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Abstract Hemodynamic signals enable functional
brain imaging, yet their origin and the mechanism
by which they report neural activity are unresolved.
Astrocytes are a major class of nonneuronal cell in
the brain that receive inputs at excitatory synapses
and link to the vasculature via endfeet on
capillaries. Recent work utilizing in vivo high
resolution cellular imaging of calcium signals in
astrocytes and neurons with two-photon microscopy
has revealed that astrocytes in visual cortex have

sharply tuned response features that match the
features of adjacent neurons. The spatially
restricted, stimulus-specific., blood volume

component of hemodynamic signals is exquisitely
sensitive to astrocyte but not neuronal activation,



demonstrating that astrocytes are responsible for a
critical component of neurovascular coupling and
hemodynamic signaling.

3.1 Brief
Signals

Review of Hemodynamic

Functional brain imaging relies heavily on evoked
hemodynamic signals. In 1878, the Italian
physiologist Mosso observed that brain pulsations
over the right prefrontal cortex of a patient
increased during the performance of a calculation
task. Since then, multiple imaging techniques based
on region-specific blood flow changes have been
established and revealed various aspects of
functional localization in the brain. Alongside,
numerous studies have increasingly revealed details
of the mechanisms that enable these forms of
functional brain imaging. It has now become clear
that when neuronal populations are active in any
region of the brain, the region consumes more
oxygen and energy immediately following
activation. This oxygen consumption leads to an
initial increase of local deoxyhemoglobin (dHb)
(Frostig et al. 1990; Grinvald et al. 1999), followed
by an increase in blood flow, carrying fresh blood
with abundant supply of oxyhemoglobin (Hb).
Often the late phase blood flow overcompensates
the need for oxygen and causes the local dHb to
be lower than baseline (Fox et al. 1988: Fox and

Raichle 1986). followed by a slower return to
baseline. This sequence of events. referred to as
neurovascular coupling. forms the basis of modemn
functional brain imaging techniques, such as
functional magnetic resonance imaging (fMRI)
based on blood oxygen level-dependent (BOLD)
signals, and intrinsic signal optical imaging.

311 The BOLD Signal and Its

Components

Ogawa and Lee first took advantage of the fact
that dHb is paramagnetic, and thus in the presence
of dHb, the magnetic resonance signal decreases
quadratically owing to the diffusion of field
gradients with a concomitant variation i blood
vessel contrast (Ogawa and Lee 1990; Ogawa et al.
1990a; Ogawa et al. 1990b). During activity-induced
increases in local blood flow, called functional
hyperemia, dHb concentration decreases seconds
after brain activation and is reflected as an increase
of BOLD signal in fMRI (Kwong et al. 1992;
Tumer et al. 1991). In detail, the primary
physiological means by which neural activity causes
changes in blood oxygenation are oxygen
consumption (extraction) due to increased metabolic
demand and increased blood flow which brings
oxygen-saturated hemoglobin and also leads to
increased local blood volume. The balance of these
opposing processes in space and in time is the



primary determinant of local hemoglobin oxygen
concentration, and thus BOLD signal magnitude.
Activity-driven oxygen extraction precedes
activity-driven increases in blood flow, but the
magnitude of the blood flow effect on dHb
typically exceeds the oxygen extraction effect, so
that the predominant signal measured is related to
the increased blood flow. However. the extraction
component (the so-called “mmitial dip”) can be
detected under some circumstances (Buxton 2001).
Increasingly refined models of these processes have
been developed (Stephan et al. 2007; Friston et al.
2000; Buxton et al. 1998) and have proved
generally successful in describing these phenomena
quantitatively.

Smee these pioneering studies, BOLD fMRI has
become one of the most prominent modalities for
noninvasive imaging of neural activity in human and
nonhuman subjects alike. Particularly for human
studies, where more invasive measurements are
typically not feasible, BOLD fMRI has played a
major role in our understanding of the localization
of brain activity related to specific sensory, motor,
and cognitive functions.

3.1.2 Intrinsic Signal Imaging Relies
on Similar Signals as BOLD

Grinvald et al. (1986) found that the small evoked
reflectance changes of the exposed cortex can be

employed to functionally map the barrel cortex in
rats and visual cortex in cats. Brain tissue exhibits
activity-dependent changes in the reflectance of
specific wavelengths, which faithfully indicate
neuronal activity levels. These reflectance changes
depend on natural physiological processes in brain
tissue and are, therefore, referred Lo as “intrinsic
signals.” Compared to BOLD fMRI, the signals of
intrinsic optical imaging are more complicated, and
they include the absorption of both dHb and Hb as
well as light scattering (Grinvald et al. 1999).
Different components of the intrinsic signal become
quantitatively more prominent when imaging at
different wavelengths. This wavelength dependence
can be exploited to tease apart different
components of the hemodynamic signal, which are
presumed to arise from distinct underlying
physiological processes. For example, at certain
wavelengths of green light (such as 546 nm), the
absorption rates of Hb and dHb are identical, and
the reflectance change at this isobestic point is
closely related to the overall total hemoglobin
concentration (including dHb and Hb) and thus
cerebral blood volume; the activity related blood
volume signal results in a decrease in reflectance.
At orange to red wavelengths (such as ~600-650
nm), the absorption of dHb dominates over Hb., so
that the measured signals predominantly reflect the
amount of dHb. Thus, the time course of the
signals measured in orange light shows a biphasic
curve: the initial dip from the local deoxygenation
and the subsequent upward deflection from the
hyperemia seconds after stimulation (Vanzetta et al.



2004). In farred light. where hemoglobin
absorption is minimal, light scattering-induced
changes in reflectance dominate the overall signal
(Frostig et al. 1990), whereas in green or orange
light, light scattering signals contribute less than

10% of the overall reflectance change.

3.1.3 Origin and Complexity of
Hemodynamic Signal
Components

The broad application of functional brain imaging
techniques has facilitated neuroscience research
over the last several decades; however, after many
years of intensive study, the origin of the imaging
signal remains largely unsolved and basic questions
remain. In particular, how does local neural activity
influence blood flow, and what are the mechanisms
that couple neural activity to hemodynamic signals?
Which aspects of neural activity (presynaptic,
postsynaptic, spiking, inhibitory, excitatory, etc) are
most closely related to BOLD magnitude? On what
spatial scale does the neurovascular coupling occur?

It 1s widely accepted that vascular modulation
of blood flow involves the dilatation of arterioles
(Cox et al. 1993; Ngai et al. 1988), but it is not
clear how the signal is delivered from neurons to
neighboring blood vessels. One hypothesis is that
the synaptically triggered increase of postsynaptic
calcium is central to the initiation of the

production of wvasoactive agents (ladecola 2004).
The potential vasoactive agents include extracellular
diffusible hydrogen and potassium ions
(Kuschinsky and Wahl 1978; Paulson and Newman
1987), nitric oxide (Dreier et al. 1995: Niwa et al.
1993), adenosine (Rubio and Berne 1973), and
arachidonic acid metabolites (Niwa et al. 2000;
Takano et al. 2006). In neocortex, some
interneurons directly contact vascular processes, and
the activation of these interneurons can evoke
dilation or constriction of adjacent vessels in vitro
(Cauli et al. 2004; Hamel 2006; Hirase et al.
2004a; Vaucher et al. 2000). On the other hand,
recent studies are not in favor of a direct link
between postsynaptic neurons and local blood flow:
when the spiking activity of adjacent neurons is
abolished in cerebellum (Mathiesen et al. 1998) or
olfactory cortex (Petzold et al. 2008), the local
blood flow does not decrease. Similarly, blood flow
changes in visual cortex do not reflect alterations
of neuronal activity but rather closely follow
changes in astrocyte activation (Schummers et al.
2008; see also below). Furthermore, blood flow
signals seem (o be most closely related to local
field potentials (Logothetis et al. 2001). and thus a
large proportion of the hemodynamic signal appears
to be linked to presynaptic potentials (Logothetis et
al. 2001). It has been argued that this is consistent
with the greater metabolic consumption involved in
synaptic transmission compared with that in spiking
(Iadecola 2004). It has been shown that over a
narrow range, there is a linear relationship between
the local field potentials and BOLD contrast signals



(Hewson-Stoate et al. 2005). However. a
predominant nonlinearity exists over a wider range.
especially when using low stimulus intensities
(Sheth et al. 2004). This complicated coupling
between neural activity and hemodynamic signals
makes the interpretation of functional brain
imaging difficult and indicates an indirect pathway
from neural activity to local blood flow control. A
clear mechanistic explanation of the coupling will
go a long way toward advancing our interpretation
of hemodynamic imaging data in terms of the
underlying neural activity.

3.2 Astrocytes and Their Link with
Neurons and the Vasculature

Astrocytes are known to be closely linked to blood
vessels. Golgi first noticed that glial cells are
connected to blood vessels either directly at the
soma or at the end of long processes termed
endfeet. Astrocytes send processes that extend to
cover nearby synapses, as well as endfeet which
contact vessel walls. Thus, anatomically, astrocytes
arc well positioned to link neural activity to
hemodynamic activity. Furthermore, each astrocyte
has its own nonoverlapping territory (Bushong et
al. 2002; Bushong et al. 2003)., suggesting the
possibility  that individual astrocytes might
constitute the functional unit of neurovascular
coupling However, owing to the fact that

astrocytes are electrically nonspiking (i.e., they do
not generate action potentials - Volterra and
Meldolesi 2005), they have long been thought to be
inactive cells in the brain. whose only role is o
provide metabolic support to neurons. Several recent
pieces of evidence have now emerged to challenge
this stereotyped role of astrocytes.

3.2.1 Synaptic Inputs to Astrocytes

Recent advances in staining methods have
demonstrated that the morphology of astrocytes 1s
closely related to neurons. Astrocytes send
processes that conjoin most excitatory cortical
synapses: as many as 90% of spines in
somatosensory cortex are contacted by astrocytic
processes (Genoud et al. 2006). Astrocyte processes
can typically span ca 200 pum and are arranged in
tessellated,  largely  nonoverlapping  domains
(Bushong et al. 2003), so that a single astrocyte
can make contact with more than 100.000 synapses
(Bushong et al. 2002). These processes are motile
on the timescale of minutes to hours. Spontaneous
motility of astrocytic processes is common, and is
coupled to dynamics of abutting dendritic spines
(Haber et al. 2006; Hirrlinger et al. 2004). Changes
in neuronal activity, In vitro or in vivo, result In
remodeling of the fine structure of astrocytic
processes surrounding synapses. For example,
preferential stimulation of a single whisker leads to



an increase in the coverage of synaptic contacts by
astrocyte processes in rodent somatosensory cortex
(Genoud et al. 2006). Furthermore, during
development. astrocyte maturation in visual cortex
correlates with the critical period for neuronal
plasticity, and disruption of visual activity during
this time can influence the number, morphology,
and receptor expression of cortical astrocytes
(Hawrylak and Greenough 1995; Muller 1990;
Muller 1992; Nakadate et al. 2001). The fine
structure of astrocyte morphology at synapses is
likely to have important significance for synaptic
transmission and  plastcity.  Astrocytes sense
synaptic glutamate through a number of means —
their processes have high concentrations of
glutamate receptors and transporters, enabling them
to control the kinetics of synaptic transmission by
regulating the amount of glutamate available in the
synaptic cleft (Anderson and Nedergaard 2003;
Haydon and Carmignoto 2006).

3.2.2 Activation of Calcium Signaling in
Astrocytes

In contrast to previous views of their role, it is
now recognized that astrocytes are responsive (o
activity in nearby neurons. The major signature of
astrocytic activation is mobilization of intracellular
calcium, Astrocytes in  vitro exhibit spontancous
calcium activity. which can be in the form of
individual spontaneous events, oscillations, or waves.

Calcium signaling can be initiated by a number of
stimuli, including synaptic glutamate (Volterra and
Meldolesi 2005). Brief exposure to glutamate leads
to sustained calcium increases lasting several
seconds following a delay or ramp time of a few
seconds (Cornell-Bell et al. 1990; Porter and
McCarthy 1996). In cell culture and in vitro slice
preparations, calcium signals can propagate through
the astrocytic network over distances of hundreds
of microns under certain conditions (Cornell-Bell et
al. 1990), though the long-range propagation may
be pathological (Volterra and Meldolesi 2005).
Furthermore. astrocyte calcium signaling can be
differentially triggered by synaptic inputs from
different sources. suggesting that they may be
involved in processing the information content of
neural activity (Perea and Araque 2005).

With few exceptions, the activity of astrocytes
has been characterized in vitro. With the recent
combination of a specific in vivo astrocyte marker
(Nimmerjahn et al. 2004) and in vivo two-photon
imaging (e.g.. Schummers et al. 2008), it i1s now
possible to monitor the activity of astrocytes in
vivo. The early studies using particular astrocyte
labels and cellular imaging provided support for the
notion that astrocytes participate in neuronal
representations and processing. Astrocytes show
correlated calcium waves (Hirase et al. 2004b;
Nimmerjahn et al. 2004), though the propensity of
astrocytes to exhibit spontaneous calcium waves in
vivo under healthy conditions i1s open to debate
(Wang et al. 2006; Takata and Hirase 2008). It has
recently been demonstrated that cortical activation



by sensory stimulation (whisker stimulation) can
evoke calcium responses in astrocytes mediated by
mGluRs (Wang et al. 2006). though an early study
demonstrated astrocyte glycogen utilization
following whisker stimulation (Swanson et al.
1992). Together with the in vitro evidence above,
these findings suggest that astrocytes may actively
sample local synaptic inputs and interact with
neuronal network activity on a fine scale,

3.3 Role of Astrocytes in Hemodynamic
Signaling

3.3.1 Astrocytes and  Hemodynamic

Responses

It is well recognized that neural activation in the
brain is closely coupled with vascular activity. and
local hemodynamics provide the key mapping
signals used for functional imaging methods such
as intrinsic signal optical imaging and functional
MRI (Vanzetta et al. 2005; Thompson et al. 2003;
Sheth et al. 2004; Duong et al. 2001). However.
until recently it has been unclear how the fast
electrical activity of neurons is linked to the
relatively slow vascular changes and hemodynamic
signals. As described above, several kinds of
evidence support the idea that astrocytes form a
key link between neuronal activity and

hemodynamic responses. The intrinsic optical
mapping signal, for instance, has three major
components. Among these, the flush-in of blood
flow i1s the slowest signal component: it appears
with a delay of a few seconds after stimulation,
which is very similar to the response delay of
astrocytes (Wang et al. 2006). Because astrocytes
send processes to neighboring synapses and also
endfeet to the local microvasculature (Simard et al.
2003), activation of astrocytes can directly modulate
the dilatory state of local arterioles (Takano et al.
2006) by release of vasoactive substances such as
cyclooxygenase, nitric oxide and ATP, and
triggering  of  prostaglandin  synthesis  and
arachidonic acid metabolites (reviewed in Haydon
and Carmignoto 2006). Furthermore, in vivo work
im  mice reveals that the intracellular calcium
concentration of astrocytes increases after whisker
stimulation (Wang et al. 2006). Astrocytes may
therefore regulate local blood delivery in an
exquisite way, and thus directly modulate the late
component of functional imaging signals.

However, this proposal is not without complexity
since astrocytes are also thought to be linked
together by strong gap junctional connections, and
large scale calcium waves have been described in
astrocytes in vitro, which in tum do not favor
spatially restricted activation of astrocytes and their
suggested highly localized control of blood flow.
Thus, fundamental questions about the relationship
between neuronal networks, astrocytes. and
hemodynamic responses need to be answered: How
closely matched are astrocyte responses to adjacent



neuronal responses? Specifically, are the calcium
responses of astrocyte narrowly or broadly tuned
relative to those of adjacent neurons? Are the maps
of astrocyte tuning properties (e.g.. in visual
cortex) sharply divided into subregions in space, as
are neuronal maps? Are hemodynamic signals
separable from astrocyte responses, and from
neuronal responses?

3.3.2 Response Specificity of Astrocytes

The precise orderly mapping of orientation
preference in visual cortex of higher mammals
provides a model system to study the interactions
among neurons, astrocytes, and hemodynamic
responses. Neurons with  similar  preferred
orientations cluster and form a columnar structure
in primary visual cortex: preferred orientation of
neuronal columns generally varies systematically
and smoothly across cortical space (Fig. 3.1 a),
with several sparsely distributed focal regions, such
as pinwheel centers, where preferred orientation
changes rapidly on a scale of less than 50 microns
(examples in Fig. 3.1 d. also see Bonhoeffer and
Grinvald 1991; Yu et al. 2005; Grinvald et al.
1999). The detailed structure of this mapping was
first revealed by intrinsic signal imaging, which is
based on indirect measurement of cortical
electrophysiology (Grinvald et al. 1999; Frostig et
al. 1990). It is remarkable that methods such as

intrinsic signal optical imaging, based on putatively
coarse hemodynamic signals, nonetheless provide
reports of neuronal maps at high spatial resolution.
More recently, in vivo two-photon calcium imaging
has been applied in cortex (Stosiek et al. 2003;
Helmchen and Denk 2005), by injecting a small
amount of the calcium indicator dye OGB 1 into
the cortex and labeling all cells in a small volume
(Fig. 3.1c). By inferring changes in neural firing
rates from fluorescent readings of changes in
calcinm  concentration, the visual response
properties of large populations of individual
neurons can be described. Thus, single cell
resolution orientation maps can be obtained, and
they prove to be highly precise and organized at
the level of individual neurons, even at pinwheel
centers (Fig. 3.1e. g -1, also see Ohki et al. 2006).
Importantly, when orientation maps from neuronal
calcium signals and hemodynamic signals from the
same cortex are aligned carefully by local vascular
pattern (Fig. 3.1b. c¢), they match very well
spatially, even at pinwheel centers (Fig. 3.1 d. e),
suggesting a very precise neurovascular coupling.
As a potential mediator of this coupling,
understanding the response specificity of astrocytes
with respect to neighboring neurons and local
blood volume control is crucial .
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Fig. 3.1 Maiched onentaion preference maps revealed by intrinsic signal imaging, and two
phaton imeging of astocyies and newrens 1 the feret visual conex. {a) Orientation preference
map generated by intrinsie signal optical imaging. () Surface blood vessel pattem captured by
the CCLI comern dunng optical imaging. covenng 4 region 730pm square (indicaed by the
dasfied box in ). (e) Fluorescence image caplured with the too-photon microscope after injection
of QGH] tn the region indicated in (b). Note the similanty in the vascular pattern between pancls
boand ¢ (d) Expanded view of the orientation preference map from the small boxed arca indicated
in . Scale bar 100pm. (e) Single cell orientation preference magp of & group of neurans in the
same cortical area shown in d. Note that the preferred onentition of the neurons closely matches
that of the optical imaging signal in d. () Merged image of SRI01 and OGE1 label in a
250 pmx 250 um patch of cortex from a single plane1 20 pm below the pial surface. Astrocytes
appear white; neurons appear green. Scale bar. 100pm. (g} Single cell-based onentation prefer-
ence map for the population of newrons labeled in {0y, Neurons from multiple planes are included
in this mmage. Onentation preference was determined by Guossian fits o the dala and is coded
according to the scale at (1) (h) Single cell-based onentation preference map for the population
lIr.‘ihlltK_‘:‘lL"’a abseled in (0} (1) Overdaid onentation Flrcftl'l_'llu: map for newrons and astrocytes. (j)
Example tuming curves from two neurons (e fraces: mdicated by ofrefes in @) and two asino-
cyles (red traces: indiested by errefes 1o h)

For this purpose, parallel two-photon calcium
imaging of neurons and astrocytes and optical
imaging of blood volume changes was performed in

primary visual cortex of ferrets (Schummers et al.
2008). Astrocytes were labeled by infiltration with
the specific astrocyte marker SRI101 (Nimmerjahn et
al. 2004), while neurons and astrocytes were loaded
with the calcium indicator OGB 1. In this double
labeled preparation, astrocytes and neurons are
interleaved with each other in visual cortex (Fig.
3.1 ). Astrocytes do respond to visual stimuli, and
the calcium elevation of the cell body is sharply
tuned to the orientation of the drifting gratings,
even at pinwheel centers (Fig. 3.1j). Importantly.
the single cell resolution astrocyte orientation map
is also highly organized with distinct pinwheel
centers (Fig. 3.1 h) that are as precise as that of
neurons (Fig. 3.1 g). The overlay of the two maps
(Fig. 3.1 i) shows that the alignment of the
pinwheel center is matched perfectly between neu-
rons and astrocytes. In summary, orientation maps
of neurons, astrocytes, and hemodynamic signals
coexist in primary visual cortex of ferret: astrocyte
orientation preference maps resemble both neuronal
and hemodynamic orientation maps with extremely
high spatially resolution, consistent with the
potential role of astrocytes in mediating the
neurovascular coupling.

3.3.3 Role of Astrocytes in Hemodynamic
Signaling

This similarity of the astrocyte map and the



neuronal and hemodynamic maps is suggestive of a
potential role for astrocytes in mediating the
coupling between the latter. It is also noteworthy
that the calcium response of astrocytes are delayed
2-4 s after visual stimulation (Fig. 3.2b; see
Schummers et al. 2008), as also reported in barrel
cortex (Wang et al. 2006). The timing of the onset
astrocyte responses thus coincides with the onset of
the hyperemic response, providing further correlative
evidence for a role for astrocytes in this coupling.
In order to dissect the influence of astrocytes more
directly, hemodynamic onentation maps were
measured while the activation of astrocytes was
manipulated independently from neuronal activity by
blocking astrocytic responses without interfering
with neuronal synaptic transmission, One mechanism
to trigger astrocyte responses is the activation of
glutamate transporters (De Saint Jan and Westbrook
2003). Astrocyte glutamate transporters provide the
major mechanism for glutamate clearance from the
synaptic cleft, and their activity tightly regulates the
amplitude and kinetics of synaptic transmission in
vitro (Anderson and Swanson 2000). When the
glutamate transporter antagonist
DL-threo-p-benzyloxyaspartate (TBOA) was applied
via a visualized pipette, the responses of astrocytes
were clearly and significantly reduced (Fig. 3.2a.
b). The responses of neurons were unchanged or
increased to a lesser extent, and some neurons
which were unresponsive in the control condition
become measurably responsive during TBOA
application (Fig. 3.2a). Furthermore, neuronal
responses were prolonged during TBOA application

(Fig. 3.2b). consistent with an increase in glutamate
availability at synapses, because it is not cleared by
astrocyte transporters. These data demonstrate a key
role for astrocytes in regulating the strength and
time course of neuronal responses to incoming
synaptic inputs.

Having demonstrated that TBOA is an effective
means to silence astrocytes without any potential
confound from reducing neuronal responses, the
effects of TBOA on stimulus-specific blood volume
responses was examined by intrinsic signal imaging.
It 1s known that intrinsic signals measured at the
near-isobestic green wavelength of 546 nm are
closely related to the overall hemoglobin
concentration and thus local blood volume
(Grinvald et al. 1999; Frostig et al. 1990). Under
green light. the differential map of two orthogonal
stimulus orientations thus reflects the
orientation-specific control of local blood volume.
TBOA reduced these signals almost to baseline
(Fig. 3.2¢. d) — a striking effect, given that neuronal
responses are actually increased following TBOA
application (Fig. 3.2b). On an average, the mapping
signal was reduced to a similar extent as the
astrocyte calcium response. This demonstrates that
blocking astrocyte calcium  responses  greatly
weakens orientation-specific local blood volume
regulation. It is of interest to know whether this
weakening was due to a nonspecific, general. effect
on the cortex caused by TBOA injection or a
specific effect on blood volume control. To clarify
this issue, the global intrinsic signals were evaluated
simultaneously at two unique wavelengths. The



global signals are derived from the *“cocktail” signals
of two orthogonal stimulus orientations, and they
reflect the overall visually evoked intrinsic signals.
At 546 nm, in the center of TBOA application site
(Fig. 3.3a, star), the green light reflectance changed
little compared to the control (Fig. 3.3a, left box;
Fig. 3.3b, left), suggesting little blood volume
increase evoked by the visval stimulus. Imaging
under red light illumination (630 nm) emphasizes
oximetric components of intrinsic signals. A typical
visually driven  reflectance change at this
wavelength includes an initial decrease due to
increased oxygen consumption, followed 2-4 s later
by an upward deflection in reflectance. due to
increased blood flow, which brings additional,
oxygenated blood to offset the oxygen consumption
(examples in Fig. 3.3c, blue curves, also see
Grinvald et al. 1999; Frostig et al. 1990). Following
TBOA application, close to the application site, the
reflectance curve decreased monotonically (Fig.
3.3c, left, red curve), suggesting strong visually
evoked consumption of oxygen in a well
functioning cortex. However. the upward deflection
which reflects blood flow increase disappeared (Fig.
3.3c. left), suggesting that the late increase in blood
flow was dependent on astrocyte activity.
Furthermore, the inflection point at 630 nm (Fig.
3.3c), which indicates the balance between oxygen
consumption and additional oxygen brought by
increased blood flow, occuwrred 2-4 s after visual
stimulation, consistent with the delay of peak
calcium responses in astrocytes (Figs. 3.2b. 3.4c.
3.5b). With increasing distance from the injection

site, the signal at 546 nm became progressively
stronger (Fig. 3.3b, middle and right panels), and
the uvpward deflection in the signal at 630 nm
gradually increased in magnitude (Fig. 3.3c). The
amplitudes of the downward signal at 546 nm and
upward component at 630 nm were well matched
at each distance from the TBOA application site
(Fig. 3.3b. c). Taken together, the effect of astrocyte
glutamate transporter blockade by TBOA cormrelated
well with the reduction of evoked blood volume
increase, as revealed by the spatial and temporal
resolution of activation of hemodynamic signals
when investigated by both green and red light.
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Fig, 3.2 Astrocyte culcium responses and the intnnsic optical signal are selectively affected by
the glutamate trans porter antagonist TBOA. (a) Magnitude map for visually drven responses in a
ficld of cells. befose, during and after application of TBOA. Astrocyles are circled in wihife,
Position of TROA pipette, and dual labeling of astrocytes (white) and neurons (green) are shown
in aghtmost panel. () Mean (= SEM) responses of a population of 13 astrocytes and 25 neurons
from the same experment as i (a) o a continvously changing ofentation stimules, before, dur-
ng. andd after THOA :ppii:.‘llmn Note that the FEspOnse duration of neurons is prolonged and
response magnitude slightly increased during TBOA application. while the response of astrocyles
is abelished. (¢) Differeniind intrinsig signal maps (denved from the msponse W grting at 0
degrees minus that at 90 degrees) oblained with light of 546 nm, before and duning TEOA apph-
cation. TBOA was applied from a cannula pesitioned at the *. (d) Time course of the mapping
signal magnitude (mean=SEM), calculsted from the portion of the map indicated by the reclangle
in (). TBOA nearly abolishes the mapping signal. as cvident by the severe reduction of differen
tind respomse (conrras) within the rectangle in (c) after TROA application

Instead of physical intervention by TBOA
injection. we found that manipulation of the level
of inhalation anesthesia of the animal can also
specifically block the astrocyte calcium response.
Under slightly higher isoflurane concentration, the
neuronal responses were nearly unchanged whereas
the astrocyte responses were sharply reduced (Fig.
34a, b). The time course and amplitude of the
neuron response were nearly identical under both
high and low concentrations (Fig. 3.4c), whereas the
astrocyte response was nearly abolished under high
concentrations (Fig. 3.4c). Consistent with the
TBOA experiments, at 546 nm, concentrations of
isoflurane that preferentially reduced astrocyte
responses led to a large reduction in the differential
orientation maps and in the mapping signal (Fig.
3.4d. e).
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Fig. 3.4 Astrocyle calewum responses and the intnnsic optical signal are selectively affected by
increased isoflurane . (@) Merged image of SR101 and OGB1 label in a small patch of cotex. Blue
and red circles mark o newron (abefed greeand and an astrocyte (fabeled winie), respectively. Scale
bar: $0pme {b) Cyele avernged visually evoked mesponses to a periodically rotating grating for the
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anplitude bar :'_|:-|||ic.-\. 1o both imnges. e} Orientstion tincd FESpOnNSES of the two eclls crrcled in
(o) 0o o rotating aeating. The neuron s ploted in due, and the asteocyte inored, Thick andd thin Faes
inchcate low and hgh soflermne, respectively. (d) Example of intnnsie signal optical imaging
differential {0 minus 90 degrees) maps ot 546 nm. computed from the response o1 413 s afler
stimulation, during low nnd high isoflumne conditions. (e) Plots of the time course of reflectance
change (dRM: mean=5EM} in the example shown in {d). Stimulus was twrned on at time 05 Blee
line depicts low isoflurane, red ling depicts high tsoflurane. Each line shows the average = SEM of
five traces under each condition

The dose-dependent effects of isoflurane on the
responses of neurons, astrocytes, and intrinsic
signals provide further evidence for the role of
astrocyles in neurovascular coupling. Small changes
in isoflurane concentration, over a narrow range of
concentrations around =~1%. produced a modest
reduction of neuronal responses but a dramatic
reduction of astrocyte responses (Fig. 3.5a, b). The

responses of astrocytes were reduced in a
dose-dependent manner, with a sharp fall-off
between 09% and 12%. This suggests the

possibility that a critical, high level of local
neuronal activity is necessary to elicit astrocyte
responses. Similar to the TBOA experiments at 630
nm (Fig. 3.3c), the divergence of the signal traces
at low and high isoflurane occurred sharply at ~3 s
(arrow in Fig. 3.5¢, d). which corresponds well to
the delay in astrocytes responses. Importantly, two
different high isoflurane concentrations (blue and
black curves) had similar effects on both global
and mapping intrinsic optical imaging signals, as did
two different low concentrations (red and green
curves), suggesting a sharp nonlinear drop between
low and high “states” around 1.0% (Fig. 3.5¢. d).
These effects on intrinsic signal components related
to blood wvolume are consistent with the
quasi-nonlinear effect of isoflurane on astrocyte
calcium responses relative to neuronal responses.
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In summary, manipulation of astrocyte responses
demonstrates that in almost all aspects - including
the temporal delay. spatially graded effect of TBOA
injection, and dose-dependent effect of isoflurane —
hemodynamic signals from local blood volume
changes match astrocyte activation levels. Notably,
regardless of whether the effect on neuronal

responses 1s an increase (by TBOA) or a decrease
(by isoflurane), the level of astrocyte response
appears (o determine the magnitude of blood
volume increase, in both direct (546 nm) and
indirect (630 nm) measurement. When the sharply
tuned orientation selective responses of astrocytes
are blocked, so that the coupling between neurons
and the vasculature is broken, the mapping signal
(which 1s highly orientation selective) 1s greatly
decreased. These findings clearly demonstrate the
key role of astrocytes as critical mediators of
neurovascular coupling. The activation of neurons is
necessary for obtaining strong functional imaging
signals related to blood volume changes, but this
influence is mediated by astrocytes and is thus
secondary to astrocyte activation. The patterns of
evoked blood volume signals follow those of
astrocytes than neurons — a conclusion that helps
elucidate some previous findings in the literature.

3.4 Conclusions and Outstanding Issues

3.4.1 Astrocytes and  Neurovascular

Coupling

Previously, 1t was believed that the blood volume
component of intrinsic signals was regulated with
low spatial precision. exceeding the size of
individual neuronal functional modules in cortex,
and therefore was less suitable for high resolution



imaging than oximetric signals (Grinvald et al.
1999). However, high quality functional maps
derived from blood volume changes have been
obtained under green light in several intrinsic signal
imaging experiments in auditory cortex (Versnel et
al. 2002; Dinse et al. 1997), as well as in visual
cortex as shown here. We conclude that a key
variable i1s to keep astrocyte responses intact.
Similarly, although there is still debate on whether
an initial dip (from an early increase of dHb) exists
in the fMRI BOLD signal (Buxton 2001), it is
clear that the majority of the BOLD signal
originates from the late stage hyperemia; thus the
activation of astrocytes is essential for BOLD signal
imaging. Intrinsic signal optical imaging differs
slightly from BOLD signal imaging in that there
are multiple sources for the intrinsic signal, and
some components may not be regulated by
astrocytes. For example. light scattering signals
under red light (810 nm) decrease but still remain
largely intact shortly after inactivation of astrocytes
(our unpublished data), though the chronic effect
remains unknown. It is notable, however, that the
signal with green light is more than 40 times
greater in absolute magnitude than that at 810 nm.

The coupling between neuronal activity and
hemodynamic response magnitude i1s found to be
linear only over a narrow range (Hewson-Stoate et
al. 2005); strong nonlinearities are also seen, which
are better described by a threshold or power law
relationship (Sheth et al. 2004). These complexities
can be explained at least partially by the nonlinear
response properties of astrocytes, which have a

higher threshold of activation than neurons
(Schummers et al. 2008). Thus, the spatial precision
and sharp tuning of astrocyte responses allow the
spatially selective control of local blood volume of
individual functional modules, and the thresholded
responses of astrocytes help explain the nonlinear
nature of neurovascular coupling. Therefore, the
activity of astrocytes is critical for obtaining robust
mapping signals for hemodynamic imaging, and
manipulations (in addition to isoflurane and TBOA)
that influence the functional state of astrocytes are
likely to influence such imaging. It follows that
maintaining astrocytes in a healthy condition is a
critical step in functional brain imaging such as
intrinsic signal imaging and fMRI of BOLD signals.

3.4.2 Neural Activity, Astrocyte
Activity, and  Hemodynamic

Response Parameters

While understanding the
neurovascular coupling is informative from a
mechanistic point of view, a more detailed.
quantitative, description of the role of astrocytes in
neurovascular coupling will be essential to improve
the interpretation of hemodynamic imaging data.
The data described above are highly suggestive of a
nonlinear, thresholded transformation between
neuronal activity and astrocyte calcium responses.
This transformation should be studied in more detail

role of astrocytes in



and parametrically. How much synaptic activity is
required to elicit a measurable astrocyte response?
Over what ranges is this relationship linear, and
how can the nonlinearities be modeled? It is also
noteworthy that calcium signaling in astrocyte
processes may play a role in neurovascular
coupling, which was not addressed with somatic
measurements alone.

The transformation at the other end of the
coupling — from astrocyte to vascular also warrants
further quantitative study. How much calcium signal
in an astrocyte is necessary to elicit a measurable
hemodynamic response? How linear is this rela-
tionship? Ultimately, we may hope that with
adequate characterization of astrocyte activation in
relationship to both neural and vascular responses.
we will obtain a quantitative understanding of the
transformation from neural activity to the com-
monly measured parameters in  hemodynamic
imaging modalities.

3.4.3 Effects of Anesthesia on Astrocyte
Responses

It is clear that anesthesia can alter both neuronal
and astrocyte behavior. Our data described above,
and those of others (Takano et al. 2006), suggest
that astrocytes may be particularly susceptible to
anesthetics. If we are to be able to apply our
understanding derived from anesthetized preparations

to awake, especially human, subjects. we will need
to assure ourselves that the same principles apply.
More work will need to be done in awake animal
preparations in order to bndge this gap. Recent
advances on multiple fronts (Greenberg et al. 2008;
Goense and Logothetis 2008; Dombeck et al. 2007)
promise to promote this effort in the near future.
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Abstract Optical imaging of intrinsic signals has
extended our understanding of the functional
organization of primary somatosensory cortex (SI)
in primates. This chapter describes the findings
which show that somatotopy, long a staple of soma-
tosensory cortical functional organization, may not
be as precise as the maps drawn from single and
multiunit recordings. Optical maps of the tactile
funneling illusion, which demonstrates a map of
how tactile stimuli are perceived in SI rather than a
map of skin topography, support the topographic
representation in SI which is not a physical body
map. but a perceptual map. Optical images of
vibrotactile  pressure,  flutter, and  vibration
submodality domains overlaying the somatotopy
reveal striking similarities and differences between
other modality maps in somatosensory as revealed



