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Cellular/Molecular

Endfeet Serve as Diffusion-Limited Subcellular
Compartments in Astrocytes

Mutsuo Nuriya and Masato Yasui
Department of Pharmacology, School of Medicine, Keio University, Shinjuku, Tokyo 160-8582, Japan

Astrocytes extend their processes to make contact with neurons and blood vessels and regulate important processes associated with the
physiology/pathophysiology of the brain. Their elaborate morphology, with numerous fine processes, could allow them to perform
complex signal transductions with distinct compartments or to function as a spatial buffer depending on the diffusion properties of their
intracellular molecules. Apart from calcium ions, however, the diffusion dynamics of molecules within astrocytes are poorly understood.
In this study, we applied two-photon uncaging and fluorescence recovery after photobleaching of fluorescent molecules to acute cortical
brain slices from mice to investigate the diffusion dynamics of molecules within astrocytes. We found that diffusion was significantly
more restricted at the endfeet than at trunks and distal ends of other processes. Slow diffusion dynamics at the endfeet resulted in a large
population of molecules being retained in a small region for tens of seconds, creating subcellular compartments that were isolated from
other regions. In contrast, diffusion was fast and free at other processes. The same patterns were observed with the diffusions of a higher
molecular weight (10 kDa) molecule and 2-NBDG, a fluorescent analog of glucose. These findings suggest that molecular diffusion is not
uniform across the intracellular environment and that subcellular compartments are present in astrocytes. Therefore, similar to neurons,
the elaborate and specialized structures of astrocytes may enable them to perform complex computations by providing distinct infor-

mation storage/processing capacity among processes.

Introduction

The morphology of astrocytes is particularly complex, suggesting
that their structures have important functional roles in higher
brain functions (Oberheim et al., 2009; Reichenbach et al., 2010;
Petzold and Murthy, 2011). In rodents, astrocytes are distributed
in a tiled pattern, each covering nonoverlapping domains in the
cortex, where they contact hundreds of dendrites and tens of
thousands of synapses (Halassa et al., 2007). Astrocytes are in
close apposition to the synaptic structures, forming tripartite
synapses, and play important roles in maintaining and regulating
synaptic physiology (Perea et al., 2009). Simultaneously, astro-
cytes extend a few processes to make contact with blood vessels
and wrap these tightly with specialized structures known as end-
feet (Simard et al., 2003; Mathiisen et al., 2010). This special
morphological feature of astrocytes suggests that they play im-
portant roles in connecting neurons physically to blood vessels,
thereby maintaining metabolic homeostasis in the brain paren-
chyma (Pellerin et al., 2007; Petzold and Murthy, 2011).
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Among the most critical factors in understanding the modes
of information processing and storage in astrocytes are the dy-
namics of molecules inside astrocytes, which remain poorly un-
derstood. The diffusion dynamics of molecules within the
elaborate structures of astrocytes define how information at one
place will be integrated with or isolated from information at other
places. For example, whereas astrocytes have been shown to be
in close contact with synapses and to communicate with them,
how astrocytes discriminate or integrate information from
two neighboring synapses originating from different neurons re-
mains unknown. Unlike astrocytes, the importance of structures
on functions is well established in dendritic spines of neuron
(Yuste, 2010). Taking advantage of two-photon microscopy, pre-
vious studies have revealed structure- and activity-dependent
compartmentalization of spines by observing diffusion dynamics
of fluorescent molecules in and out of spines (Svoboda et al.,
1996; Bloodgood and Sabatini, 2005). Therefore, in the present
study, we applied two-photon uncaging and fluorescence recov-
ery after photobleaching (FRAP) of fluorescent molecules to un-
cover the diffusion dynamics of molecules within astrocyte
structures.

Materials and Methods

Brainslice preparation. All procedures related to the care and treatment of
animals were approved by the animal resource committee of the School
of Medicine, Keio University.

C57BL/6] mice of either sex (P15-P22, except for the mice shown in
Fig. 2 E, which were 6—7 weeks of age; SLC) were anesthetized with
diethyl ether, decapitated, and their brains were immediately removed
and placed in ice-cold cutting solution containing 222 mwm sucrose, 27
mM NaHCOs, 2.6 mm KCl, 1.5 mm NaH,PO,, 0.5 mm CaCl,, and 7 mm
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MgCl, and bubbled with 95% O,/5% CO, at pH 7.4. Acute brain slices
(300-pum thick) were prepared from the visual cortex using a VT1200S
microtome (Leica Microsystems). The slices were then transferred to artifi-
cial CSF (ACSF) containing 126 mm NaCl, 3 mm KCl, 1.14 mm NaH,PO,, 26
mM NaHCO;, 3 mm CaCl,, 1 mm MgCl, , and 10 mm dextrose supplemented
with 20 nm sulforhodamine 101 prewarmed to 37°C, and bubbled with 95%
0,/5% CO, at pH 7.4; the slices were incubated for 30 min before being
cooled to room temperature before use. All chemicals were purchased from
Sigma-Aldrich unless otherwise stated.

Imaging. The brain slices were transferred to a recording chamber
perfused with ACSF bubbled with 95% O,/5% CO, at a speed of 2 ml/
min (except for data from slices shown in Figure 2C, in which the ACSF
was bubbled with 20% O,/5% CO,/75% N,). Astrocytes in layer IV/V
were patch-clamped with glass pipettes (5—15 M{); Warner Instruments)
filled with an internal solution containing 10 mm NaCl, 10 mm KCl, 135
mm KMeSO,, 2.5 mm MgATP, 0.3 mm NaGTP, and 10 mm HEPES, pH
7.3, and held in the current-clamp mode. For each experiment, 1-(2-
nitrophenyl)ethyl (NPE)—caged 8-hydroxypyrene-1,3,6-trisulfonic acid
(HPTS; 500 um, Tocris Bioscience), unconjugated or 10 kDa dextran-
conjugated Alexa Fluor 594 (100-200 um, Invitrogen), and 2-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; 10
mM, Invitrogen) were also loaded in the pipettes. Imaging was performed
using the FVI000MPE multiphoton microscopy system (Olympus)
equipped with a MaiTai HP femtosecond laser (Spectra-Physics) tuned
to 840 nm (~10 mW under the objective lens) and a LUMPlan
FL60 X WIR?2 objective lens (0.9 numerical aperture, Olympus). The flu-
orescence signals were acquired using the FV1IOMP-MG/R filter set
(BA495-540HQ and BA570-625HQ; Olympus). Time-lapse imaging
was performed at room temperature (except for the data shown in Fig.
2D, which were taken at 34°C) in the “round-trip” mode at 15 Hz for 200
frames. Uncaging and FRAP were performed at randomly selected posi-
tions using the second MaiTai HP femtosecond laser tuned to 720 nm
(~20 mW under the objective lens) after frame 50 for 50 ms. Recordings
were performed with at least 1 min intervals between experiments.

Immunohistochemistry. Immunohistochemistry of patch-clamped
astrocytes was performed as described previously (Kéradottir and
Attwell, 2006) using the anti-B-dystroglycan mouse monoclonal an-
tibody (Abcam).

Data analysis and statistics. Data were analyzed using software custom
written with MATLAB (Mathworks).

For uncaging and FRAP analysis, the average fluorescence intensity
was calculated from pixels surrounding the uncaging/FRAP point illu-
mination within a diameter of 0.5 wm. For uncaging, because there was
virtually no drift in the baseline fluorescence intensity before uncaging,
no adjustment was made before fitting a single exponential decay curve
with the fixed starting point at the end of the uncaging laser illumination.
For FRAP, the fluorescence intensity changes from photobleaching were
compensated for by fitting the baseline recording period with a single
exponential curve. The data were normalized to this curve before a single
exponential curve was fitted to the fluorescence recovery after photo-
bleaching, again, starting from the end of stimulation laser illumination.
In all figures showing the time course of fluorescence changes, the inten-
sity of frame 51, which was taken in the middle of the uncaging pulse and
thus contained the photons originating from the uncaging laser, were set
to the same value as that of frame 52 for display purposes. For this reason,
all of the curve fittings were performed using all of the data points after
the uncaging pulse (frames 52-200). Finally, figures showing spatial pat-
terns of uncaged HPTS and photobleached Alexa Fluor dyes were ob-
tained by calculating the difference in mean fluorescence intensities
between images taken before and after stimulation laser illumination and
merging the resulting images in the linear pseudocolor mode with images
of Alexa Fluor 594 taken before stimulation.

All statistical analyses were performed using Origin Pro software (Origin-
Lab). The Mann—Whitney test was used for comparisons between the two
groups and the Kruskal-Wallis and Steel-Dwass tests were used for compar-
isons among the three groups. In Figures 2—4, “n” refers to the numbers of
different locations being recorded, while they show those of recording num-
bers from the same sites in Figure 1D. Asterisks in the figures indicate statis-
tically significant differences among the groups (p < 0.05).
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Results
Visualization and characterization of molecular diffusion
within astrocytes using two-photon microscopy
Astrocytes were identified by bath loading acute cortical slices of
mouse brains with sulforhodamine 101 (SR101) and by charac-
teristic electrophysiological properties, including a resting mem-
brane potential of approximately —80 mV and a lack of action
potential upon depolarization (Nimmerjahn et al., 2004). The
concentration of SR101 was decreased to a point (20 nm) at which
it was sufficient for identification of astrocytes using the high-
gain setting of the detector, but once astrocytes were loaded with
200 uM Alexa Fluor 594 through a patch pipette and visualized
using the low-gain setting, the contribution of signals from
SR101 in the red channel became negligible (<5% of the total
signal). Together with Alexa Fluor 594 (Molecular Weight: 759),
which was used as a space-filling morphological marker, NPE-
caged HPTS (Molecular Weight: 674) was introduced into astro-
cytes and visualized by two-photon excitation at 840 nm (Fig. 1A)
(Bloodgood and Sabatini, 2005). The basal fluorescence signal of
NPE-caged HPTS was negligible, but after uncaging by brief illu-
mination with a laser at 720 nm, green fluorescent signals from
uncaged HPTS (Molecular Weight: 524) could be detected read-
ily at the uncaging site (Fig. 1A). Continuous time-lapse imaging
after HPTS uncaging revealed the diffusion of uncaged HPTS
molecules within astrocytes. There was no detectable systematic
change in the morphology or electrophysiological properties of
astrocytes with repeated imaging and uncaging (Fig. 1B). The
diffusion kinetics of uncaged HPTS varied considerably among
uncaging sites, even those in a close proximity of the same astro-
cyte (Fig. 1C). To quantify diffusion kinetics, time-dependent
changes in the average fluorescence signal intensity of pixels
within 0.5 wm of the uncaging point were analyzed (Fig. 1 A,C).
Decay kinetics of fluorescence intensity were easily fitted with
a single exponential decay curve (Fig. 1C,D). Two different
fittings were performed: one without a residual constant [AF =
A *exp(—t/Tyo)> Where AF, t, and 7, are the change in fluo-
rescence intensity, time, and the time constant, respectively] and
the other with a constant [AF = A, *exp(—t/7,,) + A,), where
the “immobile fraction” was defined as Ay/(A; + A,)]. We first
examined the repeatability of analyses by performing uncaging
analysis at the same site repeatedly. As shown in Figure 1D, this
resulted in consistent values for the time constant and immobile
fraction, characterizing slow and fast diffusion at the two differ-
ent locations (7., p < 1 X 10 % immobile fraction, p < 2 X
107% 7o p < 5 X 10 7% Mann-Whitney test). Trial-to-trial
variations in parameters may have resulted from differences in
the precise location of uncaging or errors in fitting the slopes,
especially for slow-diffusion datasets that contained only a small,
noisy proportion of data from the 10 s recording period that
could be fitted with an exponential decay curve, making time
constant values unstable.

Diffusion of fluorescent molecules is specifically slow and
restricted at the endfeet

Having established the system with which to analyze the diffusion
properties of fluorescent molecules within astrocytes, we then
examined the diffusion patterns at different regions. First, target
locations were divided into two groups: endfeet and other pro-
cesses. Endfeet were identified based on their characteristic mor-
phological features, which were nearly identical to vasculature
structures (Nimmerjahn et al., 2004). Indeed, endfeet identified
in this manner under live imaging were further confirmed by
colocalization of B-dystroglycan immunoreactivity, the distribu-
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tion of which is largely restricted to the
endfeet (Fig. 2A) (Noell et al., 2011).
Comparison between groups revealed
that the speed of diffusion was slow and
that the immobile fraction in the record-
ing period was significantly higher in the
endfeet than in the other processes, sug-
gesting that the endfeet were distinct from
other processes in their slow and
restricted diffusion of molecules (7.
p <5 X 10 % immobile fraction, p < 2 X
10 7% e p < 1 X 10 % Mann-Whitney
test; Fig. 2B). We further confirmed this
finding under different conditions, such
as low oxygen (ACSF bubbled with 20%
O, instead of 95% O,, Fig. 2C), higher
temperature (34°C instead of room tem-
perature, Fig. 2D), and older animals (67
weeks instead of 2-3 weeks of age, Fig.
2E). Under all of these conditions, we ob-
served consistent significant differences
between endfeet and other processes, sug-
gesting that the restricted molecular diffu-
sion in the endfeet is a general property of
astrocytes under various conditions (20%
O, Tiowp P < 1 X 1077 immobile frac-
tion, p <5 X 10 % T p < 1 X 107%
Fig. 2C; 34°C: Tyopap p < 5 X 10 immo-
bile fraction, p <5 X 10 % 7o p < 1 X
10 7% Fig. 2D; 6-7 weeks of age: T,
p <2 X 10 "% immobile fraction, p < 1 X
10 7% 70 p < 5 X 10 7% Fig. 2E; Mann—
Whitney test). Because astrocytes are con-
nected by gap junctions through which
low—molecular-weight molecules includ-
ing unconjugated Alexa Fluor 594 can
permeate, the edges of astrocytes could
not be identified in the experiments out-
lined above (Fig. 1A). To visualize the dis-
tal ends of processes close to the synapses,
astrocytes were loaded with 10 kDa
dextran-conjugated Alexa Fluor 594,
which does not cross gap junctions and is
therefore retained in the patch-clamped
astrocytes. This allowed the visualization
of single astrocytes without any transfer of
the morphological marker to neighboring
cells (Fig. 2F). Subsequently, uncaging
was performed under these conditions at
the endfeet and distal ends and the trunks
of processes and their diffusion parame-
ters were compared. This analysis revealed
that the overall diffusion patterns in the
endfeet differed from those in other loca-
tions, whereas the parameters were not
significantly different between the distal
ends and the other processes (Fig. 2F, top

right; Ty P < 5 X 10 77; bottom left, immobile fraction, p <
1 X 10~% bottom right, Ty, p = 0.28, Kruskal-Wallis test).
These results further support the idea that the endfeet are distinct
from other structures in terms of the diffusion dynamics of mol-
ecules, creating diffusion-limited subcellular compartments. In
contrast to other parameters, the difference in 7, did not reach
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Figure1. Characterization of molecular diffusion within astrocytes. 4, Left, Astrocytes visualized by intracellularly loaded Alexa
Fluor 594. Note that the astrocytes surrounding the patch-clamped astrocyte were also filled with the dye. High-magnification
images were taken to reveal fine structures and the uncaging point (middle). Fluorescence-intensity changes in the green channel
in the region surrounding the uncaging point (middle, yellow circle) revealed a rapid increase upon uncaging and subsequent
decay due to diffusion of HPTS at the target site (right). B, Representative membrane potential trace duringimaging and uncaging.
The uncaging pulse was applied at the point indicated by the arrow. €, Location-dependent differences in diffusion kinetics were
examined by performing uncaging at two different locations in the same astrocyte. Two positions were selected randomly from a
single image (top left inset shows a low-magnification image of the target cell), and uncaging was performed at both locations.
Middle panels show the average fluorescent intensity of uncaged HPTS (color map) merged on the image of the morphology of
astrocytes revealed by fluorescence of Alexa Fluor 594 (arrows indicate uncaging points and insets show enlarged images around
the uncaging points). The time course of fluorescence-intensity changes at these two positions are shown in the right panels with
asingle exponential fit curve in red. Fitting parameters (see text for details) are also shown. |.F., Inmobile fraction. D, Repeatability
of analysis was assessed by multiple uncaging at the same location. Parameters characterizing the decay kinetics from single-
exponential fittings were plotted for both locations (position 1, n = 6; position 2, n = 5). The parameters were significantly
different between the two groups. Open circles, filled squares, and whiskers represent individual data points, means, and SDs of the
collected data, respectively.

statistical significance in this analysis, partly reflecting the inter-
mediate kinetics of the fast phase of molecular diffusion in the
distal ends and the relatively unstable nature of this parameter
itself (Fig. 1D).

During uncaging, the brief illumination of the uncaging laser
strongly excited the Alexa Fluor dyes used to visualize cellular
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Diffusion of molecules s restricted at the endfeet. A, Inmunocytochemical confirmation of endfeet structures. Astrocytes were loaded with 10 kDa dextran-conjugated Alexa Fluor 594

(Dex-Alexa 594) and imaged under two-photon microscopy, followed by fixation and immunostaining against B-dystroglycan. Endfeet structures identified under live imaging (top left, single
section; top middle, z-stack) were confirmed by colocalization with 3-dystroglycan (top right, z-stack; bottom panels, single-section images). B, Location dependency of diffusion parameters of
uncaged HPTS in astrocytes loaded with unconjugated Alexa Fluor 594. The diffusion of uncaged HPTS was restricted significantly at the endfeet compared with that at the other processes. Open
circles and boxes show individual data points and 25, 50, and 75 percentile levels, respectively. €, Location dependency of diffusion parameters of uncaged HPTS recorded under a low 0,
concentration. Recordings were performed with ACSF bubbled with 20% 0,. D, Location dependency of diffusion parameters of uncaged HPTS recorded at 34°C. E, Location dependency of diffusion
parameters of uncaged HPTS recorded with acute brain slices prepared from 6- to 7-week-old animals. F, Single astrocyte visualized by intracellularly filled 10 kDa dextran-conjugated Alexa Fluor
594 (top left) and the diffusion parameters of uncaged HPTS at the endfeet, distal ends, and processes. The diffusion of uncaged HPTS was restricted significantly at the endfeet compared with that
at the distal ends and processes. Asterisks indicate statistical differences between groups (p << 5 X 10 ~2; post hoc Steel-Dwass test).

structures and, as a result, their fluorescence intensity decreased
after photostimulation and rebounded during time-lapse imag-
ing, effectively providing FRAP data (Fig. 3A). Therefore, we an-
alyzed the parameters of Alexa Fluor FRAP in the same manner as
for uncaged HPTS and compared the parameters obtained from
these different paradigms. This analysis revealed a tight linear
correlation for the immobile fraction and a weaker but significant
correlation for the time constant () (Fig. 3B; immobile frac-
tion, r = 0.89, p < 5 X 10 ™% 1 = 22; time constant, r = 0.60, p <
5% 10 72, n = 22). Because curve fittings were more reliable with

the immobile fraction than without it, 7,,,; was not used in the
following analysis. In addition to unconjugated Alexa Fluor 594,
a tight correlation for 10 kDa dextran—conjugated Alexa Fluor
594 was confirmed between uncaging and FRAP parameters (Fig.
3B; immobile fraction, r = 0.60, p < 5 X 102, n = 12; time
constant, r = 0.70, p < 2 X 10 2, n = 12). Because these mea-
surements used different optical phenomena of structurally un-
related fluorescent molecules with different molecular weights,
this set of data strongly suggests that the parameters obtained
from HPTS-uncaging experiments are not specific to the diffu-
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sion of HPTS, but rather reflect the intra- A
cellular environment that also applies to
other molecules with different structures
and sizes in general.

To further characterize the nature of
the slow and restricted diffusion at the
endfeet, we performed slower recordings
at the endfeet that initially showed large
immobile fractions (Fig. 3C). This analy-
sis revealed that the fluorescence intensity
of uncaged HPTS returned to baseline val-
ues after ~100 s, suggesting that these
molecules are not actually immobile but
have much slower diffusion kinetics than
others. This was also confirmed by simul-
taneous recordings of Alexa Fluor 594
FRAP. These observations exclude the
possibility that the immobility of dyes re-
flected irreversible changes to the cellular
structures during uncaging and/or re-
cording and support the existence of
diffusion-limited subcellular compart-
ments in astrocytes.

FRAP Immobile Fraction
o o i o o -

Diffusion of the bioactive glucose
analog is hindered selectively at

the endfeet

Finally, to examine whether the diffusion
dynamics of the fluorescent molecules
within astrocytes characterized so far
reflected those of biologically active
intracellular molecules, the diffusion
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properties of glucose within astrocytes
were examined. A fluorescent glucose an-
alog, 2-NBDG (molecular weight, 342),
has been used previously to monitor glu-
cose movement through the astrocyte net-
work (Rouach et al., 2008). Therefore, we
used this compound to investigate the in-
tracellular diffusion of glucose at various
locations within astrocytes (Fig. 4A).
Upon laser illumination (performed as
for NPE-HPTS uncaging and Alexa Fluor
594 FRAP measurements), fluorescence
signals of 2-NBDG also showed photo-
bleaching and subsequent recovery (Fig. 4B). Again, the diffusion
patterns of 2-NBDG varied according to location, but they ap-
peared to have a profile similar to that of Alexa Fluor 594, with
2-NBDG showing somewhat faster diffusion kinetics (Fig. 4B).
When the immobile fractions calculated from FRAPs of 2-NBDG
and Alexa Fluor 594 were compared, a tight linear correlation was
revealed (Fig. 4C; r = 0.71, p < 5 X 10 % n = 22). The correla-
tion between the time constants of 2-NBDG and Alexa Fluor 594
did not reach statistical significance (r = 0.39, p = 0.07, n = 22),
probably due to the poor fitting of the recovery phase for the fast
diffusion observed with 2-NBDG. Nevertheless, the tight corre-
lation for the immobile fraction that reliably characterized the
different diffusion patterns in the above analysis (Figs. 1 D, 2F)
suggested that glucose had diffusion patterns similar to those
obtained so far and therefore was retained at the endfeet. Indeed,
the immobile fraction was significantly larger and the time con-
stant was significantly slower at the endfeet than at the other
processes (Fig. 4D; immobile fraction, p < 5 X 10~ time con-

Figure3.

Characterizations of restricted diffusion at the endfeet. A, Examples of simultaneous HPTS uncaging and FRAP of Alexa
Fluor 594. Uncaging was performed at two different locations (left) and simultaneously recorded fluorescence intensity changes of
uncaged HPTS (middle) and Alexa Fluor 594 (right) at uncaged sites are shown with single exponential fitting curves indicated in
red. Left panels show the average fluorescence intensity of uncaged HPTS (color map) merged on the image of the morphology of
processes revealed by the fluorescence of Alexa Fluor 594 (arrows indicate uncaging points and insets show enlarged images
around the uncaging points). |.F., Inmobile fraction. B, Comparison between diffusion parameters obtained from HPTS uncaging
and unconjugated (top) and 10 kDa dextran-conjugated (bottom) Alexa Fluor FRAP with parameters from HPTS uncaging shown
on the x-axis and Alexa FRAP on the y-axis. All four combinations were fitted with linear regressions. €, Slow recordings revealing
the reversible nature of the immobile fraction. Uncaging was performed at the same site shown in A (position 1) with slower
time-lapse imaging and was fitted with single exponential curves (red). This revealed that the apparently immobile fraction in fast
imaging was mobile but had much slower decay kinetics.

stant, p < 1 X 10 3 Mann—Whitney test). We also observed
significant differences between the endfeet and other processes
using simultaneously recorded FRAP data for Alexa Fluor 594,
further confirming the compartmentalization of the endfeet ob-
served with uncaged HPTS and 2-NBDG (Fig. 4D; immobile
fraction, p < 2 X 10 ™% time constant, p < 5 X 10~* Mann—
Whitney test).

Discussion
In the present study, we analyzed the diffusion dynamics of var-
ious fluorescent molecules and revealed restricted diffusion, and
thereby compartmentalization, at the endfeet. Regionally differ-
ent diffusion dynamics in astrocytes may play critical roles in
determining the modes of information processing performed by
astrocytes under physiological/pathophysiological conditions.
The astrocytes that we observed in the mouse visual cortex
often sent more than one process to blood vessels, raising the
question of whether distinct regions of blood vessels reached by a
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Figure 4.

Restricted diffusion patterns of the glucose analog at the endfeet. 4, Astrocytes intracellularly loaded with the fluorescent glucose analog 2-NBDG (left) and Alexa Fluor 594 (middle)

pseudocolored in green and magenta, respectively, in the merged image (right). B, Examples of simultaneous FRAPs of Alexa Fluor 594 and 2-NBDG. FRAP performed at two different locations (left)
and simultaneously recorded fluorescence intensity changes at bleach sites of 2-NBDG (middle) and Alexa Fluor 594 (right) shown with single exponential fitting curves (red). Left, Fluorescence
intensity changes of 2-NBDG (color map) merged on the image of the morphology of processes revealed by fluorescence of Alexa Fluor 594 imaged before stimulation (arrows indicate bleaching
points and insets show enlarged images around the bleaching points). I.F. indicates immobile fraction. ¢, Comparison of diffusion parameters between 2-NBDG and Alexa Fluor 594 with linear
regression. D, Location dependency of diffusion parameters of 2-NBDG and Alexa Fluor 594. Diffusion at the endfeet was restricted compared with that at the processes for 2-NBDG and Alexa Fluor
594. Open circles and boxes show individual data points and the 25, 50, and 75 percentile levels, respectively.

single astrocyte are regulated individually. This issue becomes
even more critical in human astrocytes, which have a much more
complex morphology (Oberheim et al., 2009). Based on our ob-
servations, we speculate that the compartmentalization at the
endfeet allows astrocytes to regulate individual regions of blood
vessels at different endfeet independently, conferring astrocytes
with a complex computational capacity. This may also underlie
the specific swelling of endfeet in certain pathological conditions
(Panickar and Norenberg, 2005).

In contrast to the endfeet, fast diffusion at the distal ends of
processes suggests that signaling molecules at these sites are not
retained at a single location and easily spread to neighbors within
seconds. This is effective in integrating information from a large
area and may serve as a spatial buffer allowing global and homeo-
static control of the covered area (Perea et al., 2009). Although
sustained physiological regulation of microcompartments could
not be achieved easily without the existence of special retention
mechanisms, fast diffusion allows transient signaling on the mil-
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lisecond scale to be performed in a spatially restricted local re-
gion, which may contribute to the formation of temporally and
spatially restricted local calcium signaling (microdomains)
around synapses, as was reported recently (Di Castro et al., 2011;
Panatier et al., 2011). Considering its different diffusion dynam-
ics, it is tempting to speculate that slow diffusion of glucose at the
endfeet may provide astrocytes with a temporal window during
which the energy needs of neurons in the covered area are spa-
tially and temporally integrated due to fast and free diffusion
among other processes. This may help astrocytes to distribute
glucose to the appropriate locations in the tissue to support the
dynamically changing metabolic demands imposed by local neu-
ronal activities (Rouach et al., 2008).

In the present study, we found that the diffusion dynamics
were similar between molecules with molecular weights ranging
from ~500-10 kDa and biologically inert Alexa Fluor dyes and a
bioactive glucose analog, suggesting that the diffusion patterns
reported herein reflect the basic intracellular environment and
are applicable to a wide range of molecules. Differences in fine
morphologies and/or intracellular compositions of endfeet and
other processes may contribute to differences in the internal dif-
fusion properties of these structures. For example, the existence
of abundant filamentous and organelle structures distinguishes
other processes from endfeet (e.g., Maynard et al., 1957; Vaughn
and Peters, 1967). At present, however, the spatial resolution of
the system used in this study (~500 nm) is insufficient to mea-
sure and characterize the fine structures of processes and endfeet
(Ventura and Harris, 1999; Mathiisen et al., 2010). In addition,
the lack of systematic comparisons between the morphology and
intracellular composition of these structures limits speculation
concerning the key determinants that account for the differential
diffusion properties inside astrocytes. Finally, although our anal-
ysis could be extended to elucidate the propagation of intracellu-
lar signaling molecules, the diffusion patterns would deviate from
those observed when active propagation was involved. The best
characterized of such patterns would be the propagation of cal-
cium ions. In fact, previous studies have suggested that neurovas-
cular coupling through astrocytes is not mediated by potassium
siphoning, but rather by calcium propagation that in the end
triggers potassium release at the astrocyte endfeet (Filosa et al.,
2006; Girouard et al., 2010). Our present data showing restricted
passive diffusion of molecules at the endfeet are consistent with
this model. Future studies examining the diffusion patterns of
various biologically active molecules are expected to reveal differ-
ent types of spatial and temporal signaling in astrocytes that are
achieved by additional cellular mechanisms.
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