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Blood vessels in the CNS dilate in re-
sponse to neuronal activity, thus supply-
ing active neurons with adequate energy
in a phenomenon called functional hyper-
emia. The cellular mechanism underlying
functional hyperemia, known as neuro-
vascular coupling, becomes dysfunctional
in many disease states, such as hyperten-
sion, stroke, and Alzheimer’s disease (At-
twell et al., 2010). A prominent hypothesis
holds that spillover of glutamate from ac-
tive synapses binds to G-protein-coupled
receptors (GPCRs) located on astrocytes.
The resultant signaling cascades open IP3

type 2 receptors (IP3R2), releasing cal-
cium from internal stores into the cytosol.
The increase in cytosolic calcium initiates
the synthesis of vasoactive metabolites of
arachidonic acid, which diffuse onto vas-
cular smooth muscle cells to generate vas-
cular dilations (Attwell et al., 2010).

In support of the role of glial calcium
signaling in neurovascular coupling, data
from ex vivo preparations suggest that
stimulating neurons generates calcium in-

creases in nearby glial cells, and artificially
increasing calcium in the endfeet of glial
cells can cause local changes in vascular di-
ameter (Mulligan and MacVicar, 2004; Me-
tea and Newman, 2006). More recently, in
vivo mouse studies have demonstrated that
sensory stimuli generate rapid calcium sig-
nals in astrocyte endfeet (Wang et al., 2006;
Lind et al., 2013), while calcium uncaging in
astrocytes also generates blood vessel dila-
tions (Takano et al., 2006).

However, the above-mentioned stud-
ies have a number of technical weaknesses
that make their findings difficult to inter-
pret. First, classical calcium indicators,
such as Oregon Green BAPTA and Fluo-
4AM, label neurons as well as glia (Lind et
al., 2013; Nizar et al., 2013). Therefore, it
is difficult to determine whether the ob-
served calcium signals are truly glial in or-
igin. Second, calcium uncaging may not
generate a physiologically relevant signal,
because it increases calcium to indetermi-
nate levels and independently of GPCR
signaling cascades. Finally, these studies
report a wide range of glial calcium signal-
ing latencies, some of which are too slow
to mediate the functional hyperemia re-
sponse, which has onset times of less than
1 s (Nizar et al., 2013). A precise measure
of the latency of neuronally evoked glial
calcium signals is needed to determine
whether glial calcium signaling can medi-
ate neurovascular coupling.

Recent work has challenged the theory
of astrocyte calcium-dependent neuro-
vascular coupling. Observations by Nizar
et al. (2013) suggest that glial calcium sig-

naling does not precede blood vessel dila-
tions, and that signaling is sometimes
absent. In a recently published article in
The Journal of Neuroscience, Bonder and
McCarthy (2014) extended these findings,
demonstrating that Gq-GPCR-IP3R2-
dependent calcium signaling in cortical
astrocytes is neither necessary nor suffi-
cient to generate functional hyperemia re-
sponses in the visual cortex of in vivo
lightly sedated mice.

To selectively image and manipulate as-
trocytes, Bonder and McCarthy (2014) in-
jected adeno-associated viral vectors into
the visual cortex of young adult mice. These
viral vectors used a GFAP promoter to drive
expression of various transgenes in cortical
astrocytes. Specifically, hM3Dq DREADD
(Designer Receptors Exclusively Activated
by Designer Drugs) was expressed to permit
selective pharmacological activation of the
Gq pathways in astrocytes. Concurrently,
the genetically encoded calcium indicators
cyto-GCaMP3 (cytosolic), or Lck-GCaMP6
(membrane-bound) were expressed in as-
trocytes to image calcium signals with high
sensitivity and without neuronal contami-
nation. The authors imaged astrocytes of the
visual cortex through a cranial window with
two-photon microscopy while simultane-
ously monitoring rhodamine–dextran la-
beled blood vessels to measure blood flow
changes.

The indisputable strength of this study
is the variety of complementary genetic
and imaging techniques that were used to
probe whether glial calcium signaling can
mediate functional hyperemia. The use of
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GCaMP in this study is a significant im-
provement over previous techniques,
which relied on classical calcium indica-
tors (Lind et al., 2013; Nizar et al., 2013).
Using this improved calcium indicator
technology, Bonder and McCarthy (2014)
showed that stimulating the Gq-coupled
DREADD receptor selectively expressed
in glial cells reliably increased glial cal-
cium signaling but failed to change blood
flow. This novel finding directly contra-
dicts demonstrations that uncaging cal-
cium in glial cells results in the dilation of
nearby blood vessels. In the corollary ex-
periment, visual stimulation produced a
robust blood flow increase without appre-
ciable calcium elevations in glial perivas-
cular endfeet of the visual cortex. These
findings are strengthened by the observa-
tion that genetic elimination of the IP3R2
(IP3R2 KO) in mice did not disrupt the
functional hyperemia response to visual
stimulation, suggesting that glial calcium
signaling does not mediate neurovascular
coupling. These findings are in agreement
with other published results reporting
preserved functional hyperemia in IP3R2
KO animals in response to forepaw stim-
ulation in the sensory cortex of anesthe-
tized mice (Nizar et al., 2013).

Bonder and McCarthy (2014) also
demonstrated that the animal’s arousal
state influences glial calcium dynamics
because cortical astrocytes did not consis-
tently respond to neuronal activity with
calcium signals unless startle stimuli were
used, a finding consistent with other re-
cent reports (Paukert et al., 2014). Since
anesthesia dramatically affects functional
hyperemia (Franceschini et al., 2010) and
glial calcium signaling (Thrane et al.,
2012), using lightly anesthetized ani-
mals is an improvement toward under-
standing glial physiology and functional
hyperemia.

Despite the advantages mentioned above,
several weaknesses of Bonder and McCar-
thy’s (2014) study limit the conclusions
that can be drawn about the functional
role of glial calcium signaling. First, the
authors failed to assess both the transfec-
tion rates of their viral vectors and expres-
sion levels of the transgenes. Based on the
imaging data displayed in their Figure 1, it
appears that only a fraction of cortical as-
trocytes expressed the cyto-GCaMP3 or
Lck-GCaMP6. Since GFAP is not widely
expressed in the cortex (Nolte et al.,
2001), using a GFAP promoter may drive
expression in only a subpopulation of cor-
tical astrocytes. Given the functional and
genetic heterogeneity of astrocytes, it is
plausible that a subpopulation of astro-

cytes expressing little or no GCaMP could
have generated calcium signals that were
not observed by the authors; calcium sig-
naling in these populations of untrans-
fected astrocytes may play a pivotal role in
neurovascular coupling.

Second, although Bonder and McCar-
thy’s (2014) techniques allow for sensitive
imaging of glial calcium signaling, it is
conceivable that neuronally evoked cal-
cium signals went undetected. Calcium
signaling frequently occurs in the fine
processes of glia, which are in close prox-
imity to synapses where neurotransmit-
ters are most likely to initiate calcium
signals. However, this cellular subcom-
partment was not investigated by the au-
thors. Additionally, although GCaMP is a
highly sensitive calcium indicator, it is pos-
sible that weak or infrequent calcium signals
could have gone undetected by the authors.
One could argue that the validity of these
critiques is undermined by Bonder and Mc-
Carthy’s (2014) demonstration that IP3R2
KO animals have preserved functional hy-
peremia when calcium signaling is absent.
But recent work has suggested that there are
IP3R2-independent calcium signals that
occur in fine astrocyte processes (Shigetomi
et al., 2013; Haustein et al., 2014). Thus,
calcium-dependent mechanisms, particu-
larly those originating in the fine processes
of astrocytes, cannot be ruled out as media-
tors of neurovascular coupling.

Third, while the genetic techniques
Bonder and McCarthy (2014) used are
powerful, altering an organism at the ge-
netic level introduces confounds that can
be difficult to control for. The IP3R2 KO
animals used in this study are constitutive
knock-outs, raising the possibility that,
during development, these mice adapt to
loss of IP3R2 by compensatory gene ex-
pression to retain functional hyperemia.
Considering that Bonder and McCarthy’s
(2014) experiments were conducted under
conditions of high oxygen, nitric oxide-
dependent mechanisms may dominate
the functional hyperemia response
(Attwell et al., 2010). Further, using
DREADD receptors also has caveats.
Given that the site of receptor expression
on the cell can affect downstream out-
comes, where are the DREADD receptors
expressed on glial cells? Without proper
alignment of the signaling machinery, one
could speculate that blood flow responses
could be absent even in the presence of
DREADD-induced calcium signaling. Fi-
nally, it should be noted that the effects of
GCaMP expression on calcium buffering
or intracellular signaling have not been
fully explored.

Bonder and McCarthy (2014) have
provided strong evidence that a subpopu-
lation of astrocytes in the visual cortex do
not contribute to functional hyperemia
via Gq-GPCR and IP3R2-dependent cal-
cium signaling using an impressive bat-
tery of genetic techniques. However, their
study only captures calcium signaling in a
fraction of cortical astrocytes, without
considering the diversity of astrocytes
within and between brain regions. The au-
thors also do not investigate neuronally
evoked calcium signaling in the fine pro-
cesses of glial cells, the subcellular com-
partment ideally suited to detect neuronal
activity. Finally, results from genetically
manipulated organisms must be inter-
preted with care. These general shortcom-
ings afflict the entire field of glial biology.
It is critical that these weaknesses are ad-
dressed to compare glial function across
brain regions and model systems, and to
accurately understand the functional roles
of glial calcium signaling. Nonetheless,
Bonder and McCarthy’s (2014) data con-
vincingly challenges the current dogma
that glial calcium signaling mediates neu-
rovascular coupling.
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