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Sulforhodamine 101 as a specific marker of astroglia

in the neocortex in vivo

Axel Nimmerjahnl, Frank Kirchhoff?, Jason N D Kerr! & Fritjof Helmchen!

Glial cells have been identified as key signaling components

in the brain; however, methods to investigate their structure
and function in vivo have been lacking. Here, we describe

a new, highly selective approach for labeling astrocytes in intact
rodent neocortex that allows in vivo imaging using two-photon
microscopy. The red fluorescent dye sulforhodamine 101 (SR101)
was specifically taken up by protoplasmic astrocytes after brief
exposure to the brain surface. Specificity was confirmed by
immunohistochemistry. In addition, SR101 labeled enhanced
green fluorescent protein (EGFP)-expressing astrocytes

but not microglial cells in transgenic mice. We used SR101
labeling to quantify morphological characteristics of astrocytes
and to visualize their close association with the cortical
microvasculature. Furthermore, by combining this method with
calcium indicator loading of cell populations, we demonstrated
distinct calcium dynamics in astroglial and neuronal networks.
We expect SR101 staining to become a principal tool for
investigating astroglia in vivo.

Glial cells have for a long time been considered as pure supporting
elements in nervous tissue, but evidence has accumulated that a
tight, bidirectional communication exists between neurons and
glial cells, suggestive of a key role of glia in signal processing in the
CNS (for reviews see refs. 1-3). A multitude of signaling tasks is
proposed for astroglia, including the modulation of synaptic
function*°, long-range signaling”® and cerebral blood-flow reg-
ulation®!®. Most studies, however, have been carried out in
cultured cells or brain slice preparations and thus the relevance
of astroglial signaling in vivo remains unclear. Hence, there has been
a call for techniques to enable in vivo studies of astrocyte structure
and function in the intact brain>!!.

Owing to its exceptional depth penetration and intrinsic optical
sectioning properties, two-photon-excited fluorescence laser scan-
ning microscopy'? has become the principal technique for high-
resolution in vivo imaging. It has been used to study tissues as
diverse as brain, skin, lymph nodes and tumors (for reviews see refs.
13-15). Although neocortical neurons have been investigated
extensively using various approaches'®'%, tools allowing observa-
tion of glial cells in vivo are just emerging. For example, transgenic
mice have been generated with enhanced green fluorescent protein

(EGFP) expression in astrocytes?®?! or microglia?2. However, no

simple staining method has been available so far that would allow
the specific labeling of astroglia in the intact neocortex of rodents.
Here we demonstrate a new and robust method for fluorescently
labeling astroglia in vivo by briefly exposing the neocortical surface
to the red fluorescent dye sulforhodamine 101 (SR101). We provide
several lines of evidence that SR101 is specifically taken up by proto-
plasmic astrocytes. Using in vivo two-photon microscopy, we visual-
ized the distribution of astrocytes in neocortex down to a depth of
700 pm. In addition, by combining SR101 labeling with bulk
calcium indicator loading, we were able to simultaneously measure
calcium dynamics in both astroglial and neuronal networks.

RESULTS

SR101 labels a subpopulation of neocortical cells in vivo

Brief exposure of the neocortex of anesthetized rats and mice to the
red fluorescent SR101 resulted in rapid staining of a subpopulation
of neocortical cells (Fig. 1). Using in vivo two-photon microscopy,
SR101-labeled cells were imaged down to 700 pm below the pial
surface, revealing a relatively homogenous, non-layered distribution
(Fig. 1b and Supplementary Video 1). Only a fraction of cells took
up SR101, as indicated by the many unstained cell bodies found
particularly in layer 2 and deeper (Fig. 1a). All SR101-labeled cells had
similar morphological features with multiple processes originating
from the cell body, often forming end feet-like structures attached to
(unstained) blood vessels. Thus, their morphology closely resembled
that of protoplasmic astrocytes as described for neocortex?>.

We typically obtained bright SR101 labeling using micromolar
concentrations and extracellular application for several minutes.
However, concentrations as low as 250 nM, and dye exposure times
as short as a few seconds, were sufficient. SR101 labeling was stable
for several hours, with only a slow decay in fluorescence intensity.
Opver this time course a more granular staining pattern developed,
indicating sequestration of SR101 into intracellular organelles. To
measure the time course of SR101 uptake, we applied SR101
intracortically through brief (3 s) pressure ejection from a micro-
pipette (borosilicate glass, 2.0-mm outer diameter; 4-7-MQ tip
resistance). Close to the pipette tip, several cells were gradually
stained within a few minutes and reached stable fluorescence levels
after about 10 min (Fig. 1¢). Notably, 60 min after local application,
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Figure 1 | In vivo staining pattern of neocortical cells after application of
SR101. (a) Two-photon fluorescence images (individual focal planes). Top,
overview recorded about 200 um below the pial surface, showing that a
subpopulation of cells had taken up the dye. Blood vessels (solid arrowhead)
and unstained cell bodies (open arrowhead) appeared as dark gaps. Bottom,
high-magnification image of a labeled cell pair. (b) Overview side projection
of an SR101-stained area in mouse neocortex ~ 30 min after dye application.
The image is a maximum-intensity side-projection from a stack of fluorescence
images. (c) Time course of dye loading after brief intracortical dye ejection
(3-s pressure pulse, 0.7 bar; 250 nM SR101 in extracellular saline). Fluorescence
intensity was averaged for three cells that appeared next to the application
pipette. (d) Radial density distribution of astrocytes in the intact mouse brain.
Note sharp peak at a mean cell-to-cell distance of ~ 15 pum, which corresponds
to frequently observed pairs of astrocytes in very close proximity.

labeled cells showing comparable levels of fluorescence could be
found in the entire cranial window (1-2 mm in diameter). This
suggests that the spread of dye is supported by gap-junctional
connections between SR101-labeled cells. Indeed, local application
of the gap-junction blocker carbenoxolone (CBX, 100 uM; Sigma-
Aldrich) markedly suppressed labeling of topically applied SR101
near the application pipette in a concentration-dependent manner
(Fig. 2). Furthermore, CBX applied topically, as part of the
objective immersion medium, delayed the spread of locally applied
SR101 (data not shown).

In summary, a wide range of SR101 concentrations and exposure
times resulted in robust and rapid labeling of neocortical cells. On
the basis of their morphology and their gap-junctional coupling,
these cells appeared to be protoplasmic astrocytes.

SR101 specifically stains neocortical protoplasmic astrocytes

The specificity of SR101-labeling for astrocytes was verified using
immunohistochemistry. Because SR101 tends to leak out of cells in
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fixed tissue?, we used the paraformaldehyde-fixable analog Texas
Red-hydrazide, which resulted in a staining pattern similar to that
from SR101. After in vivo staining with Texas Red-hydrazide,
vibratome sections of labeled tissue were counter-immunostained
for the calcium-binding protein S-100B, a specific marker of
astrocytes?®. Nearly all SR101-analog stained cells were found to
be S-100B positive (Fig. 3a; Supplementary Table 1; 95.1 + 1.1%;

n = 520 total cells, 4 animals; 0.4% of S-100B-positive cells
presumably were SR101 negative).

By counter-immunostaining for the enzyme CNPase, which is
specifically expressed in oligodendrocytes in the CNS, we also
tested whether oligodendrocytes might take up SR101 (Fig. 3b).
Nearly all CNPase-positive cells were SR101 negative, with only
very few exceptions (15 of 565 total cells, in 4 animals, showed some
overlap). Finally, counter-immunostaining for the neuron-specific
nuclear protein NeuN showed no overlap between the two cell
populations (Fig. 3¢; zero overlap; n = 554 total cells; 3 animals).
These results indicate that SR101 is selectively taken up by proto-
plasmic astrocytes when applied in vivo.

SR101 labels protoplasmic astrocytes but not microglial cells
We further confirmed the astroglial specificity of SR101 uptake in
experiments using transgenic mice that express EGFP in either
astrocytes or microglia. We first applied SR101 to the cortex of
transgenic mice (TgN(GFAP-EGFP)) in which the human glial
fibrillary acidic protein (hGFAP) promoter controls EGFP expres-
sion. Only a fraction of neocortical astrocytes express EGFP in these
mice?!. In five animals tested, nearly all EGFP-expressing astrocytes
(972 + 1.9%; n = 1,064 total cells) were colabeled by SR101
(Fig. 4a, upper row; Supplementary Video 2 and Supplementary
Table 2). The few exceptions (17 of 1,064 total cells) were weakly
EGFP-expressing cells. These cells most likely represent a sub-
population of astrocytes??® that previously have also been
described as glial progenitor cells?’, and that are immunopositive
for proteoglycan NG22° and are not coupled by gap junctions?®. In
addition to the nearly complete overlap with EGFP-expressing
cells, SR101 labeled many more cells showing similar morphology
(Fig. 4a, upper row). In total, about half of the SR101-labeled cells
were EGFP positive (52 + 3%; n = 2,034 total cells; 5 animals). The
EGFP-negative cells presumably represent the fraction of cortical
astrocytes in which the GFAP-EGFP transgene was not active.

To examine whether microglial cells take up SR101, we took
advantage of another genetically modified mouse line, in which the
EGFP reporter gene is inserted into the Cx3crI locus, encoding the
chemokine receptor CX3CR1 (also known as the fractalkine recep-
tor)?2. This genetic modification causes specific EGFP expression in
resident microglial cells as well as macrophages. Microglial cells had
anatomical features distinct from those of protoplasmic astrocytes,
showing small rod-shaped somata from which numerous thin
processes extended symmetrically?®. Microglial cells and astrocytes
could therefore be readily distinguished by their morphology.
Consistent with this notion, we found that SR101 is not taken up
by microglial cells, as indicated by lack of overlap between EGFP-
expressing microglia and SR101-labeled astrocytes (Fig. 4a, lower
row; Supplementary Video 3). The few exceptions found in the
CX3CR1-EGFP mice (3 of 638 total cells; 3 animals) appeared to be
resident macrophages.

Based on immunohistochemistry and comparison of staining
patterns in transgenic mice, we concluded that SR101 is specifically
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Figure 2 | Gap junctions permit rapid spread of
SR101. The gap-junction blocker carbenoxolone
(CBX; 100 pM) was applied through a micropipette
85 um below the pial surface. The pipette solution
also contained the green fluorescent dye Alexa
Fluor 488 (AF488; 100 uM) as a means to visualize
the pipette shank and CBX ejection. During CBX
application, SR101 was briefly applied to the
cortical surface, which was then rinsed twice.

At 45 min after SR101 application, CBX pressure
ejection was ceased. (a) Sample images from the
dual-channel in vivo time-lapse recording (taken at
60-s intervals). Images in left and right columns
show the CBX-containing micropipette detected

in the green channel (CH1) and the fluorescence
detected in the red channel (CH2), respectively.
Acquisition times are indicated for each row. Each
image is a maximum-intensity projection of a

132 x 132 x 48 pum3 fluorescence image stack
(3-pum axial spacing). (b) Overlay of red and
green fluorescence channel images indicating the
micropipette tip position in two dimensions
relative to surrounding cells. (c) Time course of
fluorescence intensities in the regions of interest
indicated in b. Intensities were normalized to
their final values. Numbers above the curves
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taken up by protoplasmic astrocytes in neocortex of both rats

and mice.

Morphological characteristics of neocortical astroglia

Using SR101 staining, we analyzed in vivo distribution of neocor-
tical astrocytes in detail. Consistent with the territorial organization
of protoplasmic astrocytes' 2%, this distribution was rather homo-
geneous. Volume densities ranged from 14 x 107 to 28 x 10° cells/
mm?, with an approximately 55% higher density in layer 1 than in
layer 2/3 (Table 1). In general, astrocyte densities in rats were about
25% higher than in mice. We also analyzed volume densities of
microglial cells in CX3CR1-EGFP mice, which were about 30-50%
of those of SR101-labeled cells (7.9 + 0.8 x 10° cells/mm? and
7.8 + 0.6 x 10° cellsymm? in layer 1 and layer 2/3, respectively;
n = 3 animals). Furthermore, we analyzed the average radial
density of SR101-labeled cells surrounding individual astrocytes
(Fig. 1d). Distances between neighboring cell bodies were around
50 pm. The distribution also showed a distinct peak at a mean cell-
to-cell distance of approximately 15 pm, corresponding to the
frequent observation of pairs of astrocytes whose cell bodies were
separated by only a small gap in extracellular space. These pairs
constituted 10-15% of all SR101-labeled cells (13.5 4+ 1.2% for
rats, n = 8 animals; 9.9 + 1.3% for mice, n = 7 animals; see
Fig. 1a and Fig 4a for examples).

Time-lapse imaging experiments of up to 10 h showed that
SR101-labeled cells were morphologically stable, showing no signs
of acute phototoxicity such as disintegration of cellular processes
(Supplementary Fig. 1a). Furthermore, in TgN(GFAP-EGFP)
mice, astrocytes showed no changes in morphology after multiple
repeat SR101 application (500 pM) and imaging for up to 3 weeks
(Supplementary Fig. 1b). The exact same cells could be found in

indicated in lower traces.

successive imaging sessions. In particular, the pairs of astrocytes
described earlier remained morphologically unaltered over this
time period. In addition, the same staining pattern was observed
after repeated SR101 applications (Supplementary Fig. 1c). These
short- and long-term imaging experiments demonstrated that
SR101 does not induce phototoxicity over hours, days and weeks
and can be applied repeatedly.

Astrocytes form a functional, gap junction—coupled syncytium
that is closely associated with microvasculature, presumably con-
trolling extracellular milieu and regulating local blood flow®10, We
were able to demonstrate this close apposition to cortical micro-
vasculature by labeling astrocytes with SR101 and counterstaining
the blood plasma with a green fluorescent dye via tail-vein injec-
tion. Using this approach, we obtained in vivo visualization of
the entire cortical microvasculature being enveloped by processes
of SR101-labeled cells (Fig. 4b; Supplementary Video 4). The
endothelial sheet surrounding the blood vessels was visible as an
unstained dark gap between astrocyte end feet and fluorescently
labeled vessel lumen (Fig. 4b). The complete envelopment of
microvasculature provides further evidence that all protoplasmic
astrocytes are labeled by SR101 near the application site.

These examples demonstrate how SR101 labeling can be used in
both short- and long-term studies to characterize morphological
features of astrocytes as well as their close structural relationship to
other cortical elements in vivo.

Functional imaging of astroglial and neuronal Ca?* signaling

Astrocytes form a cellular network that is closely associated with
neuronal networks®. Changes in intracellular calcium levels are
thought to be a prominent signaling mechanism not only between
astrocytes but also for the communication between astrocytes and
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neurons' 3!, Although slow Ca®*' oscillations’>** and Ca®*
waves”332 have been characterized in cell culture and brain slices,
the presence and characteristics of such signals in vivo have not
been clearly established (but see ref. 34).

Using SR101 as a specific marker for astrocytes, we were
able to distinguish calcium signals unambiguously in the astroglial
and neuronal network in vivo. For calcium-indicator loading
of cell populations, we used multicell bolus loading'® with Oregon
Green 488 BAPTA-1 acetoxymethyl (AM) ester (OGB-1 AM),
which resulted in the staining of virtually all cells within a sphere
several hundred microns in diameter. After 30 min, all cells near the
ejection site, including neurons and astrocytes, had taken up the
calcium indicator (Fig. 5a). Although glial cells sometimes could be
recognized because of a higher fluorescence intensity'8, a complete
separation of neurons and astrocytes was not possible based on
their appearance. Astrocytes, however, could be identified through
additional staining with SR101 (Fig. 5a). Because the red fluores-
cence of SR101 can be easily separated from the green fluorescence
of OGB-1, the red fluorescence channel can serve as a reference
image to identify astrocytes (Fig. 5b).

Overlay

Figure 4 | In vivo colabeling in neocortex using SR101. (a) SR101 labels
astrocytes but not microglial cells in transgenic mice in vivo. Upper row:
Left, astrocytes expressing EGFP under control of human GFAP promoter in a
transgenic mouse line. Center, labeled cells in the same region after surface
application of the red fluorescent dye SR101. Right, overlay of the green
and red channel. Note that not all SR101-labeled astrocytes show green
fluorescence, as the GFAP-EGFP transgene is not active in all cortical
astrocytes. Lower row: Left, EGFP-expressing microglial cells in mutant mice.
Center, red fluorescent cells in the same region after surface application of
SR101. Right, overlay of the green and red channel. (b) SR101 can be used
to visualize astrocytic processes such as those found at the gliovascular
interface. Example images showing costaining of neocortical astroglia and
microvasculature in vivo. Blood plasma was stained by tail-vein injection of
FITC-labeled dextran. Note that green and red pseudocolor lookup tables were
assigned to fluorescence images of SR101 labeled astrocytes and fluorescent
labeled blood plasma, respectively.
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Figure 3 | SR101-labeled cells are immunopositive for S-100B protein,
but not for either the neuron-specific nuclear protein NeuN or, in the
vast majority of cases, the enzyme CNPase in vitro. (a) Left, Pacific
Blue fluorescence of anti-S-100B-labeled astrocytes in the green
detection channel. Center, red fluorescence of cells stained with

Texas Red-hydrazide, a paraformaldehyde-fixable analog of SR101.
Right, overlay of green and red fluorescence channels. (b) Left, Pacific
Blue fluorescence of an oligodendrocyte labeled with anti-CNPase.
Center, red fluorescence of cells stained with Texas Red-hydrazide.
Right, overlay of the green and red fluorescence channels. (c) Left,
FITC fluorescence of neurons labeled with anti-NeuN in the green
detection channel. Center, cells stained with Texas Red-hydrazide.
Right, overlay of the fluorescence images.

We monitored spontaneous calcium signals in cortical layer 2/3
cells over several minutes at a temporal resolution of 15 Hz.
Spontaneous calcium transients occurred in both neurons and
astrocytes; however, they showed markedly different kinetics
(Fig. 5c). Astroglial calcium signals were characterized by slow
onsets of about 10 s (10-90% rise time 13.2 + 6 s) and subsequent
plateau-like elevations that lasted for several tens of seconds (half
width 19.0 + 2.4 s; n = 6). They often showed an oscillatory
behavior, occurring repeatedly in individual astrocytes. Calcium
signals were not necessarily synchronized between astrocytes.
Rather, calcium elevations in some cases appeared to propagate
from one astrocyte to neighboring cells in a wave-like fashion
(Fig. 5c¢). In contrast, neuronal calcium signals were characterized
by fast fluorescence transients (mean AF/F peak amplitude 11.2 +
2%, n = 4) with a single-exponential decay and a time constant of
0.37 + 0.05 s (R = 0.98, n = 4). These transients are consistent
with somatic calcium influx evoked by action potentials'®** and
therefore can be used to deduce an estimate of the neuronal spike
patterns (Fig. 5c). There was no significant difference between
neuronal calcium transients from preparations stained with both
SR101 and OGB-1 and preparations that were stained with OGB-1
alone (P = 0.87).

EGFP in astrocytes (GFAP

20 um

EGFP in microglia (CXsCR1)
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Table 1 | Density of SR101-labeled astrocytes in rat and mouse
neocortex (mean + s.e.m.)

Layer 1
(103 cells/mm3)

Rat (P13-P28) 28.1 + 1.2 (n = 8 animals) 17.9 + 1.4 (n = 8 animals)
Mouse (P23-P270) 22.5 + 2.0 (n = 7 animals) 14.2 + 1.1 (n = 7 animals)

Layer 2/3
(103 cells/mm3)

Thus, SR101 application in conjunction with calcium indicator
loading permits simultaneous measurements of neuronal spiking
activity and glial calcium signaling in vivo. This method should
therefore enable in vivo studies of the interdependence of glial and
neuronal signaling.

DISCUSSION
We have presented here a robust method for labeling neocortical
protoplasmic astrocytes in vivo through brief exposure of the intact
brain to the red fluorescent dye sulforhodamine 101. The specificity
of SR101 labeling for astroglia was verified by immunohistochem-
istry and by applying SR101 in transgenic mice that express EGFP
in different glial cell types. We have used this staining method for a
morphometric analysis of the distribution of neocortical astrocytes,
for visualization of complete glial envelop-

ment of cortical microvasculature, and for
dissection of distinct calcium dynamics in a
astroglial and neuronal networks.

Specific uptake of SR101 by glial cells has
been previously reported for rabbit retina??,
in which intravitreal application of SR101
caused specific, robust labeling of a sub-
population of cells that were identified as
oligodendrocytes. In contrast, we did not
find preferential uptake by neocortical oli-
godendrocytes, as confirmed by counter-
immunostaining for CNPase. This differ-
ence indicates that the uptake of SR101

Figure 5 | Simultaneous calcium imaging of
neuronal and glial networks in vivo. (a) Two-
photon fluorescence images of cells in layer 2/3

of rat neocortex labeled by intracortical pressure
ejection of the membrane-permeant calcium
indicator dye 0GB-1 AM (top). Astrocytes were
identified through additional surface application
of 100 pM SR101 (center), which permitted a clear
separation of the astroglial (yellow) and neuronal
(green) network (overlay, bottom). (b) Left,
0GB-1 AM-labeled cells in a different experiment.
Right, corresponding SR101 reference image for
astrocyte identification. Astrocytes and neurons
are indicated with numbers and lower-case letters,
respectively. (c) Spontaneous calcium transients
in the astrocytes and neurons indicated in b
measured as relative fluorescent change AF/F over
a time course of several minutes. Neuronal calcium
transients during the highlighted periods are
shown on an expanded time scale (bottom traces).
Presumed spike patterns are indicated as raster
plots below the traces. Note the different time
courses of the astroglial and neuronal transients.

OGB-1 AM b
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varies in different regions and needs to be assessed for each
particular brain area. For example, we did not find SR101 uptake
by Bergmann glia in cerebellum in vivo. A number of in vitro studies
have reported activity-dependent SR101 uptake in presynaptic
terminals®® and neurons®. In both our in vivo and counter-
immunostaining experiments, there was no indication of activity-
dependent uptake in neocortical neurons, although they are known
to be spontaneously active’®*°, The very few, exceptional cases
where SR101 stained additional cells other than protoplasmic
astrocytes might represent uptake by macrophages or a specific
subtype of oligodendrocytes.

The mechanism of SR101 uptake by astrocytes is not known.
Although previous studies of activity-dependent uptake presumed
that endocytosis is the predominant mechanism®®%, the efficacy
and rapid time course of SR101 loading into neocortical astro-
cytes, together with the initial homogenous cytoplasmic staining,
suggest that a specific transporter system acts as the uptake
mechanism?“, Furthermore, we found that SR101 spreads through
gap junctions, consistent with the gap-junctional spread of other
fluorescent dyes of similar size and charge’. So far, we have not
observed any damaging effects of SR101 on astrocytes or other
cortical cells, as indicated by normal cell morphologies after
repeated SR101 applications and repeated imaging sessions (for

SR101
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Ty —

1 rm 1
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several hours and up to 3 weeks) as well as by the unperturbed
calcium signaling.

Three findings indicate that SR101 selectively labels all proto-
plasmic astrocytes in the vicinity of the application site. First,
cortical microvasculature was completely enveloped by end feet of
SR101-labeled astrocytes. Second, gap junctions are involved in
rapid spread of the dye. Third, distribution and densities of SR101-
labeled cells in upper layers of cortex are in agreement with
previous results in situ?®. SR101 labeling thus might enable the
study of changes in density and distribution of astrocytes in vivo,
for instance in mouse models of neurodegenerative diseases*!. In
addition, colabeling of associated cortical elements, such as blood
vessels and neurons, should enable studies of structural plasticity at
the gliovascular and the neuron-glia interface, respectively. Coun-
terstaining of blood plasma might be particularly useful when
investigating the role of astrocytes in blood-brain barrier integ-
rity*!. Colabeling of neuronal structures, for example by combining
SR101 application with viral infection'”*? or using transgenic
mice?’, will make it possible to address the role of astrocytes at
the synaptic level in vivo. In particular, simultaneous time-lapse
imaging of astroglial processes with pre- and postsynaptic struc-
tures may help to elucidate their contribution to synapse formation
at the tripartite synapse**.

We also combined SR101 labeling with bulk loading of mem-
brane-permeable calcium indicators!'8, which enabled the simulta-
neous functional measurement of astroglial and neuronal network
dynamics in the living animal. Accumulating evidence suggests
that communication between astrocytes and neurons is bidirec-
tional®. In particular, astrocytes can release glutamate in a cal-
cium-dependent manner?>4® and thus influence neuronal signaling
pathways!3%3!. In vitro, astrocytic calcium signals have been
found in the form of slow calcium elevations as well as calcium
waves”®%2, which can propagate among astrocytes over long
distances. The physiological relevance of these calcium oscilla-
tions*»3? and waves is, however, still unclear. Our results provide
direct evidence that astrocytic calcium oscillations and waves do
occur in vivo. The kinetics of these spontaneous signals was
markedly different from those of the fast calcium transients
observed in neurons, which were consistent with action poten-
tial-induced somatic calcium influx®®. This methodological
approach for in vivo calcium imaging is thus well suited to correlate
the activities in neuronal and astroglial networks and is expected to
provide new insights into neuron-glia communication as well as
into the role of astrocytes in activity-dependent regulation of
cerebral blood flow® 1,

In conclusion, the SR101 staining method described here
permits a robust and specific labeling of astroglia in the intact
brain. We expect this method to be highly beneficial in a multitude
of in vivo investigations of astroglial structure and function, both in
basic research and in more clinically oriented studies.

METHODS

Animals and surgical preparation. All experimental procedures
were carried out according to the animal welfare guidelines of the
Max-Planck Society. Rats (postnatal day (P) 13-28; Wistar) and
mice (P32-272; C57BL6 wild-type or transgenic mouse lines with
various genetic backgrounds) were used for experiments. Trans-
genic animals used in this study included mice expressing EGFP
under the control of the human GFAP promoter?! as well as
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CX;CR1-EGFP mice expressing EGFP in microglia?. For details of
surgical preparation, see Supplementary Methods.

Two-photon microscopy. Two-photon imaging in intact neocortex
was done using a custom-built two-photon laser scanning micro-
scope equipped with two fluorescence-detection channels. Laser
wavelength varied in the range between 840 and 890 nm. Move-
ment artifacts associated with the animal’s heartbeat were over-
come by triggering image acquisition from the heartbeat (for more
details, see Supplementary Methods).

Labeling procedures. All labeling procedures were performed
under anesthesia and with head fixation.

For in vivo labeling of cortical astrocytes, SR101 (Molecular
Probes or Sigma) was dissolved in extracellular saline and briefly
(1-5 min) applied either directly to exposed neocortical surface
or on top of the craniotomy filled with 1.5% agar. In a few
experiments, SR101 was locally pressure-ejected from a micropip-
ette. Typical concentrations used were in the range of 25-100 uM.
After surface application, the craniotomy was rinsed repeatedly
using prewarmed extracellular saline.

For the counter-immunostaining experiments, 100-500 pM
Texas Red-hydrazide (Molecular Probes), a paraformaldehyde-
fixable analog of SR101, was applied to the cortical surface in vivo
as described above. After rinsing, the dye was allowed to be taken up
by cortical astrocytes for 50-70 min before transcardial perfusion.

Multicell bolus loading of layer 2/3 cells with calcium indicator
was performed as described previously's. Briefly, Oregon Green
488 BAPTA-1 AM (Molecular Probes) was dissolved in DMSO
plus 20% Pluronic F-127 (Molecular Probes) and then diluted
with normal rat Ringer solution (NRR: 135 mM NaCl, 5.4 mM
KCl, 5 mM HEPES, 1.8 mM CaCl,, pH adjusted to 7.2 with
NaOH) to a final concentration of 0.5-1 mM. This dye was then
pressure-ejected through a micropipette using a short pressure
pulse (1 min, 0.3-0.7 bar). This resulted in temporally stable, but
nonspecific, labeling of cells (neurons and glial cells) with calcium
indicator within approximately 300 pm around the injection site.

Blood plasma was stained by tail-vein injection?’ of FITC-
labeled dextran (77 kDa, 5% (w/v) in NRR, 0.1-0.2 ml; Sigma).

Tissue fixation and immunostaining. Animals were transcardially
perfused with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.2). Brains were kept in fixative for 1-2 d.
Coronal brain vibratome (Campden) sections 60 um thick were
immunostained for S-100B and CNPase as described?® (for details,
see Supplementary Methods). For immunostaining of the neu-
ron-specific protein NeuN, slices were treated with 5% normal
goat serum (NGS) and 1% Triton X-100 in PBS for 60 min, and
then incubated overnight at 4 °C in 1% NGS and 0.3% Triton X-
100 in PBS with antibody to NeuN (anti-NeuN; mouse mono-
clonal; 1:1,000; Chemicon). After three washing steps, slices were
incubated with a FITC-conjugated secondary antibody (1:200;
Dianova) in 1% NGS and 0.3% Triton X-100 in PBS for 2 h.

Data analysis. Maximum intensity projections and analysis of
astrocyte distribution were performed on image stacks using
custom-written macros in NIH Image. Volume densities were
evaluated by counting cells within layer 1 or layer 2/3 and dividing
by the analysis volume (at least 0.1 x 0.1 x 0. mm?). Radial
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density was analyzed by calculating the distances r between all
labeled cells within a volume of 0.3 mm side length, calculating
the histogram (bin width 3 pm) and then dividing the histogram
by 4nr2.

Calcium transients were measured using 64 x 128 pixel scans
with 1-ms line scan duration (15-Hz frame rate). Fluorescence was
averaged over cell body areas and expressed as relative fluorescence
changes (AF/F) after subtraction of background fluorescence from
a neighboring region. All data are presented as mean + s.e.m.

Note: Supplementary information is available on the Nature Methods website.
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