
Plasticity of Perisynaptic Astroglia During
Synaptogenesis in the Mature Rat Hippocampus
MARK R. WITCHER,1,2 SERGEI A. KIROV,1,3 AND KRISTEN M. HARRIS1,4*
1Synapses and Cognitive Neuroscience Center, Medical College of Georgia, Augusta, Georgia
2MD/PhD Program, Medical College of Georgia, Augusta, Georgia
3Department of Neurosurgery, Medical College of Georgia, Augusta, Georgia
4Department of Neurology, Medical College of Georgia, Augusta, Georgia

KEY WORDS
astrocyte; three-dimensional reconstruction; dendritic spine;
ultrastructure; synaptogenesis; tripartite

ABSTRACT
Astroglia are integral components of synapse formation and
maturation during development. Less is known about how
astroglia might influence synaptogenesis in the mature
brain. Preparation of mature hippocampal slices results in
synapse loss followed by recuperative synaptogenesis dur-
ing subsequent maintenance in vitro. Hence, this model
system was used to discern whether perisynaptic astroglial
processes are similarly plastic, associating more or less with
recently formed synapses in mature brain slices. Perisynap-
tic astroglia was quantified through serial section electron
microscopy in perfusion-fixed or sliced hippocampus from
adult male Long-Evans rats that were 65–75 days old.
Fewer synapses had perisynaptic astroglia in the recovered
hippocampal slices (42.4% 6 3.4%) than in the intact hippo-
campus (62.2% 6 2.6%), yet synapses were larger when
perisynaptic astroglia was present (0.055 6 0.003 lm2)
than when it was absent (0.036 6 0.004 lm2) in both condi-
tions. Importantly, the length of the synaptic perimeter sur-
rounded by perisynaptic astroglia and the distance between
neighboring synapses was not proportional to synapse size.
Instead, larger synapses had longer astroglia-free peri-
meters where substances could escape from or enter into the
synaptic clefts. Thus, smaller presumably newer synapses
as well as established larger synapses have equal access to
extracellular glutamate and secreted astroglial factors,
which may facilitate recuperative synaptogenesis. These
findings suggest that as synapses enlarge and release more
neurotransmitter, they attract astroglial processes to a dis-
crete portion of their perimeters, further enhancing synap-
tic efficacy without limiting the potential for cross talk with
neighboring synapses in the mature rat hippocampus.
VVC 2006 Wiley-Liss, Inc.

INTRODUCTION

Historically, astroglia were thought to provide only
metabolic and physical support for neurons. It is now
clear that astroglia are directly involved in neuronal sig-
naling, even locally at synapses (Allen and Barres, 2005;
Barres, 1991; Bergles et al., 1997; Hatton and Parpura,
2004; Lin and Bergles, 2004; Volterra et al., 2002;
Volterra and Meldolesi, 2005). They are the primary
source of energy for neurons (Brown et al., 2004) and

serve to control ionic homeostasis and neuronal excitabil-
ity by buffering potassium (Kofuji and Newman, 2004).
Astroglia synthesize and recycle glutamate (Hertz and
Zielke, 2004) and respond to synaptic release of neuro-
transmitters with both calcium waves and release of glio-
transmitters that can further influence synaptic activity
(Cornell-Bell et al., 1990a; Grosche et al., 1999; Pascual
et al., 2005; Perea and Araque, 2005; Schipke and
Kettenmann, 2004). Perisynaptic astroglial processes
may detect spill out of glutamate and other substances
from active synapses (Diamond, 2005; Rusakov and
Kullmann, 1998), and respond structurally by extending
and modifying their processes (Cornell-Bell et al., 1990b;
Hirrlinger et al., 2004). Variation in synapse strength
and the degree to which substances escape the perimeter
might determine whether astroglial processes grow to-
wards and ensheath parts of some synapses and avoid
or retract from others (Cornell-Bell et al., 1990b; Hatton
and Parpura, 2004). Recent studies show that astroglia
secrete substances, such as thrombospondins and choles-
terol, that are critical to the formation and function of
synapses during development (Christopherson et al.,
2005; Goritz et al., 2005; Mauch et al., 2001; Ullian
et al., 2001; Ullian et al., 2004). Astroglial membranes also
contain contact-mediated factors that influence synapse
maturation (Hama et al., 2004; Mazzanti and Haydon,
2003; Murai et al., 2003). Thus, astroglia may influence
where synapses form and how large they become.

Less is known about whether astroglia are similarly
plastic or critical for synaptogenesis in the mature
brain. In the mature brain, access to astroglial-secreted
factors will be relatively limited because their levels
decrease globally (Christopherson et al., 2005) and inter-
vening structures fill the extracellular space (ECS),
which was substantially greater during development
(Fiala et al., 1998). The positioning of perisynaptic astro-
glia is diverse among mature brain regions (Chao et al.,
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2002; Spacek, 1985); for example about 90% of cerebellar
synapses have some perisynaptic astroglia, but less than
50% of hippocampal and cortical synapses having any
(Grosche et al., 1999; Palay and Chan-Palay, 1974;
Spacek, 1985; Ventura and Harris, 1999; Xu-Friedman
et al., 2001). Here we compared perisynaptic astroglial
processes in perfusion-fixed hippocampus and in hippo-
campal slices that had undergone substantial synapse
loss and recuperative synaptogenesis (Kirov et al., 1999,
2004) to test whether astroglial processes were more
likely to associate with smaller, presumably newer, or
larger more established synapses during synaptogenesis
in the mature brain. We use the phrase ‘‘recuperative
synaptogenesis’’ in this mature hippocampus to distin-
guish it from developmental synaptogenesis, although
similar processes may be involved.

MATERIALS AND METHODS
Tissue Preparation

Four mature male rats of the Long-Evans strain ran-
ging in age from postnatal days 65–75 were used, two
each for perfusion fixation and preparation of acute
hippocampal slices (Kirov et al., 1999; Sorra and Harris,
1998). Intracardiac perfusions with fixative were done
under pentobarbital anesthesia (80 mg/kg) and started
within 1 min after opening the chest cavity to minimize
hypoxia-ischemia. The fixative contained 2% paraformal-
dehyde and 6% glutaraldehyde in 0.1 M cacodylate
buffer with 2 mM CaCl2 and 4 mM MgCl2 at pH 7.4.
Fixative was delivered to the body at 37�C and 4 psi
backing pressure of 95% O2 and 5% CO2.

Briefly, the acute hippocampal slices were prepared in
accordance with National Institutes of Health guidelines
and approved animal care protocols (Kirov et al., 1999;
Sorra and Harris, 1998). One rat was first anesthetized
with 80 mg/kg pentobarbital to mimic the ‘‘pre-fixation’’
conditions of the perfusion protocol; the second rat was
rapidly decapitated without prior anesthesia to avoid
potential artifacts of anesthesia. The hippocampus was
cut at 400 lm thickness and slices were received into
ice-cold artificial cerebral spinal fluid (ACSF, containing
117 mM NaCl, 5.3 mM KCl, 26 mM NaHCO3, 1 mM
NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4, and 10 mM
glucose at pH 7.4 and bubbled with 95% O2–5% CO2).
Slices were equilibrated at 30–32�C at the interface of
the same ACSF and humidified O2 (95%) and CO2 (5%)
for 9 or 4.5 h, respectively (Kirov et al., 1999; Sorra and
Harris, 1998). The slice from the first rat received con-
trol stimulation for 30 min prior to fixation (Kirov et al.,
1999). The sampled region of the slice from the second
rat received three sets of tetanic stimulation at 100 Hz
for 1 s at half-maximal stimulation followed by recording
2 h of stable potentiation (Sorra and Harris, 1998). Both
slices were then rapidly fixed during 8 s of microwave
irradiation in mixed aldehydes (2% paraformaldehyde
and 6% glutaraldehyde in 0.1 M cacodylate buffer at pH
7.4 and containing 2 mM CaCl2 and 4 mM MgCl2) and
stored overnight in fixative at room temperature.

Perfusion-fixed hippocampus and hippocampal slices
were both subsequently fixed in reduced osmium (1%
OsO4 with 1.5% K4Fe(CN)6) followed by 1% OsO4, to
enhance membranes, and then exposed to 1% uranyl
acetate, dehydrated, and embedded in Epoxy Resins and
hardened for 48 h prior to collecting serial thin sections.
The serial thin sections were stained with ethanolic
uranyl acetate followed by Reynolds’ lead citrate. Serial
sections were photographed in the middle of stratum
radiatum at a location about 150–200 lm from the CA1
pyramidal cell body layer at an optimal depth of 100–
180 lm from the cut surfaces. These protocols produced
well-stained and readily identifiable astroglial processes
(Figs. 1 and 5).

Quantification Through Serial Section
Electron Microscopy

Series were photographed at the JEOL (Peabody, MA)
1200EX or 1230 electron microscopes and negatives
were scanned or images were digitally captured (Gatan,
Pleasanton, CA). The series were coded and analyzed
blind as to condition. Images were digitally optimized
for brightness and contrast to visualize structures of
interest, and reconstructions were colorized for clarity of
presentation. Three-dimensional reconstructions and
analyses were performed using the software entitled
RECONSTRUCT (Fiala, 2005), and freely available from
(http://synapses.bu.edu). Pixel size was calibrated rela-
tive to a diffraction grating replica (Ernest F. Fullam,
Latham, NY) and section thickness was computed by
dividing the diameters of longitudinally sectioned mito-
chondria by the number of sections they spanned (Fiala
and Harris, 2001).

Surface areas of cross-sectioned synapses were com-
puted by measuring their lengths on individual sections,
multiplying by section thickness, and summing over
sections. Synapses cut enface were outlined and the
enclosed area calculated. A total of 201 synapses were
evaluated along eight lateral dendritic segments (0.39–
0.92 lm diameters) in the intact perfusion-fixed hippo-
campus from two animals. Similarly, 210 synapses were
evaluated along eight lateral dendritic segments (0.45–
0.97 lm diameters) in the hippocampal slices from two
animals. EM and statistical analysis of synaptic and
astroglial ultrastructural features revealed no signifi-
cant differences between the two acute slices, hence they
were grouped for comparison in subsequent analyses.

Statistics

Excel software (Microsoft, Redwood, CA) was used to
organize the data, and Statistica (StatSoft, Tulsa, OK)
was used to obtain means and standard deviations, to
graph the data and perform regressions and statistical
analyses of nested ANOVAs and ANCOVAs by dendrite,
animal, and condition. Criterion P was <0.05.
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RESULTS
Locations of Perisynaptic Astroglia

Astroglial processes were identified by their irregular
shapes interdigitating among neuronal processes and by
the presence of glycogen granules, intermediate filament
bundles, and a relatively clear cytoplasm (Fig. 1; see also
Ventura and Harris, 1999). Thin astroglial processes
were traced through serial sections to larger processes
to confirm their identities. The perisynaptic location of
astroglia in relationship to the axon–spine interface

(ASI), and the presynaptic and postsynaptic partners
were defined as illustrated in the intact perfusion-fixed
hippocampus (Figs. 1a,c,d ‘‘intact’’) and in acutely re-
covered hippocampal slices (Figs. 1b,d,f). Astrocytic dis-
tribution varied between apposition at the ASI (Figs.
1a,b), the postsynaptic dendritic spine only (Figs. 1c,d),
or the presynaptic axonal bouton only (Figs. 1e,f).
Other synapses had no perisynaptic astroglia. These
images also reflect accurately the equally low extracellu-
lar volume in the intact and acutely sliced mature hippo-
campus.

Fig. 1. Locations of perisynaptic
astrocyte in area CA1 of intact, perfu-
sion-fixed hippocampus (Intact) or hip-
pocampal slices (Slice) from mature
rats. (a,b) Astroglial processes at the
axon-spine interface (ASI, astro, astro-
glial process (blue); psd, postsynaptic
density (red); sp, dendritic spine head
(yellow); ax, axonal bouton (green). (c,d)
Astroglial processes apposed to the post-
synaptic dendritic spine only. (e,f) Astro-
glial processes apposed to the back sur-
face of a presynaptic axon only. Scale
bar in f is for a–f. [Color figure can be
viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Complete three-dimensional reconstructions illustrated
the complex relationships between a single astroglial
process (light blue) and synapses along different dendri-
tic segments (red, yellow, gold, and purple); presynaptic
axons and other dendrites are excluded for clarity
(Fig. 2a). For example, this astroglial process surrounded
part of the ASI of a large mushroom spine (Fig. 2b)

but encountered only the neck of another spine on
a different dendrite (Fig. 2c). Other reconstructions
show that spines of similar sizes can be devoid of peri-
synaptic astroglial processes (Fig. 2d) or richly en-
sheathed (Fig. 2e). These findings illustrate the nonuni-
form distribution of astroglial processes among dendritic
spine synapses.

Fig. 2. Reconstructed dendrites,
synapses, and associated astroglial
processes. (a) Three-dimensional re-
construction of a single astroglial
process (blue) interdigitating among
many dendrites, four of which are
reconstructed here (gold, yellow, red,
purple). Axonal boutons are not dis-
played. (b) Approximately 50% of
the ASI of a mushroom spine was
apposed by astroglia (arrows). (c)
Only the neck of this thin dendritic
spine was apposed by astroglia
(arrows). Scale bar in c is for b and
c. Synapses on mushroom dendritic
spines without (d) and with (e) peri-
synaptic astroglia (sv, synaptic vesi-
cles). Scale cube shows 500 nm for d
and e. [Color figure can be viewed in
the online issue, which is available
at www.interscience.wiley.com.]
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Quantification of Perisynaptic
Astroglia at the Perimeter

of the ASI

A quantitative analysis was performed to determine
whether astroglial processes are preferentially located at
specific synapses in the intact or sliced hippocampus. A
higher percentage of synapses had perisynaptic astroglia
at their ASIs in the intact than the sliced hippocampus
(Fig. 3a). In both conditions, relatively few synapses had
perisynaptic astroglia at the presynaptic or postsynaptic
side only (Fig. 3a). Conversely, a lower percentage of syn-
apses had no perisynaptic astroglia in the intact than in
the sliced hippocampus (Fig. 3a).

Synapses with astroglia at the ASI were also categor-
ized by spine and synapse shape (Fig. 3b). Only 40–60%
of the thin spines and thin or mushroom spines with
macular synapses had astroglia at the ASI. In contrast,

60–99% of the larger mushroom spines and spines with
perforated synapses had perisynaptic astroglia. The pre-
sence of perisynaptic astroglia was greater in intact hip-
pocampus for all spine and synapse shapes than in the
acutely recovered slices (Fig. 3b). Branched and other
spine shapes (stubby and multisynaptic) did not differ
significantly between conditions with respect to perisy-
naptic astroglia (Fig. 3b). These observations show that
perisynaptic astroglial processes are not restricted to par-
ticular spine or synapse shapes.

Larger Synapses Were More Likely to Have
Perisynaptic Astroglia

The next question was whether differences in synapse
size were related to the presence or absence of perisy-
naptic astroglia. The surface area of the PSD was meas-
ured across serial sections for each synapse. PSDs were
larger when perisynaptic astroglial processes were pre-
sent (0.055 6 0.003 lm2) than when they were absent
(0.036 6 0.004 lm2) at the perimeter of the ASI, or
along the dendritic spine head; but not when astroglia
was present along the presynaptic axonal bouton only
(Fig. 4a). Synapses were larger when astroglial pro-
cesses were present at the ASI in both the sliced and
intact hippocampus (Fig. 4b).

Partial Ensheathment of Synapses
by Perisynaptic Astroglia

Membrane-associated molecules interact at the neu-
ron-glial interface and can have both supportive and
detrimental effects on synapses. Here we measured
whether the amount of perisynaptic astroglial ensheath-
ment was related to spine type or synapse size, and if it
was altered in the acutely recovered slices that had
undergone recuperative synaptogenesis. We determined
the length and fraction of the ASI perimeter that was
surrounded by perisynaptic astroglia as described in
Figures 5a–j. The average length of the ASI apposed by
perisynaptic astroglia did not differ between intact and
sliced hippocampus (Fig. 5k). Similarly, the fraction of
the ASI perimeter ensheathed by astroglia did not differ
significantly between intact (0.38 6 0.02) and sliced hip-
pocampus (0.35 6 0.02, P 5 0.75, data not shown), nor
between different spine shapes (P 5 0.4; data not shown).
Although a strong correlation exists between PSD area
and ASI area (Ventura and Harris, 1999); there is only a
weak correlation between PSD area and the length of
ASI that was apposed to perisynaptic astroglia (Fig. 5l,
r 5 0.26; P < 0.05).

Conversely, the degree to which glutamate and other
substances can escape or enter the perimeter of the syn-
apse will depend upon the length of the astroglia-free
interface. The vast majority of synapses (99.5%) had some
portion of their ASI perimeter that was free from astro-
glia. The length of the astroglia-free ASI perimeter was
computed as described above, measuring the astroglia-
free length instead (red dots and lines in Figs. 5a–j).
There was a strong correlation between the astroglia-

Fig. 3. Nonuniform distribution of perisynaptic astroglia among
synapses. (a) The percentage of synapses with perisynaptic astrocyte at
the ASI was greater in the intact hippocampus (61.9% 6 3.7%) than in
slices (43.0% 6 3.5% **P < 0.0005). Astroglial processes were located
only at the postsynaptic dendritic spines for 6.6% 6 2.9% and 10.6% 6
2.8% of the synapses and the presynaptic boutons for 8.1% 6 2.7% and
6.3% 6 2.7% of the synapses for intact hippocampus and slices, respec-
tively. Fewer synapses had no perisynaptic astroglia (‘‘none’’) in intact
hippocampus (23.9% 6 3.4%) than in the slices (39.6% 6 3.3%, *P <
0.005). (b) Spines of both thin or mushroom shapes with macular or
perforated synapses were more likely to have astroglia at the perimeter
of their ASIs in the intact hippocampus than slices (*P < 0.05; **P <
0.005). There were no significant differences among the other spine
types (branched, multisynaptic, or stubby) regarding perisynaptic astro-
glia. n at the base of each bar is the total number of synapses in each
category by condition.
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free length of the ASI perimeter and PSD area whether
some portion (r 5 0.74, P < 0.0001) or no portion (r 5
0.68; P < 0.0001) of the ASI perimeter was in direct
apposition to perisynaptic astroglia. Synapses without
astroglia at the ASI had longer mean unapposed lengths
(0.79 6 0.02 lm) than synapses with astroglia at the
ASI (0.58 6 0.02 lm; P < 0.0001, Fig. 5m). These find-
ings suggest that larger synapses with their greater
capacity for neurotransmitter release (Harris and
Stevens, 1989; Harris and Sultan, 1995; Lisman and
Harris, 1993; Schikorski and Stevens, 2001) also have a
longer interface from which glutamate and other sub-
stances can escape from or enter into the synapse.

Distance Along Astroglia-Free Path to
Nearest Neighboring Synapse

One important role that astroglial processes are
thought to perform is controlling glutamate spillover
and crosstalk between neighboring synapses. Whether

glutamate or other substances escaping the synapse can
influence neighboring synapses depends on the extracel-
lular distance and tortuosity in the path between neigh-
boring synapses. Here we determined these lengths
based on astroglia-free paths because it is known that
astroglial membranes contain a high density of gluta-
mate transporters, which remove glutamate from the
ECS. A subset of 64 synapses was selected at equal
intervals across the range of PSD size for synapses with
and without astroglia at the ASI. For each synapse, the
shortest astroglia-free route was measured from the pe-
rimeter through ECS to a neighboring synapse. The
nearest neighboring synapse was determined by viewing
serial sections and measuring the shortest three-dimen-
sional linear distance within (Fig. 6a) or across (Fig. 6b)
serial sections. The curvilinear distance was measured
through ECS between neighboring synapses. Curvilinear
distances did not differ between intact and slice condi-
tions, nor did they correlate with synapse size (Fig. 6c).
These measurements showed that most synapses had
neighbors located within 1 lm and all of the synapses
had neighbors located within 2 lm along an astroglia-
free path through the ECS. Tortuosity was computed
based on the ratio of the curvilinear to the straight linear
paths and was less than three for all distances, and did
not correlate with PSD area (Fig. 6d). Similarly, whether
or not astroglia occurred along some part of the ASI did
not influence the curvilinear path length or tortuosity
(data not shown). These findings indicate that once sub-
stances leave the astroglia-free perimeter of a synapse
there is a relatively short diffusion path to a neighboring
synapse for all synapse sizes under both conditions.

DISCUSSION

More synapses had perisynaptic astroglia in the perfu-
sion fixed intact hippocampus than acutely recovered
hippocampal slices, suggesting that recuperative synap-
togenesis occurred without sustained contact by astro-
glia in mature hippocampus. Perisynaptic astroglial
processes were more likely to be present at larger
synapses; thus, eventual contact with astroglia per-
mitted or enhanced synapse growth. Alternatively, as a
synapse enlarged and released more neurotransmitter, it
may become attractive to astroglial processes as gluta-
mate escapes its perimeter (Cornell-Bell et al., 1990b).
Most of the perimeter was not ensheathed by perisynap-
tic astroglia, so that substances in the ECS could escape
from or enter into both new and established synapses in
mature hippocampus. The distances along astroglia-free
paths were usually less than a micron so that spillover
could be detected among neighboring synapses in mature
hippocampus (Diamond, 2005). Thus, sharing of neuro-
transmitter such as glutamate, could facilitate the integra-
tion of smaller ‘‘silent’’ synapses into active networks dur-
ing recuperative synaptogenesis in mature hippocampus,
although glutamate spillover must be controlled to avoid
seizures (Tanaka et al., 1997). Our structural analyses
suggest that astroglial glutamate transport may control

Fig. 4. Mean synapse size was larger for synapses with perisynaptic
astroglia apposed to the ASI or postsynaptic spine. (a) Mean synapse
size was larger when astroglia was present at the ASI (0.055 6
0.003 lm2) than when it was absent (0.036 6 0.004 lm2; **P < 0.0005).
Mean synapse size was also greater when astroglia was present at
the postsynaptic dendritic spine only (0.047 6 0.006 lm2 vs. 0.033 6
0.002 lm2; *P < 0.05). (b) Mean synapse size was larger when perisy-
naptic astrocyte was present at the ASI in both the intact (**P < 0.005)
and sliced (*P < 0.05) hippocampus.
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spillover across relatively large domains of neuropil, while
neuronal glutamate transport may be required to provide
local control near individual hippocampal synapses (Chen
et al., 2004; Diamond, 2001; He et al., 2000).

Role of Delayed Contact Between Astroglial
Processes and Synapses

Astroglial processes were absent from the perimeter of
more synapses in the hippocampal slices where there

had been a recent loss, recovery, and proliferation of
synapses (Fiala et al., 2003; Kirov et al., 1999, 2004;
Petrak et al., 2005). This finding suggests that, in the
mature system, new synapses are more likely to form
where astroglial processes are not in direct contact with
them. Astroglia respond during slice preparation with a
complete loss of glycogen that requires 1–3 h to recover
in vitro (Fiala et al., 2003). During this reactive period,
astroglia may also release soluble substances that pro-
mote synaptogenesis in the slices. Preliminary strength-

Fig. 5. Reconstruction and quantification of perisynaptic astroglia.
(a–e) For cross-sectioned synapses, the length of the ASI perimeter
associated with (green dots) or without (red dots) astroglia was calcu-
lated by counting the number of dots and multiplying by the number of
sections spanned and section thickness. (f–j) For obliquely-sectioned
and enface synapses, the fraction of ASI apposition was measured as
the fractional length of entire perimeter with (dotted green line) or
without (dotted red line) astroglia. (k) The length of the ASI ensheathed
by astroglia was similar in the intact (0.32 6 0.019 lm) and sliced hip-
pocampus (0.29 6 0.02 lm; P 5 0.23). Synapses without astroglia were

excluded. (l) Synapse size was only weakly correlated with the length
of the ASI apposed to astroglia (r 5 0.26; P < 0.05). (m) The length of
ASI perimeter that was unapposed by astroglial process was strongly
correlated with PSD area whether astroglia was present at the ASI
(r 5 0.74; P < 0.0001) or absent from the ASI (r 5 0.68; P < 0.0001).
Synapses without astroglia at the ASI had a longer length open for
the flow of glutamate and other substances to and from the synapse
(0.79 6 0.02 lm and 0.58 6 0.02 lm, respectively; P < 0.0001). [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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ening of synapses during the 4–9 h that these slices
remained in vitro could have been supported by choles-
terol and other substances released from astroglia (Goritz
et al., 2005; Mauch et al., 2001). Consistent with this hy-
pothesis there are more synapses in astrocyte-rich than in
astrocyte-poor cortical cultures (Harris and Rosenberg,
1993). Furthermore, soluble substances in astrocyte-condi-
tionedmedium also promote synaptogenesis on developing
retinal ganglion cells isolated on postnatal day 5 andmain-
tained in culture (Christopherson et al., 2005).

In contrast, direct contact with astroglial processes
might be detrimental during the early phases of synap-
togenesis. Contact with astroglial processes augments
calcium influx through N-type calcium channels on cul-
tured hippocampal neurons (Mazzanti and Haydon,
2003), which in turn can cause depolymerization of actin
filaments and retraction of filopodia or loss of unstable
new spines (Oertner and Matus, 2005). Contact with
astroglia may also cause ephrin-mediated remodeling or

collapse of nascent dendritic spines (Murai et al., 2003).
These observations suggest that synaptogenesis in mature
hippocampus might be restricted to paths through the
neuropil where new filopodia do not physically contact
astroglial processes, but still have access to soluble, syn-
apse-promoting factors released from distant astroglial
processes.

Why and how might the larger synapses attract astro-
glial processes to their perimeters? Previous studies have
shown that the number of presynaptic vesicles increases
proportionately with the area of the PSD on dendritic
spines (Harris and Sultan, 1995; Lisman and Harris,
1993; Schikorski and Stevens, 2001). The astroglial pro-
cesses could have been attracted to the greater amount
of glutamate or other substances escaping the ASI of
larger synapses (Cornell-Bell et al., 1990b; Hirrlinger
et al., 2004). Subsequent contact with astroglia attracted
to these larger synapses could facilitate growth and mat-
uration of the synapse. For example, puncta adherens

Fig. 6. Distances and tortuosity of the glia-free path between near-
est neighboring synapses. (a) The curvilinear distances were measured
between the edges (solid red line), centers (dashed red line) and center
to edge (distance along dashed and solid lines from a1 to a2) of nearest
neighboring synapses in both conditions (n 5 64). The tortuosity in
these paths was computed as the curvilinear distance through ECS
divided by the straight linear distance between the points (e.g. dotted
red line for center to center on this synapse). (b) Sometimes the extra-
cellular path distance between nearest neighboring synapses had to be
measured through 3D reconstruction (red 5 extracellular path; black 5
psd 1 and 2; gold 5 dendrite1 [Den 1] and spine1 [sp 1]; yellow 5 den-
drite2 [Den 2] and spine2 [sp 2]; green 5 axon1 [ax 1] and axon2 [ax
2]. Distances to nearest neighboring synapses were similar in intact

and sliced hippocampus when measured (c) center to center (0.87 6
0.07 lm and 0.82 6 0.07 lm, respectively; P 5 0.97) or edge to edge
(0.41 6 0.08 lm and 0.40 6 0.05 lm, respectively; P 5 0.95, data not
shown), or center to edge (0.63 6 0.07 lm and 0.59 6 0.05 lm, respec-
tively; P 5 0.90, data not shown). (d) Tortuosity of extracellular paths
between nearest neighboring synapses also did not differ between
intact and sliced hippocampus when computed center to center (1.39 6
0.05 lm and 1.47 6 0.06 lm, respectively; P 5 0.70) edge to edge
(1.16 6 0.04 lm and 1.34 6 0.06 lm, respectively; P 5 0.17, data not
shown), or center to edge (1.34 6 0.07 lm and 1.36 6 0.05 lm, respec-
tively; P 5 0.74, data not shown). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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junctions between astroglial processes and dendritic
spines (Spacek and Harris, 1998) contain a variety of
cell adhesion molecules such as integrins, NCAM, cad-
herins, and others (Schuster et al., 2001). Integrins can
activate the protein kinase C signaling cascades in astro-
glia, which serve to enhance synaptic efficacy (Hama et al.,
2004). GAP43, another contact-mediated growth asso-
ciated protein, activates the MAP kinase pathway and
facilitates elaboration of dendrites via astroglial contact
(Piontek et al., 2002). Thus, contact with astroglial pro-
cesses could enhance synaptic efficacy as the spine cyto-
skeleton stabilizes (Smart andHalpain, 2000).

How Might Glutamate Spillover Awaken Newly
Recovered Synapses?

A persistent question has been whether astroglial pro-
cesses serve as barriers to glutamate spillover and cross-
talk between neighboring synapses. It is likely that at
least some glutamate escapes from hippocampal syn-
apses, because synaptically driven transporter currents
can be recorded from hippocampal astroglia in acute
slices (Bergles and Jahr, 1997; Diamond et al., 1998).
Furthermore, we show here that nearly all hippocampal
synapses had regions along their ASI perimeters where
substances could escape or enter the synaptic cleft with-
out encountering astroglia. The rate of glutamate clear-
ance from the ECS increases proportionately with ex-
pression of glial glutamate transporters during hippo-
campal maturation (Diamond, 2005). In the absence of
glutamate transporters, synapses separated by distances
less than a micron would likely be affected by glutamate
spillover (Diamond, 2005). The distance along the short-
est glia-free extracellular route between neighboring
synapses was usually less than 1 lm. In addition, the
apparent low volume of the ECS suggests that most
synapses in both the intact and sliced hippocampus
would experience a similar amount of glutamate spill-
over from neighboring synapses. More release of gluta-
mate means more transporters will be occupied such
that subsequently-released glutamate could diffuse far-
ther (Diamond, 2005). Glutamate transporters located in
neuronal membranes can also remove glutamate from
the ECS (Chaudhry et al., 1995; Diamond, 2001; He et al.,
2000). If neuronal glutamate transporters were concen-
trated at the perimeter of synapses without astroglia
(Chen et al., 2004), then they might prevent significant
spillover of glutamate during recuperative synaptogen-
esis in mature hippocampus.

Smaller synapses in the mature hippocampal slices
are reminiscent of early development (Fiala et al., 1998)
where small synapses are relatively silent and contain
only NMDA glutamate receptors (Isaac et al., 1997; Liao
et al., 1999; Takumi et al., 1999). The small developing
synapses might also be presynaptically silent under nor-
mal conditions, increasing neurotransmitter release dur-
ing synaptic plasticity (Ma et al., 1999). The absence of
perisynaptic astroglia from small synapses might allow
sufficient glutamate to enter the cleft from the ECS to

activate NMDA receptors (Asztely et al., 1997; Kullmann
et al., 1996), while other synapses on the neuron are firing.
This coactivation would facilitate insertion of AMPA recep-
tors and incorporation of the synapses into a functional
network.

Astroglia-Free microdomains for Synaptogenesis

Astroglia form multiple domains within hippocampal
CA1 neuropil. Individual astroglia serve as one large do-
main with little overlap among processes of neighboring
astroglia (Bushong et al., 2002). The whole astrocyte
spans the dendritic arbors of many neurons. An indivi-
dual astroglial process can coordinate neuronal excitabil-
ity among a few neurons by amplifying calcium signal-
ing (Fellin et al., 2004; Pascual et al., 2005). Here we
demonstrate astroglia-free microdomains through which
new filopodia might emerge to form synapses without
contacting astroglial processes (Fiala et al., 1998; Harris
et al., 1992). Regulation of the composition of the extra-
cellular matrix, through secretion of proteases or reduced
secretion of protease inhibitors from astroglia, might
also be important to provide an unobstructed path for
new spine outgrowth (Giau et al., 2005; Pavlov et al.,
2004). Ongoing maintenance of these astroglia-free
microdomains could be important for synaptic plasticity
in the mature hippocampus.

Plasticity of Perisynaptic Astroglia

The degree to which astroglial processes surround
synapses depends on many factors including age, brain
region, local neuropil, and experience. For example,
astroglial ensheathment of parallel fiber synapses
increases with maturation (Grosche et al., 1999), and
the astroglial volume per Purkinje neuron increases
with acrobatic learning but not exercise alone (Anderson
et al., 1994). Astroglial volume also increases in visual
and motor cortex proportionately with synaptogenesis
and expansion of the dendritic arbor during environ-
mental enrichment and motor learning (Jones and
Greenough, 2002). In hippocampal neuropil, astroglial
volume fluctuates with synaptogenesis during the oes-
trus cycle (Klintsova et al., 1995) and increases during
long-term potentiation (Wenzel et al., 1991) or following
kindling (Hawrylak et al., 1993). These findings show
that perisynaptic astroglial processes undergo dynamic
reorganization during synaptic plasticity. Whether these
and other forms of synaptic plasticity result in astroglial
processes preferentially ensheathing portions of recently
stabilized synapses remains to be determined.
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