked CBF
response (Norup Nielsen and Lauritzen, 2001; Zonta et al., 2003;
Shi et al., 2008). Novel and particularly interesting, however, was
our finding that combined blockade of NMDA receptors and the
COX-2 synthetic pathway resulted in a nonadditive effect on the
evoked CBF response. This suggests that these pathways acted in
sequence, consistent with the ability of NMDA receptors to in-
duce the release of COX-2-derived PGE2 (Pepicelli et al., 2005).

Figure 7. GABA-A receptor blockade with picrotoxin reduced the sensory-evoked increases
in cortical activity and CBF. A, Representative somatosensory evoked potentials (SEP) induced
by stimulation of the whiskers at 4 Hz under vehicle and picrotoxin. B, Quantification of the
decreases in SEP amplitude and evoked CBF responses induced by picrotoxin compared with
vehicle when all rats were included in the analysis (n � 12), including two that did not respond
to picrotoxin based on no CBF reduction. C, The changes in the evoked CBF responses and SEP
amplitudes induced by picrotoxin were significantly correlated (Pearson correlation, r �
0.7284, p 	 0.01, n � 12). Note that 0% change in cortical activity was associated with a small
reduction of CBF (9.4%, intercept of gray line on x-axis), suggesting a possible effect of picro-
toxin on vascular GABA-A receptors (see text). D, When only rats that showed decreases in the
evoked CBF response under picrotoxin (n � 10 of 12) were included in the analysis, the SEP
amplitudes were significantly reduced compared with vehicle. *p 	 0.05, **p 	 0.01, ***p 	
0.001, by paired Student’s t test.

Figure 8. Schematic representation of the activated neuronal populations—identified with
c-Fos—in the barrel cortex following whisker stimulation and how the different neuronal
populations contribute to the evoked CBF response. Sensory thalamocortical glutamatergic
afferents recruit pyramidal cells, including those that contain COX-2. These activated cells can
then affect CBF either directly by the release of COX-2-derived dilatory prostaglandins (PGs) or
indirectly by astrocytic release of EETs following activation of the P450 epoxygenase pathway,
likely via mGluRs. Parallel activation of GABA interneurons that colocalize VIP and/or ChAT
would modulate pyramidal cell excitation, in part, by silencing (�) PV and calbindin GABA
interneurons, which would disinhibit pyramidal cells and enhance cortical activity (large gray
arrow). GABA interneurons could also activate the EET pathway in astrocytes through GABA-A-
mediated increase in calcium transients. The � on PV interneurons reflects the blockade of
their inhibitory drive on pyramidal cells exerted by the recruited VIP/ChAT interneurons, which
results in disinhibition of pyramidal cells.
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Together with the selective expression of COX-2 in pyramidal
cells (Yamagata et al., 1993, Breder et al., 1995; this study, Figs. 2,
3), the stimulus-evoked c-Fos induction in these neurons (Fig. 2),
the reduced CBF response in COX-2�/� mice (Niwa et al., 2000),
and the visualization of COX-2 processes in contact with cortical
microvessels (H. Wang et al., 2005), our findings strongly argue
for a primary role of vasodilator prostanoids, possibly PGE2, re-
leased from COX-2 pyramidal cells in the hyperemic response to
whisker stimulation. The higher levels of neuronal than astroglial
NMDA receptors (Cauli et al., 2000; Cahoy et al., 2008), whose
antagonism did not impair astrocytic recruitment evoked by
whisker stimulation (X. Wang et al., 2006), further suggest that
prostanoid release results mainly from activation of neuronal
NMDA receptors.

Role of inhibitory interneurons in the stimulus-evoked
hemodynamic response
When assessing the contribution of inhibitory neurons, we found
a role for GABA, acting through GABA-A receptors, in the
evoked CBF response to sensory stimulation. Because VIP or
mACh receptor antagonists failed to alter the whisker-evoked
CBF response, we conclude that GABA, and not VIP or ACh,
released from the activated interneurons is involved. The coun-
terintuitive reduced CBF response after GABA-A receptor block-
ade resulted from altered inhibition of the activated cortical
network, as shown by the decreased SEP amplitudes under picro-
toxin. These findings indicate that GABA-A receptor blockade
with picrotoxin, at the dose used in the current study, suppresses
the inhibitory drive of the recruited VIP/ChAT interneurons on
PV and calbindin interneurons, the main inhibitors of excitatory
pyramidal cells (Dávid et al., 2007; Freund and Katona, 2007).
This would result in net inhibition of pyramidal cells and lessen
activation of the barrel to sensory stimulus, as supported by the
picrotoxin-induced decreases in cortical SEP and activity-evoked
CBF responses (Fig. 7). These findings indicate that synchroniza-
tion of pyramidal cells is required for an optimal functional hy-
peremic response. Moreover, they imply that most of the vascular
effects are mediated by changes in glutamate and COX-2 messen-
gers release from pyramidal cells, rather than direct effects of
GABA on cortical microvessels. Indeed, analysis of the
picrotoxin-induced changes in cortical activity and CBF re-
sponses suggest that only a small part of the CBF change was
unrelated to decrease in cortical activity (�9%) (Fig. 7C). Such a
conclusion is also supported by the limited vasomotor effect ob-
served in cortical slices after bath application of GABA-A agonists
(Fergus and Lee, 1997) or evoked firing of GABA interneurons
(Cauli et al., 2004). Of interest, combined NMDA and GABA-A
receptor antagonism cooperatively impairs both gamma oscilla-
tion (Cardin et al., 2009) and functional hyperemia (this study) in
the barrel cortex, further emphasizing the role of neuronal syn-
chronization in functional hyperemia, a response previously sug-
gested to be initiated by the firing of inhibitory interneurons
(Niessing et al., 2005).

Astroglial modulators of the hemodynamic response to
whisker stimulation
NMDA and mGlu receptors (Lalo et al., 2006; Schipke et al.,
2008) as well as GABA-A receptors (Nilsson et al., 1993; Fraser et
al., 1995; Meier et al., 2008) increase intracellular Ca 2� in astro-
cytes, a key mechanism in the release of vasoactive messengers
(Carmignoto and Gómez-Gonzalo, 2010). We found metaboli-
cally active astrocytes and EETs, which are reportedly exclusively
located in the astrocytic compartment (Alkayed et al., 1996; for

review, see Koehler et al., 2009), to account for �40% of the
hyperemic response. Moreover, as reported for mGluRs (Shi et
al., 2008), we found no additive-reducing effect on the CBF re-
sponse after combined inhibition of P450 epoxygenase and
NMDA or GABA-A receptors. Together, these data suggest that
EETs synthesis and release are downstream to changes in cortical
activity that results from activation of both excitatory and inhib-
itory neurons. Our findings of rare astroglial expression of
COX-1 and intact CBF after selective COX-1 inhibition with
SC-560 conclusively support the original work in mice with
pharmacological or genetic inhibition of COX-1 (Niwa et al.,
2001). Consequently, although they have been implicated in
baseline CBF and in the CBF response to selected vasodilators
(Niwa et al., 2001) or that evoked by direct astrocytic stimu-
lation (Takano et al., 2006), our results unambiguously show
that COX-1 products are not involved in the hyperemic re-
sponse to whisker stimulation.

Conclusion
The present study demonstrates that enhanced activity in a highly
specific network of excitatory and inhibitory neurons determines
the hyperemic response to whisker stimulation, and that the vas-
cular response is largely mediated by the release of dilatory pro-
stanoids from COX-2 pyramidal cells and EETs, most probably
from astrocytes following their activation by glutamate or GABA
neurons. These mechanisms do not exclude the contribution of
other neuronal or metabolic factors, such as adenosine and nitric
oxide (Dirnagl et al., 1994; Kitaura et al., 2007; Koehler et al.,
2009), which were not part of the present investigation. We con-
clude that GABA interneurons are important in neurovascular
coupling primarily through modulation of excitatory pyramidal
cell output, making pyramidal cells the core neuronal mediators
of the hemodynamic response either directly or through astro-
cyte signaling (Fig. 8).
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Dávid C, Schleicher A, Zuschratter W, Staiger JF (2007) The innervation of
parvalbumin-containing interneurons by VIP-immunopositive in-
terneurons in the primary somatosensory cortex of the adult rat. Eur
J Neurosci 25:2329 –2340.

Deininger MH, Schluesener HJ (1999) Cyclooxygenases-1 and -2 are differ-
entially localized to microglia and endothelium in rat EAE and glioma.
J Neuroimmunol 95:202–208.

de Kock CP, Sakmann B (2008) High frequency action potential bursts (�
100 Hz) in L2/3 and L5B thick tufted neurons in anaesthetized and awake
rat primary somatosensory cortex. J Physiol 586:3353–3364.

Dirnagl U, Niwa K, Lindauer U, Villringer A (1994) Coupling of cerebral
blood flow to neuronal activation: role of adenosine and nitric oxide. Am J
Physiol 267:H296 –H301.

Dunn AK, Devor A, Dale AM, Boas DA (2005) Spatial extent of oxygen
metabolism and hemodynamic changes during functional activation of
the rat somatosensory cortex. Neuroimage 27:279 –290.

Enager P, Piilgaard H, Offenhauser N, Kocharyan A, Fernandes P, Hamel E,
Lauritzen M (2009) Pathway-specific variations in neurovascular and
neurometabolic coupling in rat primary somatosensory cortex. J Cereb
Blood Flow Metab 29:976 –986.

Ferezou I, Bolea S, Petersen CC (2006) Visuallizing the cortical representa-
tion of the whisker touch: voltage-sensitive dye imaging in freely moving
mice. Neuron 50:617– 629.

Fergus A, Lee KS (1997) GABAergic regulation of cerebral microvascular
tone in the rat. J Cereb Blood Flow Metab 17:992–1003.

Fields RD, Eshete F, Stevens B, Itoh K (1997) Action potential-dependent
regulation of gene expression: temporal specificity in Ca2�, cAMP-
responsive element binding proteins, and mitogen-activated protein ki-
nase signaling. J Neurosci 17:7252–7266.

Filipkowski RK, Rydz M, Berdel B, Morys J, Kaczmarek L (2000) Tactile
experience induces c-Fos expression in rat barrel cortex. Learn Mem
7:116 –122.

Fisher RA, Yates F (1963) Statistical tables for biological, agricultural and
medical research. Edinburgh: Oliver and Boyd.

Fonnum F, Johnsen A, Hassel B (1997) Use of fluorocitrate and fluoroac-
etate in the study of brain metabolism. Glia 21:106 –113.

Fraser DD, Duffy S, Angelides KJ, Perez-Velazquez JL, Kettenmann H,
MacVicar BA (1995) GABAA/benzodiazepine receptors in acutely iso-
lated hippocampal astrocytes. J Neurosci 15:2720 –2732.

Freund TF, Katona I (2007) Perisomatic inhibition. Neuron 56:33– 42.
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