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Koehler, Raymond C., Debebe Gebremedhin, and David R. Harder. Role of
astrocytes in cerebrovascular regulation. J Appl Physiol 100: 307–317, 2006;
doi:10.1152/japplphysiol.00938.2005.—Astrocytes send processes to synapses and
blood vessels, communicate with other astrocytes through gap junctions and by
release of ATP, and thus are an integral component of the neurovascular unit.
Electrical field stimulations in brain slices demonstrate an increase in intracellular
calcium in astrocyte cell bodies transmitted to perivascular end-feet, followed by a
decrease in vascular smooth muscle calcium oscillations and arteriolar dilation. The
increase in astrocyte calcium after neuronal activation is mediated, in part, by
activation of metabotropic glutamate receptors. Calcium signaling in vitro can also
be influenced by adenosine acting on A2B receptors and by epoxyeicosatrienoic
acids (EETs) shown to be synthesized in astrocytes. Prostaglandins, EETs, arachidonic acid, and potassium ions are candidate mediators of communication between
astrocyte end-feet and vascular smooth muscle. In vivo evidence supports a role for
cyclooxygenase-2 metabolites, EETs, adenosine, and neuronally derived nitric
oxide in the coupling of increased blood flow to increased neuronal activity.
Combined inhibition of the EETs, nitric oxide, and adenosine pathways indicates
that signaling is not by parallel, independent pathways. Indirect pharmacological
results are consistent with astrocytes acting as intermediaries in neurovascular
signaling within the neurovascular unit. For specific stimuli, astrocytes are also
capable of transmitting signals to pial arterioles on the brain surface for ensuring
adequate inflow pressure to parenchymal feeding arterioles. Therefore, evidence
from brain slices and indirect evidence in vivo with pharmacological approaches
suggest that astrocytes play a pivotal role in regulating the fundamental physiological response coupling dynamic changes in cerebral blood flow to neuronal
synaptic activity. Future work using in vivo imaging and genetic manipulation will
be required to provide more direct evidence for a role of astrocytes in neurovascular
coupling.
adenosine; cerebral blood flow; epoxyeicosatrienoic acid; neuronal activation;
nitric oxide; prostaglandin

in mammalian brain, particularly in higher mammalian species with a thick cortical mantle
and an enlarged neuropil containing neuronal and astrocyte
processes. Astrocytes serve many functions in brain. Classically, they are known to have high K⫹ permeability and to be
important in regulating extracellular K⫹ necessary for maintaining neuronal excitability. They also possess several different types of proton and bicarbonate transporters, some of
which are linked to carbonic anhydrase, and are considered to
play an important role in brain pH homeostasis. Astrocyte
processes surround synapses and possess transporters for uptake of various neurotransmitters, including glutamate. However, our view of astrocyte function has grown considerably
over the past decade. Astrocytes can communicate with each
other through gap junctions. A sufficiently large increase in
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Ca2⫹ in an astrocyte is capable of inducing a spreading wave
of increased Ca2⫹ in adjacent astrocytes (23). This Ca2⫹ wave
depends on localized burst release of ATP (11), which acts on
purinergic receptors on adjacent astrocytes in the proximity of
gap junctions (45). In vitro, Ca2⫹ waves can spread over
hundreds of micrometers in a time frame of a few seconds.
This intercellular communication provides a basis for astrocytes to act as a syncytium for possibly modulating neuronal
and vascular function. Moreover, specific populations of astrocytes can release neurotransmitters, such as glutamate, and
receptor modulators, such as D-serine, thereby exerting an
influence on neuronal activity (30). Glutamate release may occur
through multiple mechanisms including connexin hemichannels
(120). Release of glutamate has been linked to an increase in
intracellular Na⫹ and to the spread of Na⫹ waves between
astrocytes, thereby leading to the propagation of increased
glycolysis through adjacent astrocytes to support Na⫹,K⫹ATPase (13). Although astrocytes are electrically nonexcitable
cells, they express glutamatergic, GABAergic, purinergic,
adrenergic, and serotonergic receptors, among others. Other
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ASTROCYTES AS INTERMEDIARY PROCESSORS IN
NEUROVASCULAR COUPLING

Brain slice preparations have been used to provide direct
evidence for an astrocyte role in neurovascular coupling. With
electrical stimulation of cortical slices, Zonta et al. (122)
demonstrated increases in intracellular Ca2⫹ in astrocyte cell
bodies and in astrocyte end-feet on blood vessels followed
temporally by an increase in diameter of small arterioles.
Astrocytes are known to express metabotropic glutamate receptors (mGluRs) of the subtypes that mediate an increase in
Ca2⫹ through coupling to PLC and increased inositol triphosphate. Administration of mGluR antagonists reduced both the
evoked increase in astrocytic Ca2⫹ and the arteriolar dilation,
without affecting evoked increases in neuronal Ca2⫹, whereas
administration of a mGluR agonist mimicked the temporal
sequence of the increased astrocytic Ca2⫹ and arteriolar dilation seen with electrical activation. Furthermore, direct stimulation of perivascular astrocytes during membrane patching
elicited dilation of adjacent blood vessels. Therefore, synaptic
release of glutamate during neuronal activation is believed to
act on astrocytic mGluR receptors to increase Ca2⫹ in astrocytes and elicit dilation in nearby arterioles.
The brain slice preparation, however, has several limitations.
The blood vessels have no blood flow or associated shear stress
and have no pressure-induced myogenic tone. The response
time of increased astrocytic Ca2⫹ and arteriolar dilation was in
the order of 30 s, which is much slower than the in vivo
vascular response time of 1–2 s. Part of the slow response time
might be explained by the loss of an adequate amount of
J Appl Physiol • VOL

synaptic connectivity in the slice and by the 33°C temperature
used in this study. Others have reported more rapid Ca2⫹
increases during electrical stimulation in cortical slices at
35–37°C (32). The lack of effect of NOS inhibitors and
N-methyl-D-aspartate (NMDA) receptor antagonists on the
evoked vascular response (vs. the positive effects of these
agents in vivo) suggests incomplete connectivity and signaling
processes.
The effect of neuronal activation on arteriolar vasomotion
has been studied in hippocampal slices. Using the thromboxane
analog U-46619 to increase vascular tone and induce spontaneous vasomotion, Brown et al. (15) found that stimulation of
Schaffer collateral input fibers into the hippocampus reduced
the frequency of vasomotion. These findings were extended in
cortical slices by Filosa et al. (32), who temporally linked the
increase in Ca2⫹ in astrocyte cell body and end-feet with the
subsequent suppression of spontaneous periodic Ca2⫹ waves in
neighboring arterioles in the presence of U-46619. Either with
electrical activation of neurons or with an agonist of mGluR
receptors, a rapid increase in astrocyte Ca2⫹ was followed by
nearly complete blockage of vascular Ca2⫹ oscillations and of
dilation. However, mGluR antagonists did not prevent the
increase in astrocyte Ca2⫹ and the decreased frequency of
vascular Ca2⫹ oscillations. The latter finding suggests that
activation of astrocyte mGluR receptors might not be the only
mechanism by which astrocyte Ca2⫹ is increased during neuronal activation. Overall, the findings demonstrate an important
influence of increased Ca2⫹ in astrocytes during activation on
dynamic Ca2⫹ transients in parenchymal arterioles.
In all of the above-cited work with brain slices, astrocyte and
vascular responses to electrical field stimulation were abolished by tetrodotoxin, thereby indicating the requirement for
neuronal action potentials for the stimulus to be effective. To
demonstrate a direct role of astrocyte Ca2⫹ in the absence of
electrical stimulation of neurons or pharmacological activation
of astrocytes, Mulligan and MacVicar (74) used flash photolysis of caged Ca2⫹ in green fluorescent protein-labeled astrocytes to increase Ca2⫹ in individual astrocytes in brain slices.
When the laser intensity was increased sufficiently to induce a
Ca2⫹ wave that spread to the astrocyte end-feet, arteriolar
constriction, rather than dilation, unexpectedly occurred. When
the induced Ca2⫹ transient was sufficiently large to spread to
many end-feet in the network, the constriction was more
extensive and more severe. Application of norepinephrine to
the bath produced increases in astrocyte Ca2⫹, which, if the
Ca2⫹ wave spread to the end-feet, resulted in constriction
beginning within 1.2 s of arrival of the Ca2⫹ wave at the
end-feet. The constrictor response to uncaging of Ca2⫹ was
blocked by a phospholipase A2 (PLA2) inhibitor and by an
inhibitor of 20-hydroxyeicosatetraenoic acid (20-HETE) synthesis. Because 20-HETE is known to be synthesized in vascular smooth muscle by cytochrome P450 (CYP) 4A and to
constrict cerebral arterioles by inhibiting calcium-sensitive
potassium (KCa) channels (5, 107), the authors surmise that
Ca2⫹ waves propagating to the end-feet activate PLA2 and
mobilize arachidonic acid, which then is transported to the
smooth muscle to act as a substrate for CYP -hydroxylase
formation of 20-HETE. Application of a mGluR agonist to
increase astrocytic Ca2⫹ also produced constriction, in contrast
to the dilation seen in other studies (32, 122). These other
studies used a NOS inhibitor or U-46619 to increase vascular
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important functions of astrocytes involve trophic influences in
guiding neuronal processes, stabilizing synaptic connections,
guiding capillary tube formation during angiogenesis, influencing the phenotypic expression of specific endothelial proteins,
and stabilizing the blood-brain barrier (43). Astrocyte physiology is more complex than previously appreciated because these
cells play multiple roles in actively modulating neuronal and
vascular function.
In considering the role of astrocytes in cerebrovascular
regulation, it is important to understand their pivotal relationship among the various cell types in brain. Blood vessels in the
brain are surrounded primarily by foot processes that emanate
from astrocytes and, to a lesser degree, by pericytes and
macrophages. A typical astrocyte can send processes to hundreds of synapses. Most astrocytes extend at least one process
that contacts a blood vessel (104). End-feet abutting capillaries
and larger vessels express connexin-43 and purinergic P2Y
receptors, which together permit Ca2⫹ increases to be transmitted 60 m or more along the abluminal side of the vessel
wall (104). Thus astrocytes are in a unique position for sensing
neuronal activity, integrating that information, and communicating with blood vessels in brain parenchyma. As a rule,
neurons do not directly innervate intraparenchymal vascular
smooth muscle. However, subpopulations of GABAergic interneurons come into close contact with astrocyte foot processes and can elicit vasodilation, as reviewed elsewhere in the
series (42). These neurons might modulate vascular function,
in part, through stimulation of nitric oxide (NO) synthase
(NOS) activity, release of vasoactive peptides, or an astrocyte
signaling mechanism.
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METABOLIC COUPLING DURING NEURONAL ACTIVATION

Although overall global cerebral blood flow (CBF) normally
changes very little during mental tasks, discretely localized
increases occur in regions where neuronal networks increase
their activity. Neuronal activity results in a regional increase in
cerebral oxygen consumption (CMRO2), but the increase is
often too small to detect by positron emission tomography (33,
35, 111). However, glucose, the predominant energy substrate
in the brain, is consumed at a disproportionately greater rate
than is oxygen (34, 66, 95). Regional increases in lactate have
been reported during neuronal activation (48, 94), but the
excess glucose uptake is not balanced by lactate efflux (66, 67).
One hypothesis is that excess glycolysis occurs in astrocytes,
leading to formation of lactate, which is then transported from
astrocytes to neurons via monocarboxylic acid transporters
(89). Lactate could then serve as an alternative energy substrate
in neurons during dynamic fluctuations in neuronal activity.
However, this hypothesis remains controversial. The endothelium and neurons have abundant glucose transporters, and
glucose supply does not normally limit steady-state oxidative
phosphorylation unless arterial glucose concentration is reduced by more than 75%. Nevertheless, data derived to support
this hypothesis place the astrocyte in an active position to
support dynamic alterations in neuronal energy metabolism.
Interestingly, the hemodynamic response is considered to
correlate with synaptic activity as well as with neuronal firing
rate (59, 64, 73, 82). Monitoring of NADH fluorescence in
synapses suggests a rapid increase in dendritic oxidative meJ Appl Physiol • VOL

tabolism followed by increased glycolysis in astrocytes (56).
Infusion of lactate in rats increases the blood flow response to
activation, whereas infusion of pyruvate decreases the blood
flow response (52). A similar effect has been reported in
humans (72). Because the lactate-to-pyruvate ratio is proportional to the NADH-to-NAD⫹ ratio, these results were interpreted as indicating that a reduction of cytosolic NAD⫹ is a
sensor for coupling blood flow to an imbalance between
glycolysis and oxidative phosphorylation. Whether the NADH
redox state of astrocytes, where glycolysis is purported to be
disproportionately augmented during activation, is a key factor
in the blood flow coupling mechanism remains to be determined.
CHANGES IN OXYGENATION DURING ACTIVATION

If astrocytes play an important role in neurovascular coupling, it is useful to understand the dynamics of the metabolic
and vascular responses. Classical models of blood flow coupling to increased energy metabolism, such as occurs in muscle
during exercise, relied on an initial mismatch of flow to
metabolism causing release of vasoactive mediators. Blood
flow would then increase in this simple negative feedback
model to meet increased energy metabolism. During neuronal
activation, the percent increase in CBF is approximately proportional to the percent increase in cerebral glucose consumption but surprisingly is disproportionately greater than the
percent increase in CMRO2 (33, 34). Consequently, fractional
O2 extraction and the concentration of deoxyhemoglobin in the
blood decrease during activation. Because deoxyhemoglobin is
paramagnetic, a blood-oxygen-dependent signal can be detected by MRI (64). Many studies have made use of highspatial resolution, functional MRI to map the topology of
functional activation in humans during various sensory, motor,
and cognitive tasks and to determine the impact of various
neurological disorders on these functional activation maps.
Because CBF is used as a surrogate for neuronal activation, it
is important to understand the mechanisms of this fundamental
physiological response that links cerebral hyperemia to neuronal activity.
The cerebrovascular response to neuronal activation in cerebral cortex has been studied in animal models with sensory
activation, using visual stimuli, electrical stimulation of the
forelimb or sciatic nerve, and mechanical displacement of the
whiskers. In all of these sensory activation models, cortical
CBF increases after latency of 1–2 s and reaches a steady state
by 5–10 s, although an overshoot can also be present if sensory
afferents are stimulated with short pulse durations (68, 97).
Several experimental studies, but not all studies, reported a
transient dip in vascular oxygenation during the first second of
activation preceding the increase in CBF, thereby implying a
rapid increase in CMRO2 preceding the increase in CBF and
increase in the vascular oxygenation (8, 9, 62, 112). Local
vasodilation appears to depend on feed-forward signaling
mechanisms rather than on a slow feedback mechanism that
senses tissue hypoxia. It can be speculated that astrocyte
networks will rapidly sense changes in synaptic activity, integrate this information spatially over many synapses, and augment glycolytic metabolism that is coupled to an increase in
blood flow.
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tone, whereas no agent was used to increase vascular tone
when the constrictor response was observed. However, when
Mulligan and MacVicar (74) used a NOS inhibitor, the vascular response to the mGluR agonist was converted from a
constrictor response to a dilator response. Because NO inhibits
20-HETE synthesis (5, 107), they suggest that release of NO
from neurons during neuronal activation interferes with an
astrocyte-mediated constrictor response and permits a dilatory
response. Alternatively, whether one observes a constrictor or
dilator response to increased astrocytic Ca2⫹ might simply
depend on baseline vascular tone. Without increasing baseline
vascular tone in a brain slice preparation, dilatory responses
might be more difficult to unmask. It is, therefore, important to
investigate these mechanisms in vivo with normal myogenic
tone and blood flow.
It will also be important to understand how changes in
myogenic tone in pathophysiological states alter the evoked
vasodilatory response. Decreases in cerebral myogenic tone, as
may occur with severe arterial hypotension, carotid stenosis, or
intracranial hypertension, would be expected to limit additional
vasodilation during neuronal activation (10). Increases in myogenic tone are associated with increases in 20-HETE synthesis,
which counteracts the effect of increased Ca2⫹ on KCa channels and permits depolarization (36). If the pathophysiological
state does not impair evoked neuronal NO production during
activation, then one would anticipate that the NO would be
capable of inhibiting 20-HETE synthesis and permit opening of
vascular KCa channels. One situation in which this might not
occur is subarachnoid hemorrhage, in which 20-HETE levels
are markedly elevated (18) and excess heme may scavenge
neuronally released NO.
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Fig. 1. Schematic diagram of tissue PO2 as a function of distance from a
capillary at the downstream end of the O2-exchange site. A parabolic PO2
profile is used for illustrative purposes for the simplified case of O2 diffusion
into a rectangular slab of tissue of infinite length and a homogeneous consumption of O2 (CMRO2) throughout the parenchyma (solid line at baseline
CMRO2). If an increase in CMRO2 results in a proportional increase in blood
flow, then there would be no change in fractional O2 extraction (E) and no
change in end-capillary PO2. The increase in CMRO2 would then result in a
steeper PO2 gradient to maintain the increased O2 flux and in a lower PO2
throughout the tissue, such that mitochondria at the greatest distance from a
capillary would be at greater risk of inadequate O2 supply (dotted line). If
blood flow increases by a greater percent than the increase in CMRO2, then
there would be a decrease in E and an increase in end-capillary PO2. The
increase in CMRO2 would still result in a steeper PO2 gradient throughout the
tissue, but mitochondria at the greatest distance from a capillary would have
less risk of inadequate O2 supply (dashed line).
J Appl Physiol • VOL

which the increase in CBF is disproportionately greater than
the increase in CMRO2, appears to be a homeostatic mechanism that mitigates a decrease in mitochondrial PO2. This
concept is supported by data showing that the magnitude of the
changes in vascular oxygenation during activation is inversely
related to baseline oxygenation (62). Models of O2 extraction
also indicate that the percent increase in CBF is necessarily
greater than the percent increase in CMRO2 when backdiffusion of O2 from parenchyma to capillaries is assumed to
be negligible (17, 49). This assumption is equivalent to assuming all of the O2 that crosses the endothelium into the tissue is
consumed and, hence, that PO2 at mitochondria located at the
greatest distance from a capillary is at the minimum level
necessary for basal oxidative phosphorylation. Therefore, a
feed-forward vasodilatory mechanism appears to be involved
in neurovascular coupling. Astrocytes may participate in this
feed-forward mechanism via several potential pathways.
VASOACTIVE MEDIATORS OF FUNCTIONAL HYPEREMIA

A number of mediators appear to contribute to the complex
signaling processes that mediate feed-forward cerebral vasodilation sufficient to decrease O2 extraction in response to neural
activity. These include K⫹, NO, adenosine, prostaglandins, and
EETs derived from CYP metabolism of arachidonic acid.
Potassium ions. Evidence for potassium ions is largely
indirect and based on the observation that high K⫹ conductance in perivascular end-feet will act to siphon K⫹ from
synapses to the perivascular space. Conceptually, an increase
in interstitial K⫹ that results from the efflux of K⫹ out of
neurons during increased neuronal activity would be buffered
by uptake in synaptic astrocyte processes via inwardly rectifier
K⫹ (Kir) channels (96), and the excess K⫹ in astrocytes would
be preferentially released at foot processes (75, 87). This
hypothesis is supported by data from Müller cells in retina
(77), but the role for K⫹ siphoning in other brain regions
remains speculative. Cultured astrocytes express KCa channels
(39). In situ, rSlo KCa channels are present in astrocyte endfeet, including those abutting the pia mater (93). Moderate
increases in perivascular K⫹ activity arising from astrocyte K⫹
efflux would then relax arteriolar smooth muscle by acting on
vascular Kir channels (31).
NO. The neuronal isoform of NOS is present in a small
population of interneurons, some of which are in close proximity to intraparenchymal blood vessels (113). Activation of
NMDA receptors on these neurons leads to Ca2⫹ entry and
stimulation of NOS anchored in the vicinity of NMDA receptors by postsynaptic density proteins (21). Because NO can
diffuse for considerable distances across neighboring cells, it
can produce vasorelaxation of arteriolar smooth muscle. Several lines of evidence support a role for neuronally derived NO
in functional hyperemia. A transient burst of NO has been
measured within 1 s of neuronal activation and preceding the
increase in CBF (16). The neuronal NOS-specific inhibitor,
7-nitroindazole (7-NI) reduces the cortical blood flow response
to whisker stimulation by ⬃50 – 60% (20, 63). The nonisoform-specific inhibitor N-nitro-L-arginine (L-NNA) attenuates
functional hyperemia in both wild-type and endothelial NOS
null mice (12) but has no effect in neuronal NOS null mice
(65).
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The physiological importance of the increase in blood flow
exceeding the increase in O2 demand remains in question.
Steady-state differences in O2 demand among brain regions are
met by differences in steady-state CBF and in capillary density.
Because all capillaries in the brain are considered to be perfused continuously by red blood cells, capillary recruitment is
not thought to be a major mechanism for dynamic increases in
tissue oxygenation (neglecting the fact that red blood cell flux
is heterogeneous among capillaries and does have the potential
to become better matched to spatial heterogeneity in CMRO2
during activation). As a first approximation, a dynamic increase in CMRO2 requires an increase in O2 flux across an
essentially constant endothelial surface area driven by the PO2
gradient between intravascular PO2 and mitochondrial PO2
within cells at different distances from the blood vessels.
Consequently, an increase in O2 flux across the endothelial
membrane requires either an increase in intravascular PO2, a
decrease in mitochondrial PO2, or combination of both. When
CMRO2 increases, the tissue PO2 profile becomes steeper to
provide an increased O2 flux deep into the tissue, as shown
schematically in Fig. 1. If CBF and CMRO2 increase by the
same percentage, fractional O2 extraction and end-capillary
PO2 would be virtually unchanged (ignoring any potential
changes in the spatial heterogeneity of red blood cell flux). In
this case, tissue PO2 would be lower at all sites, and mitochondria at the greatest distance from a capillary would be at risk of
inadequate O2 supply. On the other hand, if CBF increased by
a greater percentage than CMRO2, then O2 extraction would
decrease, end-capillary PO2 would increase, and mitochondria
at the greatest distance from a capillary would be at less risk of
inadequate O2 supply. Therefore, the hyperemic response, in
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unanesthetized rats (41). However, relatively high concentrations of caffeine are required to inhibit the pial arteriolar
dilation to adenosine or to sciatic nerve stimulation (71). High
concentrations of caffeine probably exert nonspecific effects,
such as those on ryanodine receptors, which could offset
effects on adenosine receptors.
Dilation of pial arterioles to exogenous adenosine is mediated primarily by high-affinity A2A receptors and, to a lesser
extent, by low-affinity A2B receptors (78, 101). Pial arteriolar
dilation to topical glutamate and to sciatic nerve stimulation is
attenuated by an A2A antagonist (53, 70). However, preliminary work indicates that the CBF response to whisker stimulation is attenuated by an A2B antagonist, rather than by an A2A
antagonist (100), suggesting that the intraparenchymal vascular
response is mediated by different adenosine receptors than is
the extraparenchymal vascular response.
In addition to direct actions of adenosine on smooth muscle,
adenosine can act on astrocytes. Adenosine is derived from the
breakdown of ATP in cells and by ecto-ATPase and ecto-5⬘nucleotidase (55, 69, 103, 114). ATP is released in synapses as
a coneurotransmitter. ATP is also released from astrocytes
through connexin hemichannels where ATP can act on adjacent astrocyte P2Y receptors to promote the spread of Ca2⫹
waves (11, 99, 105). In human astrocytoma cells, ecto-nucleotidase activity colocalizes with sites of ATP release (55).
Thus extracellular adenosine concentration is expected to be
increased near sites of ATP release. In astrocytes, stimulation
of A2B receptors increases cyclic AMP (88), glycogen synthesis (3), and intracellular Ca2⫹ (92). Adenosine potentiates the
increase of Ca2⫹ waves evoked by ATP through an action
largely attributed to A2B receptors (4, 54). In retina, physiological activation with light induces an increase in Ca2⫹ in
Müller glial cells, and the spread of Ca2⫹ waves is augmented
by adenosine primarily through effects on A2B receptors (76).
Therefore, A2B receptors are likely to play a role in astrocyte
communication with the vasculature. Moreover, purinergic
receptor expression is dense along perivascular end-feet (104).

Fig. 2. Effect of different inhibitors applied to cortical surface on the cortical blood flow response to sensory activation plotted as a percentage of the control
response in each experiment. A: reduction in the response to whisker stimulation with the nitric oxide synthase inhibitor N-nitro-L-arginine (L-NNA), the
adenosine receptor antagonist theophylline, and combined L-NNA and theophylline [data adapted from Dirnagl et al. (26) and Lindauer et al. (63)]. B: reduction
in the response to whisker response with the cyclooxygenase-2 (COX-2) inhibitor N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide (NS-398) and in
COX-2 null mice (COX-2 ⫺/⫺) with and without NS-398 [data adapted from Niwa et al. (83)]. C: reduction in response to electrical foreleg stimulation with
L-NNA, the epoxygenase inhibitor N-methylsulfonyl-6-(2-propargyloxyphenyl)hexanamide (MS-PPOH), and combined L-NNA and MS-PPOH [data adapted
from Peng et al. (91)]. All inhibitors individually reduced the flow response to ⬃40 – 60% of the control response. Combining L-NNA with theophylline or
MS-PPOH produced either a small or no additional inhibition, suggesting an interaction among these pathways.
J Appl Physiol • VOL
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However, neuronally derived NO is not an essential mediator of the flow response. The attenuating effect of NOS inhibition on the cortical flow response to whisker stimulation is
smaller in unanesthetized rats than it is in anesthetized animals
(41), and administration of a NOS inhibitor to humans failed to
significantly reduce the evoked CBF response in frontal cortex
to a learning task (115). Furthermore, neuronal NOS null mice
have a normal cortical blood flow response to whisker stimulation, suggesting compensation by other mediators (65).
Moreover, inhibition of NOS results in an increase in arteriolar
tone and a decrease in baseline CBF. When baseline CBF is
restored after NOS inhibition by the use of either a NO donor
to clamp the level of NO or a cell-permeant cyclic GMP
analog, the CBF response to whisker stimulation is restored
(63). These results suggest that the presence of an adequate
concentration of NO and cyclic GMP is required for an intact
response, but that dynamic fluctuations in NO are not required
for mediating the dynamic CBF response. Therefore, NO
appears to play more of a role as a modulator, rather than a
mediator, of the cortical flow response to activation. As discussed above, in interpreting data from brain slice preparations
(74), NO might act to inhibit 20-HETE formation in vascular
smooth muscle from PLA2-mobilized arachidonic acid at astrocyte end-feet and thereby permit vasodilation. Regional
differences might also be important, in that NO appears to
play a more prominent role in cerebellum (119) and thalamus
(20, 41).
Adenosine. A role for adenosine in mediating functional
hyperemia is supported by evidence that the semiselective
adenosine-receptor antagonist theophylline attenuates the increase in CBF during whisker stimulation (Fig. 2) (26) and the
vasodilation of extraparenchymal pial arterioles during sciatic
nerve stimulation (58). In addition, adenosine deaminase attenuates the CBF response to whisker stimulation (26). Evidence against a major role for adenosine is based on data that
show a lack of effect of the semiselective adenosine antagonist
caffeine on the cortical flow response to whisker stimulation in
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smooth muscle, EETs cause hyperpolarization by opening of
KCa channels (2, 37, 44) and dilate cerebral arteries (28, 37,
60). Thus it has been proposed that EETs might serve as an
astrocyte-derived vasodilator (44).
In support of this hypothesis, increases in CBF elicited by
topical glutamate application to the brain surface or by dialysis
of NMDA into striatal tissue are markedly reduced by inhibitors of epoxygenase activity (1, 14). Furthermore, epoxygenase
inhibitors applied to the cortical surface reduced the CBF
response to whisker stimulation (90) and to electrical stimulation of the forepaw (91). Therefore, an astrocyte-based epoxygenase pathway appears to be critical in the coupling of CBF
to neuronal activation in cortex. Consistent with this hypothesis, antagonists of KCa channels also reduce the CBF response
to whisker stimulation (40). Further work in vivo is needed
using molecular approaches to specifically alter EET signaling
and using direct measurements of extracellular EETs to fully
understand the role of EETs in neurovascular coupling. Tissue
measurements of EETs are complicated by compartmentation
of EETs in the membrane phospholipid pool.
Interactions of mediators. The epoxygenase pathway has
complex interactions with other mediators of functional hyperemia. In the presence of indomethacin, epoxygenase inhibition
is still capable of reducing the CBF response to whisker
stimulation, thereby indicating that the actions of the epoxygenase mechanism do not require COX activity (90). On the
other hand, the NOS pathway does significantly interact with
the epoxygenase pathway. The striatal blood flow response to
NMDA was completely blocked by individually inhibiting
either NOS or epoxygenase activity (14). Also, no additive
effect of combined inhibition was observed with NOS and
epoxygenase inhibitors on the cortical CBF response to electrical forelimb stimulation (91). The CBF response was attenuated ⬃60% with either inhibitor alone or with combined
inhibition (Fig. 2). Likewise, an adenosine A2B antagonist
combined with an epoxygenase inhibitor, an EET antagonist,
or a mGluR antagonist produced no substantial additive inhibition beyond the ⬃50% inhibition seen with each agent alone
during whisker stimulation (100). This observation is consistent with an action of adenosine on astrocyte A2B receptors
amplifying Ca2⫹ stimulation of EETs release. Moreover, NO
has been reported to promote capacitative Ca2⫹ influx in
astrocytes (61). Combining a NOS inhibitor with the adenosine
antagonist theophylline produced a small additive effect on the
CBF response to whisker stimulation (Fig. 2) but did not
eliminate the response (26). Therefore, the NOS, adenosine,
and EET pathways do not appear to operate by parallel,
independent signaling mechanisms, consistent with an interplay at the astrocyte or smooth muscle level.
Indeed, none of the combinations of drug inhibitors and
antagonists has been able to completely eliminate the increase
in CBF during activation. These findings suggest that other
regulatory pathways are recruited when these feed-forward
signaling pathways are interrupted. In this regard, it is important to recall that CO2 production is proportional to glucose
consumption and that the percent increase in CBF matches the
percent increase in glucose consumption. Ordinarily, the match
between increased glycolysis and increased CBF results in no
measurable change in tissue pH (110). When the feed-forward
signaling pathways are interrupted and the CBF response is
attenuated, some increase in tissue PCO2 would be anticipated.
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If ecto-ATPase and ecto-nucleotidase activity is also present at
these sites along the end-feet, localized perivascular adenosine
concentration could become elevated to concentrations sufficient to activate low-affinity A2B receptors during stimulation.
Prostaglandins. A role for prostaglandins in functional hyperemia is derived from data showing that the CBF response to
whisker stimulation is reduced ⬃40 –50% by a cyclooxygenase-2 (COX-2) inhibitor or by COX-2 gene deletion in mice
(Fig. 2) (83). In contrast, a COX-1 inhibitor or COX-1 gene
deletion, which attenuated acetylcholine vasodilation, did not
impair the CBF response to whisker stimulation (84). Although
COX-2 is a highly inducible isoform of COX, it is constitutively expressed in somatosensory cortical neurons, including
dendritic and terminal processes adjacent to perivascular astrocyte processes and, in some cases, NOS-positive interneurons (24, 113). In contrast, expression of COX-2 in astrocytes
is low. Thus a COX-2 metabolite, such as prostaglandin E2
(PGE2) released from neurons, is postulated to act either
directly on vascular smooth muscle, indirectly via perivascular
astrocytes, or by an interaction with NOS-containing neurons.
Prostaglandins are also postulated to be released from astrocytes during activation and to mediate vasodilation. Acetylsalicylic acid inhibits vascular dilation during electrical activation
in cortical slices (122). Cultured astrocytes release PGE2 when
activated by a mGluR agonist (123). Moreover, administration
of mGluR antagonists in vivo decreases the CBF response to
whisker stimulation in the same manner that they act in slices
to reduce astrocyte Ca2⫹ responses (122). However, the role of
an astrocyte-based PGE2 mechanism in vivo is unclear because
of the low expression of COX-2 in astrocytes and the lack of
dependence of the blood flow response on COX-1.
EETs. Cultured astrocytes from rat express CYP 2C11,
which possesses epoxygenase activity (2). Conversion of arachidonic acid to EETs has been described in cultured astrocytes
and in brain parenchyma (2, 6, 7). Expression of CYP 2C11 in
rat brain colocalizes with glial fibrillary acidic protein-positive
astrocytes, including perivascular astrocytes (91). EETs differ
from prostaglandins in that they are stored in the phospholipid
membrane, including astrocyte membranes, and thus could be
mobilized without de novo synthesis (102). Within astrocytes,
release of Ca2⫹ from internal stores induced by thapsigargin
causes arachidonic acid to be mobilized followed by formation
of EETs and Ca2⫹ influx (98). Of the four regioisomers of
EETs, the 5,6-EET appears to be responsible for enhancing the
capacitative Ca2⫹ influx. Moreover, EETs can promote the
opening of iberiotoxin-insensitive KCa channels (39). The resultant efflux of K⫹ is expected to partially offset the influx of
Ca2⫹ and maintain a hyperpolarized membrane for sustaining
Ca2⫹ entry (38).
In addition to acting intracellularly, EETs can act in a
paracrine fashion. For example, EETs serve as an endotheliumderived hyperpolarizing factor in coronary smooth muscle
(19). Although a similar paracrine function has not been
demonstrated in cerebral endothelium where other hyperpolarizing factors might operate (121), EETs derived from astrocytes may act intercellularly. Addition of glutamate to cultured
astrocytes causes release of EETs into the media (1). The
release of EETs evoked by a mGluR agonist is reduced by an
inhibitor of KCa channels, suggesting a link between hyperpolarization induced by KCa channel opening, sustained Ca2⫹
influx, and release of EETs by astrocytes (38). In vascular
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A consequent decrease in extracellular pH might represent a
contingency feedback mechanism for ensuring some degree of
vasodilation during activation when other pathways are inoperative.
EXTRAPARENCHYMAL PIAL ARTERIOLES

The discussion thus far has centered on intraparenchymal
arterioles and CBF. An adequate parenchymal flow response
requires ascending dilation of pial arterioles to maintain intravascular pressure in intraparenchymal feeding arterioles.
Mechanisms of ascending vasodilation have not been as well
studied in the cerebral circulation as in the skeletal muscle
circulation. Pial arterioles receive some innervation from sensory ganglia but not from local cortical neurons. Flow-induced
dilation might contribute to ascending dilation of intraparenchymal arterioles, but this mechanism is not thought to be
important in pial arterioles where estimated wall shear was
unchanged during sciatic nerve stimulation (81). Neuronal NO
can also signal pial arterioles. Application of NMDA to the
brain surface elicits pial arteriolar dilation that is neuronal NOS

dependent (29). Because NOS inhibition reduces pial arteriolar
dilation during sciatic nerve stimulation (80), NO derived from
neurons might diffuse to surface arterioles and elicit dilation.
However, there is some question of whether the diminished
dilation is the result of diminished neuronal activation as
reflected by a decrease in evoked potentials (79). The pial
arteriolar response to sciatic nerve stimulation is reduced by
theophylline and by an adenosine A2A antagonist (58, 70).
Thus, in contrast to the role of A2B receptors in the intraparenchymal flow response, high-affinity A2A receptors appear to
be more important for extraparenchymal arterioles.
Furthermore, NOS-containing neurons are rare in layer 1 of
underlying cortex (113). Astrocytes might serve as communicators between cortical NOS neurons and pial arterioles. For
example, pial arteriolar dilation to hypercapnia is partially
dependent on neuronal NOS activity in rodent brain (51).
When superficial astrocytes in the glia limitans are injured after
exposure to the gliotoxin L-␣-aminoadipic acid, pial arteriolar
dilation to hypercapnia becomes attenuated to the same extent
as it does with NOS inhibition alone, and NOS inhibition after

Table 1. Questions for future research on astrocyte function in neurovascular coupling
1. Does the NADH redox state of astrocytes, where dynamic increases in lactate are purported to be disproportionately augmented relative to oxidative
phosphorylation during activation, act as a signaling sensor for increasing blood flow and, if so, how is the signaling mechanism linked to mediators of
vasodilation such as the epoxygenase pathway?
2. Is the excess lactate produced during activation transported to neurons and eventually used for oxidative phosphorylation, or is the lactate eventually
consumed only in astrocytes?
3. Do neurotransmitters released from interneurons act through astrocytes to produce vasodilation?
4. Do COX-2 derived prostaglandins released from neurons act through astrocytes to produce vasodilation, and are COX-1 or COX-2 derived prostaglandins
released from astrocyte foot processes to produce vasodilation in vivo?
5. Are EETs released from astrocytes in vivo, are released EETs derived from de novo synthesis or from phospholipid storage pools, and what is the
mechanism of release of EETs from the phospholipid membrane?
6. How does adenosine A2B receptor activation interact with metabotropic glutamate receptor activation in controlling Ca2⫹ signaling and consequent
release of prostaglandins and EETs?
7. Does NO act, in part, by inhibiting 20-HETE synthesis in smooth muscle and permit opening of KCa channels?
8. Does NO released from neurons act on astrocyte signaling?
9. Do astrocytes contribute to ascending vasodilation during neuronal activation?
COX, cyclooxygenase; EET, epoxyeicosatrienoic acid; NO, nitric oxide; KCa channels, calcium-sensitive potassium channels.
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Fig. 3. Block diagram illustrating potential signaling pathways of neurovascular coupling and their interactions among neuronal, astrocyte, vascular smooth
muscle, and endothelial compartments. Negative control pathways are indicated by dotted lines. cAMP, cyclic AMP; cGMP, cyclic GMP; CYP 4A, cytochrome
P450 4A; EETs, epoxyeicosatrienoic acids; 20-HETE, 20-hydroxyeicosatetraenoic acid; IP3, inositol triphosphate; KCa, calcium-sensitive potassium channels;
Kir, inward-rectifier potassium channel; mGluR, metabotropic glutamate receptor; NMDAR, N-methyl-D-aspartate receptor; NO, nitric oxide; NOS, nitric oxide
synthase; PGs, prostaglandins; PLC, phospholipase C.
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glial injury has no further effect on hypercapnic dilation (117).
Pial arterioles retained normal reactivity to extracellular acidity
and to NO donors. Knockdown of connexin-43 had a similar
effect as did gliotoxin, suggesting a role for gap-junction
communication in the hypercapnic response. In female rats, the
glia limitans also plays a role in pial arteriolar dilation to ADP
(118), which is not dependent on neuronal NOS. Therefore, the
limited amount of currently available information indicates the
potential for astrocytes to participate in regulation of extraparenchymal arteriole resistance vessels.
ASTROCYTE FUNCTION IN PATHOPHYSIOLOGICAL STATES

The authors express gratitude to Tzipora Sofare for editorial assistance in
preparing this manuscript.

SUMMARY OF NEUROVASCULAR SIGNALING

The following hypothesis integrates much of the current
evidence for the control of intraparenchymal arterioles in
cerebral cortex during neuronal activation (Fig. 3). Glutamate
released at excitatory synapses stimulates mGluR on astrocytes
and stimulates PLC and inositol triphosphate to release Ca2⫹
from intracellular stores. Adenosine, formed as a breakdown
product of ATP either inside cells or from ecto-ATPase and
ecto-5⬘-nucleotidase acting on ATP released as a coneurotransmitter or by astrocyte connexin hemichannels, acts on astrocyte
A2B receptors to amplify the increase in intracellular Ca2⫹. The
increase in Ca2⫹ activates astrocytic KCa channels, in part by
an EET-dependent mechanism, to limit astrocyte depolarization during Ca2⫹ entry and thereby permit additional Ca2⫹
influx to amplify the spread of the Ca2⫹ wave to perivascular
end-feet and possibly to neighboring astrocytes.
The increase in Ca2⫹ in astrocyte end-feet might have
several possible consequences. First, Ca2⫹ might stimulate
PLA2 and mobilize arachidonic acid, which then 1) can be used
for synthesis of EETs and for replenishing stored EETs, 2) can
be used as a substrate for COX and release of PGE2, or 3) can
be transported directly to the smooth muscle and be used as a
substrate for 20-HETE synthesis. Second, increased Ca2⫹
J Appl Physiol • VOL
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Astrocytes can influence cerebrovascular regulation in pathophysiological states, such as hyperammonemia associated with
liver disease. Astrocytes are enriched in glutamine synthetase
which forms glutamine from ammonia and glutamate (22, 85).
During hyperammonemia, increases in tissue glutamine result
in depressed cerebrovascular reactivity to CO2 and acetylcholine due, in part, to glutamine’s interference with NOS activity
(46, 47, 57, 86, 108). Astrocyte swelling and increased extracellular K⫹ activity related to the osmotic effect of glutamine
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to persistent dendritic injury in postsynaptic membranes, persistent astrocyte dysfunction, or impaired signaling in the NOS,
COX-2, adenosine, or EETs pathway. The impact of other
pathophysiological states on neurovascular coupling is reviewed elsewhere in this review series (50).

might trigger release of stored EETs from the astrocyte endfeet phospholipid membrane, and the released EETs could then
act on smooth muscle KCa channels to produce hyperpolarization and dilation. Third, Ca2⫹ activation of astrocyte KCa
channels will release K⫹ into the interstitial space, which
might be sufficient to hyperpolarize smooth muscle via smooth
muscle Kir channels.
Neuronally derived NO may exert several actions. First,
increased NO might ensure a sufficient level of smooth muscle
cGMP necessary for activation of K⫹ channels. Second, increased NO will inhibit CYP -hydroxylase synthesis of 20HETE and thereby ensure that 20-HETE does not counteract
the opening of vascular KCa channels by EETs or other mediators. Third, NO might help amplify astrocyte Ca2⫹ influx
(61). Furthermore, PGs released from neurons might also act
indirectly on astrocyte signaling to evoke vasodilation or act
directly on vascular smooth muscle. Lastly, blockage of all of
these mediators reduces the magnitude of the vasodilation, but
not completely, suggesting a complex interaction among factors mediating activity-induced vasodilation.
In summary, evidence to date implicates an important role of
astrocytes in the regulation of the cerebral circulation to physiological stimuli, such as neuronal activation. Astrocytes appear to be capable of monitoring changes in synaptic activity
and of spatially integrating this information for signaling microvascular units. However, much of the evidence supporting a
role of astrocytes is based on work in vitro. Future studies
using more sophisticated molecular approaches and imaging
techniques will need to be performed in this expanding field of
research to allow better understanding of the role of astrocytes
in vivo. Thus many questions remain for future research (Table
1). Future work on the role of astrocytes as a key participant of
neurovascular coupling is likely to reveal added complexity of
the interrelationships within the neurovascular unit.
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