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ABSTRACT
Astrocytes have an important role in synaptic formation
and function but how astrocytic processes become associ-
ated with synaptic structures during development is not
well understood. Here we analyzed the pattern of growth of
the processes extending off the main Bergmann glial (BG)
shafts during synaptogenesis in the cerebellum. We found
that during this period, BG process outgrowth was corre-
lated with increased ensheathment of dendritic spines. In
addition, two-photon time-lapse imaging revealed that BG
processes were highly dynamic, and processes became more
stable as the period of spine ensheathment progressed.
While process motility was dependent on actin polymeriza-
tion, activity of cytoskeletal regulators Rac1 and RhoG did
not play a role in glial process dynamics or density, but was
critical for maintaining process length. We extended this
finding to probe the relationship between process morphol-
ogy and ensheathment, finding that shortened processes
result in decreased coverage of the spine. Furthermore, we
found that areas in which BG expressed dn-Rac1, and
therefore had a lower level of synaptic ensheathment,
showed an overall increase in synapse number. These
analyses reveal how BG processes grow to surround syn-
aptic structures, elucidate the importance of BG process
structure for proper development of synaptic ensheath-
ment, and reveal a role for ensheathment in synapse
formation. VVC 2008 Wiley-Liss, Inc.

INTRODUCTION

Although glia are more numerous than neurons, their
vital roles in complex brain functioning are poorly
understood. Studies spanning the last decade revealed
new aspects of the neuron/glial relationship beyond
maintenance of the milieu, especially in synaptic func-
tion, plasticity, and spine and dendrite development
(Amateau and McCarthy, 2002; Araque et al., 1998;
Christopherson et al., 2005; Ge et al., 2006; Laming
et al., 2000; Lin and Bergles, 2004; Lordkipanidze and
Dunaevsky, 2005; Murai et al., 2003; Pfrieger and
Barres, 1997; Takatsuru et al., 2006; Takayasu et al.,
2006; Ullian et al., 2001; Yang et al., 2003; Zhang et al.,
2003). The intimate morphological relationship between

glial processes and synapses provides an opportunity for
such interactions (Halassa et al., 2007). The importance
of glial ensheathment in synaptic function is under-
scored by impairment of memory tasks and altered syn-
aptic plasticity in mice with altered glial protein expres-
sion (Gerlai et al., 1995; McCall et al., 1996; Shibuki
et al., 1996). Synapse ensheathment by glia occurs
throughout the brain, but the degree of coverage varies
by region (Grosche et al., 1999; Peters et al., 1976;
Spacek, 1985; Ventura and Harris, 1999). In the cerebel-
lum, almost every synapse onto a Purkinje cell (PC) is
ensheathed by Bergmann glia (BG) (Grosche et al.,
1999; Spacek, 1985).

Early in development, BG extend smooth radial proc-
esses to the pial surface from their somas in the Pur-
kinje layer. BG shafts provide scaffolding for granule
cell migration (Altman, 1972; Gregory et al., 1988; Hat-
ten and Mason, 1990; Rakic, 1971) and direct growth of
PC dendrites (Lordkipanidze and Dunaevsky, 2005;
Yamada et al., 2000). After the bulk of granule cell
migration is complete, lateral processes emerge from BG
shafts, coincident with the expansion of the PC dendritic
tree and synaptogenesis. The temporal correlation
between glial process development and synaptogenesis
suggests a role for ensheathment in synaptic develop-
ment and maturation (Grosche et al., 1999; Yamada
et al., 2000). Yet, the morphogenesis and regulation of
glial sheath development, and their role during synaptic
formation, have not been previously studied.

In this study, we investigate morphological and
dynamic properties of BG processes in the developing
cerebellum, how they grow to ensheath synapses, and
the involvement of ensheathment in synapse formation.
We examine two ages relevant to synapse formation and
dendritic spine motility: at postnatal day (P)10 dendritic
spines are highly motile and synaptogenesis peaks,
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while at P20 synaptogenesis reaches a plateau and spine
motility decreases (Dunaevsky et al., 1999). Using 2-
photon imaging of BG fluorescently labeled via in vivo
viral injections or biolistics in slice culture, we find that
glial processes are highly dynamic and their motility is
developmentally regulated. Glial processes also dramati-
cally increase in number and complexity between these
periods. Our confocal and electron microscopy analysis
demonstrates that the developmental increase in glial
process complexity correlates with increased ensheath-
ment of synapses. Perturbation of glial process length
also leads to reduced ensheathment of synapses. Finally,
decreasing the level of ensheathment at a time when
the synapses should be fully ensheathed results in an
increased number of synapses. Together these data clar-
ify our understanding of glial process morphogenesis
and its relationship to synaptic ensheathment and
formation.

MATERIALS AND METHODS
Animals

All experiments were performed using C57/BL-6 mice
from Charles River Laboratories or from our breeding
facility. Mice were kept on regular light/dark cycles. All
protocols were approved by the Brown University Insti-
tutional Animal Care and Use Committee.

Preparation and Labeling of Organotypic
Cerebellar Slices

P9–P11 pups were sedated using hypothermia, and
older pups (P13–P25) were anesthetized with ketamine/
dormitor (70 mg/kg, 0.5 mg/kg, respectively) before rapid
decapitation with sharp scissors. Brains were removed
from the skulls immediately and the cerebellum was dis-
sected out. Sagittal 300 lm cerebellar slices were pre-
pared with a McIlwain tissue chopper or vibratome,
rinsed with CMF-PBS, and cultured for 5 days in vitro
(DIV) on MF-Millipore membranes (mixed cellulose
esters, hydrophilic, 0.45 lm pore size) in Millipore-Milli-
cell inserts (hydrophilic PTFE, 0.4 lm pore size, Fisher
Scientific) in media containing 10% horse serum
(Hyclone) at 37�C, 5% CO2. Slices were transfected with
DNA plasmid containing EGFP reporter gene (driven by
a CMV promoter) using biolistic transfection as previ-
ously described (Dunaevsky et al., 1999) and imaged
48 h later.

Acute Slices

After allowing 48–72 h for viral expression, acute sli-
ces were prepared as described earlier. To reduce drift
during imaging, slices were placed on MF-Millipore
membranes for 20 min in a 37�, 5% CO2 incubator.
Although changes in spines and glia occur immediately
after slice preparation, they are transient and recover

within 1–2 h (Fiala et al., 2003). We therefore allowed at
least 1 h for recovery time before acute slice imaging
experiments.

Adenovirus Production

The GFP and the dn-Rac1 GFP adenoviruses have
been previously described (Harrington et al., 2002). For
the dn-RhoG adenovirus, the EcoR1 (blunted) and Not1
fragment of RhoGIP122 cDNA was first ligated into Bgl2
(blunted)-Not1 sites in pTrack-CMV (He et al., 1998).
RhoGIP122 construct was a gift from A. Blangy. The
recombinant adenovirus was generated in RecA1 bacte-
ria according to He et al. (1998). The virus was purified
using two rounds of CsCl centrifugation, and the CsCl
was subsequently removed by dialysis.

Viral Labeling of Bergmann Glia in
the Intact Animal

P11–12 and P22–P23 mice were anesthetized with ke-
tamine/dormitor cocktail and placed in a stereotaxic ap-
paratus. After the animal was deeply anesthetized, a
small incision was made on top of the head to expose
the skull. A small hole was drilled above the vermis of
cerebellum with a dental drill. A glass electrode back-
filled with supernatant containing GFP/adenovirus (at
both ages), or N17Rac1/GFP/adenovirus (Harrington
et al., 2002), or N17dn-RhoG/GFP/adenovirus was
inserted into the anterior vermis at a depth of 100–700
lm, using stereotaxic equipment to judge depth. Using a
picospritzer, a volume of 0.2–0.4 lL was injected over
15 min into cerebellum. Following injections, skin was
sutured. Younger pups were reunited with mother, while
older, self-sufficient pups were provided with food and
water in their own cages. All pups were monitored regu-
larly from the surgery until the day of imaging to
ensure normal feeding and activity.

Rac1 Activity Assay

To test that dn-Rac1/GFP construct inhibits rac1 ac-
tivity in our tissue, we injected either dn-Rac1/GFP ade-
novirus or GFP adenovirus into the cerebellum, as
described earlier. After 2 days, cerebella were removed
and areas with GFP fluorescence in BG were dissected
out. A Rac1 activity assay was then performed on this
tissue, as described in Harrington et al. (2002).

Time-Lapse Imaging of Slices and
Image Analysis

Imaging was conducted using a multiphoton laser-
scanning microscope Radiance 2000, BioRad coupled to
a Nikon E-600-FN microscope). High-resolution imaging
was performed with a long working distance, dipping

1464 LIPPMAN ET AL.

GLIA



objective 603, N.A. 1. The Millicell culture insert
carrying the labeled slices was cut out and placed in the
imaging chamber. Slices were perfused with oxygenated
artificial cerebral spinal fluid (ACSF) at 35–37�C. For
the slice cultures, we added the anti-oxidant Trolox
(Sigma, 0.25 g/L) to the ACSF to decrease photodamage.
Slices were held in place using a platinum and nylon
harp. The imaging chamber was kept at 35–37�C
(Warner Instruments). Images were collected every 30 s
for a period of 15 min at a digital zoom of five (yielding
a pixel size of 0.08 3 0.08 lm). At each time point, 3–7
focal planes 0.5 lm apart were collected. Although this
volume included many complete spines and glial proc-
esses, we also collected an extended z-stack 5–10 lm
deep before and after imaging to record the full extent
of a dendritic or glial shaft. In this way, we can unequiv-
ocally determine whether structures that have appeared
or disappeared during the time-lapse series are new
structures or ones that entered or left the focal plane.

Drug Treatments

Before drug administration, we imaged slice cultures
made from P10–11 mice for 15 min, as described earlier,
to provide a baseline for comparisons to treated cells.
We then bath-applied a drug and reimaged the same
volume of the same glial-processes, every 30 s for 30
min, while the drug was present in the ACSF. We used
the following drugs (Sigma): cytochalasin D (1 lg/mL
washed in for 20 min before imaging), caffeine (1–2
mM), PPADS (25 lM), or KCl (7 mM).

Immunocytochemistry

Postnatal day (P)13–14 and P24–25 mice were per-
fused using 4% paraformaldeyhde. Brains were removed
and postfixed overnight at 4�C in 4% paraformaldehyde,
then sunk in 30% sucrose 0.1 M PB solution (1–2 days).
The tissue was cast in OCT and held at 280�C until it
could be sliced. At that time, the brains were equili-
brated to 220�C and sectioned to 45 lm using a cryostat
(Leica). Sections were kept in PBS, then floating sec-
tions were put in a blocking solution of 10% normal goat
serum and 0.1% Triton X in PBS for 1 h at room temper-
ature. Primary antibodies for s100b (Sigma, 1:250), Cal-
bindin (SWANT, 1:400), and VGluT1 (Chemicon, 1:5,000)
diluted in 1% normal goat serum and 0.1% Triton X in
PBS were added to the sections and incubated either
overnight at 4�C or 3 h at room temperature. Sections
were rinsed in PBS and incubated in secondary antibod-
ies conjugated with Alexa Fluor 488, 568, 594, or 647
(Molecular Probes/Invitrogen, 1:500) for 1 h at room
temperature. Sections were rinsed and mounted onto
slides using VectaShield mounting medium for fluores-
cence (Vector Laboratories, Burlingame, CA). For the de-
velopment studies, slides were imaged on a Leica confo-
cal microscope with a 633 (1.4 NA) oil objective, at a
digital zoom of either one or five (yielding a size of 0.26

or 0.093 lm/pixel, respectively), with Z-steps of 1 lm or
0.2 lm, respectively. For the ensheathment studies, we
imaged slices on a Zeiss LSM510 confocal microscope
with a 633, (1.4 NA) oil objective at a digital zoom of
five, yielding a pixel size of 0.05 lm/pixel.

Electron Microscopy

P12 and P24 mice were perfused with 2.5% glutaral-
dehyde, 2.5% paraformaldeyhde, 0.1 M PB. Brains were
sectioned on a vibratome at 75 lm. In some cases, float-
ing sections containing virally labeled GFP expressing
cells were incubated in blocking solution to block non-
specific binding (10% NGS, 0.1% TritonX-100 in PBS)
for 1 h and incubated in polyclonal anti-GFP (Molecular
Probes) in 1% NGS, 0.01% TritonX-100, (overnight at
4�C). Sections were rinsed three times in PBS (20 min)
and incubated in HRP-conjugated secondary antibody
(1 h, RT). Sections were exposed to diaminobenzidine
(DAB, 0.15%) in Tris Buffer for 2–3 min. Sections were
fixed in osmium, dehydrated, embedded in Epon, and
sectioned to 10 microns. Sections were thin-sectioned to
80 nm, stained with 4% uranyl acetate in methanol fol-
lowed by lead citrate, and imaged with a Philips 410
transmission electron microscope as described in
(Dunaevsky et al., 2001).

Analysis of Glial Process Morphology

For all measurements, we analyzed 1–2 cells per ani-
mal, with a minimum of five animals per condition,
except where noted otherwise. We processed and ana-
lyzed the data with custom-written macros using
ImageJ and NIH/Scion Image. All images were blinded
before analysis. We used the following analysis methods.

Density of glial appendages: The number of processes
per 10 lm of glial shaft was counted in sets of seven z-
stacks.

Length measurements: We measured the length of
glial processes from the glial shaft to the process tip in
maximal intensity projections of seven z-stacks, stepping
through individual stacks when necessary to distinguish
between two processes that appear to overlap in the pro-
jections (Supp. Info. Fig. 3). For branched processes, we
measured to the tip of the main projection; we did not
measure side branches of the process. If a process was
split and the main process could not be determined, we
measured the length from the shaft to the longest tip.
Only processes protruding laterally were measured
because of lower axial resolution.

Surface area index of glial appendages per shaft:
Using ImageJ, seven z-stacks of an individual glial shaft
and its processes were projected and thresholded. The
image was then binarized, and all pixels within the
soma and main shaft were digitally erased, leaving only
the glial processes. Surface area index of the glial
appendages were then measured by counting black pix-
els (Supplemental Fig. 4). This method provides us with
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an estimation of the area of processes protruding from
the shafts. We only perform this analysis on cells from
slice culture labeled biolistically, as they are isolated
and therefore render more accurate measurements.

Morphological categorization of glial processes: Glial
processes were divided into four categories: bulbous,
which consist of large diameter, rounded and often retic-
ular heads attached to the shaft by a small neck; stubby,
which are simple lateral protrusions under 2 lm long;
thin, which are thin protrusions between 2 and 10 lm
long, with no branches; and branching, which include
any appendage which splits more than once, but still
has a clear main process. We considered a process to be
branching only if it was under 10 lm long and therefore
not a branch of the main shaft (Fig. 2a). Processes over
10 lm that could not be differentiated from new shafts
were not included in this analysis.

Ensheathment Analysis

Light level analysis

To determine the extent of spine ensheathment, we
immunostained sections from P13 and P24 GFP or GFP-
dn-Rac1 adenovirus injected cerebella with the Purkinje
cell marker calbindin (SWANT, 1:400). We located a cal-
bindin-labeled spine, then divided it into quadrants and
determined in the color-merged image how many quad-
rants (1–4) of the spine were contacted by a BG process
(Supp. Info. Fig. 5A–C). Calbindin-labeled dendritic
spines and GFP-expressing glial processes were consid-
ered to be in close proximity and in possible contact
when, in the same focal plane, (1) the green glial pixels
and the red spine pixels were abutting each other with
no background level pixels in between, or (2) there was
an overlap between the green glial pixels and the red
spine pixels in at least one focal plane. Because not
every BG is labeled, we only analyzed spines contacted
by a GFP labeled BG.

Ultrastructural analysis

Thin sections from P12 and P24 mice were processed
and photographed at 10,4003. For each synapse, we
made two measurements: the circumference of the spine
that is not in contact with the presynaptic terminal (S1)
and the circumference of the spine that is contact with a
glial process (S2). We calculated the proportion of
ensheathment as S2/S1 (Supp. Info. Fig. 5D).

Analysis of Glial Process Dynamics

Spine motility was quantified using ‘‘Motility Index’’ as
previously described (Dunaevsky et al., 1999). In short,
the motility index measures the overall displacement of a
process. We first measure the area of a process at seven

time points that differ the most from each other in a sin-
gle time-lapse movie, then subtract the smallest area
from the total projected area and divide by the average
area.

Analysis of Synapse Number

Light level analysis of presynaptic puncta

Brains from mice injected with either dn-Rac1/GFP
expressing adenovirus or GFP adenovirus alone were
fixed and sectioned as described earlier. Sections were
immunostained for calbindin and VGlut1 and imaged on
a Zeiss confocal microscope (as above). Using Metamorph
(Molecular Devices, Sunnyvale, CA), images were sepa-
rated by color, then converted to grayscale. The VGlut1
labeling was put through a low pass filter. In stacks of 9–
11 consecutive z-planes, each 4 lm apart, we created two
nonoverlapping boxes of 250 3 350 and 250 3 300 pixels
(rendering volumes of 600–875 lm3), and counted indi-
vidual puncta within each box. Each punctum was
counted only in the plane in which it first appeared, but
only if the signal to noise ratio of the punctum exceeded
2.5 in at least one plane. Puncta that were very close to-
gether were determined to be separate if two intensity
peaks were identified in a line scan passing through the
puncta. To normalize for volume analyzed, we divided the
number of puncta per box by the total volume of that box.

Ultrastructural analysis of synapse number

Brains from mice injected with either dn-Rac1/GFP
expressing adenovirus or GFP adenovirus alone were
fixed, sectioned, immunostained, processed for EM, and
photographed as described earlier. Areas with BG la-
beled with virus were identified by the appearance of
the electron-dense material due to the HRP reaction
product. All synapses identified by a presence of postsy-
naptic density and synaptic vesicles in the presynaptic
terminal were counted and the average synapse number
per frame was calculated.

Statistical Analysis

Data were analyzed using SPSS. We checked for nor-
mality using the Shapiro-Wilk test. Data with normal
distributions were analyzed using a T-test. Data without
normal distributions were analyzed with the Wilcoxon
signed-rank test to test for main effect in paired pre-
treatment/posttreatment comparisons and the Mann-
Whitney U test, v2 test, or Kruskal-Wallis test with a
post-hoc Dunn’s Multiple Comparisons test to test for
main effect in all other cases.

1466 LIPPMAN ET AL.

GLIA



RESULTS
Labeling and Identification of Bergmann Glia

and Their Processes

Bergmann glia are readily recognizable by their mor-
phology (see Fig. 1) and orientation in the cerebellar cor-
tex. We used the following criteria to visually define
cells as Bergmann glia: (1) 3–6 thick radial shafts
extending through the molecular layer to the pial sur-

face, (2) small cell body in the PC layer, (3) end-feet that
contact the pial surface, (4) small protrusions extending
from the major glial cell shafts (‘‘microdomains’’; Gro-
sche et al., 1999), and (5) lack of an axon. Staining with
the glial marker s100b confirmed our morphological
assessment (Supp. Info. Fig. 1). Because we are labeling
cells with cytosolic GFP, we were concerned that fine
Bergmann glia processes containing little cytoplasm
might not be detected. We therefore coexpressed a cyto-

Fig. 1. Bergmann glia in organotypic and acute cerebellar slices. A,
B: GFP-labeled BG in a P10 1 5DIV organotypic slice culture. C, D:
GFP-labeled BG in a P20 1 5DIV organotypic slice culture. E, F: GFP-

adenovirus-labeled BG in an acute slice from a P13 mouse. G, H: GFP-
adenovirus-labeled BG in an acute slice from a P25 mouse. Bars: 1 lm
(A, C, E, and G), 5 lm (B, D, F, and H).
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solic fluorescent protein, tdTomato, with membrane-tar-
geted (farnesylated) GFP (GFP-f) in BG from P11 1
7DIV slice cultures. Since both markers labeled the
processes to a similar degree (Supp. Info. Fig. 2), we
concluded that we are in fact visualizing the extent of
glial processes with cytosolic GFP.

Development of Bergmann Glial Processes

We examined the morphology of BG at two develop-
mental stages, early and late in synaptogenesis (P9–P11
and P18–P20). After biolistically labeling cells from slice
cultures (5DIV), we examined labeled BG using two-pho-
ton microscopy (Fig. 1A–D). The BG from the older
group of animals had a 25% higher density of processes
than those of the younger group (Fig. 2A; P 5 0.002,

Mann Whitney U Test, n 5 17/17 shafts from 12/9 cells
for P10/P20). We did not include in our analysis proc-
esses extending into external granule layer and outer
molecular layer near BG end feet because at P10 BG
shafts lack the small protrusions studied here (Rakic,
1971; Yamada et al., 2000). To confirm the cultured slice
results, we also analyzed cells in acute cerebellar slices
following in vivo labeling of young (P11–12) and older
(P22–23) mice with GFP expressing adenovirus (Fig.
1E–H, Fig. 3A), which preferentially labels glial cells
when injected into the molecular layer of the cerebel-
lum. As seen in the cultured slices, glia process density
in the acute slices increased 22% from second to third
postnatal weeks (Fig. 2A; P 5 0.014, Mann Whitney U
Test, n 5 21/16 shafts from 14/10 cells from P13/P26).

In addition to an increase in the density, the length of
the BG processes in slice cultures doubled over this time

Fig. 2. Developmental changes in BG process morphology. A: The
density of BG processes increases significantly with age in both slice
culture and acute slices. B: The length of BG processes increases signif-

icantly with age in organotypic slice cultures. C: Distribution of the
four most common process morphologies (stubby, bulbous, thin, and
branching) observed in BG at P10 1 5DIV P20 1 5DIV slice cultures.
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period (Fig. 2B; P < 0.0001, Mann Whitney U Test, n 5
211 processes from 6 cells for P10, n 5 113 processes
from six cells for P20). To obtain a more specific view of
how the processes changed over time, we determined
the frequency of the most common process shapes. Many
processes fell into one of the following categories: stubby,
bulbous, thin, and branching (Fig. 2C). Although all of
the morphologies were present at both ages, the more
complex and reticular bulbous processes became preva-
lent in older animals (P 5 0.01, v2, n 5 10 cells for P10
and 11 cells for P20). Because not every process fit into
one of these four morphologies, the category analysis
represents only a subset of stereotypical processes.
Because of this, we measured the Surface Area Index,
an additional measure of process complexity. The Sur-
face Area Index allows us to obtain a general area mea-
surement of all the processes protruding laterally from
the shaft including those without stereotypical shapes
and those that were too close to be easily resolved and
measured using our other parameters. We found that
this index also increased with development (Supp. Info.
Fig. 4, P 5 0.025, Mann Whitney U Test, n 5 31 shafts
from 11 cells for P10, n 5 37 shafts from nine cells for
P20). Therefore, a substantial glial process expansion

occurs during the second and third postnatal weeks, a
period of extensive synaptogenesis.

Ensheathment of PC Dendritic Spines
Increases with Age

Glial cells ensheath synapses in the hippocampus, cor-
tex, and cerebellum (Grosche et al., 1999; Peters et al.,
1976; Spacek, 1985; Ventura and Harris, 1999). To ask
how BG process development relates to synaptic
ensheathment, we imaged the PC and BG together early
and late in synaptogenesis using multi-channel confocal
imaging. We stained sections with dense GFP-labeled
BG from P12–14 and P24–25 mice with the PC-marker
calbindin (Fig. 3A–C). We divided individual PC spines
into quadrants and scored how many quadrants were in
contact with a glial process, thus quantifying the level of
BG process coverage for each spine (Fig. 3, Supp. Info.
Fig. 5A–C). BG from older mice covered the spines more
completely than those from younger mice, indicating a
developmental increase in ensheathment (Fig. 3D, P <
0.0001, v2 test, n 5 232/313 spines from 4/4 animals
from P13/P24 mice). Since it is possible that some spines

Fig. 3. Developmental increase in ensheathment of PC dendritic
spines by BG processes. (A) Purkinje cells immunostained with calbin-
din (red) in acute slice from GFP-adenovirus injected mouse. Glial
ensheathment grows more complete between P13 (B) and P24 (A, C).
High magnification images from B and C are labeled with numbers
indicating how many quadrants of the red spine are contacted by a
green BG process (1–4). Glial ensheathment of spines is quantified in
(D), by measuring quadrants of the spine that were in contact with a

GFP-labeled BG. E: Electron micrographs of the cerebellar molecular
layer from P12 (E) and P24 (F) mice. Note that synapses (red asterisks)
are more fully ensheathed by glial processes (glia) in the older animals.
Glial ensheathment of spines is quantified in (G). Bar: 20 lm (A), 1 lm
(B) 4.2 lm (C), and 500 nm (E, F). For high magnifications of B and C,
the bar in box 4 5 0.75 lm (3) and 1 lm (1,2,4). [Color figure can be
viewed in the online issue, which is available at www.interscience.
wiley.com.]
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are contacted by unlabeled glial cells we have performed
a similar ensheathment analysis on the ultrastructural
level. Electron micrographs of the molecular layer from
randomly chosen thin sections were analyzed (Fig.
3E,F). Ensheathment of spines was computed and com-
pared between sections from P12 and P24 mice (Supp.
Info. Fig. 5D). Similar to the light level analysis, we
found that glia more completely surround spines in older
mice than in younger mice (Fig. 3G, P < 0.0001, v2 test,
n 5 581/981 spines, n 5 55/56 fields, from 3/3 animals
from P12/P24 mice). These findings demonstrate that
increases in glial process number, length, and complex-
ity over development correlates temporally with
increased ensheathment of synapses.

Motile Glial Processes

During development dendritic spines are surprisingly
motile. Since Purkinje cell dendrites and their spines de-
velop in concert with glial processes (Lordkipanidze and
Dunaevsky, 2005; Yamada et al., 2000), we examined
the dynamic properties of BG processes with time-lapse
imaging. We found that the processes are also highly
dynamic, displaying many of the same types of motility
as spines: formation of new processes as well as growth,
retraction, and morphing of existing glial processes
(Fig. 4, Supp. Info. Movie 1A).

We next determined whether BG process motility is
developmentally regulated. Using a motility index (MI)
to measure the process dynamics in cultured slices
(Dunaevsky et al., 1999), we found that BG process mo-
tility decreases by 63% in older cells (Fig. 4E; P <
0.0001, Mann Whitney U Test, n 5 47/42 processes from
7/8 cells for P10/P20). Although a developmental shift in
glial process categories (Fig. 2C) might contribute to
reduced motility in older cells, there was a clear reduc-
tion in motility within the categories in older cells
(Supp. Info. Fig. 6).

Glial process dynamics have been reported only in
organotypic slice culture (Benediktsson et al., 2005;
Haber et al., 2006; Nishida and Okabe, 2007). To deter-
mine whether glial process motility occurs in more phys-
iologically relevant model, we imaged acute slices from
cerebella labeled with GFP using an adenoviral vector
in vivo. While the baseline motility in the processes
from Bergmann glia was lower than in cells from slice
cultures, the developmental pattern of the process dy-
namics persisted, decreasing by 57% in the late stage of
cerebellar synaptogenesis (Fig. 4C–E; P < 0.0001, Mann
Whitney U Test, n 5 37/32 processes from 8/4 P13/P26
cells). Thus, similar to the dendritic spines they
ensheath, BG side processes are dynamic and their
motility is developmentally regulated.

Mechanisms Regulating BG Process Motility

Actin polymerization is known to regulate cellular
morphology and process motility, including that of den-

dritic spines (Dunaevsky et al., 1999; Fischer et al.,
1998). To find whether actin polymerization was neces-
sary for BG process motility we treated P10 1 5DIV
slice cultures with 1 lg/mL cytochalasin D (cyt D), an
inhibitor of actin polymerization. In the presence of the
drug, motility of BG processes significantly decreased
(Fig. 5A–C, Supp. Info. Movie 2), as compared with the
same processes before treatment (P 5 0.0003, Wilcoxon
Signed-Rank Test, n 5 25 of processes from three cells).
Thus, actin polymerization is necessary for glial process
dynamics.

BG respond to neurotransmitter release and depolari-
zation by an increase in intracellular calcium (Grosche
et al., 1999). Calcium may influx through membrane
receptors, such as the P2 purinergic receptors (Piet and
Jahr, 2007), and by release of calcium from internal
stores. We next set out to determine if these factors reg-
ulate glial process motility. General depolarization with
elevated potassium chloride (KCl) did not significantly
affect process motility (Fig. 5D, P 5 0.40, Wilcoxon
Signed-Rank Test, n 5 25 processes from five cells).
Blocking P2 purinergic receptors with 4-[[4-Formyl-5-
hydroxy-6-methyl-3-[(phosphonooxy)methyl]-2-pyridinyl]
azo]-1,3-benzenedisulfonic acid tetrasodium salt (PPADS)
also did not alter glial process motility (Fig. 5E, P 5
0.09, Wilcoxon Signed-Rank Test, n 5 21 processes from
five cells). Although blocking these surface receptors did
not change motility, causing a general release of calcium
from glial cell internal stores by bath application of
2 mM caffeine did decrease BG process motility (Fig. 5F,
P 5 0.0013, Wilcoxon Signed-Rank Test, n 5 30 proc-
esses from six cells). We therefore conclude that neither
depolarization of the BG nor subsequent entry of calcium
through P2 receptors alone regulates process motility, but
that release of intracellular calcium is sufficient to reduce
glial process dynamics.

Rac1 and RhoG Regulate Glial Process Length

Small GTPases such as Rac1 and RhoG have been
implicated in rearrangement of the actin cytoskeleton in
cellular processes including dendritic spines (Nishida
and Okabe, 2007; Tashiro and Yuste, 2004). Since both
Rac1 and RhoG are expressed in the molecular layer of
the cerebellum (O’Kane et al., 2003) we examined their
role as potential regulators of BG morphology and motil-
ity. The dominant-negative (dn) forms of Rac1 (Har-
rington et al., 2002) and RhoG compete with endogenous
Rac1 and RhoG for binding sites on guanine exchange
factor (GEF), preventing these GTPases from entering
their active, GTP-bound form. We introduced dn-Rac1/
GFP, dn-RhoG/GFP, or GFP alone in vivo into BG of
P11–P12 mice. After 2 days, we imaged the GFP-labeled
BG in acute slices (Fig. 6A–F). At this time point, we
see a decrease in active Rac1 because of the injection
of dn-Rac1 adenovirus (Supp. Info. Fig. 7). In contrast
to reports for hippocampal astrocytes (Nishida and
Okabe, 2007), we did not observe a difference between
the motility of the processes expressing either dn-Rac1
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(n 5 21 processes from 10 cells) or RhoG (n 5 22 proc-
esses from seven cells) compared with controls (n 5 37
processes from eight cells, Fig. 6I, P 5 0.6463, Kruskal-
Wallis test). In addition, neither dn-Rac1 nor dn-RhoG

expression altered the density of BG processes (Fig. 6G,
P 5 0.116, Kruskal-Wallis test, n 5 32/25/27 shafts from
19/21/23 dn-Rac1/dn-RhoG/control cells). However,
expression of either dn-Rac1 or dn-RhoG significantly

Fig. 4. Developmental decrease in
BG process motility. Time-lapse images
of GFP-labeled BG in P10 1 5DIV (A)
and P20 1 5DIV (B) organotypic slice
cultures and GFP-adenovirus transfected
BG in P13 (C) and P25 (D) acute slices.
Arrows point to motile processes. Time is
indicated in minutes. Bar 5 1 lm. See
supporting information for movies. (E)
Motility decreases with development in
both slice cultures and acute slices.
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decreased the lengths of processes by 23% and 27%,
respectively, as compared with controls (Fig. 6H, P <
0.0001, Kruskal-Wallis test, n 5 190/286/147 processes
from 10/17/7 dn-Rac1/dn-RhoG/control cells). Thus, Rac-
1 and Rho-G (which can act through the Rac-1 pathway)
regulate the morphogenesis but not the dynamics of BG
processes.

Decreased Process Length Results in Decreased
Glial Coverage of Spines

To link the outgrowth of glial processes with synapse
ensheathment, we analyzed spine ensheathment in ani-
mals injected with GFP-dn-Rac1 virus. Expression of dn-
Rac1 in P20 animals for 2 days caused a 22% reduction

Fig. 5. Regulation of Bergmann glial process dynamics. Time-lapse
images of a GFP-labeled BG from P10 1 5DIV slice culture before (A)
and (B) after bath application of 1 lg/lL cytochalasin D. Arrows point
to motile processes. Time is indicated in minutes. Bar 5 1um. (C) MI of
individual processes before and after cytochalasin D treatment demon-
strating the decreased motility after treatment. There is no overall

change in MI of individual processes before and after treatment with
KCl (D) or PPADS (E), but caffeine causes a significant decrease in MI
(F). (C–F) Color of the line indicates the cell containing each process.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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in glial process length compared to control cells (Fig. 7A,
P 5 0.001, Mann-Whitney U test, n 5 119 processes
from seven control animals and 137 processes from five
dn-Rac1 animals). Importantly, dn-Rac1 expressing BG
ensheathed dendritic spines to a lesser degree than con-
trol cells (Fig. 7B,C, P 5 0.002, v2 test, n 5 774 spines
from seven control animals and 792 spines from five
dn-Rac1 animals). Thus glial process expansion during
development is linked to Purkinje cell synapse ensheath-
ment in the cerebellum.

Decreased Ensheathment Correlate With an
Increase in Synapse Number

To examine the role of ensheathment at the synapse,
we used dn-Rac1 to decrease the level of ensheathment,
and then counted the subsequent number of synapses.
We immunostained sections from GFP and dn-Rac1/
GFP-adenovirus injected P24 mice with calbindin and
the presynaptic marker VGluT1. Areas with clear GFP
expression (labeled glia) were chosen for imaging and

Fig. 6. Rac1 and RhoG reduce BG process length. BG from P14 acute slices expressing GFP (A,
B), dn-Rac1/GFP (C, D), or dn-RhoG/GFP (E, F). Measurements of density (G), length (H), and motil-
ity (I) of the processes, demonstrating that only process length is significantly affected by blocking
Rac1 or RhoG activity in the BG. Bar: 1 lm (A, C, E), 5 lm (B, D, F).
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Fig. 7. Decreased process length correlates with decreased coverage
of dendritic spines in P24 mice. (A) BG in P24 mice expressing dn-Rac1
and GFP are an average of 22% shorter than BG expressing GFP alone
(B). The shorter processes in the BG expressing dn-Rac1 (bottom) cover

the spines less completely than processes from control mice, as quanti-
fied in (C). Bar 5 1 lm. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Fig. 8. Synapse number in P24 mice with reduced ensheathment. (A)
Confocal images of BG (green) expressing GFP alone or dn-Rac1 and
GFP (B) in sections immunostained with PC marker calbindin (red) and
presynaptic marker VGluT1 (blue). (C, D) VGluT1 staining from (A) and
(B), respectively. (E) Decreasing the level of glial ensheathment with dn-
Rac1 increases the number of VGluT1 puncta. (F) Electronmicrographs
of the molecular layer from mice with BG expressing GFP alone or dn-

Rac1 and GFP (G). GFP expressing BG are identified by presence of the
dark HRP reaction product. Note a larger number of synapses (red aster-
isks) in mice expressing dn-Rac1 and GFP. (H) Average number of syn-
apses increases in mice with BG expressing dn-Rac1 and GFP. Bars in
(A) and (C) 5 1 lm; Bar in (G) 5 0.5 lm. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]



presynaptic puncta analysis (Fig. 8A,B). Surprisingly,
we found 27% more VGluT1 puncta in sections with BG
expressing dn-Rac1 (Fig. 8A–E, P 5 0.014, Mann Whit-
ney U Test, n 5 8 z-stacks (5,251 puncta in total volume
of 5,850 lm3) from four GFP-injected mice and n 5 8 z-
stacks (7,664 puncta in total volume of 6,337.5 lm3) in
three GFP-dn-Rac1 injected mice). Since we only
counted presynaptic terminals, we next performed a
similar analysis on the ultrastructural level. Regions
containing virally labeled BG were identified by the
appearance of electron dense material following immu-
nostaining against GFP (Fig. 8F,G). In agreement with
the light level analysis, we counted 25% more synapses
in dn-Rac1 expressing animals (Fig. 8F–H, P < 0.001,
Mann Whitney U Test, n 5 99 frames in three animals
for each condition. Taken together, these experiments
show that there are more presynaptic terminals and full
synapses present when the glial sheath does not fully
surround the spine.

DISCUSSION

Bergmann glial (BG) surface area expands by an esti-
mated 50-fold during the first 3 weeks of a mouse’s life
(Grosche et al., 2002), after which most excitatory syn-
apses in the cerebellar cortex are ensheathed by BG.
How glial processes develop and subsequently ensheath
synapses is not well understood. Here we examined how
process expansion and ensheathment occur, as well as
the dynamic nature of processes as they grow. We find
that density and complexity of BG processes increase
over the period of synaptogenesis, and that increased
outgrowth of glial processes is correlated with proper
ensheathment of dendritic spines. Moreover, experimen-
tally reducing ensheathment leads to a greater number
of synapses. Time-lapse imaging reveals that BG proc-
esses are highly motile early in synaptogenesis, but mo-
tility wanes in older cells. This motility is dependent on
actin polymerization and intracellular calcium levels.
However, cytoskeletal regulators Rac1 and RhoG do not
regulate BG process dynamics or density, although they
maintain process length. Our results demonstrate devel-
opmental and molecular regulation of BG process
growth and dynamics, and provide important links
between the expanding structure of the BG, its ability to
ensheath a synapse, and the functional significance of
ensheathment.

Our studies of glial process outgrowth expand upon
previous examinations of BG process morphology and
their association with PC (Grosche et al., 1999, 2002;
Lordkipanidze and Dunaevsky, 2005; Rakic, 1971;
Yamada et al., 2000) while focusing solely on time points
most relevant for synapse formation and maintenance.
We find extensive BG process growth during the second
and third postnatal weeks, with changes in process den-
sity, length, and complexity. The different glial process
morphologies could mediate different interactions with
spines. Small simple processes would interact with fewer
spines while more complex processes could potentially

ensheath larger groups of spines. These large, multi-
synapse-covering processes likely constitute electrically
isolated microdomains which create small functional
units by synchronizing groups of synapses while iso-
lating them from neighboring synapses (Grosche
et al.,1999, 2002).

In addition, process expansion would enable glial proc-
esses to fully cover each synapse. Indeed, we find that
increased outgrowth of BG processes correlates tempo-
rally with increased ensheathment of PC dendritic
spines. Taking advantage of the high resolution of elec-
tron microscopy and the ability to easily gather large
image stacks from light level analysis, we see that, late
in synaptogenesis, almost all spines are completely
enveloped by a BG process. Moreover, dn-Rac1 expres-
sion-induced shortening of BG processes resulted in only
partially ensheathed spines. This directly demonstrates
for the first time that BG process outgrowth is linked to
proper synaptic ensheathment.

Early in synaptogenesis, BG processes, like the den-
dritic spines they ensheath, are highly dynamic. Here
we demonstrate that BG processes rapidly grow, retract,
and move laterally. Our data offer the first example of
motile glial processes in acute slices and provide a direct
comparison of that motility in slice cultures. Interest-
ingly, processes of cultured BG show higher baseline mo-
tility than those from acute slices, potentially because of
altered connectivity seen in organotypic cultures (De
Simoni et al., 2003). We took care to avoid potential arti-
facts of the cells’ exposure to adenovirus. We allowed 2–
3 days for viral expression, at which point we saw no
signs of toxicity, and did not image beyond that window.
The similarity between results from injected animals
and biolistically labeled slices in culture argues against
major artifacts induced by viral infection.

Similar dynamics of processes, in terms of tempo and
types of motility, also occur in astrocytes from hippocam-
pal (Benediktsson et al., 2005; Haber et al., 2006; Nish-
ida and Okabe, 2007) and brain stem (Hirrlinger et al.,
2004) slice cultures. The presence of motile glial proc-
esses in multiple brain areas denotes an important, con-
served purpose for this dynamic behavior, but its func-
tion remains unclear. Is glial process motility during
ensheathment development a byproduct of process
growth and expansion, or is it more analogous to spine
motility, moving to search out a target? To investigate
function, we examined how glial process dynamics are
regulated.

Our study provides the first evidence that glial pro-
cess dynamics are developmentally regulated, with
reduced motility in older cells. This reduction of BG pro-
cess motility at a time when spine ensheathment is
almost complete suggests that motility may be involved
in ensheathment. Haber et al. (2006) saw no change in
dynamics between hippocampal astrocytes with increas-
ing times in culture. Although developmental changes
early and late in synaptogenesis may not be recapitu-
lated in organotypic cultures, this could indicate a func-
tional difference between cerebellar BG and hippocam-
pal astroglia.
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BG process dynamics are not activity-dependent, as
neither chemically mimicking neuronal activity nor
blocking its effects on glia affected motility. Local depo-
larization increases intracellular calcium in BG through
activation of P2 purinergic receptors (Piet and Jahr,
2007), but we found that blocking these receptors does
not alter process motility. Adding caffeine to the bath
decreases BG process motility, indicating that calcium
released from internal stores may stabilize BG proc-
esses. As caffeine also affects other aspects of cell func-
tioning, like cAMP signaling, future experiments are
necessary to determine if intracellular calcium store
release is the predominant mechanism by which caffeine
alters BG process motility.

We have also established that, like dendritic spines
(Dunaevsky et al., 1999; Fischer et al., 1998) and hippo-
campal astrocytes (Haber et al., 2006), BG process motil-
ity is controlled by actin filament polymerization.
Decreased glial process motility is unlikely to be a mere
consequence of decreased spine motility, as all forms of
BG process dynamics decrease, including emergence and
retraction, after blocking actin polymerization. These
forms of motility cannot be explained readily by PC spine
movement, and therefore are probably directly affected
by reduced actin polymerization within glial cells. Rac1, a
small GTPase commonly associated with actin rearrange-
ment, is involved in actin-dependent dendritic spine mo-
tility (Tashiro and Yuste, 2004) and hippocampal astro-
cyte motility (Nishida and Okabe, 2007). In contrast,
expression of dominant-negative forms of Rac1 or RhoG
in BG resulted in as many motile processes as in controls.
We did find a role for Rac1 in BG morphogenesis, since
blocking Rac1 decreases process length and synaptic
ensheathment. Consistent with evidence that RhoG
maybe be acting via a Rac1 pathway (Blangy et al., 2000),
we found that blocking RhoG activity also decreases
length without affecting motility. Perhaps, two distinct
pathways, one RhoG/Rac1-dependent and one utilizing a
still-unknown regulator protein, could control process
length and dynamics, respectively, in BG processes.

Our findings that decreased BG process motility,
increased process complexity, and increased ensheath-
ment correlate temporally with the end of synaptogene-
sis, suggest a role for glial ensheathment in regulation of
synaptogenesis. Indeed, we show by using both light level
and ultrastructural analyses, that decreasing ensheath-
ment levels near the end of synaptogenesis results in a
higher number of synapses than in controls. This sug-
gests that, in the cerebellum, complete synaptic coverage
by glia may serve as a cap for synaptogenesis. In this
model, reducing ensheathment would either revert the
cells to a less mature state that supports formation of
new synapses or reduces synaptic pruning. Consistent
with our findings at predominantly parallel fiber synap-
ses (as indicated by VGluT1 immunostaining), removal of
glial ensheathment by overexpressing the AMPA receptor
GluR2 subunit in BG results in residual multiple climb-
ing fiber innervation of PCs (Iino et al., 2001).

Which molecular mechanisms allow for the regulation
of synapse number by glial processes? Although many

studies implicate glia-released soluble factors in early
synaptogenesis (Ullian, 2001, etc.), the close apposition
of glial processes to dendritic spines required to keep
synaptogenesis at bay in our study implicates interac-
tions of membrane-associated molecules. A likely candi-
date would be interaction between the Eph-Receptor
tyrosine kinase and the ephrin ligand. Work in the hip-
pocampus demonstrates that the EphA4 receptor on py-
ramidal neurons interacts with the glial membrane
ligand ephrin-A3 to modulate dendritic spine shape and
density (Murai et al., 2003; Nestor et al., 2007; Nishida
and Okabe, 2007; Thompson, 2003). Although major dif-
ferences exist between hippocampal and cerebellar
ensheathment of synapses, if similar Eph/ephrin interac-
tions occur in the cerebellum, this could be a viable
mechanism by which the glial processes, when com-
pletely surrounding a spine, could inhibit formation of
new synapses or promote synaptic pruning. It will be
critical in the future to elucidate the molecular mecha-
nism by which glial ensheathment of synapses regulate
synapse formation.
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