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Neuron-to-astrocyte signaling is
central to the dynamic control of
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The cellular mechanisms underlying functional hyperemia—the coupling of neuronal activation to
cerebral blood vessel responses—are not yet known. Here we show in rat cortical slices that the dila-
tion of arterioles triggered by neuronal activity is dependent on glutamate-mediated [Ca?*];
oscillations in astrocytes. Inhibition of these CaZ* responses resulted in the impairment of activity-
dependent vasodilation, whereas selective activation—by patch pipette—of single astrocytes that
were in contact with arterioles triggered vessel relaxation. We also found that a cyclooxygenase
product is centrally involved in this astrocyte-mediated control of arterioles. In vivo blockade of
glutamate-mediated [Ca?*]; elevations in astrocytes reduced the blood flow increase in the
somatosensory cortex during contralateral forepaw stimulation. Taken together, our findings show
that neuron-to-astrocyte signaling is a key mechanism in functional hyperemia.

A remarkable feature of the brain is its high degree of function-
al specialization. When neurons in a specific brain region are
highly activated, blood flow increases in a temporally and spa-
tially coordinated manner. Functional hyperemia, the tight cou-
pling between neuronal activity and blood flow, is fundamental
to brain function and was first described by Sherrington more
than a century ago!. Although functional hyperemia is increas-
ingly used in basic and clinical neurosciences, especially in brain
imaging techniques, its signaling pathway remains elusive.

The extensive innervation of cerebral blood vessels suggests
that neurons directly control the local changes in cerebral blood
flow (CBF) associated with neuronal activity>=, but this idea is
still up for debate. Alternative explanations have been proposed,
such as local acidosis or changes in tissue concentration of adeno-
sine and lactate, but no firm experimental evidence has yet been
provided in their support’. Here we propose that local arteriole
dilation in response to high neuronal activity largely depends on
the activation of astrocytes by locally released neurotransmitters.
Our hypothesis originates from three observations: (i) astrocyte
processes are in close contact with both neuronal synapses®~'? and
cerebral arterioles>, (ii) astrocytes are accurate sensors of neu-
ronal activity and respond to the synaptic release of glutamate
with oscillations in the intracellular calcium concentration
([Ca?™];)"1-13 and (iii) glutamate-mediated [Ca”']; elevations in
astrocytes trigger the release of vasoactive compounds such as
eicosanoids!4!>. The findings reported here point to a crucial role
for astrocytes in the dynamic control of brain microcirculation.
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RESULTS

Afferent stimulation triggers dilation of arterioles

To investigate the mechanism(s) underlying neuronal-vascular
coupling, we used acute cortical slices as an experimental model.
Blood vessels from this preparation retain responsiveness to
vasoactive factors'®~18, Dilating agents such as prostaglandin E,
(PGE,) and prostacyclin induced relaxation of cerebral vessels
(14.9 £3.10%, n = 12 and 11.6 * 9.24%, n = 2, respectively),
whereas agents such as PGF,, and the nitric oxide synthase
(NOS) inhibitor N-nitro-L-arginine methyl ester (L-NAME)
induced vasoconstriction (=22.3 * 3.33%, n = 3 and -32.0
4.22%, n = 21, respectively). After stimulation of neuronal affer-
ents through an extracellular electrode placed intracortically,
arterioles showed a transient relaxation (Fig. la and b). The
kinetics of the arterioles’ diameter changes after two successive
stimulations are also shown (Fig. 1c). The effects of neuronal
afferent stimulation were studied in 16 arterioles, and in 8§ of
these, we found significant dilation (mean, 14.8 + 3.13%,
n = 8). In all experiments, the intensity of the applied stimulus
was adjusted to evoke large-amplitude excitatory postsynaptic
responses from neurons positioned between the electrode and
the arteriole (Fig. 2¢, inset).

Astrocyte endfeet respond to afferent stimulation

The stimulation of neuronal afferents that triggered vasodilation
also triggered [Ca®"]; elevations in astrocyte endfeet surround-
ing arterioles. In the example reported (Fig. 1d), the first stimu-

43



l@ © 2003 Nature Publishing Group http://www.nature.com/natureneuroscience

articles

Fig. 1. Neuronal afferent stimulation mediates dilation of
cerebral arterioles and [Ca?']; elevations in astrocyte
somata and endfeet. (a) A typical arteriole and associated
structures from a cortical slice. Note similarity to vascular
myocytes. Boxed sector was measured at | | places, as indi-
cated by parallel black lines. (b) Images of this sector
before, during and after afferent stimulation applied for 4 min
through an intracortical electrode. According to Poiseuille’s
law, an increase in vessel diameter in vivo similar to that
which we observed in our slice preparation (about 20%)
would double the blood flow in this arteriole. Scale bars
(a, b), 10 pm. (c) Kinetics of diameter changes in the arte-
riole sector. In this and all subsequent figures, down and up
triangles indicate the onset and the offset of stimulation,
respectively. (d, ) Sequences of pseudocolor images of an
arteriole (dashed white line) from a different slice loaded
with Indo-1, showing the [Ca?*]; changes that occurred in
an astrocyte contacting the arteriole upon a first (d) and a
second (e) neuronal stimulation (each afferent stimulation,
4 min). Kinetics of [Ca?*], changes at soma (I), distal
process (2) and endfoot (3) of this astrocyte are reported
on the right of each sequence. Stimulation also triggered
[Ca?*]; elevations in a pyramidal neuron (white arrowhead).
Two other astrocytes in contact with the same arteriole
(arrows) also showed [Ca?*]; elevations upon afferent stim-
ulation (Supplementary Fig. | online). R corresponds to
the R405/485 ratio. Acquisition rate, 2 s. Scale bar, 10 pm.
(f, g) Kinetics of [Ca2*]; elevations in astrocytes obtained
by averaging the R405/485 changes measured in the soma
(f, n = 23) and endfeet (g, n = 13) of each responsive cell.
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Owing to inadequate Indo- | loading in the endfeet and to their small size, the measurements of the change in the fluorescent signal in endfeet are rel-
atively accurate and could not be ensured for all responsive astrocytes. As such, the trace of R405/485 change in endfeet (g) is more noisy than in the
somata, and the values of the R405/485 increase are lower (see also Fig. 3j). (h) Time course of the dilation of arterioles obtained by averaging the

diameter change upon each episode of stimulation (n = 16).

lation triggered a [Ca®"]; increase that was restricted to the distal
astrocyte process. In response to the second stimulation, howev-
er, the soma and endfoot that were in contact with the arteriole
were also involved (Fig. 1e). Neuronal activity-dependent [Ca"];
elevations were observed in 23 of 31 (74.2%) astrocytes exam-
ined within a few seconds after the onset of the stimulation,
reaching a peak at somata and endfeet after an average of 32
4.6 s (n=23)and 33 £7.5s (n = 13), respectively. Notably, the
average onset of dilation occurred 34 * 6.8 s after stimulation,
suggesting a possible link between the astrocyte response and the
onset of dilation. For technical reasons, we could not simultane-
ously monitor the [Ca?*]; change in astrocytes and the arteriole
dilation (Methods). We thus analyzed the time course of these

Fig. 2. The blockade of [Ca?*]; elevations in astrocytes by mGIuR antag-
onists impairs neuronal activity—dependent vasodilation. (a) Kinetics of
[Ca?*]; changes induced by afferent stimulation in two neurons (solid
lines) and two astrocytes (dashed lines) from the neocortex, in the
absence or presence of 50 pM MPEP and 100 uM LY367385. (b) Mean
values of R405/485 change in neurons (n = 62) and astrocytes (n = | 1)
upon neuronal stimulation (**P < 0.001). (c) Kinetics of the diameter
change of an arteriole upon successive afferent stimulation applied in
the absence, presence or after washout of MPEP/LY. Inset, evoked post-
synaptic response from a patched neuron voltage clamped at —-60 mV
(scale bars, 25 ms and 250 pA). In both types of experiment described in
(a) and (c), the | min protocol of afferent stimulation was applied. For
clarity, only the onsets of stimulation (down triangles) are marked.
(d) Mean values of neuronal activity—dependent vasodilation, calculated
for dilated vessels under different experimental conditions (*P < 0.05
compared with mean control values obtained before MPEP/LY and after
washout).
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two events in separate experiments. The analysis of the timings
for [Ca®"]; elevations in astrocyte soma (Fig. 1f) and endfeet
(Fig. 1g) and for arteriole dilation (Fig. 1h) showed that the two
events occurred in a temporally correlated manner.

mGluR antagonists reduce dilation of arterioles

In the next series of experiments, we stimulated neuronal afferents
in the absence or in the presence of LY367385 and MPEP, antago-
nists of subtypes 1 and 5, respectively, of group I metabotropic glu-
tamate receptors (mGluRs)!”. These mGluRs are known to mediate
the [Ca®*]; increase of astrocytes in response to synaptically released
glutamate! 12, If [Ca?*]; elevations triggered in astrocytes by neu-
ronal activity are crucial for neuronal-vascular coupling, their spe-
cific block should hamper arteriole dilation induced by afferent
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Fig. 3. Stimulation with t-ACPD induces [CaZ*]; increases
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in astrocytes and dilation of cerebral arterioles. (a) Re-
construction from 20 confocal microscope images at differ-
ent focal planes of an Indo- | -loaded astrocyte contacting an
arteriole (dashed line). The arrowhead indicates the astro-
cyte process impinging on the arteriole. Scale bar, 10 pum.
(b, c) Pseudocolour images (b) and kinetics (c) of [Ca?*];

oscillations of the astrocyte endfoot upon 50 uM t-ACPD
application. Acquisition rate, 3 s. (d) Images of an arteriole
before (basal condition), during and after t-ACPD stimula-
tion. Scale bar, 10 pm. (e) Kinetics of diameter changes in the
arteriole sector, indicated by the black arrowheads in (d),
induced by 100 uM t-ACPD and 20 pM PGE,. (f, g) Mean
kinetics of R405/485 changes measured at the astrocyte
somata (f, n = 81) and endfeet (g, n = 57) after t-ACPD.
(h) Time course of the vasodilation triggered by t-ACPD.
Reported here are arterioles that were monitored by an
acquisition rate of | min or less. (i) Mean values + s.e.m. of 0
the rapid (closed circle, n = 20) or delayed (open circle, n = 6) 0
diameter change in arterioles. We grouped together the
arterioles that dilated within | min and those that dilated
after 3 min of t-ACPD. (j) Kinetics of the rapid and delayed
[Ca?*]; change measured at the soma or endfeet of two
representative astrocytes in response to t-ACPD. (k) Per-
centage of arterioles that showed significant dilation upon
t-ACPD application under different experimental condi-
tions. Numbers below bars indicate the number of analyzed
arterioles in each type of experiment. As compared to
controls, no significant differences were observed when
t-ACPD was applied in the presence of TTX, TeNT, D-AP5
or L-NAME.
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stimulation. In confocal microscope experiments, we found that
[Ca®']; elevations evoked in astrocytes by afferent stimulation were
impaired by mGluR antagonists, whereas those in neurons were
unaffected (Fig. 2a). The mean amplitude of the response from
astrocytes, but not that from neurons, was drastically reduced in
the presence of MPEP and LY367385 (MPEP/LY, P < 0.001,
Fig. 2b). These results allowed us to investigate more directly the
involvement of astrocytes in neuronal activity-dependent vasodi-
lation. In preconstricted arterioles, the action of vasodilating agents
is enhanced!’, so we perfused slices with the NOS inhibitor
L-NAME”!7. Indeed, by inhibiting the tonic release of NO,
L-NAME (100 pM) induced a progressive vasoconstriction that
began after 1015 minutes, reached a peak after 40-50 minutes
(mean constriction, —32.0 + 4.22%; n = 21) and remained stable
thereafter. Afferent stimulation was thus performed after slice per-
fusion with L-NAME for a fixed period of 50 minutes. In the arte-
rioles examined (n = 4), afferent stimulation triggered a dilation
that was significantly higher than in control slices (39.9 + 13.09%,
n =4 versus 14.8 * 3.13%, n = 8; P < 0.025), most likely due to

the preconstriction of arterioles that increases the range of their

Fig. 4. Direct stimulation of an individual astrocyte results in arteri-
ole dilation. (a, b) Fluorescent (Lucifer yellow) images of two perivas-
cular astrocytes superimposed to DIC images of the nearby
arterioles. Note the processes in contact with the arteriole.
(c, d) Magnification of the arteriole sector delimited by the dashed
line box in (b), before and after astrocyte stimulation. Black arrow-
heads delimit the analyzed sector. Scale bars, 10 pum. (e) Kinetics of
the diameter changes from the analyzed sector. (f) Kinetics of the
diameter changes from a different arteriole that showed the maximal
dilation after seal formation in a nearby astrocyte. (g) Kinetics of
diameter changes from an arteriole upon seal formation and delivery
of depolarizing stimuli to a nearby neuron.
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possible relaxation. Arteriole dilation was severely impaired when a
second episode of stimulation was given in the presence of the
mGluR antagonists MPEP (50 pM) and LY367385 (100 1M;
Fig. 2¢; n = 2). See also Supplementary Movie 1a and b and Sup-
plementary Fig. 2 online. After the removal of the antagonists, a
third stimulation was given, and vasodilation was seen again
(Fig. 2¢c; n = 2). The effect of the mGluR antagonists was confirmed
when the first stimulation was given in the presence of MPEP and
LY367385 and the second after their removal (n = 3). The mean
dilating response in the presence of the mGluR antagonists
(10.0 £ 3.36%, n = 5) was significantly lower than that measured
both in their absence (39.9 *+ 13.09%, n = 4; P < 0.05) and after
their washout (25.7 + 7.32%, n = 5; P < 0.025; Fig. 2d). The effect of
the mGluR antagonists on neuronal activity-dependent vasodila-
tion could not be attributed to a direct effect on vessels because in
their presence, arterioles still showed a marked dilation in response
to an increase in the CO, pressure in the perfusate, which lowered
the pH to 6.1 (mean dilation 20.8 £ 7.32%, n = 3).
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Role of NO in dilation of cortical arterioles

The release from neurons of the vasodilator NO after NMDA
receptor (NMDAR) activation may be one of the main signals
that control vascular tone?°-23, Our results in slices perfused
with L-NAME indicate that the inhibition of NO synthesis does
not impair the ability of afferent stimulation to evoke vasodila-
tion. To further investigate the possible role of neuronal signals
associated with NMDAR activation, we perfused slices with the
NMDAR blocker D-AP5 (100 uM). Under these conditions,
afferent stimulation triggered dilation in 41.6% of arterioles
examined (5 of 12), which was not significantly different (n.s.)
from controls (50%; 8 of 16); mean dilation was 11.3 + 1.59%
(control, 14.8 = 3.13%; n.s.), indicating that neuronal activity-
dependent vasodilation was not affected by NMDAR inhibition.

t-ACPD induces dilation of arterioles

We next investigated whether specific stimulation of mGluRs
resulted in vasodilation. The mGluR agonist +-ACPD elicited
[CaZ"]; elevations in both astrocyte somata and processes
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Fig. 5. The action of astrocytes depends mainly on a COX product.
(a) Time-course plots of diameter changes in the arterioles upon direct
stimulation of nearby astrocytes in control slices (n = 13, black line) and
in slices preincubated with either 50 UM aspirin (n = |1, red line) or
50 UM BAPTA-AM (n = 9, green line), as well as in the arterioles upon
seal formation (n = 8) and delivery of depolarizing stimuli (n = 6) to
nearby neurons (blue line). The time interval between the end of image
acquisition after the formation of the seal and the application of the intra-
cellular stimulus varied from 0—10 min (dashed lines). Values are given as
mean * s.e.m. expressed as percentage of baseline. The mean basal values
were significantly different (P < 0.05) from the mean values of the arteri-
ole diameter change after astrocyte stimulation at all time points. In con-
trast, these mean values were not significantly changed after stimulation
of astrocytes from slices incubated with aspirin or BAPTA-AM, or after
stimulation of neurons. (b) Summary bar graph reporting the percentage
of arterioles showing significant dilation upon direct stimulation of astro-
cytes, application of t-~ACPD and afferent stimulation in the absence (con-
trol) or presence of COX inhibitors. (**P < 0.01; *P < 0.05).

(Fig. 3a—c). t-ACPD also induced a powerful vasodilation
(Fig. 3d and e; also Supplementary Movie 2 and Supplementary
Fig. 3 online) that could be observed in the same region upon
stimulation with the vasodilator PGE,. Significant dilation was
found in 32 of 41 (78%) arterioles examined (mean dilation,
18.3 + 1.86%; n = 32) and, in most arterioles, it was rapidly trig-
gered upon t-ACPD application (Fig. 3i). The analysis of the tim-
ings for [Ca"]; elevations in astrocytes (Fig. 3f and g) and for
vasodilation (Fig. 3h) after -ACPD revealed that the two events
occurred in a temporally correlated manner. The mean peak of
[Ca®"]; elevations at the astrocyte somata and endfeet occurred
79+2.9s (n=81)and 78 £ 3.5 s (n = 57) after --ACPD, whereas
vasodilation started at 83 £ 11.8 s (n = 26). Compared with that
triggered by afferent stimulation, the calcium rise in astrocytes
that was triggered by +-ACPD occurred with a more variable delay.
Some astrocytes and their endfeet showed [Ca?*]; elevations with-
in 20-30 s after t-ACPD; others responded with more delay
(Fig. 3j). The onset of arteriole dilation was also variable, occur-
ring in some arterioles within the first minute of stimulation and
in others after three minutes (Fig. 31). Differences in +~ACPD pen-
etration in the various experiments as well as in position and deep-
ness of arterioles and astrocytes under study represent the most
plausible explanation for the variable timing of the response.
Although -ACPD is a powerful stimulus for astrocytes, it can
also induce [Ca**]; increases in neurons®*. Activation of neuronal
mGluRs is also known to potentiate the NMDAR??, and this may,
in turn, potentiate the release of NO from neurons?!. To test this
possibility, we perfused slices with either the NMDAR antag-
onist D-AP5 (100 pM) or L-NAME (100 pM). In the presence
of D-AP5, +-ACPD triggered dilation in 83.3% of the arteri-
oles (5 of 6, mean dilation 21.7 + 10.46%; Fig. 3k). After
L-NAME perfusion, 57.1% of the arterioles were responsive

Fig. 6. The mGIuR antagonists MPEP and LY367385 reduce the
hyperemic response in the somatosensory cortex in vivo.
(a, b) Representative recordings of the CBF increase in the
somatosensory cortex (a) and cortical evoked potentials (b) from a
chloralose-anaesthetized rat during electrical stimulation of con-
tralateral forepaw. Measurements were carried out before (control)
and after the intravenous injection of MPEP and LY367385.
(c, d) Mean values (mean * s.e.m.) of LDF signal changes (c) and
evoked potentials (d). Note the significant reduction by MPEP and
LY367385 of the integrated flow responses but not of evoked
potentials (**P < 0.01). The resting LDF signal was unchanged
(1.3 £0.6%, n.s.; data not shown).
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to t-ACPD (n.s., 8 of 14 versus 32 of 41 in controls; mean dila-
tion, 26.5 + 9.59%). In the presence of tetrodotoxin (TTX), which
blocks neuronal transmission, or tetanus toxin (TeNT), which
inhibits neurotransmitter release!>2¢, the percentage of vessels
responsive to t-ACPD (TTX, 8 of 11, 72.7%; TeNT, 4 of 6, 66.7%)
and their degree of relaxation (mean dilation, 18.7 + 2.92% and
13.9 + 5.4% in TTX and TeNT, respectively) were not significantly
changed as compared to controls (Fig. 3k).

Direct astrocyte stimulation triggers vasodilation

Can astrocytes control vascular tone without the contribution of
factors released from activated neurons? We used a patch pipette
to selectively evoke [Ca®"]; elevations in astrocytes located near
arterioles (within 10-20 pm). Individual astrocytes were stimu-
lated with a patch pipette containing Lucifer yellow, first mechan-
ically by touching the cell membrane during the formation of the
seal, and then by applying intracellular depolarizing current puls-
es'>27. Most astrocytes in close proximity to arterioles had
processes that contacted the vessel wall (Fig. 4a). In 10 of 13 arte-
rioles, astrocyte stimulation resulted in the dilation of the near-
by arteriole (mean dilation, 20.3 + 5.79%, n = 10). The direct
stimulation of an astrocyte triggered the dilation of the arteriole
region that was in contact with that astrocyte’s process (Fig. 4c
and d). The time course of the diameter change in this arteriole
is also reported (Fig. 4e). In all astrocytes, seal formation was suf-
ficient to trigger vasodilation (16.7 * 4.50%), and in four cases,
intracellular stimulation caused a further dilation of 8.4 + 3.29%
(Fig. 4e). In most astrocytes, the seal rapidly elicited such a pow-
erful dilation that the subsequent stimulation was ineffective
(Fig. 4f). The time course of the mean change in diameter evoked
by direct astrocyte stimulation in all arterioles is reported
(n =13, Fig. 5a). In slices preincubated with BAPTA-AM to
chelate [Ca?*]; elevations in cortical cells, the direct stimulation
of astrocytes did not elicit arteriole dilation (n = 9; Fig. 5a, green
line). Moreover, a mechanical stimulus to the vessel wall applied
with the pipette tip always triggered a powerful vasoconstriction
(n =7). To further control for the specificity of the astrocyte
effects, we directly stimulated individual neurons located with-
in 10-20 pm from arterioles by either seal formation (n = 8) and
application of depolarizing current pulses (7 = 6). No effects were
observed on the vessels (Figs. 4g and 5a, blue line). We also exam-
ined the possibility that the activation of astrocytes during seal
formation leads to a potassium efflux from these cells through
Ca’*-activated K* channels that depolarizes nearby neurons and
thus evokes a neuron-mediated vasodilation. By recording from
neurons in the voltage-clamp mode with a first patch pipette, we
thus investigated whether touching nearby astrocytes with a sec-
ond patch pipette resulted in a depolarization of neurons. After
astrocyte stimulation (n = 11), we never observed any slow depo-
larizing current in recorded neurons (n = 7).

Astrocyte-mediated dilation depends on a COX product
We next aimed to identify the agents involved in astrocyte-
mediated vasodilation. Given that activation of mGluRs in cul-
tured astrocytes triggers a Ca®'-dependent release of
prostaglandins (PGs)'®, molecules such as the vasodilator PGE,
are good candidates. In slices preincubated with aspirin to inhib-
it the PG-forming enzyme cyclooxygenase (COX), the direct stim-
ulation of astrocytes elicited a small dilation in only two of eleven
arterioles tested (Fig. 5a and b). Furthermore, after COX inhibi-
tion, the dilating effect of --ACPD was observed in only 35.7%
of the arterioles examined (5 of 14 versus 32 of 41 in controls,
P =0.0048; mean dilation, 12.6 + 3.03%; Fig. 5b). Most impor-
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tantly, in the presence of aspirin, afferent stimulation was effec-
tive in only 10% (1 of 10) arterioles, as compared to 50% in con-
trols (8 of 16, P = 0.0418; Fig. 5b). Together, these results clearly
indicate that the control exerted by neuron-to-astrocyte signaling
on cerebral microcirculation is predominantly dependent on the
action of a COX product.

In vivo effects of mGIluR antagonists

The relevance of these data in the phenomenon of functional
hyperemia was investigated in rats that were subjected to electri-
cal forepaw stimulation. The mGluR antagonists that inhibited the
activation of astrocytes in acute brain slices pass the blood-brain
barrier, and can thus be administered systemically'®?8, Laser-
Doppler flowmetry?® showed that infusion of 0.5 mg/kg MPEP
and 0.5 mg/kg LY367385 markedly altered the coupling between
functional activation and blood flow during somatosensory stim-
ulation (Fig. 6) without significantly affecting basal flow rate (1.3
* 0.6%, n.s.; Supplementary Fig. 4). Before application of the
mGluR antagonists, forepaw stimulation evoked a primary
somatosensory cortical potential (SEP) of amplitude 33 £ 9 pV
(mean * s.e.m., n = 5) and a coupled increase of laser-Doppler
flow (LDF) of 23 £ 7% (Fig. 6¢ and d). Flow sharply increased after
the onset of stimulation with a delay of about 1 s, and after cessa-
tion of stimulation returned to baseline within less than 10 s. After
the application of MPEP/LY, but not of the vehicle alone, the blood
flow response was drastically reduced (Fig. 6a; also Supplemen-
tary Fig. 4). In the presence of mGluR antagonists, stimulation
evoked a mean increase of the LDF signal of only 8 + 1.8%, which
represents a reduction of the blood flow response to 34.8% of con-
trol values (Fig. 6¢; P < 0.01). In contrast, SEPs were of about the
same amplitude (31 + 8 PV compared with 33 =9 YV in controls,
n.s.; Fig. 6b and d). The infusion of the mGluR antagonists did
not change arterial pCO, (39.8 = 1.9 mmHg before and 39 +
3 mmHg after MPEP/LY), arterial pH (7.49 % 0.02 before and 7.458
+0.03 after MPEP/LY) or blood pressure (130 £+ 25 mmHg before
and 132 * 23 mmHg after MPEP/LY).

DiscussioN

Here we show that neuron-to-astrocyte signaling in the cerebral
cortex is centrally involved in the dynamic control exerted by
neurons on vascular tone.

The first clue for the involvement of astrocytes in
neuronal-vascular coupling was the observation that the stim-
ulation of neuronal afferents that triggered dilation of cortical
arterioles also triggered [Ca’"]; elevations in astrocyte endfeet
that were in contact with arterioles. Astrocyte [Ca®*]; oscilla-
tions may thus represent a neuron-dependent signaling system
that allows these cells to work as bridges between neurons and
blood vessels. This conclusion is further supported by the
observation that [Ca®*]; elevations that were triggered in astro-
cyte somata and endfeet by afferent stimulation were tempo-
rally correlated with arteriole dilation. In the presence of
mGluR antagonists that inhibited neuronal activity-dependent
[Ca?*]; elevations in astrocytes, but not in neurons, neuronal
activity—dependent vasodilation was also impaired. This indi-
cates that there is a causal link between the astrocyte response
to neuronal activity and arteriole dilation. Accordingly, the
astrocyte [Ca?*]; elevations elicited by the mGluR agonist
-ACPD triggered dilation of arterioles, even when t-ACPD was
applied in the presence of TTX and TeNT (blockers of neu-
ronal activity and neurotransmitter release, respectively). In
slices preincubated with L-NAME and those exposed to the
NMDAR antagonist D-AP5, the efficacy of afferent stimula-
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tion and ~-ACPD in triggering vasodilation was not noticeably
affected. Taken together, our results support the view that in
the cerebral cortex, NO acts more as a permissive or modula-
tory factor than as a mediator of vasodilation3%3!, This stands
in contrast to the cerebellum, where the crucial role of NO in
neurovascular coupling is well established3233.

Direct evidence for the ability of astrocytes to control arteri-
ole tone was obtained in the experiments in which we directly
and selectively stimulated individual astrocytes with a patch
pipette and observed a dilation of the arteriole in closest prox-
imity to the stimulated cell. These results also suggest that astro-
cytes can exert their action on arterioles without the contribution
of factors that neurons may release upon activation. Astrocytes
may act directly on smooth muscle cells or indirectly through
endothelial cells which, in turn, may release vasodilating prod-
ucts. This remains to be clarified.

Several lines of evidence support the conclusion that
astrocyte-mediated vasodilation depends mainly on the action
of COX products: (i) PGs (in particular PGE,) are released from
astrocytes after mGluR activation!?, and this release is regulated
by [Ca2*]; oscillations (M.Z. et al., unpub. data), (ii) in vivo exper-
iments show that COX inhibition®*%> or COX deletion® reduces
activity-dependent increases in CBF and (iii) COX inhibitors sig-
nificantly reduced vasodilation that was triggered by afferent
stimulation, -ACPD application or direct astrocyte activation.
These results provide evidence for a major role for a COX prod-
uct such as PGE, in astrocyte-mediated vasodilation, although
additional factors released either from astrocytes and/or from
neurons may also contribute.

Results obtained in adult rats in vivo corroborated the role
of astrocyte activation in the mechanism that couples synaptic
activity to CBF. After systemic injection of the same mGluR
antagonists that, in brain slices, blocked the activation of astro-
cytes by neuronal activity, the CBF response, but not the evoked
potential, triggered in the somatosensory cortex by contralater-
al forepaw stimulation was significantly reduced. The reduction
in the CBF response can not be ascribed to changes in arterial
pCO,, arterial pH or blood pressure, as they did not change after
MPEP/LY. It was also unrelated to arousal effects because in
chloralose-anaesthetized rats, the blood flow response was
observed only in the primary somatosensory cortex as a specif-
ic consequence of electrical forepaw stimulation®”. The inhibition
of functional hyperemia by MPEP/LY, therefore, is unrelated to
nonspecific alterations in the intensity of neuronal activation or
to the general physiological state. This is in full agreement with
the unchanged amplitude of stimulus-evoked [Ca?*]; elevations
in neurons from cortical slices in the presence of MPEP/LY
(Fig. 2a and b).

Admittedly, the kinetics of the response of cerebral blood ves-
sels to neuronal activity in our slice preparations are different
from in vivo response kinetics. Indeed, the response in vivo nor-
mally occurs 1-2 s after the onset of stimulation and rapidly
recovers to baseline, whereas the vasodilatory response to neu-
ronal stimulation in slices occurred, on average, 32.8 s after the
onset of stimulation. In only one case did we observe a vasodila-
tory response 1 s after the onset of stimulation. The response in
slices is thus delayed and, in general, more persistent than the
response in vivo. A plausible explanation for this difference is that
in slice preparations, a relevant part of synaptic connections is
lost. The slower activation of the vessel response may thus be due
to a lower excitatory drive that can be activated by the extracel-
lular electrode in slices, as compared to in vivo conditions. Fur-
thermore, the absence of intraluminal flow and pressure in slices
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decreases myogenic tone, which probably hampers the full
responsiveness of the arteriole and limits the recovery of the arte-
riole tone after stimulation offset. Another possible explanation
for the slow recovery is that the lack of intraluminal flow delays
the removal of the dilating agents and thus results in their pro-
longed action. Clearly, the complexity of the mechanism under-
lining functional hypermia can not be solved solely in in vitro
experiments. Our slice preparation, however, represents a model
system that allowed us to test our hypothesis on the role of astro-
cytes in the control of cerebral microcirculation and is the pre-
requisite for in vivo experiments.

Over the past decade, neuron-to-glia communication has been
identified as a signaling system that has important physiological
implications*0. Astrocytes can sense neuronal activity and pro-
vide a feedback mechanism that, through the release of gluta-
mate, profoundly affects the communication between
neurons!>274142, By showing that astrocytes are involved in neu-
ronal activity—dependent changes in neocortical microcircula-
tion, we posit a new role for astrocytes in the brain. Our results
may represent a clue for understanding the mechanism under-
lying cerebrovascular deficiencies occurring in numerous CNS
pathologies such as Alzheimer’s disease*> and may also contribute
to the interpretation of data from modern functional brain imag-
ing techniques**. In fact, functional magnetic resonance imag-
ing (fMRI) is based on the blood oxygenation level-dependent
(BOLD) increase in signal intensity, which results from the rise of
oxygen partial pressure in the activated brain region®>. This
hyperoxic response is characterized by a dissociation between the
marked increase of blood flow and glucose use on one hand, and
the much smaller increase in oxygen consumption on the other®,
It has been proposed that the disproportional increase in glucose
use is due to the stimulation of anaerobic glycolysis in astrocytes,
which serves as a fast energy source for the astrocytic uptake of
glutamate and its enzymatic conversion to glutamine and pro-
vides lactate as a preferred metabolic substrate for neurons?’. The
glutamate-dependent astrocytic control of blood flow reported
here provides an attractive explanation for the fact that the
increase of blood flow is coupled to the high (astrocytic) increase
in glucose use and not to the low (neuronal) increase in oxygen
consumption. The MR-visible hyperoxygenation of activated tis-
sue may thus be a well-matched adjustment to astrocytic glucose
use rather than an overcompensation for the increase in neuronal
oxygen consumption. As the former depends on the total amount
of synaptically released glutamate, the BOLD response is, in fact,
a robust indicator of functional activation.

On the basis of our results, we propose the following model:
(i) during high synaptic activity, glutamate released from axonal
terminals diffuses to astrocyte membranes located at the border
of the synaptic cleft, (ii) the ensuing activation of mGluRs triggers
[Ca?*]; oscillations on astrocyte processes that spread to the end-
feet that are in contact with arterioles and (iii) these [Ca?*]; ele-
vations regulate the release of a vasoactive agent, most likely a
COX product, from astrocytes (presumably from their endfeet)
that leads to blood flow increase. While our data do not exclude
the possibility that multiple factors and signaling pathways—
including the direct innervation of vessels—contribute to func-
tional hyperemia, they show that the activation of astrocytes is
centrally involved in this process.

METHODS

Slice preparation and arteriole analysis. All experimental procedures
were in strict accordance with the Italian and EU regulations on animal
welfare, and were authorized by the Italian Ministry of Health. Trans-
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verse cortical slices from 9—15 day old Wistar rats were obtained as pre-
viously described!>#3, Slices were continuously perfused with an external
solution containing NaCl (120 mM), KCl (3.2 mM), KH,PO, (1 mM),
NaHCO; (26 mM), MgCl, (1 mM), CaCl, (2 mM) and glucose
(2.8 mM); pH 7.4 with 5% CO,/ 95% O, at 33 °C. Blood vessels were
visualized with an upright Axioskop microscope equipped with differ-
ential interference contrast (DIC) and a CCD camera (COHU Inc., San
Diego, California). We selected vessels from layers 2—5 that: (i) showed
structures reminiscent of vascular myocytes, (ii) had a discernible lumi-
nal diameter of 5-20 pm and (iii) could be controlled for their integrity
for a length of 100-150 pm. Images of vascular responses were acquired
with Scion Image software (Frederick, Massachusetts). To measure the
diameter, we compared off-line images acquired at the same focal plane
from 1-4 sectors (length 15-50 pm). Intraluminal diameters for each
experimental time point were derived as an average of 6-25 measure-
ments taken every 2—4 pm along the sector (Fig. 1a). Baseline diameter
values were obtained during a 20—40 min equilibration period, and only
vessels with a stable diameter were considered (mean vessel diameter,
9.7 £0.32 pm; n = 205). In the different experiments, the number of
arterioles studied corresponds to the number of slices used (only one
arteriole per slice was examined). To obtain a threshold for considering
an increase in the diameter as a significant dilation, in all arterioles we
set the first diameter value after the equilibration period to 100 and cal-
culated its average relative change after a further period of 10-20 min.
The obtained value was 99.8 + 2.6% (mean diameter * s.d.). Only a diam-
eter increase of >5.2% (twice the value of the s.d.) after application of
the dilating stimulus was considered to be a significant dilation.

Stimulation protocol. Stimulation of neuronal afferents was performed
by applying high-frequency (100 Hz) trains of 200 ms at 0.2 Hz for 4 min
or a pulse of 200 ps at 20 Hz for 1 min with a concentric bipolar electrode
(1-9 mA; inner pole wire diameter, 25 pm; FHS, Bowdoinham, Maine)
placed 300-500 pm from the recorded arteriole. To control for a possible
direct stimulation of vascular myocytes, by whole-cell patch clamp record-
ings we routinely ascertained that a neuron located between the electrode
and the vessel under study did not show a direct depolarization and action
potential firing. We also verified that a very high-intensity stimulus, in
addition to triggering the direct depolarization and firing of the neuron,
always resulted in a powerful vasoconstriction (n = 4). Standard proce-
dures for pipette preparation and patch clamp recordings were used. The
recording pipette contained: K-gluconate (145 mM), MgCl, (I mM),
Na-ATP (4 mM), EGTA (0 or 5 mM) and HEPES (10 mM), pH 7.2. Elec-
trophysiological data were obtained using an Axopatch 200B (Axon Instru-
ments, Foster City, California) filtered at 1-5 kHz and analyzed using
pClamp8 software (Axon Instruments). Individual astrocytes were
stimulated in current-clamp mode with a Lucifer yellow—filled (0.4-0.8%)
patch pipette using single current pulses (500 ms at 0.25 Hz, amplitude
100-3,000 pA) that depolarize cells to about +50 mV. In slices loaded with
either Fluo-3 or Oregon green, a mechanical stimulus applied with a patch
pipette to the astrocyte was confirmed to rapidly trigger [Ca>*]; elevations
(n = 4). Astrocytes were distinguished from neurons by (i) small and round
cell soma (diameter range, 6-10 pm) lacking optically apparent
large processes, (ii) highly negative resting potentials (=79 £ 2.1 mV,
mean * s.e.m.; # = 33) and (iii) incapacity to discharge action potentials
upon application of depolarizing current pulses. Stimulation of astrocytes
was performed also with #-ACPD either in the absence or in the presence of
drugs: TTX (1 pM), TeNT (100 pg/ml), the COX inhibitors indomethacin
(5 UM) or aspirin (50 pM), and L-NAME (100 uM). Before the applica-
tion of the various stimuli, L-NAME and COX inhibitors were applied in
the perfusate for 40 min, MPEP, LY367385 and D-APS5 for 5 min. Pre-
incubation with TeNT was performed at 37 °C for 50 min. MPEP,
LY367385, --ACPD and TTX were purchased from Tocris Cookson (Bris-
tol, UK); L-NAME and COX inhibitors were from Sigma (St. Louis, Mis-
souri); and PGE,, the prostacyclin PGI, and PGF,, were from Biomol
(Plymouth, Pennsylvania).

Confocal microscope experiments. Slices were incubated in 20 UM Indo-
1/AM (the acetoxymethyl derivate of Indo-1, Molecular Probes, Eugene,
Oregon), 200 pM sulfinpyrazone and 0.04% pluronic at 37 °C for 1 h.
Digital fluorescence microscopy was performed using a Nikon inverted
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microscope (Diaphot 300) equipped with a 40x water immersion objec-
tive (NA = 1.1) and connected to a real-time confocal system (Nikon
RCMS8000). The ratio of the intensity of the light emitted at two wave-
lengths (405/485R) was displayed as a pseudocolor scale. Neurons and
astrocytes were distinguished on the basis of the distinct kinetics of their
response to a high K* stimulation, as previously reported!?. Owing to
the modest loading of smooth muscle and endothelial cells with
Indo-1, the luminal diameter could not be measured in a reliable manner.
Dilation was, therefore, hardly detectable in the experiments in which
we followed [Ca®*]; changes in astrocyte endfeet outlining the external
profile of arterioles. This external profile did not change significantly
after dilating or constrictive stimuli. Even in a few experiments in which
endothelial and muscle cells showed a relatively good loading, the focal
plane that would allow us to measure the luminal diameter of the arteriole
was different from that of the astrocyte endfeet. Shifting from one focal
plane to the other during acquisition was not feasible.

In vivo experiments. Five adult normothermic rats (320410 g) were
anaesthetized with 1.5% halothane, immobilized with 0.2 mg/kg/h pan-
curonium and mechanically ventilated with oxygen-enriched air through-
out the experiments. Blood gases were monitored repeatedly and kept in
the physiological range; body temperature was kept constant at 37 °C
using a feedback-controlled heating system. After completion of surgery,
halothane supply was discontinued and anesthesia was maintained by
hourly intravenous injections of 20 mg/kg alpha-chloralose. Somatosen-
sory stimulation was carried out by applying trains of electrical pulses
to the right forepaw (stimulation frequency 2 Hz, pulse length 0.3 ms,
intensity 1 mA). Laser-Doppler flow (LDF) and primary evoked poten-
tials were recorded from the contralateral somatosensory cortex?’. The
specificity of the response was confirmed by testing the absence of a flow
increase during stimulation of the left (ipsilateral) forepaw. The evoked
potentials and the integrated LDF responses were averaged (10 stimula-
tion trains of 30 s duration each, separated by 30 s recovery) and com-
pared before and 15-20 min after intravenous infusion of 0.5 mg/kg
MPEP and 0.5 mg/kg LY367385.

Statistics. Values were expressed as mean * s.e.m. and tested for statisti-
cal differences (P < 0.05) using Student’s ¢-test (n.s., non-significant).
The statistical significance of the difference in the number of responsive
arterioles under the various experimental conditions was evaluated by
Fisher’s exact test.

Note: Supplementary information is available on the Nature Neuroscience website.
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