
Cellular/Molecular

Vasculo-Neuronal Coupling: Retrograde Vascular
Communication to Brain Neurons

Ki Jung Kim, Juan Ramiro Diaz, Jennifer A. Iddings, and Jessica A. Filosa
Department of Physiology, Augusta University, Augusta, Georgia 30912

Continuous cerebral blood flow is essential for neuronal survival, but whether vascular tone influences resting neuronal function is not
known. Using a multidisciplinary approach in both rat and mice brain slices, we determined whether flow/pressure-evoked increases or
decreases in parenchymal arteriole vascular tone, which result in arteriole constriction and dilation, respectively, altered resting cortical
pyramidal neuron activity. We present evidence for intercellular communication in the brain involving a flow of information from vessel
to astrocyte to neuron, a direction opposite to that of classic neurovascular coupling and referred to here as vasculo-neuronal coupling
(VNC). Flow/pressure increases within parenchymal arterioles increased vascular tone and simultaneously decreased resting pyramidal
neuron firing activity. On the other hand, flow/pressure decreases evoke parenchymal arteriole dilation and increased resting pyramidal
neuron firing activity. In GLAST-CreERT2; R26-lsl-GCaMP3 mice, we demonstrate that increased parenchymal arteriole tone signifi-
cantly increased intracellular calcium in perivascular astrocyte processes, the onset of astrocyte calcium changes preceded the inhibition
of cortical pyramidal neuronal firing activity. During increases in parenchymal arteriole tone, the pyramidal neuron response was
unaffected by blockers of nitric oxide, GABAA , glutamate, or ecto-ATPase. However, VNC was abrogated by TRPV4 channel, GABAB , as
well as an adenosine A1 receptor blocker. Differently to pyramidal neuron responses, increases in flow/pressure within parenchymal
arterioles increased the firing activity of a subtype of interneuron. Together, these data suggest that VNC is a complex constitutive active
process that enables neurons to efficiently adjust their resting activity according to brain perfusion levels, thus safeguarding cellular
homeostasis by preventing mismatches between energy supply and demand.
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Introduction
A question in neurobiology is how increases in neuronal activity
evokes changes in cerebral blood flow (CBF). This process,

termed neurovascular coupling (NVC), supports brain informa-
tion processing, commonly assessed using techniques, such as
fMRI. On the other hand, little is known about constitutive
mechanisms that regulate basal CBF and resting neuronal activ-
ity. Given that a large proportion of the brain’s energy is used
under resting conditions (Raichle, 2009), gaining information on
brain homeostatic processes is crucial. Basal CBF is maintained
through dynamic processes and signaling interactions between
blood vessels and the surrounding neuropil collectively referred
to as cerebral autoregulation (Faraci et al., 1989; Paulson et al.,
1990). A cellular mechanism governing cerebral autoregulation is
the myogenic response, a process intrinsic to smooth muscle in
which the contractile state (myogenic tone) of small, resistance
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Significance Statement

We present evidence for vessel-to-neuron communication in the brain slice defined here as vasculo-neuronal coupling. We
showed that, in response to increases in parenchymal arteriole tone, astrocyte intracellular Ca2� increased and cortical neuronal
activity decreased. On the other hand, decreasing parenchymal arteriole tone increased resting cortical pyramidal neuron activity.
Vasculo-neuronal coupling was partly mediated by TRPV4 channels as genetic ablation, or pharmacological blockade impaired
increased flow/pressure-evoked neuronal inhibition. Increased flow/pressure-evoked neuronal inhibition was blocked in the
presence of adenosine A1 receptor and GABAB receptor blockade. Results provide evidence for the concept of vasculo-neuronal
coupling and highlight the importance of understanding the interplay between basal CBF and resting neuronal activity.

12624 • The Journal of Neuroscience, December 14, 2016 • 36(50):12624 –12639



arteries and arterioles dynamically responds to changes in in-
traluminal pressure (Cipolla, 2009). Thus, as pressure increases,
the diameter of such vessels decrease; the opposite occurs when
pressure decreases (Ngai and Winn, 1995; Golding et al., 1998;
Knot and Nelson, 1998; Cipolla, 2009; Pires et al., 2013). This
allows for constant CBF over a wide range of systemic pressures,
protecting the brain from sudden blood pressure changes and
preventing hyperperfusion or hypoperfusion, which can com-
promise brain function. In a previous study, we demonstrated
that brain parenchymal arterioles (PAs) intrinsically respond to
changes in luminal pressure (Kim et al., 2015). Importantly, we
showed that the sustained application of a hemodynamic stimu-
lus (e.g., increased flow/pressure) engaged perivascular astro-
cytes, which in turn signaled PAs to maintain vascular tone (Kim
et al., 2015). Whether this dynamic, intercellular communication
modality translates into changes in neuronal activity is not
known.

Based on previous functional and structural observations
(Kim et al., 2015), we hypothesized the neurovascular unit pro-
vides a route for bidirectional communication, such that
vascular-derived signals and/or biomechanical changes may also
influence neuronal activity (Paton et al., 2007; Moore and Cao,
2008; del Zoppo, 2010). If so, it would suggest that changes in
vascular tone during basal CBF could modulate resting neuronal
activity. Experimental evidence for vasculo-to-neuronal com-
munication would support adjustments in resting neuronal ac-
tivity according to the status of perfusion pressure to the brain
providing a protective negative feedback mechanism that bal-
ances energy supply with demands while protecting the brain
from hyperperfusion and hypoperfusion.

The brain is vulnerable to blood volume and pressure fluctu-
ations. Thus, a negative feedback mechanism that regulates rest-
ing neuronal activity with vascular flow/pressure changes would
be beneficial. TRPV4 channels (Ca 2�-permeable, nonselective
cation channels expressed in numerous tissues), including brain
(Plant and Strotmann, 2007), serve as molecular detectors and
transducers of hemodynamic changes (Hill-Eubanks et al., 2014;
Kim et al., 2015). TRPV4 channels have been implicated in mul-
tiple functions, including mechanosensation and vascular tone
(Vriens et al., 2004; Plant and Strotmann, 2007; Earley et al.,
2009). In the cerebral cortex, TRPV4 channels are strategically
localized to astrocytic membranes, including structural sub-
domains termed endfeet (Benfenati et al., 2007, 2011), where they
can be activated by hemodynamic stimuli (pressure/flow) (Kim
et al., 2015). In addition to the well-defined functional implica-
tions of the astrocyte tripartite synapse (Araque et al., 1999;
Pérez-Alvarez and Araque, 2013), which enables astrocyte signal-
ing to modulate neuronal synaptic transmission, vessels can also
modify basal astrocyte function (Kim et al., 2015), raising the
question of whether hemodynamic-evoked astrocyte Ca 2� alters
resting neuronal activity.

Using an in vitro model of pressurized/perfused PAs with si-
multaneous monitoring of astrocyte and neuronal function (Kim
and Filosa, 2012; Kim et al., 2015) we provide evidence for vessel-
to-neuron communication (Moore and Cao, 2008), defined here
as vasculo-neuronal coupling (VNC). We show that local hemo-
dynamic stimuli are sensed by perivascular astrocytes and trans-
duced into changes in neuronal activity. Our data support
TRPV4-dependent increases in astrocytic Ca 2� as a key step
preceding astrocyte-to-neuron communication and suggest
adenosine as the glial-derived signal involved in translating PA
constriction into pyramidal neuron inhibition. Supporting a

complex intercellular dynamic process, PA constriction was as-
sociated with activation of a subtype of GABAergic interneurons.

Materials and Methods
Brain slice preparation. Cortical brain slices were prepared from male
juvenile (P21-P28) Wistar rats or 6- to 10-week-old mice, including
TRPV4 �/�, TRPV4 �/� (see Fig. 8) bred on a C57BL6 background
(kindly provided by Dr. Wolfgang Liedtke), GLAST-CreERT2; R26-lsl-
GCaMP3 mice obtained from breeding Tg (Slc1a3-cre/ERT)1Nat/J (The
Jackson Laboratory, stock #012586) with B6;129S-Gt (ROSA)26Sor�tm38
(CAG-GCaMP3)Hze�/J (The Jackson Laboratory, stock #014538)
(Otsu et al., 2015) (see Fig. 2) and FVB-Tg (GadGFP)45704Swn/J, GFP
(and somatostatin) positive interneuron mice (GIN) (The Jackson Lab-
oratory, stock #003718) (see Fig. 6C,D) following protocols approved by
the animal care and use committee of Augusta University. Of note, GIN
mice label a subset of somatostatin GABAergic interneurons in layers 2/3
with some additional cells in layer 5 (Oliva et al., 2000; Ma et al., 2006).
Before experimentation, animals were housed in a room maintained at
20°C–22°C with a 12 h:12 h light-dark cycle and given ad libitum access to
food and water. Following anesthesia with sodium pentobarbital, the
brain was removed and cut into 250- to 300-�m-thick coronal slices
using a vibratome (Leica VT 1200S, Leica Microsystems) in cold aCSF
containing the following (in mM): KCl 3, NaCl 120, MgCl2 1, NaHCO3

26, NaH2PO4 1.25, glucose 10, CaCl2 2, and 400 �M L-ascorbic acid, with
osmolarity at 300 –305 mOsm, equilibrated with 95% O2-5% CO2. Slices
were kept at room temperature in aCSF equilibrated with 95% O2-5%
CO2, pH 7.4, until transferred to the microscopy chamber.

Vessel cannulation. Parenchymal arterioles were visualized using a 60�
Nikon objective (NIR Apo, 60�/1.0w, DIC N2, �/0 WD 2.8) equipped
with infrared differential interference contrast (DIC) optics. Cannulas
(ID 1.17 mm and OD 1.50 mm, G150TF-3, Warner Instruments) were
pulled with a micropipette puller (P-97 puller, Sutter Instruments) and
mounted onto a micromanipulator, averaged cannula tip size was �8
�m. Luminal flow was controlled with a syringe pump (PHD 2000, Har-
vard Apparatus). A pressure transducer was placed just before the can-
nula for constant pressure monitoring (Servo Pump PS/200, Living
System Instrumentation), as previously described (Kim and Filosa,
2012). The internal cannula solution consisted of the following (in mM):
KCl 3, NaCl 135, MgCl2 1, glucose 10, HEPES 10, CaCl2 2, and 1%
albumin (Duling et al., 1981) with osmolarity at 300 –305 mOsm and pH
7.4 adjusted with NaOH. The tip of the cannula was maneuvered toward
the entrance of the arteriole and slowly introduced into the vessel lumen
(Kim and Filosa, 2012). Following cannula insertion, flow rate (Q) was
increased to �0.1 �l/min to induce myogenic tone.

Calcium imaging. Experiments were conducted using the Andor Rev-
olution system (Andor Technology). A Nikon microscope (Eclipse FN 1)
was connected to a laser confocal spinning unit (CSU-X1, Yokogawa)
attached to a Sutter filter wheel and an ultrasensitive EMCCD camera
(iXon EM, Andor Technology) (Kim and Filosa, 2012). The microscope
chamber was continuously perfused with aCSF using a peristaltic pump
(Miniplus 3, Gilson) at a rate of 2–3 ml/min. Chamber temperature was
maintained at 36 	 1°C using a single line solution heater (SH-28B,
Warner Instruments) connected to a DC power supply (1735A, BK Pre-
cision). Calcium imaging experiments were conducted using both
GLAST-CreERT2; R26-lsl-GCaMP3 mice (see Fig. 2) and Wistar rats (see
Fig. 7). Expression of the Ca 2� indicator GCaMP3 was induced follow-
ing 5 consecutive daily tamoxifen in oil (�80 mg/kg) injections to 4- to
7-week-old mice; the brain was used 15–18 d after injections. Rat cortical
brain slices were incubated at room temperature in aCSF containing 10
�M Fluo-4 AM and pluronic acid (2.5 �g/ml). Following a 2 h incubation
period, slices were placed in room temperature aCSF until needed. Flu-
orescence images were obtained using a krypton/argon laser (488 nm
excitation and �495 nm emission). Images were acquired at 2 frames/s
for �10 min. In a few cases, we used a 20� objective to increase the field
of view and added Alexa-555 (10 �M) to the cannula solution to visual-
ized the cannulated PA and downstream vascular network (see Fig. 4).

Electrophysiology. Cortical neurons and astrocytes in close proximity
(�150 �m) to a PA within cortical layers III-IV were identified with a
60� water-immersion objective, and whole-cell current recordings ob-
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tained using an Axopatch 200B amplifier (Axon Instruments). Patch
pipettes were made from thin-walled borosilicate glass (outer diameter
1.5 mm, internal diameter 0.86 mm; BF150 – 86-7.5, Sutter Instruments)
and pulled (P-97 puller, Sutter Instruments) to resistances between 4 and
6 M
 for neurons and 6 – 8 M
 for astrocytes. The internal solution for
whole-cell neuronal recordings consisted of the following (in mM): K �

gluconate 135, HEPES 10, EGTA 0.2, KCl 10, MgCl2 0.9, Mg2ATP 4,
Na2GTP 0.3, phosphocreatine 20, with osmolarity 291–295 mOsm and
pH adjusted to 7.2 with KOH. For Figures 5 and 6C, D experiments, we
performed paired whole-cell recordings from two neurons with somas
�100 �m from each other. For Figure 7A–C experiments, the internal
solution for astrocytes recordings consisted of the following (in mM): K �

gluconate 130, HEPES 10, BAPTA 10, KCl 10, MgCl2 0.9, Mg2ATP 4,
Na2GTP 0.3, phosphocreatine 20, added 100 �M Alexa-488, with osmo-
larity 291–295 mOsm and pH adjusted to 7.2 with KOH. For voltage-
clamp recordings (see Fig. 4), to isolate spontaneous postsynaptic
currents, we used an internal solution consisting of the following (in
mM): Cs � methanesulfonate 135, HEPES 10, MgCl2 1, EGTA 0.2,
Mg2ATP 4, Na2GTP 0.3, phosphocreatine 20, QX-314 5, with osmolarity
291–295 mOsm and pH adjusted to 7.2 with KOH. To better understand
and isolate spontaneous EPSCs, we bath applied the GABAA receptor
antagonist picrotoxin (300 �M) and held membrane potential at �80
mV. EPSC peak amplitude and frequency were obtained and results plot-
ted either as running averages (10 s bins) or as cumulative probability
histograms. Current signals were filtered at 1 kHz low pass filter and
digitized with a Digidata 1320 board (Axon Instruments). pClamp 10.2
(Axon Instruments) was used for data acquisition and storage. Pyramidal
neurons were identified based on having a morphological triangular
shape soma and presence of regular spiking activity with frequency ad-
aptation following a depolarizing square pulse (van Aerde et al., 2015)
(see, e.g.; Fig. 3C). Interneurons, on the other hand, were mainly deter-
mined based on having a nontriangular shape soma and a firing pattern
response to a depolarizing/hyperpolarizing square pulse characteristic of
that of an interneuron subtype (e.g., fast spiking, low threshold spike,
inward rectification with hyperpolarization; see, e.g.; Fig. 6A) (Cauli et
al., 2004; Sosulina et al., 2010; Lecrux et al., 2011). To further corroborate
the identity of the interneuron subtype “activated” during flow/pressure
responses, at the end of the electrophysiological recording, the slice was
fixed and processed for immunohistochemical staining (see below). In
addition, interneuron responses were further corroborated in GIN. In
current-clamp mode, to induce action potential firing, neurons were
slowly depolarized with DC current injection until threshold was reached
and a stable firing activity was established. On average, the resting Vm of
all rat pyramidal neurons recorded in current-clamp mode was �70.7 	
0.5 mV and input resistance 110.1 	 4 M
 (n � 120). The averaged
resting Vm for rat interneurons activated during flow/pressure increases
was �69.3 	 1.4 mV and input resistance 163.6 	 8.4 M
 (n � 10). The
averaged resting Vm for rat interneurons inhibited during flow/pressure
increases was �70 	 2.3 mV and input resistance 226.7 	 37.5 M
 (n �
6). For mice, the averaged resting Vm of all pyramidal neurons recorded
in current-clamp mode was �71.9 	 1 mV and input resistance 150.2 	
9.8 M
 (n � 14). The averaged resting Vm for somatostatin-positive
interneurons was �63.1 	 0.9 mV and input resistance 417.5 	 19.6 M

(n � 7). Values were not corrected for junction potential offset.

Immunofluorescence. Whenever possible, immunofluorescence was
used for further identification of the recorded interneuron (Cauli et al.,
2004). The internal solution for electrophysiological recordings included
2% biocytin. At the end of the experiment, the cortical slice was fixed in
4% PFA PBS (4% PFD) for 24 h at 4°C. Following fixation, slices were
incubated in 0.3% Triton X-100, 0.04% NaN3, and 10% normal horse
serum for 2 h. For immunofluorescence reactions, slices were incubated
for 48 h in goat polyclonal anti-somatostatin (D-20) (1:50, SC-7819,
Santa Cruz Biotechnology), rabbit polyclonal anti-GFP (1:1000, A6455,
Molecular Probes). Reactions with primary antibodies were followed by
a 4 h incubation with secondary antibodies (1:50 anti-goat Alexa-647 and
1:250 anti-rabbit Alexa-488, Jackson ImmunoResearch Laboratories)
and 1 �g/ml streptavidin-Cy3 (016-160-084, Sigma) in PBS containing
0.3% Triton X-100 and 0.04% NaN3. Mounted slices were imaged using
a LSM510 confocal microscope (Zeiss Microimaging).

Drugs and chemicals. All drugs, with the exception of Fluo 4 AM,
Alexa-488, Alexa-555 (Invitrogen), RN1734, HC067047, gabazine,
DPCPX, L-NAME, CGP52432 and CGP55845 (Tocris Bioscience), 4-�-
PDD (LC Laboratories), TTX (Abcam), BSA (Fisher Scientific), U46619
(Cayman Chemical), and carboxy-PTIO (Enzo Life Sciences) were pur-
chased from Sigma. Drugs were bath applied, unless otherwise specified.

Data analysis. Analysis for electrophysiological recordings was per-
formed using Clampfit 10.2, pClamp version 10.2 (Axon Instruments)
and Mini analysis software (Synaptosoft, version 6.0.7). Ca 2� imaging in
bulk-loaded Wistar brain slices was analyzed using Sparkan software
(Adrian Bonev, University of Vermont). Fractional fluorescence (F/Fo)
was determined by dividing the fluorescence intensity ( F) within a region
of interest (ROI) by a baseline fluorescence value (Fo) determined from
�20 images showing no activity. The frequency of Ca 2� oscillations was
determined within a ROI (10 � 10 pixels or 2.5 � 2.5 �m) on a cell
exhibiting Ca 2� oscillations. To detect Ca 2� oscillations in brain slices
from GLAST-CreERT2; R26-lsl-GCaMP3 mice (see Fig. 2), we used
GECIquant software developed by the Khakh laboratory (Srinivasan et
al., 2015). Approximately 35% of cortical astrocytes express GCamP3 in
these mice (Paukert et al., 2014). To better understand Ca 2� events in
astrocytic processes in response to flow/pressure changes, we measured
events in larger processes comprising a defined area range between 5 and
30 �m 2 and in microdomains comprising a defined area range from
0.5– 4 �m 2) as previously described (Srinivasan et al., 2015) (see Fig. 2).
GECIquant automatically detects ROIs. For each ROI, basal F was deter-
mined during 30 s periods having no Ca 2� oscillations.

GraphPad software was used for all statistical analyses. All values are
expressed as mean 	 SEM. Experiments were conducted a minimum of
four times in at least three different rats/mice, except for GIN mice where
2 mice were used. Differences between two means within groups were
determined using Student’s paired t test. Multiple within-group compar-
isons with control were evaluated using repeated-measures, one-way
ANOVA with Dunnet’s multiple-comparison post test (see Figs. 2; Fig.
5). Statistical significance was tested at 95% ( p � 0.05) confidence level.

Results
Hemodynamic-evoked Ca 2� increases in astrocyte processes
We previously reported that increases in flow (and pressure)
within PAs elevate Ca 2� in astrocyte somas (Kim et al., 2015).
Here, using GLAST-CreERT2; R26-lsl-GCaMP3 mice, we found
that increased PA tone caused an increase in Ca 2� dynamics in
astrocyte processes. Vascular tone was increased by increasing
flow rate (Q), and thus pressure, within perfused and pressurized
PAs (Kim and Filosa, 2012) (Fig. 1). Specifically, increasing Q
from 0.1 to 0.5 �l/min increased Ca 2� peak amplitude and fre-
quency within both larger processes and fine structures, defined
here as microdomains (MDs) (Fig. 2). In a previous study (Kim et
al., 2015), we reported flow/pressure-evoked Ca 2� changes in
astrocyte soma. Here we focused on the flow/pressure-evoked
Ca 2� response of astrocytic processes. In larger processes, Ca 2�

peak amplitude and frequency increased significantly during the
stimulus (amplitude, p � 0.01; frequency, p � 0.01, n � 57). In
MDs, the increases in Ca 2� peak amplitude during the stimulus
were even larger, as were the corresponding increases in fre-
quency (amplitude, p � 0.01; frequency p � 0.01, n � 148) (Fig.
2D,E). Consistent with the observed changes in Ca 2� peak am-
plitude and frequency, increasing Q (and pressure) also increased
the area under the curve (AUC) in both larger processes (p �
0.01, n � 57) and within MDs (p � 0.01, n � 148) (Fig. 2F). The
average response-onset time following the change in Q was
17.9 	 1.7 s (n � 57) for larger processes and 18.43 	 1.03 s (n �
148) for MDs (Fig. 2C). To evaluate whether flow/pressure-
evoked increases in astrocyte Ca 2� were action potential, depen-
dent experiments were repeated in the presence of TTX (1 �M).
We observed comparable responses to those observed in the ab-
sence of TTX. In larger processes, Ca 2� peak amplitude, fre-
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quency, and AUC increased significantly during the stimulus
(amplitude, p � 0.01; frequency, p � 0.01; AUC, p � 0.01, n �
46). In MDs, increased Ca 2� peak amplitude, frequency, and
AUC during the stimulus were also significantly increased (am-
plitude, p � 0.01; frequency, p � 0.01; AUC, p � 0.01, n � 137)
(Fig. 2D–F). The averaged response onset was also comparable:
18.8 	 2.3 s for larger processes (n � 46) and 18.3 	 0.9 for MDs
(n � 137). Interestingly, under control and in the presence of
TTX, Ca 2� increases persisted even 2 min following the increased
flow/pressure stimulus. Together, these data support vessel-to-
astrocyte signaling.

Flow/pressure evokes changes in cortical neuronal activity
Our previous data indicate that increases in flow/pressure within
PAs elevate astrocyte intracellular Ca 2� (Kim et al., 2015). It is
unclear, however, whether this response extends to changes in
neuronal activity. Using a cannulated-arteriole brain slice prep-
aration developed in our laboratory, we assessed cortical neuro-
nal activity in response to increases in luminal flow/pressure in
Wistar rats. Myogenic tone persisted in the presence of the so-

dium channel blocker TTX (1 �M), indicating that flow/pressure-
evoked increases in vascular tone were independent of neuronal
activity (Fig. 1). Following an equilibration period to establish
myogenic tone, we patched a pyramidal neuron near the arteriole
and monitored its membrane potential (Vm) and firing activity
over time. Pyramidal neurons were identified based on their elec-
trophysiological properties (Fig. 3C) and morphology, character-
ized by a long ascending apical dendrite and a triangular-shaped
soma (Fig. 3A).

In response to a modest increase in Q (from 0.1 to �0.5 �l/
min), which increases vascular tone (Kim and Filosa, 2012; Id-
dings et al., 2015; Kim et al., 2015), neuronal firing rate
significantly decreased (p � 0.01, n � 12) (Fig. 3C), responses
persisted following the stimulus. Similar responses were observed
with larger increases in Q (from 0.1 to � 0.5– 0.8 �l/min; p �
0.01, n � 7) (Fig. 3C,D). As shown in Fig. 3D, flow/pressure-
evoked neuronal responses were repeatable and reproducible. As
noted in Figure 3 C, D, increased Q responses persisted beyond
the stimulus time.

To gain insight into the spatial extent of VNC, we recorded
from neurons located at different distances (�150 and 300 �m)
from the cannulated PA. Neurons recorded �150 �m from the
cannulated PA were always surrounded by perfused vessels (pri-
marily capillaries), as determined by the presence of Alexa-555,
added to the arteriole lumen solution (Fig. 4A). In contrast, per-
fusion was not evident in vessels surrounding neurons recorded
�300 �m from the cannulated PA (Fig. 4A). Consistent with this
difference in perfusion, flow/pressure-induced inhibition of py-
ramidal neuronal firing activity was consistently observed in neu-
rons located �150 �m from the cannulated PA (Fig. 4A, top row,
B) but absent in neurons recorded �300 �m away from the
cannulated vessel (Fig. 4A, bottom row, B). These data are con-
sistent with the idea that flow/pressure-evoked pyramidal neuron
responses are dependent upon the presence of a perfused vessel in
the proximity of the recorded neuron.

Because our approach is limited to one neuronal recording
per cannulated PA (and its downstream vascular network), we
monitored the degree of spontaneous EPSCs (sEPSCs) in patched
pyramidal neurons as an indirect index of the degree of local
neuronal network activity. Increased flow/pressure-evoked arte-
riole constriction (Fig. 4C, top) resulted in a small and transient
inhibition of sEPSC frequency (�Hz � �0.81 	 0.15, p � 0.001,
n � 8; Fig. 4C,D) and amplitude (�pA � �0.67 	 0.18, p � 0.01,
n � 8; Fig. 4C,E). Importantly, these voltage-clamp studies re-
vealed that flow/pressure-induced constrictions resulted in a
transient outward shift in the holding current (�13.2 	 2.33 pA,
p � 0.001, n � 8). Based on the pyramidal neuron input resis-
tance from current-clamp recordings (110.1 	 4 
, n � 120),
this outward shift likely contributes to the membrane hyperpo-
larization observed in current-clamp mode. Together, our results
suggest that flow/pressure-evoked increases in vascular tone de-
crease local neuronal network activity. To provide further sup-
port for a neuronal network response to increases in vascular
tone, we determined flow/pressure-evoked neuronal responses
using paired whole-cell recordings (Fig. 5). Increasing flow/pres-
sure within the PA inhibited pyramidal neuron firing activity
(neuron 1, � firing rate � �0.32 	 0.09 Hz, p � 0.05; neuron 2,
� firing rate � �0.56 	 0.18 Hz, p � 0.05; n � 4 experiments
(Fig. 5B,C).

The intercommunication between blood vessels and pyrami-
dal neurons could arise from direct vessel-to-pyramidal neuron
signaling and/or indirectly via the action of interneurons and/or
astrocytes, the latter enwrap blood vessels and contact synapses

Figure 1. Parenchymal arteriole myogenic tone. A, Representative arteriolar diameter
(solid), shear stress (dashed), and luminal pressure changes (bottom) from a cannulated paren-
chymal arteriole in response to increases in flow rate (Q), and pressure, in the absence and then
presence of TTX (1 �M). B, Summary data of flow/pressure-evoked changes in myogenic tone in
the absence and presence of TTX. Error bars indicate SEM.
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(Bushong et al., 2002). Thus, we first assessed the effects of flow/
pressure-evoked vascular responses on interneuron activity. In-
terneurons were identified based on their lack of a triangular
shape soma and electrophysiological properties following a
depolarization/hyperpolarization square pulse (Fig. 6A). In con-
trast to pyramidal neurons, interneurons exhibited mixed re-
sponses to flow/pressure increases, with some showing inhibition
of firing activity (p � 0.05, n � 6; Fig. 6B), and the remainder
showing activation (p � 0.01, n � 10; Fig. 6B,D). Because fast
spiking interneurons were mainly associated with flow/pressure-

evoked inhibition, we expanded these studies by measuring in-
terneuron responses from somatostatin GFP� mice (GIN) (Fig.
6C). All SOM� neurons responded to flow/pressure increases
with an increase in firing activity (from 0.86 	 0.2 to 1.34 	 0.3
Hz, n � 7) (Fig. 6D), significance was however delayed (1.65 	
0.5 Hz, p � 0.5, averaged value 2 min following the stimulus, n �
7). The data support somatostatin neurons as contributors of
VNC.

To determine whether astrocytes contribute to vascular-to-
neuronal signaling, we next tested whether introduction of the

Figure 2. Flow/pressure-evoked Ca 2� oscillations in cortical astrocytes from GLAST-CreERT2; R26-lsl-GCaMP3 mice. A, Representative image with ROIs for larger process (black trace) and MD
(gray trace). Scale bar, 10 �m. B, Representative traces for Ca 2� oscillations for processes and MD. C, Onset time for astrocyte process and MD in response to increases in parenchymal arteriole flow
(1Q) in the presence or absence of the Na � channel blocker TTX. D, Summary data showing Ca 2� peak amplitude before, during, and 2 min following the1Q in the presence or absence of TTX.
E, Summary data showing Ca 2� frequency before, during, and 2 min following the1Q in the presence or absence of TTX. F, Summary data showing AUC before, during, and 2 min following
the1Q in the presence and absence of TTX. Control and TTX experiments were conducted in different sets of animals; n � 4 mice for each group. Error bars indicate SEM. **p � 0.01 (one-way
repeated-measures ANOVA followed by Dunnett’s test).
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fast Ca 2� chelator BAPTA (10 mmol/L) and Alexa-488 (100
mol/L) into the astrocytic syncytium via a patch pipette altered
vascular-to-neuronal coupling (Fig. 7A). We found that blunting
Ca 2�-dependent signaling in cortical astrocytes completely ab-
rogated increased flow/pressure-induced inhibition of neuronal
firing activity (n � 5, p � 0.68; Fig. 7B,C). Simultaneous mea-
surements of astrocyte Ca 2� and neuronal activity during in-
creases in PA flow/pressure revealed first an increase in the Ca 2�

astrocyte response (14.54 	 2.95 s, n � 22) followed by inhibition
of pyramidal neuron activity (28.15 	 7.23 s, n � 5) (Fig. 7F).

The increase in astrocyte Ca 2� peak amplitude and AUC (Fig.
7E,F) was followed by a significant decrease in neuronal firing
activity (n � 5, p � 0.013; Fig. 7E,F).

TRPV4 channels are key mediators of VNC
We previously showed that flow/pressure-evoked astrocyte Ca 2�

increases are partially mediated by TRPV4 channels (Kim et al.,
2015). Thus, we next sought to determine whether TRPV4 chan-
nels also contribute to flow/pressure-evoked changes in rat pyra-
midal neuron firing activity. Flow/pressure-induced neuronal

Figure 3. Increasedflow/pressure-evokedinhibitionofcorticalpyramidalneuronactivity.A,RepresentativeDICimagesofacannulatedarteriole(a),apatchedneuronnexttoacannulatedarteriole(differentslicefroma)
(b), and the corresponding confocal fluorescence image of the neuron loaded with Alexa-488 and the arteriole perfused with Alexa-555 (c); the same slice was also fixed and imaged after the experiment to better show the
morphologyoftheneuron(d).Scalebar,25�m.**Cannula.*Recordingpipette.B,Left,SchematicrepresentationcorrespondingtoAa–Ad.Right,Representativetraceofarteriolardiameterchangesbeforeandafterchanges
in Q from 0.1 to 0.3�l/min (right). a, Time at which the cannula is introduced into the arteriole lumen. b, Diameter difference corresponding to the development of myogenic tone. c, Diameter difference corresponding to
flow/pressure-induced constriction. C, Representative trace showing pyramidal neuron firing pattern in response to a square pulse depolarization (far left) and changes in action potential frequency in response to a modest
increase in flow rate (0.1 to �0.5 �l/min,1Q) (middle left). Summary data showing flow/pressure-induced changes in action potential frequency following modest1Q (middle right) and higher (0.1 to �0.5
�l/min,111Q) Q increases (far right). D, Representative trace of repetitive111Q-induced inhibition of firing activity in a pyramidal neuron. Error bars indicate SEM. *p � 0.05 (one-way repeated-
measures ANOVA followed by Dunnett’s test). **p � 0.01 (one-way repeated-measures ANOVA followed by Dunnett’s test).
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responses were tested in the same neuron in the absence and
then presence of the TRPV4 channel blocker HC067047 (3
�M) or RN1734 (50 �M). Flow/pressure-evoked decreases in
neuronal firing activity were suppressed by TRPV4 channel

blockade with HC067047 (n � 5) (Fig. 8A) and RN1734 (n �
6) (Fig. 8B).

To corroborate findings from rats, we also measured pyrami-
dal neuron activity in response to increases in Q using TRPV4�/�

Figure 4. Flow/pressure-evoked changes in neuronal network activity. A, Representative DIC and fluorescence images showing the position of the patched neuron relative to the cannulated arteriole. Top row, Patched
neuron�150�mawayfromthecannulatedarteriole.Bottomrow,Patchedneuron�300�mawayfromthecannulatedarteriole.Scalebar,25�m.B,Summarydataofchangesinneuronalfiringrateinducedbyamodest
increaseinflowrate(0.1to�0.5�l/min,1Q)groupedaccordingtoproximitytothecannulatedarteriole.C,Representativetracesofdiameterchanges(top)inacannulatedarterioleandsEPSC(middle).Bottom,Expanded
tracesshowingsEPSCbefore(left),during(middle),andafter(right)1Q.D,Cumulativeprobability(Prob.)ofsEPSCintereventinterval(left)before(control),during(1Q),andafter(recovery)theflow/pressurestimulusand
summarydataofmeansEPSCfrequency.E,Cumulativeprobabilityplotofamplitude(left)before(control),during(1Q),andafter(recovery)theflow/pressurestimulusandsummaryofmeansEPSCamplitude(right)Error
bars indicateSEM.*p�0.05(paired t test).**p�0.01(paired t test).***p�0.0001(paired t test).
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and TRPV4�/� mice. Increases in Q inhibited pyramidal neuron
firing activity (p � 0.01, n � 6) in TRPV4�/� mice but had no
significant effect in TRPV4�/� mice (Fig. 8C). Together, these
experiments support the critical involvement of TRPV4 channels
in mediating VNC in the cortex.

Adenosine mediates astrocyte to neuronal signaling
during VNC
Suppression of neuronal activity in response to increases in vas-
cular tone suggests the release of an inhibitory signal. To explore
the identity of such a signal, we perfused slices with blockers of
four of the most likely candidates: nitric oxide (NO), released
from the endothelium in response to increases in shear stress;
GABA, released from interneurons; glutamate, released from py-
ramidal neurons and/or astrocytes; and ATP/adenosine, released
from astrocytes. Using rat brain slices, whenever possible, neuro-
nal responses to increases in PA flow/pressure were tested in the
same neuron before and after the application of blockers. The
NOS blocker L-NAME (100 �M) and NO scavenger carboxy-
PTIO (100 �M) had no effect on neuronal responses (n � 9) (Fig.
9A). Similarly, flow/pressure-induced neuronal responses per-
sisted in the presence of the glutamate receptor blocker kynure-
nate (2 mM) (n � 6) and the GABAA receptor blocker gabazine
(10 �M) (n � 6) (Fig. 9B,C). Responses were, however, signifi-
cantly blocked (p � 0.05, n � 6) by the presence of GABAB

receptor blockers (CGP52432 and CGP55845, 5 �M) (Fig. 9D).
Consistent with the possibility of interneuron-pyramidal neuron
signaling, these result points to GABA as a contributing signal in
VNC.

Given our previous demonstration that flow/pressure-
evoked astrocytic responses and subsequent changes in vascu-
lar tone may result from the release of a purinergic signal (Kim
et al., 2015), we also measured flow/pressure-evoked neuronal
responses in the presence of the ecto-ATPase inhibitor/ATP
analog, ARL67156 (50 �M), and the adenosine A1 receptor
blocker DPCPX (200 nM). Flow/pressure-evoked neuronal re-
sponses were unaffected by ARL67156 (n � 6) (Fig. 10A).
However, flow/pressure-evoked neuronal responses were
significantly blunted by the adenosine A1 receptor blocker
DPCPX (n � 7) (Fig. 10B). These results support the involve-
ment of adenosine, and not ATP, in astrocyte-to-neuronal
signaling during VNC.

The above experiments would suggest that increased flow/
pressure-evoked PA constriction inhibits pyramidal neuron fir-
ing activity. Considering the importance of this mechanism as a
homeostatic process, we then determined whether reversing the
polarity of the vascular stimulus, decreasing flow/pressure within
PAs resulting in dilations, altered resting pyramidal neuron firing
activity. Following an equilibration period to establish myogenic
tone, flow/pressure within the PA was decreased (from �0.3 to

Figure 5. Paired pyramidal neuron recordings in response to increased PA flow/pressure. A, Schematic representation of the dual recording setup in addition to arteriole cannulation. B, Summary
data showing pyramidal neuron 1 and neuron 2 firing activity in response to increased flow/pressure within a PA under basal conditions (control), during the stimulus (1Q), and 2 min after the
stimulus. C, Representative trace showing simultaneous pyramidal neuron 1 and neuron 2 firing activity in response to increased flow rate (1Q). Error bars indicate SEM. *p � 0.05 (one-way
repeated-measures ANOVA followed by Dunnett’s test). **p � 0.01 (one-way repeated-measures ANOVA followed by Dunnett’s test).
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0.1 �l/min), simultaneous pyramidal neuron recordings were
conducted throughout the experiment. Decreasing flow within
PAs significantly dilated arterioles (p � 0.001, n � 4) and in-
creased pyramidal neuron firing activity (n � 4) (Fig. 11). Oppo-
site neuronal responses (activation vs inhibition) upon reversal
of the vascular response (dilation vs constriction) support the
presence of a negative feedback pathway establishing pyramidal
neuron resting activity relative to PA vascular tone.

Discussion
The present study provides supportive evidence for vessel-to-
neuron signaling in the neurovascular unit as proposed by Moore
and Cao (2008). Moreover, we demonstrate in brain slices that

changes in vascular tone altered astrocyte and neuronal activity, a
process referred to here as VNC (Fig. 12). Specifically, we show
that increased flow/pressure within perfused PAs increased astro-
cytic Ca 2� and inhibited cortical pyramidal neuron activity. On
the other hand, decreases in PA tone increased cortical pyramidal
neuron activity. Experiments addressing the time course of VNC
(Fig. 7) support sequential vessel-to-astrocyte-to-neuron signal-
ing. Corroborating previous findings (Kim et al., 2015), we iden-
tified astrocytic mechanosensitive TRPV4 channels as important
molecular players in VNC. The present study was mainly focused
on increased PA flow/pressure-evoked astrocyte and neuronal
responses. Future studies addressing the cellular mechanisms un-

Figure 6. Increased flow/pressure-evoked changes in interneuron firing activity. A, Representative square pulse trace showing various subtypes of interneuron firing pattern. B, Left, Represen-
tative trace and summary data showing flow/pressure-evoked inhibition of interneuron firing activity in response to a modest increase in Q (0.1 to �0.5 �l/min) from rat cortical slices. Right,
Representative trace and summary data showing flow/pressure-evoked increases in interneuron firing activity following1Q from rat cortical slices. C, Immunostaining corresponding to a paired
recording from a pyramidal neuron (arrowhead) and a GFP � somatostatin neuron (arrow) from GIN mouse. Scale bar, 20 �m. D, Paired recording in current clamp showing action potential firing
activity for a pyramidal neuron (left) and a GFP � and somatostatin � neuron (right) in response to increases in flow (1Q). Error bars indicate SEM. *p � 0.05 (one-way repeated-measures ANOVA
followed by Dunnett’s test). **p � 0.01 (one-way repeated-measures ANOVA followed by Dunnett’s test).
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derlying decreased flow/pressure-evoked
PA dilation and concomitant increases in
pyramidal neuronal activity are needed.

In 2008, Moore and Cao (Moore and
Cao, 2008; Cao et al., 2009) proposed the
hemo-neuronal hypothesis, which posits
that signals derived from the microcircu-
lation can modify astrocyte and neuronal
function contributing to information pro-
cessing in the brain. The idea that signals
from blood vessels can alter neuronal ac-
tivity is supported by studies showing that
stretching of the vascular wall induces as-
trocyte GABA release (Kozlov et al., 2006)
and that angiotensin II-induced, endo-
thelium-derived NO alters brainstem
neuronal activity (Waki et al., 2006). In
vivo data from our previous study (Kim et
al., 2015) showed that systemic adminis-
tration of phenylephrine, which increases
arterial blood pressure and evokes cere-
bral autoregulation (i.e., PA vasoconstric-
tion) (Niwa et al., 2002; Ayata et al., 2004),
increased astrocytic Ca 2� to levels com-
parable with those observed in vitro. Data
from this study, together with our previ-
ous findings (Kim et al., 2015), thus sup-
port reverse flow of information at the
neurovascular unit (from vessel-to-astro-
cyte/neuron). However, whether VNC is
involved in brain information processing
(Moore and Cao, 2008) is still to be deter-
mined as NVC-mediated responses were
not assessed in this study. Rather, we sug-
gest VNC as a constitutive mechanism
contributing to the modulation of resting
neuronal activity according to the levels of
PA vascular tone. We anticipate that, in
the healthy brain, VNC is overridden dur-
ing increases in neuronal activity, such as
those evoked during NVC.

Our findings indicate that changes in
baseline vascular tone rapidly (i.e., sec-
onds) signal the state of perfusion to py-
ramidal neurons, which in turn respond
with a change in firing activity. In the spe-
cific setting of flow/pressure-evoked con-
striction, this results in inhibition of
pyramidal neuron firing activity and
sEPSCs. Our data support a role for astro-

Figure 7. Astrocytes contribute to VNC. A, DIC image of a cannulated arteriole (left), fluorescence image of Alexa-488 diffused
within the astrocytic syncytium (middle), and overlapped DIC/fluorescence image (right). Scale bar, 20 �m. B, Schematic repre-
sentation (left), including cannulated arteriole, patched neuron, and astrocytes loaded with Alexa-488 and BAPTA (10 mM)
and summary data showing changes in neuronal firing activity in response to1Q in the presence of BAPTA-loaded astrocytes.

4

C, Representative trace showing neuronal firing activity in re-
sponse to a modest increase in flow rate (0.1 to �0.5 �l/
min,1Q) in the presence of BAPTA-loaded astrocytes. D,
Confocal image of Fluo4-loaded astrocytes with correspond-
ing ROIs and Alexa-488-loaded pyramidal neuron and record-
ing pipette. Scale bar, 20 �m. E, Representative traces of
astrocytic Ca 2� activity and neuronal firing activity in re-
sponse to Q change. F, Summary data showing AUC, Ca 2�

peak amplitude, neuronal firing activity, and onset times for
neurons and astrocytes in response to1Q. Error bars indicate
SEM. *p � 0.05 (paired t test). ***p � 0.0001 (paired t test).
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cytes as key intermediaries in vessel-to-neuronal signaling. Astro-
cytes transduced changes in intravascular pressure into increased
Ca 2� activity both in the current study and our previous pub-
lished data (Kim et al., 2015), an increase that preceded neuronal
responses. Importantly, flow/pressure-evoked neuronal re-
sponses were blunted by loading the astrocytic syncytium with
BAPTA, supporting the conclusion that flow/pressure-evoked
inhibition of pyramidal neuron firing activity is dependent on
astrocytic Ca 2� signaling. Consistent with our previous dem-
onstration (Kim et al., 2015), we found that pharmacological
blockade of TRPV4 channels blunted flow/pressure-induced
neuronal inhibition; responses were also significantly reduced in
TRPV4�/� mice compared with TRPV4�/� mice. Interestingly, de-
creases in PA flow/pressure did not seem to evoke an increase in
astrocyte Ca2� (data not shown), suggesting that a different mech-
anism may operate during flow/pressure-evoked PA dilation and
increases of pyramidal neuron resting activity.

Suppression of pyramidal neuron activity following increased
flow/pressure-mediated astrocyte activation suggests that a glio-
transmitter is released during VNC. In agreement with the sug-
gestion that adenosine serves as a neuroprotective gliotransmitter
(Carmignoto and Haydon, 2012) and modulator of excitatory
synaptic transmission (Zhang et al., 2003; Pascual et al., 2005;

Serrano et al., 2006; Panatier et al., 2011; Zorec et al., 2012), we
provide evidence that flow/pressure-induced neuronal inhibition
involves the activation of A1R. A perplexing finding from our
study, however, is that while the main adenosine neuronal effect
is inhibitory (van Aerde et al., 2015), on the vasculature adeno-
sine acts as a potent vasodilator (Pelligrino et al., 2011). It is
possible, however, that the adenosine-evoked suppression of pyra-
midal neuron activity requires concentrations below those needed to
elicit arteriole dilations and override ongoing myogenic mecha-
nisms contributing to PA constrictions. In addition, the polarity of
the adenosine-evoked vascular response (dilation vs constriction)
may also depend on the adenosine receptor subtype (A1 vs A2) tar-
geted during this process (Guan et al., 2014). In contrast to the results
of Panatier et al. (2011), who reported that astrocyte-derived
adenosine mediates upregulation of synaptic transmission via A2

adenosine receptor activation (Panatier et al., 2011), flow/pressure-
induced neuronal inhibition was dependent on A1 receptor activa-
tion, suggesting that the stimulus type targeting astrocytes may
dictate the overall neuronal response outcome as well as the possi-
bility that distinct purinergic signaling mechanisms may operate at
the endfoot versus synapse side of the astrocyte.

Increased PA flow/pressure evoked an outward current in pyra-
midal neurons. These results are in agreement with findings from

Figure 8. TRPV4 channels contribute to VNC. A, Representative trace showing inhibition of pyramidal neuron firing activity following a modest increase in flow rate (0.1 to �0.5 �l/min,1Q)
in the absence (left) and presence (middle) of the TRPV4 blocker HC067047 (3 �M); summary data of neuronal firing activity responses (far right). B, Representative trace showing inhibition of
pyramidal neuron firing activity following1Q in the absence (left) and presence (middle) of the TRPV4 blocker RN1734 (50 �M); summary data of neuronal firing activity responses (far right) (A,B,
rat experiments). C, Representative trace showing inhibition of pyramidal neuron firing activity following1Q from TRPV4 �/� mice (left) and summary data of neuronal firing activity from
TRPV4 �/� mice and TRPV4 �/� mice (right). Error bars indicate SEM. *p � 0.05 (one-way repeated-measures ANOVA followed by Dunnett’s test). **p � 0.01 (one-way repeated-measures
ANOVA followed by Dunnett’s test).
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Figure 9. Possible signals contributing to VNC. A, Representative trace showing changes in neuronal firing activity in response to a modest increase in flow rate (0.1 to �0.5 �l/min,1Q) before
(left) and after (middle) application of the NO synthase inhibitor L-NAME (100 �M) and NO scavenger carboxy-PTIO (100 �M). Summary data showing changes in neuronal firing frequency in
response to1Q in the absence (aCSF) or presence of L-NAME and c-PTIO (right); responses were measured before and during the stimulus. B, Representative trace showing changes in neuronal
firing activity in response to1Q in the presence of glutamate receptor antagonist, kynurenate (2 mM) (left). Summary data showing changes in neuronal firing frequency in response to1Q in the
presence of kynurenate (right). C, Representative trace showing changes in neuronal firing activity in response to1Q before (left) and after (middle) application of the GABAA receptor antagonist
gabazine (10 �M). Summary data showing changes in neuronal firing frequency in response to1Q in the absence (aCSF) or presence of gabazine (right). D, Representative trace showing changes
in neuronal firing activity in response to1Q before (left) and after (middle) application of GABAB receptor antagonists CGP 52432 and CGP 55845 (5 �M). Summary data showing changes in
neuronal firing frequency in response to1Q in the absence (aCSF) or presence of gabazine (right). Error bars indicate SEM. *p � 0.05 (one-way repeated-measures ANOVA followed by Dunnett’s
test). **p � 0.01 (one-way repeated-measures ANOVA followed by Dunnett’s test).
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Figure 11. Decreased flow/pressure-evoked activation of cortical pyramidal neuron firing activity. A, Left, Representative trace showing pyramidal neuron action potential frequency in response
to a decrease in flow rate (0.3 to �0.1 �l/min,2Q) within a cannulated parenchymal arteriole. Bottom, Corresponding arteriole diameter changes. Right, Summary data showing decreased
flow/pressure-induced increases in action potential frequency following2Q. Error bars indicate SEM. *p � 0.05 (one-way repeated-measures ANOVA followed by Dunnett’s test). ***p � 0.01
(one-way repeated-measures ANOVA followed by Dunnett’s test). B, Averaged �tone (percentage) in response to flow/pressure decreases within parenchymal arterioles. Error bars indicate SEM.
**p � 0.01 (paired t test).

Figure 10. Adenosine mediates astrocyte-to-neuron communication during VNC. A, Representative trace showing changes in neuronal firing activity in response to1Q in the absence (left) or
presence (middle) of the ecto-ATPase inhibitor/ATP analog ARL67156 (50 �M). Summary data showing changes in neuronal firing frequency in response to1Q in the presence of ARL67156 (right).
B, Representative trace showing changes in neuronal firing activity in response to1Q before (left) and after (middle) application of the A1 adenosine receptor antagonist DPCPX (200 nM). Summary
data showing changes in neuronal firing frequency in response to1Q in the absence (aCSF) or presence of DPCPX (right). Error bars indicate SEM. *p � 0.05 (one-way repeated-measures ANOVA
followed by Dunnett’s test). **p � 0.01 (one-way repeated-measures ANOVA followed by Dunnett’s test).
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Newman (2003) showing that astrocyte-derived adenosine inhibits
retinal neurons via activation of Kir channels. Although our results are
consistent with the interpretation that adenosine acts as a primary
signal during flow/pressure-evoked changes in pyramidal neuron
inhibition, other signaling candidates should not be ruled out, as the
hemodynamic-induced stimulus is complex and likely involves
multiple glial, vascular, and/or neuronal signals (e.g., K�, arachi-
donic acid metabolites, polyamines, and endocanabinoids). To this
end, a number of endothelium-mediated signaling pathways
could be activated during PA adjustments in vascular tone, resulting
in the release of signals that can readily cross the blood–brain barrier
and/or alter the activity of adjacent cells via ion channels and/or
myoendothelial junctions (Andresen et al., 2006; Longden et al.,
2011; De Bock et al., 2013). The observation that pyramidal neuron
inhibition persisted in the presence of gabazine and kynurenate sug-
gests that synaptic transmission is not essential for this form of com-
munication. However, because a subpopulation of GABAergic
interneurons was activated during PA constrictions, a modulatory
role by these cells is likely. To this end, it is unclear whether changes
in vascular reactivity directly activate GABAergic interneurons or
whether these receive signals from astrocytes. Moreover, it is also
unclear whether the subpopulation of activated GABAergic in-
terneurons during PA constrictions (i.e., somatostatin) contribute
to the maintenance of the vascular response by increasing arteriole
tone (Long et al., 1992; Cauli et al., 2004) and/or signal pyramidal
neurons to decrease firing activity. Answers to these questions are

needed to better understand how interneu-
rons shape the VNC response.

The idea that increased vascular tone
can alter resting neuronal activity be-
comes important in the context of
diseases known to impair cerebral auto-
regulation (e.g., hypertension) (de la
Torre, 2012; Dunn and Nelson, 2014) as
these could influence the state of baseline
perfusion and resting neuronal activity
compromising important brain homeo-
static processes. As previously eluted, we
did not evaluated whether VNC alters the
NVC response following neuronal stimu-
lation. Interestingly however, a study by
Dunn et al. (2013) showed that disruption
of a key player in VNC, TRPV4 channels,
altered NVC-mediated responses. The au-
thors proposed a bidirectional synergy be-
tween IP3Rs and TRPV4 channels, which
enhanced astrocyte endfoot Ca 2� re-
sponses, contributing to the magnitude of
the NVC response (Dunn et al., 2013). It is
thus possible that changes in TRPV4
channel function may alter constitutive
VNC signaling, which in turn affect the
NVC response. Along these lines, Zhang
et al. (2013) demonstrated impaired
TRPV4-mediated acetylcholine-induced
dilations in cerebral vessels from Alzhei-
mer’s disease mice where cerebral
hypoperfusion and impaired vessel-to-
neuronal signaling (VNC) are at play
(Zlokovic, 2005; Nicolakakis and Hamel,
2011; de la Torre, 2012; Hébert et al.,
2013; Iadecola, 2013; Rosenberg et al.,
2016; Yang et al., 2016). While these two

studies focused on the role TRPV4 channels have on vasodilation,
it becomes apparent that impairments in TRVP4 channel func-
tion could compromise flow of information at the neurovascular
unit impairing CBF regulation. Future studies addressing how
alterations in the balance between steady-state perfusion to the
brain and resting neuronal activity impact NVC and may con-
tribute to cognitive dysfunction are needed.

The functional significance of VNC is currently unclear. How-
ever, it raises the question of whether the intrinsic properties of
the brain are further modulated by minute-to-minute systemic
changes in blood pressure that define arteriole reactivity. We
propose that VNC serves as a constitutive protective negative
feedback mechanism that balances energy supply with demands
while protecting the brain against hyperperfusion, blood– brain
barrier breakdown, and edema formation on the one hand, and
hypoperfusion and ischemia on the other. Under physiological
conditions, where cerebral autoregulation mechanisms are oper-
ating efficiently, graded adjustments in neuronal activity trig-
gered by the release of adenosine may serve as a signal encoding
the various degrees of vascular tone, thus providing a mechanism
that enables the cortex to monitor changes in brain perfusion
pressures. This mechanism may be compromised in cases where
cerebral autoregulation is impaired, such as ischemic stroke,
traumatic brain injury, and hypertension, thereby increasing
brain vulnerability to the deleterious effects of high/low perfu-
sion pressures. Thus, understanding the consequences that

Figure 12. VNC working model. Middle, Resting conditions for both pyramidal neuron activity and parenchymal arteriole
(steady-state myogenic tone). Increased luminal pressure within PAs increases PA vascular tone (constriction), which evokes an
increase in astrocyte Ca 2� via TRPV4 channels. As previously demonstrated (Kim et al., 2015), the rise in astrocyte Ca 2� contrib-
utes to the maintenance of vascular tone during the myogenic response. In addition, astrocytes release ATP/adenosine via a
Ca 2�-dependent mechanism contributing to inhibition of pyramidal neuron firing activity. According to BAPTA experiments
shown in Figure 7, we anticipate pressure-evoked PA constrictions to evoke astrocytes-to-interneuron signaling (putatively so-
matostatin interneurons), further contributing to the modulation of pyramidal neuron resting activity. To the left, we show the
expected arteriole dilation resulting from a decrease in flow/pressure. However, under these conditions, pyramidal neuron firing
activity is increased and the cellular signaling mechanisms underlying this response was still to be determined.
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changes in perfusion/pressure have on glial and neuronal func-
tion is essential as these may constitute unexplored parameters
that contribute to the resetting of resting brain activity.

In conclusion, we show that increased flow/pressure-induced
PA vasoconstriction (Kim and Filosa, 2012) augmented Ca 2�

signaling in cortical astrocytes and decreased cortical pyramidal
neuron activity. Conversely, decreased flow/pressure-evoked PA
dilation increased resting pyramidal neuron activity. In addition,
we present evidence that, during flow/pressure-evoked PA vaso-
constrictions, astrocyte TRPV4 channels and adenosine are key
molecular players in VNC. Together, our results support the ex-
istence of a physiological process by which the reverse flow of
information, from vascular elements to neurons, occurs within
the neurovascular unit. We propose that this process serves as a
neuroprotective function to dynamically modulate resting neu-
ronal function according to the status of vascular tone in pene-
trating cerebral arterioles.
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