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Abstract

Regional elevations in cerebral blood flow (CBF) often occur in response to localized increases in
cerebral neuronal activity. An ever expanding literature has linked this neurovascular coupling
process to specific signaling pathways involving neuronal synapses, astrocytes and cerebral
arteries and arterioles. Collectively, these structures are termed the “neurovascular unit” (NVU).
Astrocytes are thought to be the cornerstone of the NVU. Thus, not only do astrocytes “detect”
increased synaptic activity, they can transmit that information to proximal and remote astrocytic
sites often through a Ca?*-and ATP-related signaling process. At the vascular end of the NVU, a
Ca?*-dependent formation and release of vasodilators, or substances linked to vasodilation, can
occur. The latter category includes ATP, which upon its appearance in the extracellular
compartment, can be rapidly converted to the potent vasodilator, adenosing, via the action of ecto-
nucleotidases. In the present review, we give consideration to experimental model-specific
variations in purinergic influences on gliovascular signaling mechanisms, focusing on the cerebral
cortex. In that discussion, we compare findings obtained using in vitro (rodent brain slice) models
and multiple in vivo models (2-photon imaging; somatosensory stimulation—evoked cortical
hyperemia; and sciatic nerve stimulation-evoked pial arteriolar dilation). Additional attention is
given to the importance of upstream (remote) vasodilation; the key role played by extracellular
ATP hydrolysis (via ecto-nucleotidases) in gliovascular coupling; and interactions among multiple
signaling pathways.

Keywords
adenosine; neurovascular unit; astrocyte; glia limitans; cerebral blood flow

1. Introduction

Coupling between neuronal activity and blood flow is fundamental to brain function. When
a specific brain region is activated, cerebral blood flow (CBF) increases in a temporally and
spatially coordinated manner. At the core of the coupling process is the neurovascular unit
(NVU). In the context of CBF regulation, the three key components of the NVU are
neurons, astrocytes, and arteries/arterioles. The general organization of the NVU reflects its
function. That is, on one end of the structure, astrocytic endfeet extensively ensheath
cerebral microvessels, such as arterioles. On the other end, astrocytes contact both pre- and
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post-synaptic elements (the “tripartite” synapse—see ref. [1]). The latter arrangement
permits astrocytes to “sample” synaptic function. However, the NVU, and its ability to
couple blood flow to synaptic activity, is far more complex than an organization consisting
of “one synapse-one astrocyte-one arteriole”. In fact, astrocytes are thought to be arranged in
physically non-overlapping domains [2]. As such, the astrocyte in each domain can have
multiple contacts with neuronal synapses, with more than 10° (rodents) or 108 (humans)
synaptic contacts per domain, in addition to an indeterminate number of arteriolar contacts.
Furthermore, increased synaptic activity may promote vasodilation that can occur within a
single astrocytic domain (local parenchymal arteriolar dilation), or may involve multiple
domains resulting in upstream or “remote” vasodilation. Another regulatory function arising
from remote astrocytic signaling is heterosynaptic modulation. Related to the common
theme of this special issue,“Purinergic Signaling in Neurones and Glia”, purinergic factors
play key roles in this remote signaling process, irrespective of whether the distal target of
the astrocytic signaling conduit is an arteriole or a synapse [3] (see also fig. 1).

2. Signaling mechanisms within the NVU

Multiple mechanisms have been linked to astrocytes in their capacity to orchestrate cerebral
vasodilation during increased synaptic activity (reviewed in refs. [2,4,5]). Vasodilation in
response to enhanced synaptic activity can be attributed, either directly or indirectly, to
release of paracrine substances from astrocytes arising in response to transient elevations in
astrocyte intracellular Ca2* concentrations. Those Ca2*-dependent paracrine substances
have been found to include products of arachidonic acid metabolism via cyclooxygenases
(e.g., PGE)) [6] or epoxygenases (e.g., epoxyeicosatrienoic acid regioisomers [EETSs]
[4,7,8]); K* release through large conductance, Ca2*-operated K* (BKc,) channels [9]; and
Ca?*-dependent release of glutamate and ATP from astrocytes [10,11]. Glutamate and ATP
also are released into the synaptic cleft during increased neural activity. Subsequently, these
gliotransmitters, by virtue of their interactions with astrocytic glutamatergic and purinergic
metabotropic receptors (fig. 1), may act as a primary trigger for the endoplasmic reticulum
(ER)-derived CaZ* increases in astrocytes.

3. In vitro models: Acute brain slice

The acute cortical brain slice often has been used in studies examining neurovascular
coupling. Despite their limitations (reviewed in ref. [12]), much useful information has been
derived using slice preparations. Slice studies most commonly involve examinations of the
direct influence of astrocytes on intraparenchymal arteriolar diameters. In many cases, this
entails “endfoot delimited” astrocytic signaling elicited by photolytic uncaging of endfoot
Ca?* [13] or inositol trisphosphate (IP3), with the latter yielding localized Ca%* increases
[14]. Other paradigms used in generating endfoot Ca?* increases involved applications of a
glutamate metabotropic receptor (mGIuR) agonist [15] or direct electrical stimulation of
neurons [15,16]. In the overwhelming majority of cases, those astrocytic Ca2* elevations
were accompanied by dilation of adjacent parenchymal arteriolar segments. In a few
instances, the astrocytic Ca*2 elevations were associated with a vasoconstriction response
[13]. It was suggested that the constriction was caused by a product of arachidonic acid
metabolism via cytochrome P450 w-hydroxylase (i.e., 20-HETE—see ref. [13]). However,
an alternative explanation was that the vessels in the slice preparation were deficient in
physiologic tone and, thus, were impaired in their ability to dilate further. It is important to
emphasize that, in their “normal” physiologic state, these resistance vessels are pressurized,
which imparts myogenic tone. In a subsequent report, it was shown that the normal dilating
response of brain slice parenchymal arterioles to applications of a mGIuR agonist, in the
presence of added tone, were converted to vasoconstrictions in the absence of tone [17].
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Purinergic ATP receptors (especially the P2Y, and P2Y 4 subtypes) are richly expressed in
rat perivascular astrocytic endfeet [18]. In rat cortical brain slices, local application of ATP
was accompanied by substantial mobilization of cytosolic CaZ* in astrocytic endfeet at the
gliovascular interface [18]. Although the arteriolar responses were not measured, based upon
evidence from other laboratories (see above), one might anticipate that such Ca2* increases
would have elicited vasodilation.

Recently, Gordon et al [6] reported that reducing brain slice bath O, concentrations from
95% to 20% prevented the vasoconstrictions that occur in response to the mGIuR agonist,
trans-1-aminocyclopentane-1,3-dicarboxylic acid (t-ACPD), endfoot Ca?* uncaging, or
electrical stimulation. The prevention of the vasoconstrictions in the lower O, environment
was, in part, attributable to the presence of adenosine acting via its Ay receptor.
Interestingly, the 20% O bath solution yielded slice tissue PO, levels (12-20 mmHg) that
fell within the normal physiologic range (~10-30 mmHg) for rat cortical tissue in vivo [19].
Thus, 20% O, may represent a normoxic environment, where increased formation of
adenosine extracellularly reflects the normal physiologic response to the ATP release into
the extracellular milieu arising from the stimuli listed above. However, there is another
confounding factor that may have influenced findings, and that relates to the fact that these
experiments were performed at room temperature. Electrical stimulation-evoked adenosine
release in brain slices is profoundly temperature-sensitive [20]. Accordingly, caution is
warranted in the interpretation of such findings.

Above, we touched upon a gliovascular coupling process that involves generation of PGE,
[15] and EETs [7] via the action of cyclooxygenase (COX) and epoxygenase, respectively.
Additionally, K*-related mechanisms play a vital role. These processes rely on BK¢4-linked
K* release from astrocytic endfeet at the gliovascular interface [21] coupled with the
interaction of the released K* with inward rectifier K* (Kj,) channels on arteriolar vascular
smooth muscle. This leads to smooth muscle cell hyperpolarization and relaxation [9]. It is
of interest to note that interactions may occur among gliovascular coupling processes. As
one example, EETs may possess an autocrine influence in astrocytic endfeet, via promotion
of increased BK, function [7]. Based upon the presence of purinergic P2Y receptors in
astrocytic endfeet, as well as a robust endfoot CaZ* response to ATP application, purinergic
influences on vascular tone in brain slice preparations seem likely.

4. In vivo models

4.1. In vivo models:Two-photon imaging

Takano et al. [22] employed in vivo two-photon laser-scanning microscopy in anesthetized
mice to explore the vascular effects of Ca2* uncaging in astrocyte endfeet directly adjacent
to cortical penetrating arterioles. Within seconds of the photolytic event, arteriolar dilation
was observed. The only agents which prevented the vasodilating response were blockers of
arachidonic acid synthesis and COX-1, consistent with a primary role for arachidonic acid-
derived PGEy,. In contradistinction with results obtained in brain slices (see above) and
multiple in vivo studies (see below), the response was not affected by epoxygenase, COX-2,
or adenosine receptor blockade. Factors related to differences in experimental models (e.g.,
unique “qualities” of penetrating arterioles in vivo) and/or selectivity of pharmacologic
agents used (see ref. [4]) could account for some of these disparate findings. Nevertheless, a
more definitive explanation must await further study.

4.2. In vivo models: Somatosensory stimulation-evoked cortical hyperemia

Many studies have been published where neurovascular coupling mechanisms were
identified based upon the reductions in cortical hyperemic responses to somatosensory
activation (measured using laser-Doppler flowmetry) that occurred in the presence of
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selective pharmacologic blockers. Evidence from those investigations pointed to
contributions from a number of neurovascular coupling pathways. This included arachidonic
acid-linked pathways, namely, COX and epoxygenase [23,24]; metabotropic receptor-linked
pathways (activated by glutamate or ATP [25]); pathways involving coupled participation of
astrocyte BKc, and smooth muscle Kj, channels [23]; adenosinergic mechanisms [25]; and
NO-related influences [8].

Phospholipase Ay, is well-expressed in astrocytes [26]. The protein or mMRNA expression of
arachidonic acid metabolizing enzymes, such as COX-1 [22] or the P4502C11 epoxygenase
[27], respectively, is concentrated in perivascular astrocytic structures. However, despite
COX-1 presence in perivascular astrocytic elements, neither selective inhibition of COX-1,
nor COX-1 gene deletion, had any effect on whisker stimulation evoked increases in cortical
blood flow in mice [28]. On the other hand, COX-2 inhibition and COX-2 gene deletion
were both associated with an attenuated CBF response [24]. Constitutive COX-2 expression
appears to be non-astrocytic, limited to neurons [22]. Multiple G-protein-coupled
metabotropic purinergic P2Y receptor subtypes are well-represented in astrocytes (see ref.
[18]), and appear to respond to the presence of ATP with increased arachidonic acid
generation [26]. Metabotropic glutamate receptors (in particular, the mGIuR5 isoform [29])
also display a strong expression in astrocytes and, like P2Y receptors, have been linked to
increased PLA, activity [30], as well as IP3 generation and increased Ca2* mobilization
[31]. The presence of BK¢, channels within astrocytic endfeet [21], in association with
Kjr2.1 expression in cerebral vascular smooth muscle [32], is consistent with the “coupled
K* channel” model proposed by Nelson and co-workers (e.g., [9]). Furthermore, in rats
studied in vivo, BK¢, channel inhibition [33] and Kj,-channel inhibition [23], in separate
studies, were found to be associated with attenuated cortical blood flow increases during
somatosensory activation.

A role for adenosine in the cortical CBF increases accompanying somatosensory activation
(whisker stimulation) was reported many years ago [34]. Since that time, several
publications (reviewed in refs. [4,8]) have confirmed these early results and have provided
additional information regarding the important role of Gs-protein- linked adenylyl cyclase
(AC)-activating adenosine Apa and A,g receptors in the coupling process. Both receptor
subtypes are generally well-expressed in astrocytes and cerebral blood vessels [3]. However,
compared to the Ay receptor, the A,g receptor shows a 30-40-fold lesser affinity toward
adenosine [35]. Yet, pharmacologic blockade of the A, receptor, with ZM 241385 (which
shows an ~30-80-fold greater A,p Vs Agp selectivity [36,37]), had no effect on whisker
stimulation-evoked cortical hyperemia. On the other hand, in the presence of alloxazine, a
blocker with modest A,g over Ay selectivity (<10-fold [35]), a significant attenuation of
the CBF response to whisker stimulation was observed [25]. An explanation for the
apparently greater role of A,g over A, receptors in somatosensory stimulation-evoked
cortical hyperemia could, perhaps, relate to greater Aog vs App influence in astrocytes [38].

Multiple pathways participate in cortical hyperemic responses to somatosensory activation
(e.g., [2,4,23,34]). To a large degree, the influences of those pathways are non-additive and
likely interactive. Overlapping effects of NOS inhibition, blockade of adenosine receptors,
and epoxygenase inhibition have been widely observed [25,27,34]. In a recent paper,
Leithner et al. [23] reported a reduction in forepaw stimulation-induced cortical hyperemia,
in the presence of K;, blockade with BaZ* alone, that was similar to the attenuation seen
when BaZ* was combined with inhibitors of NNOS, epoxygenase, adenosine receptors, and
COX (non-selectively). This finding hinted at possible interactions between the targets of
the inhibitor “cocktail” and K;, channels. Additional sites of interaction were revealed by Shi
et al. [25] who found similar 40-60% reductions in whisker stimulation-evoked cortical
hyperemia in the presence of EET, Ayg, or mGIuR blockade, either alone or in paired
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combinations. The non-additive nature of combined treatments with selective pharmacologic
antagonists is also seen in studies involving sciatic nerve stimulation-induced pial arteriolar
dilation. This is discussed in the following section.

5. Sciatic nerve stimulation (SNS)-evoked pial arteriolar dilation

5.1. Model for upstream vasodilation and gliovascular signaling

Upstream vasodilation is an important component of neurovascular coupling. One example
of remote, upstream dilation would be the pial arteriolar dilation that occurs in the hindlimb
region of the cerebral cortex during sciatic nerve stimulation (SNS) [39,40]. Pial arterioles
represent the upstream segments of the parenchymal arterioles that lie in the vicinity of
activated synapses [9]. In recent publications (e.g., ref. [40]), we reported astrocytes were a
major conduit for transmitting vasodilating signals upstream to pial arterioles, with the glia
limitans, the mantle of astrocytic processes overlying the cerebral cortex, representing the
principal structural contact with the pial arterioles. A key strategy employed in
investigations involving the model of SNS-evoked dilation of pial arterioles involved
cortical surface applications of a highly specific astrocytic toxin, L-a-aminoadipic acid (L-
AAA). It has been established that 5-24h exposure to topically-applied L-AAA [40-42])
selectively ablates the superficial glia limitans without directly damaging neuronal or pial
vascular functions.

5.2. Inter-astrocytic communication in SNS-evoked pial arteriolar dilation

The presence of nerve fibers extending from the underlying neuropil to the vicinity of pial
vessels is sparse. This “intrinsic innervation” may be limited to a few vasoactive intestinal
polypeptide (VIP) and pituitary adenylate cyclase activating polypeptide (PACAP) nerve
fibers [43]. However, that intrinsic innervation may have little direct influence on pial
arteriolar responses to neural activation. Thus, in rats exposed to the gliotoxin, L-AAA,
SNS-evoked dilations were essentially eliminated [40], without any effects on cerebral
cortical electrical responses evoked by SNS [44]. These findings reflect evidence that L-
AAA is only taken up into astrocytes, causing extensive damage [45], while being excluded
from neurons and producing no changes in neuronal appearance or function [46]. L-AAA
also has been shown to have no direct effects on pial arteriolar function [41]. The substantial
repression of SNS-evoked pial arteriolar dilation in the presence of L-AAA, therefore, can
only be attributed to loss of communication between the glia limitans and pial vessels.

In figure 1, we depict an astrocytic signaling pathway, where communication between
astrocytes relies on ATP efflux from one cell and interaction with purinergic P2Y receptors
on neighboring cells and passage of signaling molecules through intercellular gap junctions.
Although some of the ATP-related signaling pathways may also apply to glutamate [47], we
have chosen to limit the discussion to purinergic mechanisms. The signaling process is
initiated by increased synaptic activity. The released ATP can interact with P2Y receptors
on nearby astrocytes, leading to the mobilization of CaZ* from intracellular stores. The
intracellular Ca2* rise can regenerate the Ca2* signal in neighboring astrocytes by
facilitating ATP cellular efflux via a variety of Ca2*-dependent ATP release processes. We
show three possible release mechanisms. The first is vesicular release of ATP [48,49]. A
second mechanism involves cellular ATP efflux via Cx43 hemichannels [50,51]. However,
those findings were recently challenged by Iglesias et al. [52]. A third mechanism of ATP
release from astrocytes is thought to involve pannexin-1 hemichannels, coupled with
ionotropic purinergic P2X5 receptors. Thus, in conjunction with P2X activation,
pannexin-1 is postulated to form large conductance ATP permeable channels [52,53].
However, whether this mechanism participates in neurovascular coupling in vivo is not
entirely clear. In a preliminary study [54], we found no effect of topical applications of the
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selective P2X7 blocker, brilliant blue G (BBG, 100 nM), on SNS-evoked pial arteriolar
dilations. But, with more intense synaptic activation (bicuculline-induced seizure), we noted
>50% reductions in pial arteriolar dilations in the presence of BBG. One implication of these
findings is that, if there is a P2X7/pannexin role in inter-astrocytic communication and
gliovascular coupling, it may only contribute during states of excessively high levels of
synaptic activity and extracellular ATP [55].

We recently reported [40], that Cx43 expression was particularly concentrated in the glia
limitans, with limited expression in pial vascular endothelium, and no detectable expression
in smooth muscle cells. The role of Cx43 in SNS-evoked pial arteriolar dilations was
revealed through the use of topical applications of selective inhibitory peptides. Because
Cx43 hemichannels may also be affected by these blocking peptides, one cannot completely
ignore their possible contributions [51]. However, whether or not there is a role for Cx43
hemichannels in inter-astrocytic communication in vivo remains unsettled (see ref. [52]).
These findings, at the least, indicate the participation of Cx43-related gap junctional
communication in pial arteriolar responses to neuronal activation. Moreover, the finding that
glial injury completely prevented the pial arteriolar response, but endothelial injury had no
effect [40], suggests that the Cx43-containing sites involved in the pial response (gap
junctions?) are more likely to be on astrocytes than blood vessels.

Calcium and IP3, along with ATP, can move from astrocyte-to-astrocyte via gap junctions.
This can spread the ATP (and Ca?*) signals among astrocytic elements, including
perivascular endfeet. As discussed earlier, the ATP may also exit the astrocyte via several
Ca?*-dependent mechanisms. The released ATP has several fates. This includes interactions
with G-protein-coupled P2Y receptors on adjacent astrocytes, contributing to the “Ca2*/ATP
wave”. Second, ATP released in the vicinity of a synapse can interact with P2Y or
ionotropic P2X receptors on presynaptic elements, or be hydrolyzed to adenosine by ecto-
nucleotidases, with the adenosine interacting with presynaptic A; or Apa receptors.
Engagement of A; and/or selected P2Y receptors (e.g., P2Yq, P2Y5, P2Y,) is often
accompanied by diminished synaptic activity (sometimes labeled “heterosynaptic
depression” [56]); while engagement of Ay, and/or a subset of P2X receptors (e.g., P2X1,
P2Xy/3, P2X3), can facilitate synaptic function [3,57]. As a third possibility, ATP and Ca2*
may diffuse into the glial endfeet comprising the glia limitans. The ATP may then undergo
Ca?*-dependent efflux followed by rapid hydrolysis to adenosine, resulting in pial arteriolar
dilation mediated by smooth muscle A, receptors.

5.3. Glia limitans to pial arteriole communication: The key role of ATP “ecto-hydrolysis”

Ecto-nucleotidases are widely distributed in brain tissue and include: ectopyrophosphatases/
phosphodiesterases (e-NPPs), ecto-nucleoside triphosphate diphosphohydrolases (e-
NTPDases), and ecto-5'-nucleotidase [58] (see also contribution by Zimmermann in this
issue). There is even evidence that ecto-nucleotidases may be concentrated at ATP release
sites on astrocytes [59]. The reader should also be aware of potential influences arising from
the intracerebral presence of the ectophosphatase, tissue non-specific alkaline phosphatase
(TNAP). However, for the sake of brevity, no further discussion of the implications of
documented expression of TNAP in cerebral neurons, vessels, and even glial cells [58,60]
will be entertained. A consequence of this abundance of cell surface ecto-nucleotidases is
that the appearance of ATP in the brain extracellular space may be short-lived, on the order
of several hundred milliseconds (e.g., [61]). A rapid hydrolysis might explain why it has
been difficult to detect extracellular ATP in brain tissue [57]. To mimic the effects of ATP
release from the glia limitans that is postulated to occur in association with SNS, we
examined, in a preliminary study, pial arteriolar responses to topical applications of ATP. It
was found that ATP elicited a marked dose-dependent dilation that was substantially
attenuated in the presence of a blocker of adenosine A, receptors (ZM 241385) [62]. This
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finding is in accord with data published by Meno et al. who showed the importance of
adenosine in SNS-evoked pial arteriolar dilations [63].

One implication of these findings is that ecto-ATPase activity (ATP — ADP conversion), at
least at the cortical surface, is weak. In addition, ecto-ADPase function at the brain surface
would appear to be negligible, in view of our findings showing that pial arteriolar dilations
elicited by topical ADP suffusion were unaffected by administration of a non-selective
adenosine receptor blocker [64]. This leaves us, then, with a mechanism that involves
diphosphohydrolase-mediated ATP — AMP conversion, coupled with formation of
adenosine from AMP via ecto-5'-nucleotidase. The two principal ecto-nucleotidases that
seem to mediate direct ATP — AMP conversions are e-NTPDase-1 and e-NPP. Both are
well-expressed in rodent brain blood vessels [58,65]. In contrast, ecto-5’-nucleotidase
expression was reported to be negligible in rodent cerebral vascular tissue [58], but richly
expressed in astrocytes [66]. Another experimental strategy one can use to examine ecto-
nucleotidase pathways at the cortical surface involves monitoring pial arteriolar dilating
responses to SNS in the presence of topically-applied ARL-67156, a purported blocker of
ecto-apyrase (diphosphohydrolase) function [67]. As reported in a preliminary study [62],
we observed an 80% reduction in pial arteriolar dilating response to SNS following
ARL-67156 application. The rather marked effect of ARL-67156 on SNS-evoked pial
arteriolar dilation suggested that a substantial portion of the adenosine contributing to that
response derived from ecto-nucleotidase action, allowing little room for contributions from
pre-formed adenosine released from cellular sources. To illustrate the above, figure 2
focuses on purinergic mechanisms at the astrocyte endfoot (glia limitans)-pial arteriole
interface. Figure 2 also considers the possibility that, in addition to adenosine, AMP itself is
an A, receptor agonist, as previously reported [68], and more recently confirmed for pial
arterioles in our laboratory (unpublished observations).

5.4. Glia limitans to pial arteriole communication: Multiple, interacting pathways

In a recent investigation [44], we examined potential interactions among adenosine A,
receptors, Kj, channels and BK, channels in SNS-induced pial arteriolar dilations. Similar
to findings obtained in studies monitoring somatosensory-stimulation-evoked CBF
responses, all three of these targets exhibited roughly equivalent (~60%), but non-additive,
reductions in SNS-evoked pial arteriolar dilations in the presence of their respective
inhibitors.

We then examined some potential mechanisms that might have contributed to the
interdependence suggested by the above findings. First, we addressed an hypothesis
whereby adenosine A, receptor-linked AC activation gives rise to cCAMP-dependent protein
kinase (PKA)-mediated phosphorylations of BKc, channels and K;j, channels, enhancing
their function (see ref. [69]). In accord with that postulate, in the presence of selective PKA
or AC blockade, we observed marked reductions in pial arteriolar responses to suffusions of
adenosine, a Kj, channel opener (6-12 mM K™), and a BK, opener (NS-1619), as well as
SNS. Thus, in what might be labelled as a “permissive” function, a basal level of adenosine-
linked phosphorylation may need to be present for the K;, and BK¢, channels to open in
response to their activators, and to facilitate pial arteriolar reactivity to SNS. Second, only
K;, channel blockade (with 100 uM Ba2*) was able to attenuate pial arteriolar dilations to
suffusions of 6-12 mM K*, NS-1619, and adenosine. The sensitivity of the three dilators to
BaZ* implies a central role for K;, channels in the vasodilations arising from both BK¢,
channel opening and increased adenosine. The interactions between BK¢; and K, channels
in our model are consistent with the relationships outlined by Nelson and co-workers [9],
with K* released through astrocytic BKc, channels on the glia limitans activating Kij;
channels on overlying pial arteriolar smooth muscle. The validity of the above pathway was
bolstered by experiments involving L-AAA exposure. Thus, glia limitans ablation was
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associated with a substantial loss of NS-1619 (but not adenosine or K* reactivity), implying
the presence and importance of glia limitans BKc, channels, [44].

The pathways involved in the SNS-evoked pial arteriolar dilation model did not entirely
recapitulate the somatosensory activation/cortical hyperemia model pathways discussed
earlier. For example, we did not detect any role for NO in SNS-evoked pial arteriolar
dilations [44], consistent with findings reported by Ngai et al. [70]. Also, we obtained
preliminary data in 4 rats (not shown) indicating that epoxygenase blockade with
miconazole (20 uM, given topically) does not alter SNS-evoked pial arteriolar dilations. It
may be noteworthy that Ohata et al. [71] reported an absence of any effects of NOS or
epoxygenase inhibition on pial arteriolar dilations elicited by AMPA suffusion. On the other
hand, like SNS-evoked pial arteriolar relaxation, that arteriolar response exhibited a
significant adenosine A, receptor dependence.

6. Summary

Adenosine triphosphate plays a central role in coupling increased synaptic activity in the
brain to increases in CBF. One key aspect of that signaling is inter-astrocytic
communication, where ATP released from one astrocyte can activate metabotropic
purinergic receptors on neighboring astrocytes, thereby promoting 1P3-mediated Ca2*
release from cellular stores. Through repeating that process, or via diffusion of IP3 and Ca2*
through inter-astrocytic (gap junction) channels, local and remote increases in cytosolic
Ca?* levels in astrocytes can occur. This may then promote the formation and release of
vasodilating substances at the interface between astrocytic endfeet and the arterioles that
they contact. In addition, ATP may also diffuse from astrocyte-to-astrocyte via gap
junctions, where it can emerge, via a Ca?*-dependent process, at the gliovascular interface,
but instead of interacting with P2 receptors, the ATP is rapidly hydrolyzed by ecto-
nucleotidases. These enzymes are widespread in the brain, but are differentially expressed
on vascular cells and astrocytes. Each hydrolysis product of ATP (i.e., ADP, AMP, and
adenosine) possesses strong vasodilating properties. However, evidence indicates that ATP
ecto-hydrolysis occurs predominantly through ATP to AMP conversions mediated by e-
NTPDase-1 and e-NPP. The AMP formed in this reaction is then dephosphorylated (via
ecto-5'nucleotidase) to adenosine, which (along with any remaining AMP) interacts with
arteriolar smooth muscle adenosine A, receptors, promoting vasodilation.
Monophosphohydrolase reactions, mediated by e-ATPases and e-ADPases, appear to play
only minor roles in ATP hydrolysis and, by extension, the coupling between astrocytes and
cerebral arterioles, at least at the cortical surface. Finally, a number of interactive pathways
have been identified as participants in the process of neurovascular coupling. Which
pathways predominate often is a function of the experimental model one uses. Nevertheless,
with limited exceptions, an important role for purinergic factors has been indicated in
multiple models of neurovascular/gliovascular coupling. This includes in vivo
somatosensory stimulation-evoked cortical hyperemia or pial arteriolar dilation, in addition
to gliovascular coupling in brain slice models. However, many more details of purinergic
involvement need to be delineated. For example, one conundrum that should be addressed
relates to the relative contributions to the intercellular signaling process that can be assigned
to metabotropric P2 vs adenosinergic P receptors. That is, in light of the apparently rapid
ecto-hydrolysis that occurs when ATP is released to the extracellular fluid, it is difficult to
envisage any major role for intercellular communication based upon ATP release and
interaction with P2 receptors. Perhaps there are regional variations in P2 and ecto-
nucleotidase expression that permit both pathways to co-exist. This and many other issues
remain to be explored in future studies.
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FIGURE 1.

Purine-linked coupling among components of the neurovascular unit (NVU). Neurovascular/
gliovascular coupling begins with increased synaptic activity, represented by release of the
neurotransmitters (gliotransmitters), ATP and glutamate (glu) (1). Engagement of
metabotropic purinergic and glutamatergic receptors (P2Y-R and mGIuR, respectively) on
nearby astrocytes promotes PLC-mediated formation of 1P3 and leads to Ca?* release from
intracellular stores (2). The Ca2* and IP3 may be distributed among adjacent astrocytes and
their processes either directly, via diffusion through intercellular gap junctional channels (3);
or, indirectly, by Ca?*-dependent ATP release into the extracellular milieu via specialized
release processes, including vesicles, connexin-linked hemichannels, and pannexin/P2X-
linked hemichannels (4). That ATP is then able to engage P2Y receptors on nearby
astrocytes (5) resulting in elevations in cytosolic IP3 and Ca?* levels in those cells. ATP also
may move from astrocyte to astrocyte following the same gap junction diffusional routes as
IP3 and Ca2* (3). ATP efflux occurring in the vicinity of synapses (6) may lead to
prevention (red bar) or enhancement (green arrowhead) of neurotransmitter release. This
may occur via ATP interactions with P2Y or P2X receptors or, following ecto-nucleotidase-
mediated conversion to adenosine (Ado), engagement of presynaptic A; or Apa receptors
[56]. Synaptic depression is thought to occur when P2Y and/or Aq receptors are involved,;
while facilitation may occur in association with P2X [57] and/or Apa [3] engagement.
Following transporter-mediated uptake into astrocytes (7), glutamate may follow pathways
similar to those of ATP (8). Efflux of ATP from the glia limitans should be accompanied by
rapid ecto-nucleotidase-mediated formation of AMP, then Ado (9). Upon subsequent
activation of pial arteriolar A, receptors (10), vasodilation ensues (see fig. 2).
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FIGURE 2.

Postulated events thought to occur following the arrival of a Ca2*/ATP “wave” at the glia
limitans and the subsequent CaZ*-dependent ATP release from the glia limitans. Preliminary
findings indicated that, when ATP is topically applied to the cortical surface (mimicking
SNS-associated increased ATP release from the glia limitans [see fig. 1]), the ensuing
dilation of pial arterioles is mediated by products of ATP hydrolysis, the first step being a
rapid ATP conversion to AMP, mediated through the actions of ecto-nucleoside triphosphate
dihosphohydrolase-1 (e-NTPDase-1 (1) and ecto-pyrophosphatase/phosphodiesterase (e-
NPP) (2), which are found on the surfaces of vascular cells and, perhaps, astrocytes as well
[72,73]. Most of the AMP is converted to adenosine (Ado) via ecto-5"-nucleotidase (4),
mainly found on astrocytes [73]. Pial arteriolar dilation arises from the cAMP generated
following activation of vascular smooth muscle Gg-linked A, receptors (Ay-R). The
principal A,-R ligands are Ado and (to a lesser degree) AMP. If extracellular ATP
elevations are sufficiently high, modest generation of ADP may occur, allowing some
ATP—ADRP (i.e., ecto-ATPase) activity to be manifested [74], for example, via astrocytic e-
NTPDase-2 (3). ADP is known to dilate pial arterioles through activation of purinergic P2Y;
receptors found both on the glia limitans and on vascular endothelium [75], with the latter
representing a minor pathway linked to NO and cGMP generation.
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