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Neurovascular research has made significant strides toward understanding how the brain
neurovascular unit accomplishes rapid and spatial increases in blood flow following neuronal
activation. Among the experimental models used, the in vitro brain slice preparation provides
unique information revealing the potential signals and cellular mechanisms involved in functional
hyperemia. The most crucial limitation of this model, however, is the lack of intraluminal pressure
and flow in the vessels being studied. Moreover, differences in basal vascular tone have led
to varied interpretations regarding the polarity of vascular responses following neuron-to-glial
stimulation. Given the complexity of astrocyte-induced neurovascular responses, we propose
the use of a modified in vitro brain slice preparation, where intraluminal arteriolar pressure and
flow are retained. Throughout this review, we discuss the advantages and disadvantages to
be considered when using brain slices for neurovascular studies. Potential ways to overcome
the current limitations are proposed.
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In this article we review and discuss recent advances in our
understanding of neurovascular communication, and address
the advantages and disadvantages of using the in vitro brain slice
preparation as a tool to study neurovascular coupling (NVC) in
the brain. A number of groups have used this in vitro model, and
data obtained from their studies (Fergus et al., 1996; Zonta et al.,
2003b; Cauli et al., 2004; Hamel, 2004; Mulligan and MacVicar,
2004; Lovick et al., 2005; Filosa et al., 2006; Metea and Newman,
2006; Blanco et al., 2008) have provided seminal work to the field,
highlighting the neuronal and astrocytic signaling pathways under-
lying NVC. A caveat to the data presented below, is however, that
NVC mechanism are brain-region specific and dependent on the
constituents forming the neurovascular unit (NVU) under study.

STRUCTURAL CONSIDERATIONS OF THE

NEUROVASCULAR UNIT

Blood supply is carried to the brain by extracerebral and intracer-
ebral arteries/arterioles. Extracerebral arteries branch off into pial
arterioles that surround the surface of the brain and then penetrate
the brain parenchyma at right angles as penetrating or parenchymal
arterioles (Edvinsson and MacKenzie, 2002). Parenchymal arterioles
in turn give rise to an extensive capillary network, the distribution
of which is associated to the metabolic demands of the neuronal
microenvironment (Edvinsson and MacKenzie, 2002). The neu-
rovascular control of the cerebral circulation varies, depending on
the location and caliber of the vessels. In general, extracerebral
vessels are innervated by peripheral nerves (extrinsic innerva-
tion) originating from the superior cervical, sphenopalatine, otic,
internal carotid, and trigeminal ganglia (Gulbenkian et al., 2001).
Intracerebral parenchymal microvessels are primarily regulated by
local interneurons and neuronal terminals from a central origin
(intrinsic innervation) such as the basal forebrain, raphe, and locus
coeruleus (Iadecola, 1998; Gulbenkian et al., 2001; Hamel, 2006).

These arterioles are also regulated by surrounding glial cells and, to
some extent, by peripheral nerves that penetrate the brain paren-
chyma (Goadsby and Edvinson, 2002).

Much of the brain infrastructure is needed to provide neurons
with the proper delivery of oxygen and glucose, given the limited
energy reserves of the brain. To accomplish this, the brain pos-
sesses two fundamental mechanisms namely, autoregulation and
functional hyperemia (Iadecola and Nedergaard, 2007) which are
tightly controlled by the intrinsic properties of the vascular cells
and by signals released from the various cell types that make up the
NVU. The activation of these mechanisms warrants constant blood
flow and increased oxygen and glucose delivery under conditions
of intense neuronal stimulation.

At the cellular level, the cells that make up the NVU mainly
include vascular cells [endothelial cells (EC), pericytes and vascu-
lar smooth muscle cells], neuronal terminals or varicosities, astro-
cytes with their corresponding specialized endfeet processes, and
microglia. The interaction between these various cell types aid in
the establishment of the blood brain barrier and the control of
cerebral blood flow. Cell-to-cell interactions are futher supported
by structural components such as gap junctions (Simard et al., 2003;
Figueroa and Duling, 2009) and anchoring proteins (e.g., integrins;
del Zoppo, 2010) as well as by the functional activation of vari-
ous ion channels [e.g., aquaporin 4, K channels, transient recep-
tor potential (TRP) channels (Brayden et al., 2008)] strategically
expressed on membranes of the cells of the NVU. These associations
are crucial for the structural integrity and functional capacity of the
NVU. On a larger scale, further control is provided by networks
of cells occupying defined brain regions. For example, specialized
gap junctions link astrocytes to one another forming a syncytium
(Theis et al., 2005). These glial networks efficiently modulate the
activity of neuronal populations (Giaume et al., 2010). In addi-
tion, the intimate anatomical association of astrocytic processes

Frontiers in Neuroenergetics

www.frontiersin.org

August 2010 | Volume 2 | Article 16 | 1



Filosa

Vascular tone and NVC

with synapses and blood vessels places them in an ideal position to
integrate neuronal activity with changes in vascular dynamics. An
example of such a coordinated event was shown by Xu et al. (2008)
providing evidence that the glia limitans plays an important role in
upstream cerebral vasodilation following neuronal stimulation or
hypercapnia-induced pial arteriolar dilation (Xu et al., 2004).

While astrocytic endfeet processes occupy a significant portion
of the abluminal surface of the vessel wall (Kacem et al., 1998;
Simard et al., 2003), other innervations such as neuronal terminals
and varicosities of various origins have also been described, suggest-
ing direct neurovascular regulation. For example, basal forebrain
nitric oxide synthase (NOS) neurons (Tong and Hamel, 2000) and
dopaminergic neurons have been shown to make close contacts
with cerebral microvessels or with astrocytic endfeet (Krimer etal.,
1998). Cauli et al. (2004) provided structural and functional evi-
dence for the involvement of GABAergic interneurons containing
vasoactive mediators such as NO. Clearly, specialized contact areas
such as the space between neuronal terminals or varicosities and
astrocytic endfeet with the vascular wall provide structural evidence
for the intricacy of the signaling mechanisms underlying NVC in
the brain and the dynamic interactions between neuronal, glial
and vascular networks. The in vitro brain slice preparation con-
stitutes an ideal model to study cell-to-cell communication since
it possesses all of the constituents of the NVU with the addition
of local circuits that allow for the precise stimulation of discrete
neuronal and/or astrocytic targets while simultaneously monitor-
ing the activity of the vascular cells.

SIGNALING MECHANISMS UNDERLYING FUNCTIONAL
HYPEREMIA IN THE BRAIN

In addition to the above structural observations, strong func-
tional evidence supports an important role for neurons in NVC.
The release of neurotransmitters (e.g., glutamate and GABA)
has been associated with vasomotor responses both in vivo and
in vitro (Drake and Tadecola, 2007). A direct vasomotor effect
from neuronally derived signals has been suggested for dopamin-
ergic, serotonergic, norepinephrine and acetylcholine fibers as
well as for neuronally derived neuropeptides such as substance
P, neurotensin, vasoactive intestinal peptide (VIP), somatosta-
tin and neuropeptide Y (for review see, Hamel, 2006; Drake and
Iadecola, 2007). For example, in hippocampal slices Fergus et al.
(1995) showed evidence that NO contributes to basal vascular
tone and that CGRP dilated parenchymal arterioles. Interestingly,
the magnitude of the vascular response to CGRP was depend-
ent on the degree of arteriolar tone, suggesting an interplay
between these signals (Fergus et al., 1995). In slices perfused with
a thromboxane A, agonist (U46619) to induce arteriolar tone,
NMDA produced vasodilation via an NO-dependent mecha-
nism (Lovick et al., 1999; Brown et al., 2000). Vasodilation of
cortical arterioles has also been associated with the activation
of cholinergic fibers (Vaucher and Hamel, 1995; Vaucher et al.,
1997) and NO-containing neurons (Tong and Hamel, 2000).
Tong and Hamel (2000) suggested that the anatomical interac-
tion between the cholinergic and nitrergic systems may serve to
potentiate vascular responses via acetylcholine’s influence on NO
signaling (Tong and Hamel, 2000). Cauli et al. (2004) showed
that stimulation of single interneurons expressing VIP or NOS

mediated vasodilation, whereas stimulation of interneurons
expressing somatostatin and neuropeptide Y produced microvessel
constriction. Microinjection of dopamine produced constriction
of ~50% of microvessels (Krimer et al., 1998).

As has been the case with neurons, evidence exists that
astrocyte-derived signals can also trigger vascular responses and play
apivotal role in the signaling mechanisms involved in NVC (Takano
et al., 2006; Carmignoto and Gomez-Gonzalo, 2009). Astrocytic
activation results in the release of vasoactive agents (Carmignoto
and Gomez-Gonzalo, 2009; Koehler et al., 2009) capable of induc-
ing localized vasodilation (in vitro an in vivo) and/or vasoconstric-
tion (in vitro only) of parenchymal arterioles. Astrocytes respond
to an increase in synaptic activity with a rise in intracellular Ca**
(Cornell-Bell et al., 1990; Aguado et al., 2002). If the strength of
synaptic activity is high, it triggers the propagation of a Ca** wave
that travels to nearby microvessels (Zonta et al., 2003b; Fellin and
Carmignoto, 2004; Filosa et al., 2004). This latter step is critical for
astrocyte-induced vasodilation (Zonta et al., 2003b; Filosa et al.,
2004). Furthermore, astrocytes synthesize and release a number of
vasoactive substances such as NO (Wiencken and Casagrande, 1999;
Li et al., 2003), prostacyclins, prostaglandins, epoxyeicosatrienoic
acids (EETs), glutamate, adenosine, and ATP (Harder et al., 2002; Li
etal.,2003; Simard et al.,2003; Zonta et al., 2003a,b; Anderson et al.,
2004; Takano et al., 2006) making them key candidates in NVC.

Despite significant progress in our understanding of the signal-
ing events involved in NVC and the contributing role of neurons
and astrocytes, recent findings have raised new challenges to the
field. For example, while the physiological significance of neuronal
and astrocyte-induced vasodilatory responses is clear, it is still not
apparent what is the physiological significance for stimulus-in-
duced vasoconstriction at the site of neuronal activation (Girouard
et al.; Cauli et al., 2004; Mulligan and MacVicar, 2004; Metea and
Newman, 2006; Rancillac et al., 2006). More importantly, based on
functional and structural observations, it has been proposed that
vessel-to-glia or vessel-to-neuron signaling may play an impor-
tant role in brain information processing (Moore and Cao, 2008),
highlighting the importance of vascular-derived signals and raising
the question as to whether information within the NVU flows in a
bi-directional manner (Kozlov et al., 2006; Paton et al., 2007; Moore
and Cao, 2008; del Zoppo, 2010).

FACTORS AFFECTING VASCULAR TONE AND VASOMOTOR
RESPONSES

Under physiological conditions and in response to intraluminal
pressure, arterioles display myogenic tone (i.e., constrictions inde-
pendent of innervation). The mechanisms for this tone-dependent
constriction have been extensively studied, and are underlined by
an interplay between ion channels that increase intracellular Ca*
(e.g., VDCC, TRPV4) (Knot and Nelson, 1998; Inoue et al., 2004;
Zhang et al., 2009; Ma et al., 2010) as well as opening of K* chan-
nels (e.g., BK, IK and SK) that oppose Ca**-dependent mechanisms
leading to hyperpolarization and vasodilation (Nelson et al., 1995;
Wrzosek, 2009). The expression of these channels varies depend-
ing upon the cell type (e.g., EC or VSMC) and the location and
caliber of the vessel. In a recent review Dunn and Nelson (2010)
discusses the implication that K* channel activation/inactivation
has on VSMC tone.
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In addition to the intrinsic properties of the VSMC, vascular
tone is regulated by EC signaling. EC release vasodilating (e.g.,
NO, endothelium-derived hyperpolarizing factor, prostanoids)
and vasoconstricting (e.g., endothelin, TXA,, prostaglandin)
substances (Andresen et al., 2006; Feletou and Vanhoutte, 2009).
Moreover, EC express an array of ion channels that, when activated,
can directly or indirectly alter the membrane potential (V) of the
VSMC, establishing EC-to-VSMC coupling. In excised parenchy-
mal arterioles, Cipolla et al. (2009) showed the contribution of SK
and IK channel activity (expressed in EC) on vascular tone. Direct
interactions between ECs and astrocytes have also been proposed,
providing structural and functional evidence for bi-directional
communication between these cells (Leybaert et al., 2004). At
the capillary level, Peppiat demonstrated pericyte constriction
following electrical stimulation, purinergic activation, or GABA
blockers, likely exemplifying an additional form of bi-directional
communication between pericytes and EC and a form by which
pericytes may control blood flow perfusion to capillary beds
(Peppiatt and Attwell, 2004). Based on the intrinsic mechanisms
controlling vascular tone and the intricate structural arrangement

of the NVU, one can say that VSMCs are sandwitched from the
luminal and abluminal side by functionally dynamic cells (ECs and
astrocytes). Interestingly, many of the pathways described in the
endothelium (Feletou et al., 2008; Feletou and Vanhoutte, 2009),
that are known to play a major role in vascular tone have been
observed in astrocytes. Figure 1 illustrates the various vasoactive
signaling pathways described in the endothelium and also observed
in astrocytes. What then would be the physiological consequences
of such a structural arrangement?

As is the case in EC-to-VSMC signaling, the close association
between astrocytes to VSMCs may relate to the need to main-
tain or control vascular tone within optimal levels. To achieve
this, astrocytes would need to constantly monitor hemodynamic
changes and locally release vasoactive factors that adjust vascular
diameter and maintain CBF constant. If astrocytes contribute to
the tonic regulation of vascular tone, it may explain why functional
hyperemia studies do not call for an important role for astrocytes
and may provide a new meaning to astrocyte-induced vasoconstric-
tion. While the role for astrocytes in functional hyperemia may be
indeed relevant, their vasodilatory actions (Takano etal., 2006) may
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FIGURE 1 | Functional overlapping mechanism from the luminal
(endothelium) and abluminal side of a parenchymal arteriole. In addition to
direct neuronal-vessel interactions vascular smooth muscle cells (VSMC) are
tonically influenced by agonists and/or mechanically activated pathways from
the endothelium and from signals released by astrocytic processes also in direct
contact with the vessels. The presence of polarized and discrete ion channel
types in the layer formed by endothelial cells and astrocytes, provides functional

UPSTREAM CONDUCTION ]
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further support for bi-directional communication between these cells and VSMC,
as well as, for an electrotonic arrangement capable of modulating vascular tone
and conduction of signals over long distances along the microvessel. VDCC
(voltage-dependent Ca?* channels), TRPV4 (transient receptor potential vanilloid),
BK (Ca?-activated voltage-dependent K* channel), IK (intermediate conductance
Ca? activated K* channel), SK (small conductance Ca?* activated K* channel), and
K_(inwardly rectifying K* channel).
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be modulatory depending on the neuronal pathways activated or
degree of stimulation. In other words, it is possible that the vaso-
constrictive role of astrocytes is primarily linked to their contribu-
tion to the re-establishment of vasomotor tone following neuronal
stimulation or tone adjustments following hemodynamic-induced
vascular responses to sudden blood pressure changes as occurs
during autoregulation (Harder et al., 2002).

In an elegant study, Gordon et al. (2008) suggested that the
polarity of the vascular response to glia-derived vasoactive signals
is coupled to oxygen concentration levels, which in turn determine
the metabolic state of the tissue. Oxygen levels modulate extracel-
lular lactate and adenosine concentrations (Gordon et al., 2008).
Increased lactate inhibits the activity of prostaglandin E, (PGE,)
transporters, raising extracellular PGE, levels and thus favoring
vasodilatory responses when PO, levels are low (Chan et al., 2002).
On the other hand, the authors suggested that vasoconstriction
responses occur under hyperoxic conditions, where lactate levels are
low and extracellular PGE, availability is decreased (Gordon et al.,
2008). Lindauer et al. (2010) recently challenged these findings by
showing that in anesthetized rats, CBF responses to electrical fore-
paw stimulation or cortical spreading depression under conditions
of hyperbaric oxygenation (absence of hemoglobin deoxygenation)
were independent of O, levels.

Likewise, a study by Metea and Newman (2006) in the retina
showed that astrocytes induce both vasodilation and vasoconstriction,
but in their case the polarity of the response was dependent on NO
availability. While NO inhibition leads to vasodilation, NO availability
favored vasoconstriction (Metea and Newman, 2006). The later obser-
vation was attributed to NO interactions with arachidonic acid (AA)
metabolites favoring vasoconstriction through the potential NO inhib-
iting effects on cytochrome P450 (Udosen et al., 2003) and decreased
downstream formation of the vasodilating metabolites, EETs (Metea
and Newman, 2006). In support of these findings, Rancillac et al.
(2006) showed that glutamate-induced NO released from cerebellar
slices resulted in vasoconstriction of microvessels preconstricted with
U46619. The vasoconstriction response was also dependent on the
synthesis of prostanoids and endothelin. Given the strong evidence
for NO inhibition of 20-HETE formation (Alonso-Galicia et al., 1997)
and the ability of the AA metabolites, EETs and 20-HETEs, to modu-
late the activity of large conductance Ca**-activated K* (BK) channels
in vascular cells (Feletou, 2009) and astrocytes (Gebremedhin et al.,
2003, 2005) one possibility for NO-mediated constriction could be
tonic EET-dependent BK activation in astrocytic endfeet, resulting in
K* accumulation and VSMC depolarization. A role for K* channel-
induced vasodilation and vasoconstriction was recently discussed by
Girouard et al. (2010) (see below).

In a previous study, we showed that BK channel activation in astro-
cytic endfeet contributes to vasodilatory responses in parenchymal
arterioles (Filosa et al., 2006). Moreover, our group also showed that
the magnitude of the K*-induced vasodilatory response was correlated
to the degree of tone of the arteriole, highlighting how changes to
the intrinsic properties of the VSMCs alters their sensitivity to a
given signal (Blanco et al., 2008). In addition, Girouard et al. (2010)
recently showed that at the same level of tone, opposite type vascu-
lar responses could be evoked by varying K* levels at the gliovascu-
lar space. Girouard’s study further incorporates the importance of
upstream signaling events to vascular responses. The magnitude of

the Ca?* change in the astrocyte determined the amount of K* efflux
from the endfeet. It is suggested that low or modest changes in K* levels
activate inwardly rectifying (K. ) channels in VSMCs (Filosa et al.,
2006) leading to vasodilation whereas high K* levels at the gliovascular
space cause VSMC depolarization and thus vasoconstriction. These
studies suggest that in order to accurately interpret stimulus-induced
vascular responses, the cells at the NVU must be close to physiological
conditions including the steady-state of the EC and VSMCs, the rest-
ingV _of the VSMCs, and the Ca** dynamic in all of the cells.

Undoubtedly, NO signaling plays a central role in NVC studies;
however, the precise cellular sources and downstream targets for
NO are largely unknown. While NO is believed to be the predomi-
nant signal in the cerebellum (Yang et al., 1999; Yang et al., 2000),
findings from the cortex would suggest NO action in NVC are mod-
ulatory (Lindauer etal., 1999). In brain slices, NOS inhibition with
L-NNA induced constriction of parenchymal arteriole, suggesting
a tonic vasodilatory influence (Fergus et al., 1996), and neuronal
stimulation-induced vasodilatory responses are in part mediated
by NO derived from a neuronal origin (Lovick et al., 1999; Brown
et al., 2000). Kitaura et al. (2007) showed that inhibiton of nNOS
significantly decreased vasodilatory responses to stimulation while
de Labra et al. (2009) recently suggested that stimulation-induced
hemodynamic changes were associated with both eNOS and nNOS
activity, depending on the degree of stimulation. In addition, de
Labra suggested that NO from a vascular or glial source had a more
prominent role in low frequency-induced vascular responses, while
NO from a neuronal source played a more prominent role during
intense stimulation. Data from these studies would suggest a pos-
sible mechanism by which the degree of stimulation may recruit
the participation of different elements of the NVU, or networks,
in orchestrating vascular responses.

Altogether, the ability of NO to interfere with AA signaling
pathways in astrocytes (Metea and Newman, 2006), vascular
tone (Feletou et al., 2008), neuronal activity (Ferraro and Sardo,
2004) and signaling events that affect many of the constituents of
the NVU (i.e., K* channel activity) brings into question whether
interference with NO signaling alters the basal activity of the
cells making up the NVU, disrupting, in turn, bi-directional
steady-state communication pathways that optimize vascular
responses to neuronally derived signals. Evidence supporting a
role for astrocyte-derived NO in controlling vascular tone was
provided by Chisari et al. (2004); co-cultures of basilar artery
with activated LPS glia showed changes in vascular tone induced
by NO. Moreover, because NO alters Ca** activity in astrocytes
(Bal-Price et al., 2002), it is possible that endothelial-derived NO
contributes to basal astrocytic activity. Future studies addressing
the dynamic interactions between vascular cells and astrocytes in
a bi-directional manner will help elucidate how interfering with
these pathways may result in variable vascular responses following
neuronal excitability.

ADVANTAGES AND DISADVANTAGES OF THE /N VITRO BRAIN
SLICE PREPARATION

Albeit these important observations and given confounding dif-
ferences in the data obtained by various groups, a clearer under-
standing of NVC mechanisms may be possible if an improved and
better standardized brain slice preparation is developed. Ideally, this
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preparation should include important hemodynamic variables such
as intraluminal pressure and/or flow and take into consideration
the levels of cellular activity at rest.

While numerous efforts have been made to maintain neuro-
nal and glial viability in brain slices (Collingridge, 1995; Brahma
et al., 2000; Hdjos and Mody, 2009), little consideration has been
made to ensure penetrating cerebral arterioles are maintained
near physiological conditions when using this preparation. To this
end, experts in the microcirculation field have provided exten-
sive reports, albeit on excised arterioles, on the criteria needed to
obtain proper vascular responses, and how changes to these vari-
ables could account for significant alterations in vascular reactivity
and function (Ngai and Winn, 1995). However, only one study
(Lovick et al., 2005) attempted to mimic these conditions in the
brain slice preparation.

In an attempt to mimic physiological conditions, the solutions
used to perfuse brain slices have been adjusted to include much of
the constituents of the cerebrospinal fluid (CSF) (Reid et al., 1988;
Hdjos and Mody, 2009). While these solutions have proven to be
successful in achieving reliable electrophysiological and imaging
recordings from both neurons and astrocytes, a closer look at some
of the major constituents of the artificial CSF (aCSF) is needed.
For example, glucose concentrations used by most researchers
(10-25 mM) far exceed that of the actual CSF (~2.5 mM) (Silver
and Erecinska, 1994). In addition, the use of 95% O, has also been
shown to result in different neuronal excitability levels and in
the production of superoxide (+O;) and cell death (ID’Agostino
et al., 2007; Hajos and Mody, 2009). Moreover, based on a study
by Gordon et al. (2008), tissue PO, levels may also have a crucial
impact on the physiological response of vascular cells.

Another important player affected by O, levels is NO. Given that
NO production is dependent on O, availability (Kojima et al.,2001)
and its presence influences cell function and NVC outcomes, caution
should be taken when interpreting results where these variables are
not carefully controlled or monitored. So what would be the ideal
aCSF solution when performing NVC experiments in brain slices?
While more data is needed to better address this question, perfusing
slices with a 20% O, solution might be closer to physiological condi-
tions and is unlikely to induce cell death (D’Agostino etal.,2007).In
arecent study, Ledo et al. (2010) simultaneously measured NO and
O, levels 200 um deep into the slice using an aCSF solution bubbled
with 95% O,-5% CO; under these conditions O, levels were around
57.3+38.2 uM. To our knowledge the outcome of 20% O, levels on
NO availability at different depths of the brain slice has not been
explored and would need further consideration, given the steep O,
gradient from the surface of the slice to deeper layers (~200 pm)
(Ledo etal.,2005). In addition, an even closer physiological approach
would be to perfuse parenchymal arterioles with a solution that
mimics blood constituents, establishing suitable PO, gradients at
the NVU before and during intense neuronal activation protocols
are used. A similar approach has been extensively used in the renal
physiology field where a renal arteriole is perfused with normal
blood and hemodynamic variables are measured under different
conditions (Casellas and Navar, 1984; Casellas and Moore, 2003).
An approach of this nature would allow the exploration of further
questions such as the effect vascular-derived signals have on resting
astrocytic and neuronal function.

FUTURE DIRECTIONS TO A BETTER /N VITRO MODEL
Altogether, these observations call for a more optimized in vitro
model to dissect the underlying signaling mechanisms of NVC.
While we strongly believe brain slices to be an ideal in vitro model,
we suggest the inclusion of the following criteria: (1) optimal neu-
ronal and astrocytic viability/activity and (2) optimal physiologi-
cal conditions for the arteriole under investigation. As previously
shown, brain slices should be kept under conditions that prevent
cell swelling to maintain the viability of the neurons and astro-
cytes. In addition, the penetrating cerebral arterioles need to be
exposed to an intraluminal solution that maximizes the viabil-
ity of the vascular cells. Ideally, arterioles should be pressurized
to allow for the development of myogenic tone. The presence of
myogenic tone should be used as an indication that vascular cells
have achieved optimal resting activity, the state at which vascular
responses would be comparable to those under in vivo conditions.
Using an in vitro preparation in which all the components of the
NVU are brought to a closer physiological condition will provide
more reliable interpretations of the dynamic interactions between
vascular cells, astrocytes, and neurons in the brain.

Here we highlight previously reported experimental paradigms
from which successful arteriolar myogenic tone and flow can be
achieved in penetrating cerebral arterioles removed from the brain
or from brain slices (Dacey and Duling, 1982; Ngai and Winn,
1995; Cipolla et al., 2004; Lovick et al., 2005). To this end, penetrat-
ing arterioles can be cannulated at one end and pressurized under
no-flow conditions (Ngai and Winn, 1995). Following a success-
ful cannulation, the arteriole is slowly pressurized in a stepwise
manner until an intraluminal pressure between 20 and 40 mmHg
is achieved and the vessel shows spontaneous tone (Dacey and
Duling, 1982, 1984; Ngai and Winn, 1995). This latter step is typi-
cally conducted at 35°C to further stimulate tone (Ngai and Winn,
1995). Arterioles are allowed to equilibrate to their steady-state
pressure before experimental protocols are executed. To maintain
intraluminal pressure constant, the distal end of the arteriole is
clamped and pressure is continuously monitored from a pressure
transducer connected to a computer. In addition to intraluminal
pressure, using the same cannula approach, flow can be introduced
into parenchymal arterioles and its effects incorporated into experi-
mental questions (Lovick et al., 2005). As previously performed in
renal tubules, fluorescence recovery after photobleaching can be
used to measure mean axial velocity of the intraluminal perfusate
(Flamion et al., 1991) within the penetrating arteriole and thus pro-
vide a measurement of flow rate, a parameter not well investigated,
but likely key in NVC-associated responses. For example, flow rate
(shear stress) can induce NO production from the endothelium,
changing the steady-state diameter (tone) of the arteriole and pos-
sibly vascular reactivity to vasoactive signals released by astrocytes
and/or neurons (Ngaiand Winn, 1995). Thus, one important ques-
tion still to be determined is whether, under different hemodynamic
conditions, cerebral arterioles would behave similarly to glial/
neuronal-derived signals. An additional question, and suggested by
the recently proposed hemo-neuronal hypothesis (Moore and Cao,
2008), is whether different hemodynamic conditions can alter neu-
ronal excitability in the brain. Significant advances to this already
reliable in vitro model will help expand our understanding of the
cellular events underlying NVC in the brain.
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Contrary to the disadvantages mentioned above, the brain slice
preparation offers a number of advantages including: the presence
of all of the cellular constituents comprising the NVU, the use
of low-dose pharmacological agents to better define the cellular
mechanisms underlying NVC, the unlimited access to brain regions
of interest, and the simultaneous monitoring of the activity of mul-
tiple cell types. Moreover, the brain slice preparation allows for the
study of cell-cell communication such as mechanisms underlying
intracellular conduction throughout the astrocytic network and/or
vascular networks and detailed mechanisms such as the spread of
electrical conduction between cells with major emphasis on ECs.

In summary, further consideration and improvements are
indeed needed to better address the signaling mechanisms under-
lying NVC in the brain. While in vivo approaches provide the ulti-
mate clues to the understanding of how the brain communicates
with the surrounding microcirculation, studies in brain slices have
provided seminal observations on the cellular events underlying
functional hyperemia in the brain. An optimized in vitro model will
help address future unexplored questions such as the importance of
studying NVC in different brain regions (inaccessible with current
in vivo techniques) where the microenvironment of the NVC is
drastically different.

The above observations also suggest that NVC mechanisms
are driven by a multiplicity of signals and conditions. However,
among future questions to address is the physiological function
of neuronal-induced vs. astrocyte-induced vascular responses.

Based on in vivo findings, a current suggestion is that increases
in CBF in response to neuronal stimulation is mainly driven by
neuronal networks (Rossier, 2009) with vasoconstriction distant
to the site of activation (Devor et al., 2007). If this were the case,
what is the role of astrocytes in NVC signaling? One possibility is
that astrocytes contribute to basal CBF regulation or in the spatial
spread of stimulus-dependent CBF activation to upstream vessels
(Xu et al., 2008). Clearly, astrocytes possess vasoconstrictive and
vasodilatory signals; however, in vivo studies have only associated
their activation to vasodilation (Takano et al., 2006). We suggest
that the vasoconstrictive action of these cells may be involved in
the local maintenance of vascular tone, which plays an important
role in determining the degree and efficiency of vascular responses
to neuronally derived signals. Moreover, we predict that under
basal conditions, VSMCs are under tonic influences by EC and
astrocyte-derived signals, which are overwritten by neuronal signals
following increases in neuronal activity. Accordingly, astrocytes may
participate in autoregulatory mechanisms and also help re-establish
vascular tone following hyperemic responses (Harder et al., 2002;
Rossier, 2009).
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