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ABSTRACT
Astrocytes play a crucial role in maintaining neuronal func-
tion and monitoring their activity. According to neuronal ac-
tivity maps, the body is represented topographically in the
somatosensory cortex. In rats, neighboring cortical areas
receive forelimb (FL) and hindlimb (HL) sensory inputs.
Whether astrocytic activity is also restricted to the cortical
area receiving the respective peripheral sensory inputs is not
known. Using wide field optical imaging we measured
changes in the concentration of astrocytic calcium within the
FL and HL sensorimotor cortex in response to peripheral
sensory inputs. Mapping the calcium signals upon electrical
stimulation of the forepaw and hindpaw we found activity
largely restricted to the FL and HL area, respectively. In
comparison to neuronal activity the time course of the astro-
cytic calcium activity was considerably slower. The signal
took 6 s to peak after the onset of a 2 Hz and 2 s long electri-
cal stimulation of the hindpaw and 8 s for a 4 s stimulation.
The astrocytic signals were delayed relative to cerebral blood
flow measured using laser speckle imaging. The intensity of
both the astrocytic and neuronal signals in the HL sensori-
motor cortex declined with increase in stimulation frequency.
Moreover, blocking neuronal input by tetrodotoxin abolished
astrocytic calcium signals. We suggest that the topographical
representation of the body is not only true for cortical neu-
rons but also for astrocytes. The maps and the frequency-de-
pendent activations reflect strong reciprocal neuroglial com-
munication and provide a new experimental approach to
explore the role of astrocytes in health and disease. VVC 2013
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INTRODUCTION

Astrocytes are essential for brain function and they
house the mechanisms to nourish neurons (Pellerin and
Magistretti, 1994), regulate neurotransmitter release
(Kozlov et al., 2006; Perea and Araque, 2007) and modu-
late neuronal plasticity (Pascual et al., 2005). Intracellular
calcium is important for signaling within astrocytes and it
is elevated in response to enhanced neuronal activity
(Aguado et al., 2002). Calcium waves typically spread
through gap junctions in the astrocytic network (Giaume
et al., 2010) and importantly, drive the release of glio-

transmitters to influence neuronal activity (Mothet et al.,
2005; Navarrete et al., in press). Nevertheless the spatial
extent of these waves is contentious; the waves propagate
to a much larger extent in cell culture monolayers than in
brain slices (Cornell-Bell and Finkbeiner 1991; Nett et al.,
2002). Recent studies using two-photon microscopy to
measure calcium signals in vivo have revealed how single
astrocytes participate in neurovascular coupling (Takano
et al., 2006; Iadecola and Nedergaard 2007) and the orien-
tation tuning of astrocytes in the visual system
(Schummers et al., 2008). Interestingly, increases in intra-
cellular calcium have been observed in response to soma-
tosensory inputs (Wang et al., 2006; Winship et al., 2007).
The somatotopic representation of the body in cortical
neurons has been conveyed in detail, but how does it
relate to the spatial distribution of astrocytic activity? In
particular, does the neuronal activity elicited by the acti-
vation of a specific body part result in astrocytic calcium
elevation in the corresponding cortical area? As astrocytes
are closely associated with neuronal synapses (Araque
and Navarrete, 2010) somatotopy must exist in the glial
cells, unless their gap junctions propagate the signals to
the noncorresponding cortical areas.

Astrocytic calcium increases are closely associated
with hemodynamic changes (Zonta et al., 2003; Takano
et al., 2006) which instead is used as a proxy for neuro-
nal activity. Interestingly, blood flow-related changes
mostly measured using BOLD-fMRI, intrinsic or laser
speckle imaging reveal separate forelimb (FL) and hind-
limb (HL) representations in the somatosensory cortex
(Dunn et al., 2005; Sydekum et al., 2009). The hemody-
namic maps correspond well to neuronal activity
detected using single or multiunit recordings and volt-
age sensitive dye optical imaging (Gochin et al., 1992;
Ghosh et al., 2009; Sydekum et al., 2009). The area acti-
vated by forepaw electrical stimulation lies rostral to the
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HL cortex (Sydekum et al., 2009). As the neurovascular
interactions underlying these signals are in part
mediated by astrocytes (Iadecola and Nedergaard, 2007)
neuronal and astrocytic maps too should be overlapping.

FL and HL sensory areas have a neuron-packed granu-
lar layer IV and they receive their inputs relayed via the
somatotopically organized sensory thalamus (Zilles et al.,
1980; Francis et al., 2008). Although the anatomy of the
astrocytic network in these areas is not known, the inter-
cellular connectivity of astrocytes in the adjacent whisker
cortex is largely restricted within individual barrels
(Houades et al., 2008). It must be stated here that apart
from the strong dominance of FL input to the neurons in
the corresponding cortical area, an attenuated version of
the same input is fed to the HL area (Ghosh et al., 2010).

To reveal the spatiotemporal dynamics of astrocytic
calcium in the somatosensory cortex, we focused on the
FL and HL representations of rats. We measured the
changes in intracellular calcium levels using the fluores-
cent indicator Rhod-2 AM and widefield optical imaging
in the sensorimotor cortex. Similar to neuronal activity
and blood flow, the astrocytic responses to forepaw and
hindpaw electrical stimulation were mostly restricted to
the corresponding cortical areas. Thus, in response to
peripheral inputs, neuronal activity in one cortical area
has only marginal influence on the astrocytic activity of
remote areas, and the body is also represented somato-
topically in astrocytes.

MATERIALS AND METHODS
Animals

The experiments were carried out by licensed investi-
gators and were approved by the local veterinary
authorities. In total, 27 animals (female Lewis rats
weighing 200–300 g) were included in the study. Prior to
the experiments, the animals were housed in cages in a
ventilated cabinet with standardized conditions of light
(night/day cycle: 12/12 h) and temperature. Free access
to food and water was always ensured.

Surgical Preparation

All the surgical procedures were performed under isoflur-
ane anesthesia (2.5–3.5% in air/oxygen 70/30%) and
involved the placement of vessel catheters (PE-50) into the
right femoral artery and vein and tracheotomy for artificial
ventilation. Vessel catheters were used for continuous blood
pressure monitoring (artery) and administration of physio-
logical saline solution at regular intervals to maintain vol-
ume homeostasis (vein). In addition, blood samples were
regularly withdrawn for arterial blood gas analysis. For op-
tical widefield imaging experiments, a craniotomy was per-
formed above the somatosensory cortex [bregma, 2 to 25
mm; lateral, 2–7 mm (Paxinos and Watson, 2006)] using a
dental drill to expose the dura. Before staining, the dura
was carefully removed and the bregma was marked using a
blue ink visible to the imaging set up. Dental cement was

used to build a well to prevent dye leakage during the stain-
ing process. The actual experiments were performed under
a-chloralose anesthesia (44 mg/kg body weight s.c.) accord-
ing to the protocol of Bonvento et al. (1994). The tempera-
ture of the animals was kept at 37�C with a heating blanket
and blood gases were maintained within physiological
ranges by adjusting the ventilation when necessary. At the
end of each experiment, animals were sacrificed using an
intravenous lethal dose of pentobarbital.

Sensory Stimulation

The forepaw and hindpaw contralateral to the imaged
hemisphere were stimulated following a baseline of 2 s,
using a four- or eight-pulse train, with 800 lA currents.
Only one paw was stimulated at a time and the pulses
were 1 ms long separated by 499 ms (2 Hz). In experi-
ments testing for frequency-dependence gaps between
individual pulses varied between 49 (20 Hz) and 499 ms
(2 Hz). For all intrinsic and laser speckle imaging meas-
urements eight pulses were used. In voltage-sensitive
dye (VSD) imaging experiments 1 ms long pulses were
applied after a baseline of 100 ms.

Pharmacoloical Interventions

Fluoroacetate (FA; 100 M) was topically applied during
four Rhod-2 experiments, three VSD measurements, three
intrinsic imaging experiments, and four electrophysiologi-
cal recordings. FA is a specific astrocytic toxin that blocks
the tricarboxylic acid cycle (Fonnum et al., 1997). After
100 min of incubation, the cortex was washed with Ring-
er’s solution (NaCl 8.6, CaCl2 0.33, KCl 0.30 g/L).

In addition, during four Rhod-2 and three electrophys-
iological measurements, 20 lM tetrodotoxin (TTX) was
topically applied for 60 min.

Intrinsic Optical, Laser Speckle, and Rhod-2
Imaging

These three imaging modalities were applied in suc-
cession in the same field of view in the same animal.
Cortical images were acquired using a 12-bit CCD cam-
era (Pixelfly VGA, PCO Imaging, Kelheim, Germany)
attached to a motorized epifluorescence stereomicroscope
(Leica MZ16 FA, Leica Microsystems, Heerbrugg, Swit-
zerland) focused 0.5 mm below the cortical surface. For
intrinsic optical imaging, the wavelength was fixed at
570 nm (10 nm FWHM) produced with a monochromator
(Polychrome V, Till Photonics, Grafelfing, Germany) and
coupled to the microscope using an optical fiber. At 570
nm, deoxyenated and oxygenated hemoglobin demon-
strate a so-called isosbestic point, and consequently the
signal closely reflects total hemoglobin changes. Images
were acquired at 30 Hz.

Laser speckle imaging was employed to measure cere-
bral blood flow (CBF). The method is described in detail
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elsewhere (Zakharov et al., 2009). A 785 nm laser
(TuiOptics, Munich, Germany) was used to acquire
images at 50 Hz with an exposure time to 10 ms.

For Rhod-2 imaging, the cell-permeant acetoxymethyl
ester form of Rhod-2 (250 g mixed in 10 L dimethyl
sulfoxide and 190 L calcium free Ringer’s solution, Rhod-2
AM, Invitrogen AG, Basel, Switzerland) was used to stain
the somatosensory cortex for 90 min. The incubation was
followed by a wash with dye-free Ringer’s solution for 15
min. Afterwards, the fluid-filled chamber was covered with
a glass coverslip. Rhod-2 AM was excited at 570 nm using
the same monochromator and emitted light was collected
after passing through a 590 nm longpass filter (Carl Zeiss
AG, G€ottingen, Germany). Images were acquired at 20 Hz.
To control for depth penetration of the dye, in two animals,
directly after imaging studies, brains were removed, frozen
in chilled isopentane and sectioned (50 lm coronal slices).
Rhod-2 AM fluorescence was then acquired with a camera
mounted on a confocal fluorescence microscope.

VSD Imaging

For VSD imaging, the dye RH1691 (Optical Imaging,
Rehovot, Israel) was dissolved at 1 mg/ml in Ringer’s so-
lution. The dye was topically applied and was allowed to
diffuse into the cortex for 90 min. During staining, the
dye was continuously circulated by a peristaltic pump
(Reglo digital, Ismatec SA, Glattbrugg, Switzerland).
Thereafter, the unbound dye was removed and the area
was washed with dye-free Ringer’s solution for 15 min.
The fluid-filled chamber was then covered with a glass
coverslip. For imaging, the dye was excited with 630 nm
light from a LED lamp (Thorlabs GmbH, Dachau/Mu-
nich, Germany). The excitation light was reflected by a
650 nm dichroic mirror and focused onto the cortical sur-
face with a camera lens. Fluorescent emission light was
collected via the same optical pathway, but without mir-
ror reflection, longpass filtered (>670 nm) and focused
onto the sensor of a high-speed Micam Ultima camera
(Scimedia, Costa Mesa, CA). Images were collected with 1
ms temporal resolution. In VSD experiments, three ani-
mals were examined without FA, while three animals
were examined before and after topical application of FA.

Two-Photon Microscopy

For two-photon microscopy, the cortex was stained
with Rhod-2 AM as described above. Two-photon micros-
copy was performed using a custom-built microscope
with a 340 water immersion objective (NA 0.8, Olym-
pus, Japan). Rhod-2 was excited at 870 nm (150 fs pulse
width) with a titanium sapphire laser. For scan mirror
control and photomultiplier data acquisition, Helioscan
software was used (Langer et al., 2010). Anatomical
imaging was performed at a resolution of 256 3 256 pix-
els with averaging over five frames.

Electrophysiology

A Neuronexus probe was slowly inserted 3–600 lm
deep to target the superficial cortical layers. Signals
were amplified using a 1,0003 gain and digitized using
a two-step amplifier (Multi Channel Systems, Reutlin-
gen, Germany). A 2 s baseline period was collected prior
to each stimuli train.

Data Analysis

Image analysis was performed using custom-written
Matlab routines and the software package PMOD (PMOD
Technologies, Adliswil, Switzerland). Ten trials were aver-
aged for each subexperiment for all imaging modalities.

Intrinsic optical imaging: The magnitude of intrinsic
signals was calculated as the fractional change in
reflected light intensity relative to prestimulus baseline.

Laser speckle imaging: To quantify CBF, speckle images
were processed using 5 3 5 spatial and 25 temporal bin-
ning [for further details see Zakharov et al., (2009)].

Rhod-2 imaging: Rhod-2 data were acquired from the
same field of view as in intrinsic imaging. Calcium
increases were measured as relative increases of fluores-
cence from the baseline intensity (Df/f0).

For all optical imaging modalities (intrinsic optical, laser
speckle and Rhod-2 imaging) ROIs were derived from 50%
isocentric contours at the time of maximal response.

VSD imaging: Time courses of fluorescence changes
were quantified as Df/f0 from ROIs using 50% isocentric
contours drawn at peak response. Amplitude was
defined as the difference between the maximal response
and the baseline signal just before the onset of paw
stimulation. Bleaching of fluorescence was corrected by
subtraction of a best-fit double exponential.

Electrophysiology: The data was band-pass filtered
between 200 and 15,000 Hz to reveal multiunit activity.
Spikes were detected using a 3.4 standard deviation
threshold. Z-scores are based on stimuli triggered analysis
conducted using Neuroexplorer (Nex Technologies,
Littleton, MA).

Statistics

Data sets consisting of more than two groups were
first evaluated using nonparametric ANOVA for multiple
comparisons followed by the Mann–Whitney U Test.
When only two groups were compared, the Mann–Whit-
ney U test alone was used. The threshold for statistical
significance was set at P < 0.05 in all the tests.

RESULTS
Astrocytic Staining with the Calcium-Sensitive

Dye Rhod-2 AM

When the dye Rhod-2 is applied topically (on the cor-
tex; Fig. 1A), as in this study, it is known to selectively
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label astrocytes (Wang et al., 2006). Employing two-pho-
ton imaging in vivo and fluorescence microscopy of fro-
zen brain sections, we were able to qualitatively assess
the specific uptake of Rhod-2 AM by astrocytes. Notably,
the widefield imaging method used here is expected to
detect the calcium signals originating mostly from 1 to
200 lm deep astrocytes. According to frozen brain sec-
tions, Rhod-2-labeled cells were visible even at 1 mm,
albeit the intensity is dramatically reduced below 200 lm
(Fig. 1B). In vivo two-photon imaging revealed ‘‘star-
shaped’’ Rhod-2-filled cells and amidst them were unfilled
cells—presumably neurons (Fig. 1C). We did not observe
any filled structures typical of neurons, such as the den-
dritic trunk or basal dendrites of pyramidal neurons.

Verification of the Astrocytic Origin of the
Calcium Signals

The Rhod-2 (calcium) signals and peripheral electrical
stimulation of the FL and HL revealed distinct represen-
tations in the contralateral somatosensory cortex (Fig.
2A). We also measured intrinsic optical signals—without
the dye—and this revealed similar representations (Fig.
2B). Previous studies using topically applied calcium indi-
cators including Rhod-2 (Mulligan and MacVicar 2004;

Takano et al., 2006; Wang et al., 2006) and our own ana-
tomical observations mentioned above lead us to believe
that the signals are of astrocytic origin. We further con-
firmed this by blocking astrocytes using FA (Fig. 2A),
which led to elimination of the Rhod-2 signal. Similarly,
the hemodynamic signal obtained during repeated stimu-
lation using intrinsic optical imaging was abolished after
FA application (Fig. 2B). The calcium signal visible before
the block was completely abolished (for 2 s long HL stim:
before FA mean peak 0.85% Df/f0 6 0.02 SEM and after-
wards 20.01% Df/f0 6 0.04 SEM, n 5 4, P < 0.05). This
difference in the imaged calcium and neuronal activity
demonstrates that the imaging method does not detect
neuronal calcium changes and that the signals are of
astrocytic origin. An early negative dip in the signal was
clearly visible, albeit more prominently in the absence of
astrocytic activity (i.e., in the presence of FA, Fig. 2C,D).
We think this early Rhod-2 signal is affected by hemody-
namic changes (increased absorption due to increased
blood volume). However, their contribution to the much
larger positive Rhod-2 signal is only marginal. Notably,
the blocker did not prevent neuronal activity in the soma-
tosensory cortex. According to the electrophysiological
recordings, neurons were more responsive to hindpaw
stimulation after FA (mean increase in z-score peak of
70% 6 30 SEM, n 5 4, Fig. 2E,F).

Fig. 1. Astrocytes labeled with Rhod-2 AM for widefield imaging.
(A) The rat somatosensory cortex was bathed in a solution containing
Rhod-2 AM. (B) Astrocytes were strongly labeled in the superficial 200
lm of the cortex as revealed in fresh frozen brain sections. (C) Two-pho-

ton imaging of the living brain revealed loaded astrocytes with unfilled
structures (blue arrows), presumably neurons. Note a blood vessel sur-
rounded by astrocytic endfeet (center of the image).
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Comparison of Astrocytic Calcium Signals, CBF
Responses and Neuronal Activity

We used three different imaging techniques to put the
astrocytic signals in context to neuronal and blood flow
changes. The astrocytic Rhod-2 signals were clearly visi-
ble 4 s after HL or FL stimulus onset (time to peak for

4 s long stimulation (2 Hz): HL 8.9 s 6 0.5 SEM and FL
7.9 s 6 0.3 SEM, n 5 4, P < 0.05, Fig. 3A,B,B0). The sig-
nals upon HL stimulation originated from an area that
was located caudo-medial to the FL sensory area (Fig.
3A). These sites of origin were continuously recruited at
later time points until the signal faded. The amplitude
in response to HL stimulation was lower than the

Fig. 2. Widefield imaging of astrocytic calcium signals following con-
tralateral FL and HL electrical stimulation. (A) Upon 2 s stimulation
at 2 Hz (four pulses) the Rhod-2 AM signal revealed clearly separated
FL and HL astrocytic maps (6 s post-stimulus onset). Dashed lines
meet at the bregma. (B) Intrinsic signals averaged in the same animal
revealed the FL and HL sensory areas. Maps obtained after stimula-
tions of the FL and HL (10 trials each, eight 1 ms long pulses, interval
of 499 ms, 800 lA current). The inserts in (A) and (B) show the corre-
sponding signal after 100 min of fluoroacetate (FA) incubation. (C)

Time courses of the astrocytic activity in the presence and absence of
FA in one animal. (D) Grouped data from four animals after HL stimu-
lation with and without FA. Thin lines show the data 6 SEM. In (C)
and (D), 50% isocentric contours were used as ROIs. The shaded area
(in gray) indicates the duration of the stimulation. Note the absence of
positive fluorescence signal in the presence of FA. Multiunit neuronal
activity of a single animal before (E) and after application of FA (F),
gray arrows mark the time of stimulation (same as above, but the first
four responses in each stimulation train were analyzed).
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response upon FL stimulation (HL area: mean response
amplitude to HL stimulation: 3.4% Df/f0 6 0.6 SEM; FL
area: mean response amplitude to FL stimulation: 5.4%
Df/f0 6 0.4 SEM, n 5 4, P < 0.05, Fig. 3B0).

Using the same stimulation paradigm, laser speckle
imaging revealed a surprisingly quicker change in blood
flow compared with the detected astrocytic signals. It
was visible within 2 s of stimulus onset (latency to peak
for 4 s long stimulation (2 Hz): HL 6.1 s 6 1.5 SEM and
FL 5.5 s 6 1.5 SEM, n 5 4, P < 0.05, Fig. 3C0). As for
the astrocytes, we compared the HL and FL amplitudes
and found a stronger activation by the latter (peak am-

plitude HL 6.7% DCBF 6 1.1 SEM and FL 14% DCBF 6

5.5 SEM, n 5 4, P < 0.05, Fig. 3C0). Although blood flow
and astrocytic maps (both based on peak activations)
occupied overlapping territories (Fig. 3A–C), the regions
near surface veins provided a significant source of Rhod-
2 signals.

Neuronal imaging with voltage sensitive dye revealed
the same HL and FL representations (Fig. 3D). As
expected, the neuronal signals were the quickest of the
three measures and visible within 12 ms of stimulus
onset (time to peak upon a 1 ms long pulse to HL 22 ms
6 3 SEM and to FL 14 ms 6 3 SEM, n 5 4, P < 0.05

Fig. 3. Astrocytic calcium maps overlap with evoked cerebral blood
flow (CBF) signals and neuronal activity. (A) Spatiotemporal dynamics
of astrocytic calcium activity in the two respective areas (on the left) in
comparison to the CBF signal (on the right). Dashed lines meet at the
bregma. Mapping of astrocytic Ca21 signals (B), CBF (C, laser speckle

imaging) and neuronal activity (D, VSD imaging) in a coordinate sys-
tem reveals the high spatial consistency of three different read-outs.
(B0)–(D0) Correspondig time course of the three modalities. Thin lines
show the data 6 SEM. 50% isocentric contours were used as ROIs. The
shaded area (gray) indicates the duration of the stimulation.
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Fig. 3D0). Again, the amplitudes were higher for the FL
than HL (peak amplitude HL 0.24% Df/f0 6 0.02 SEM
and FL 0.30% Df/f0 6 0.03 SEM, n 5 4, P < 0.05, Fig.
3D0). In summary, for all the imaged changes the FL
stimulus resulted in a stronger and faster response in
the somatosensory cortex compared with the HL stimu-
lation.

To gain a deeper understanding of the somatosensory
representations, we characterized the activities in the
noncorresponding territories. For instance, we looked at
the astrocytic activity in the HL area upon FL stimula-
tion. Stimulation of the forepaw resulted in a much
weaker activation in the HL cortex when compared with
direct HL stimulation (1.9% Df/f0 6 0.4 SEM vs. 3.4%
Df/f0 6 0.6 SEM, P < 0.05 Fig. 3B0). Similarly, blood flow
and neuronal signals were also weaker in the HL area
when the noncorresponding limb was stimulated (blood
flow: HL stim 6.7% DCBF 6 1.1 SEM FL stim 4.1%
DCBF 6 1.8 SEM, P < 0.05; neuronal activity: (VSD
imaging) HL stim 0.24% Df/f0 6 0.02 SEM FL stim
0.05% Df/f0 6 0.01 SEM, P < 0.05 Fig. 3C0,D0). The same
was also true for the FL area. Astrocytic activity in this
area was just 1.2% Df/f0 6 0.2 SEM upon hindpaw stim-
ulation compared with 5.4% Df/f0 6 0.4 SEM upon fore-

paw stimulation. Blood flow was 2.7% DCBF 6 0.7 SEM
compared with 14.2% DCBF 6 5.5 SEM and neuronal
activity was 0.05% Df/f0 6 0.01 SEM and 0.30% Df/f0 6

0.03 SEM. In summary, the somatotopic representation
of the body in astrocytes is similar to that found in neu-
rons and blood flow activations. Notably, some activity
in the noncorresponding area of somatosensory cortex
can be driven by the noncorresponding limb but it is sig-
nificantly weaker than the activity driven by the repre-
sented body part.

Neuronal Impact on Astrocytic Activation

Does the astrocytic signal persist even in the absence
of local neuronal activity? By applying TTX topically
for 60 min, we targetted most of the neurons in the
superficial cortical layers. This was confirmed by the
absence of evoked neuronal responses from layer 2/3 in
both FL and HL sensory areas (Fig. 4A). As stated
above, most of the measured astrocytic signals originate
from the superficial layers (Fig. 1B). The absence of
neuronal activity virtually abolished the astrocytic
signals (Fig. 4B). Any reminiscent astrocytic activity

Fig. 4. Astrocytes are highly dependent on neuronal input. Applica-
tion of TTX abolishes neuronal activity according to multiunit record-
ings (A). (B) In parallel, astrocytic Rhod-2 signals are heavily dimin-

ished (n 5 4, * 5 P < 0.05). (C) With increasing stimulation frequency
(from 2 to 20 Hz) neuronal responses (C) and astrocytic calcium activ-
ities (D) decrease (n 5 4, * 5 P < 0.05).
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was indistinguishable from noise and without the somato-
topic attributes clearly visible before neuronal blockade.

Finally, we addressed how the rate of sensory inputs
influences the cortical astrocytic activity. According to
previous reports (Norup Nielsen and Lauritzen, 2001) the
activation of excitatory neurons and blood flow in the
somatosensory cortex is inversely related to the frequency
of the stimuli at stimulation frequencies higher than 2
Hz. Correspondingly, the lowest stimulation frequency of
2 Hz showed the strongest responses and the highest fre-
quency of 20 Hz induced the least activity (Fig. 4C). Simi-
larly, astrocytic activity too was dramatically reduced
from 3.3% Df/f0 6 1.0 SEM at 2 Hz to 1.9% Df/f0 6 0.6
SEM at 20 Hz, n 5 4, P < 0.05, Fig. 4D).

DISCUSSION

Using a wide field method to measure astrocytic cal-
cium waves in vivo, this study has revealed that cortical
astrocytes are recruited somatotopically. We have docu-
mented the representation of the rat FL and HL in the
contralateral sensory cortex; the neuronal sensory repre-
sentations of the limbs are juxtapositioned. The astro-
cytes in the sensory area were strongly driven by the
corresponding body part, but stimulation of the noncor-
responding part resulted in twofold to fivefold lower
responses. The fluorescence indicator Rhod-2 AM
reflected the calcium changes and the signal was abol-
ished in the presence of an astrocyte specific tricarbox-
ylic acid cycle blocker. Intriguingly, the neurons
remained responsive to sensory inputs in spite of the
blocker. In contrast, blocking the neurons in the superfi-
cial cortical layers resulted in nonresponsive astrocytes.
The neuron–astrocyte interactions revealed here and the
astrocytic gap junction networks documented in the lit-
erature using diverse methods (Houades et al., 2008;
Rouach et al., 2008) converge to predict the somatotopic
astrocytic activation in this study.

We have strong arguments and evidence to state that
the observed calcium signal changes originated from
astrocytes and not neurons. First, the topical application
of Rhod-2 AM (the calcium indicator) makes the dye
available for uptake to astrocytes but not neurons. The
gap junctions between astrocytes spread the indicator to
the deeper cell layers. Even in brain slice experiments
where the dye is made available to both neurons and
astrocytes, only the latter internalize the dye (Mulligan
and MacVicar, 2004). Our dye-loading procedure has
been used for astrocytic two-photon imaging of the
intact rodent brain (Takano et al., 2006). It must be
noted here that neurons can be labelled with calcium
indicators but only upon injections into the brain (Yaksi
and Friedrich, 2006). Second, two-photon imaging
revealed Rhod-2-filled star-shaped cells and cells
wrapped around blood vessels, and unlabelled cells—
presumably neurons. By using genetic tools previous
reports have elegantly co-localized Rhod-2-filled cells
with an astrocytic marker (Takano et al., 2006). Thirdly
and most importantly, the application of FA completely

abolished the positive signal in response to sensory stim-
uli. A relatively small negative component remained.
The disappearance of the signal confirms the astrocytes
are the source of the positive signal, as FA potently and
specifically blocks their metabolic pathways (Fonnum et
al., 1997; Swanson and Graham, 1994). The negative
component is probably due to uncharacterized intrinsic
signals that exist within the wavelengths used to detect
Rhod-2 AM. Notably, FA did not abolish the neuronal ac-
tivity in response to the same stimulations. In fact, the
neurons were more responsive to sensory inputs than
before the astrocytic block. This excitability can be
explained by the diminished clearance of glutamate in
the absence of functional astrocytes (Eid et al., 2008).
Perhaps when neuronal metabolic and transmitter
resources are exhausted they would no longer be able to
respond to peripheral sensory inputs. However, our
results demonstrate that—in the short term—neurons
can elicit bursts of activity in the absence of astrocytic
support.

It must be stated here that using FA alone we cannot
make strong statements on astrocyte-neuron interac-
tions. The concentration range where the compound is
specific for glial cells is narrow and neuronal structures
may be directly affected. Moreover, increase of citrate or
potassium in the extracellular fluid due to the metabolic
block may be toxic to neurons (Largo et al. 1996). In
order to circumvent these and similar caveats genetic
tools available in mice will come handy. Using these
tools astrocyte function can be specifically targeted (Pet-
ravicz et al., 2008) or indeed gliotransmission specifi-
cally interrupted (Fellin et al., 2009).

In the visual cortex astrocytes are tuned to the orien-
tation of the inputs and in the somatosensory cortex,
astrocytes respond to inputs from the body (Wang et al.,
2006; Winship et al., 2007; Schummers et al., 2008). Our
study examining the FL and HL sensory cortex suggests
strong neuron–astrocyte interactions as well. The previ-
ous reports focused on a smaller astrocytic population
using two-photon imaging, a powerful method for moni-
toring the activity of individual cells. The method of
wide field imaging is well suited to address the spatio-
temporal dynamics of astrocytic calcium signals across a
large area of the somatosensory cortex. Moreover, this
work together with our recent reports using VSDs in the
FL and HL sensory cortex allows us to contrast neuro-
nal and astrocytic activations in response to sensory
stimulation of the limbs (Ghosh et al., 2009, 2010). Neu-
ronal electrical changes occur within a few ms of stimu-
lus onset and astrocytes take seconds to show calcium
signals. Despite the different timescales, the magnitude,
the spatial spread and relative timing of the FL and HL
activations show notable similarities. The magnitude of
FL responses was higher than the HL, in both neurons
and astrocytes. Spatially, neuronal HL and FL represen-
tations are essentially the same as for astrocytes. For
both, the HL is represented caudo-medial to the FL
area. A further key temporal pattern is similar for both
neurons and astrocytes. Because of the longer distance
from the hindpaw to the brain, the evoked HL signals
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lag behind FL responses, however, only by 8 ms for neu-
rons but 1.5 s in the case of astrocytes.

In addition to the above mentioned similarities, we
also found that blockade of neuronal input abolished
astrocytic calcium activity and that with increasing fre-
quency of stimulation both neuronal and astrocytic
activities were depressed. Our neuronal measure is bi-
ased towards excitatory neurons and presumably the
increase in frequency from 2 to 4 Hz recruits inhibitory
circuits. Our interpretation is that inhibitory neurons
are poor modulators of astrocytic activity, which is com-
patible with the results from cell culture experiments
demonstrating that GABA does not increase astrocytic
metabolism (Chatton et al., 2003). The reflection of exci-
tatory neuronal activity in astrocytes must enable the
latter cells to replenish neuronal resources in an activ-
ity-dependent manner. The mechanisms underlying neu-
ron–astrocyte coupling have recently been reviewed else-
where (Halassa and Haydon, 2010). It is worth mention-
ing here that these mechanisms include astrocytic
calcium signaling due to released neuronal glutamate.
Moreover, our findings are notably distinct from the
large-scale calcium waves (‘‘glissandi’’) recently discov-
ered in the hippocampus (Kuga et al., 2011).

It is commonly held that astrocytes are functionally
connected via gap junctions (Verkhratsky and Ketten-
mann, 1996; Giaume et al., 2010). How is the astrocytic
activity largely restricted to the HL or FL sensory cor-
tex? Anatomically, the astrocytes serving the same
whisker barrel in the somatosensory cortex are densely
connected than across barrels (Houades et al., 2008).
Similarly, the astrocytes in the FL and HL cortices may
be anatomically configured to interact more intensely
within than across the areas. In our study, a vivid viola-
tion of this anatomical restriction occurred along the
pial veins. Strong signals were observed there across the
FL and HL fields. The significance and underlying
mechanisms of these signals will be systematically
addressed in subsequent reports. Astrocytes in proximity
to the veins, sub-pial astrocytic sheaths, glial limitans or
even venous endothelial cells may all directly or indi-
rectly contribute to the signal (Arcuino et al., 2002;
McCaslin et al., 2011). Furthermore, a peripheral signal
could be another potential source of the activation along
the surface veins. But, the later seems less likely as the
calcium signals disappear with the suppression of local
neuronal activity.

In this discussion, we focused on the neuron–astrocyte
interactions more than on the hemodynamic aspects.
Several studies have shown that astrocytes mediate
CBF (Zonta et al., 2003; Takano et al., 2006; Gordon et
al., 2008). In our report, it is apparent that the changes
in blood flow proceed astrocytic (bulk) activity. But, our
method is presumably insensitive to the short-latency
calcium signals that play a crucial role in regulating
hemodynamics (Winship et al., 2007). One reason for
this insensitivity must be due to the small fraction
(~5%) of astrocytes that respond with short latencies. In
addition, astrocytic calcium increases at the endfeet—
which are related to vascular dilation (Petzold et al.,

2008)—may only marginally contribute to the signal
dominated by a larger calcium rich somatic component.
Presumably, the astrocytic signal reported in our study
is involved in sustaining altered hemodynamics (Schulz
et al., 2012).

In conclusion, the astrocytic maps revealed here have
direct implications on how neuronal functions are regu-
lated. For instance, as astrocytes influence neuronal
NMDA receptors, such influences must be restricted to
brain areas with strong astrocytic links (Halassa and
Haydon, 2010). However, the prolonged activation of
astrocytes may allow for the integration of sensory infor-
mation over several seconds. It is hoped that this study
will stimulate new lines of investigation on how the
astrocytic maps are developed and maintained in health
and contribute to disease.
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