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Abstract
Motor skill learning, but not mere motor activity, is associated with an increase in both synapse
number and glial cell volume within the cerebellar cortex. The increase in synapse number has been
shown to persist for at least four weeks in the absence of continued training. The present experiment
similarly examined how a prolonged interruption in training affects the training-induced increase in
astrocytic volume. Adult female rats were randomly allocated to either an Acrobatic motor learning
Condition (AC) or a Motor Control condition (MC). The AC animals were trained to traverse a
complex series of obstacles and each AC animal was pair matched with an MC animal that traversed
an obstacle-free runway. These groups were further assigned to one of three training conditions.
Animals in the EARLY condition were trained for ten consecutive days, animals in the DELAY
condition received the same ten days of training followed by a 28 day period without training, and
animals in the CONTINUOUS condition were trained for the entire 38 days. Unbiased stereological
techniques were used to determine that AC animals had a significantly greater volume of astrocytes
per Purkinje cell in the cerebellar paramedian lobule than the MC animals, a difference which was
reduced (and not statistically detectable) among animals in the DELAY condition. These findings
demonstrate that learning triggers the hypertrophy of astrocytic processes and furthermore that,
unlike learning-induced synaptogenesis, astrocytic growth is reduced in the absence of continued
training.
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INTRODUCTION
The brain is remarkably plastic in response to experience, and a growing body of work is
continuing to elaborate the ways by which experience can modify the morphology of neurons,
glial cells, myelination, and the brain’s vascular elements [reviewed by 35]. Motor skill
learning is an experience that induces synaptogenesis in higher-order brain regions involved
in motor learning, such as the motor cortex [31,32] and cerebellum [2,8,33,34]. This
proliferation of synapses is not merely the result of increased locomotor activity, as animals
that engage in unskilled motor movements (such as on a running wheel) do not show any
changes in the number of synapses in these brain areas [8,32–34].

Synapses consist of three components including the pre- and post-synaptic elements and the
surrounding astroglial ensheathment [see 53]. Synaptic and astrocytic membranes are often
separated by as little as 10 nm, creating a distinct synaptic micro-environment that is highly
influenced by astrocytic function. Because astrocytes can regulate concentrations of various
neurotransmitters (including glutamate) and ions within this environment, astrocytic function
can dramatically modulate the efficacy of synapses [4,37,40], including those on Purkinje cells
in the cerebellar cortex [46,47]. In addition to releasing and sequestering various
neurotransmitters, astrocytes themselves express membrane receptors for glutamate, GABA,
a variety of voltage-dependent ion channels [reviewed by 52], and multiple purinergic receptors
[19], such that the communication between astrocytes and neurons at the synapse is routinely
bidirectional. For instance, synaptic activity can trigger a calcium spike in nearby astrocytes
that spreads from cell to cell [16,18] and conversely, electrical stimulation of astrocytes can
induce a rise in cytosolic calcium of neighboring neurons [30,39]. In the cerebellum, parallel
fiber stimulation induces plasticity in Bergmann glia extrasynaptic currents [5], and stimulation
of Bergmann glia has relatively long-lasting consequences for excitatory postsynaptic currents
in Purkinje cells [9,11]. The morphology of astrocytes is also sensitive to changes in neuronal
activity; for instance, hypertrophy of astrocytic processes has been observed following the
induction of long term potentiation [54] and kindling [22].

Several experiments have suggested complementary experience-driven changes in glial and
synaptic morphology. In the visual cortex, for example, glial atrophy has been observed
following developmental visual deprivation [23,38], a manipulation which similarly reduces
synapse number [17,55]. Conversely, the increase in synapse number observed following
housing in a complex environment [10,49] is associated with glial cell proliferation [1],
increased surface density of GFAP positive astrocytic processes [29,44] and increased
astrocytic ensheathment of synapses [28]. Finally, using a motor learning paradigm that had
previously been shown to increase synapse number within the cerebellar cortex [8], Anderson
and colleagues [3] demonstrated that the increased synapse number was accompanied by a
proportional increase in the volume of glia per Purkinje cell (so the volume of glia per synapse
was maintained). In contrast, glial volume was unchanged in rats that exercised in a running
wheel or on a treadmill over the same period, demonstrating that, as with the previously
observed synaptic changes, the change in glial volume was not attributable to locomotor
activity alone. We have shown that the learning-dependent increase in synapse number within
the cerebellar cortex persists in the absence of continued training for at least four weeks [34].
In the present study, we similarly examined the persistence of increased glial volume within
the cerebellar cortex one month after the cessation of training.

MATERIALS AND METHODS
Behavioral Training

Forty-eight female Long Evans hooded rats (age 3–4 months) were randomly assigned to either
an Acrobatic Condition (AC) or a Motor Control group (MC). Animals in the AC group were
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trained to traverse an elevated obstacle course consisting of ropes, ladders, chains, and parallel
bars requiring substantial motor coordination to complete. The time to traverse each obstacle
on each trial was recorded. Each AC animal was pair matched with an MC animal which was
forced to traverse a flat, obstacle free runway equal in length to the AC task. If an AC animal
stopped at any point during a task, it was immediately given a gentle prod to the hindquarters
by the experimenter. When an AC animal received a prod, an experimenter would also
simultaneously prod the paired MC animal such that both animals spent equal amounts of time
on their respective training apparati and received comparable amounts of handling. Animals
from both groups were then further assigned to one of three training conditions. In the EARLY
condition (AC n=8, MC n=8), rats were trained for ten consecutive days, while animals in the
DELAY condition (AC n=8, MC n=8) received an identical ten days of training followed by
a 28 day period without training. On the last day of the delay period, these animals were given
two trials on the task in order to determine whether the delay period affected task performance.
Finally, animals in the CONTINUOUS condition (AC n=8, MC n=8) were trained for the entire
38 consecutive days. All animals were sacrificed within fifteen minutes of their final training
session. Synaptic changes in the cerebellar cortex of these animals have been described in a
previous report [34].

Tissue Preparation
Following training, animals received a lethal overdose of pentobarbital (100 mg/kg), were
transcardially perfused with 2% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH = 7.4), and brains were removed and post-fixed in that solution overnight at 4°C.
Approximately ten blocks (300 μm, sagittal sections) were taken through one hemisphere of
the paramedian lobule (PML) of the cerebellum using a vibratome. Sections were washed in
cacodylate buffer (0.1 M), postfixed in 2% osmium tetroxide/1.5% potassium ferrocyanate in
0.1 M cacodylate buffer for 2 hours, stained en block with 2% uranyl acetate for 45 minutes,
and then gradually dehydrated in alcohol, transferred into propylene oxide, and embedded in
Medcast resin. All tissue samples were coded with respect to experimental condition prior to
data analysis; one animal (in the EARLY MC group) was excluded from the anatomical
analysis due to inadequate tissue perfusion.

Stereological Methods
Volume of Molecular Layer Per Purkinje Cell—Approximately 80 serial sections
(1μm) were taken through a randomly chosen PML tissue block from each animal using a
diamond histo-knife (Diatome) and an ultramicrotome. These sections were mounted on chrom
alum gelatin coated slides and stained with Toluidine blue. Purkinje cell density was quantified
with the physical disector [24,45], using a computer-assisted microscope and software package
for unbiased stereology (Phokus on Stereology). This method involves comparing two serial
sections, the Reference section and the Lookup section. Within randomly placed, unbiased
counting frames of a known area, the number of nucleoli (each Purkinje cell having only one)
which are present in the Reference section but not the Lookup section (Q−) is determined. The
volume of tissue through which the cells are counted (Vdis) is given by:

Where Aframe is the area of the counting frame and H is the section thickness multiplied by the
number of sections. The neuronal density (NvPcell) is then determined by:
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This method allows for an accurate estimation of Purkinje cell density [8,34] which is unbiased
with respect to cell size and shape [24,45]. The volume of the molecular layer per Purkinje cell
could then be determined as:

Astrocytic Volume Fraction—Following the 1μm sectioning, a small pyramid was
trimmed into the molecular layer of the cerebellar cortex using the 1μm thick Toluidine blue
stained sections as a guide. Several 70 nm sections were then taken using an ultramicrotome
(Reichert Ultracut S) and estimates of astrocytic volume fraction were obtained from six
electron micrographs (print magnification: 30,000x) taken at random positions within these
sections. Astrocytic profiles were first identified on the micrographs by their sparse cytoplasm,
lack of form, and their tendency to follow the profiles of other cellular processes [3,41]. An
acetate sheet containing a number of equally spaced points (1.93 cm intervals) was then placed
over each micrograph (see Fig. 1) and astrocytic volume fraction (Vv) was determined by
dividing the number of points falling within astrocytic profiles by the total number of points
falling on the micrograph [3,21]. The volume of astrocytes/Pcell was then determined by:

Possible changes in the astrocytic volume per synapse were also explored (using synapse per
Pcell data from these animals [34]) by determining:

RESULTS
Behavioral Measures

The behavioral performance of these animals has been previously reported [34]. Briefly, an
analysis of variance (ANOVA) revealed that the mean time/trial/task significantly decreased
as training progressed for animals in all three conditions of the AC group (EARLY (F7,72=
14.24, p<.001); DELAY (F7,80=23.31, p<.001); CONTINUOUS (F7,296= 32.54, p<.001)) (see
Fig. 2A, modified from [34]. The training-related reduction in time required to complete this
task reflects a progressive decrease in the number of foot faults (errors) committed by the
animals [32]. In the present experiment, the DELAY condition animals had a mean time/trial
following four weeks without training that was comparable to that of animals in the
CONTINUOUS condition, indicating that these animals’ skills persisted in the absence of
training.

Anatomical Measures
A 2 × 3 ANOVA with GROUP (AC, MC) and CONDITION (EARLY, CONTINUOUS,
DELAY) as between subjects factors revealed that AC animals had a greater volume of
astrocytes per Purkinje cell (F1,41= 8.1, p<.01; Fig. 2B) and greater volume of the molecular
layer per Purkinje cell (F1,41= 55.9, p<.0001; Table 1) than did MC animals. Additionally,
GROUP interacted with CONDITION to influence the volume of the molecular layer per
Purkinje cell (F2,41= 3.5, p<.05). Because this experiment was designed to test specific
comparisons of interest (i.e., the stability of astrocytic plasticity in the DELAY condition),
planned comparisons were made between AC and MC animals in the three conditions, using
the least significant differences method. This analysis revealed that, as expected, AC animals
had greater astrocytic volume per Purkinje cell than MC animals in both the EARLY (49%
difference, p<.05) and CONTINUOUS (45% difference, p<.05) conditions (Fig. 3). In contrast,
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the difference between AC and MC animals in the DELAY condition was much lower (16%)
and did not reach statistical significance (p=.47) (Fig. 3). The volume of the molecular layer
per Purkinje cell was greater in AC animals than MC animals of all three conditions, although
this difference was also smallest among animals in the delay condition (EARLY 19% p<.0001;
CONTINUOUS 32% p<.0001; DELAY 13% p<.01). Neither astrocytic volume fraction nor
the volume of astrocytes per synapse differed between any two groups (Tables 2 and 3).

DISCUSSION
The present findings demonstrate that astrocytes, like their neuronal partners, are
morphologically sensitive to experience. In the paramedian lobule of the cerebellum, motor
learning increased the volume of both astrocytes and the molecular layer per Purkinje cell.
These results are consistent with previous work demonstrating that motor learning but not mere
motor activity is associated with an increase in astrocytic volume per Purkinje cell within the
cerebellar cortex [3]. Although the volume of the molecular layer per Purkinje cell increased
following motor learning, the fraction of that volume occupied by astrocytic processes was
maintained, resulting in an increase in astrocytic volume per Purkinje cell. The volume of
astrocytes per Purkinje cell was significantly greater in the AC animals as compared to the MC
animals after either 10 or 38 consecutive days of training. In contrast, the increase in astrocytic
volume observed in the AC animals after 10 days of training was reduced and statistically
undetectable following 28 days without training. These results indicate that the training-
induced increase in the volume of astrocytes per Purkinje cell does not persist in the absence
of continued training. In contrast, the training-induced increase in synapse number per Purkinje
cell was found (in the same animals) to remain stable for at least four weeks after training was
discontinued [34]. We have previously shown that this increase is specific to parallel fiber
synapses rather than climbing fiber synapses [33].

Astrocytic processes were found to occupy approximately 15% of the molecular layer of the
cerebellar cortex, a figure which is consistent with previous estimates [3]. This represents a
much greater proportion of the neuropil than is found in other brain regions including the visual
cortex [28] and hippocampus [22], suggesting that astrocytes may have a more prominent
functional role in the cerebellum. The vast majority of glial profiles in the cerebellar cortex
belong to the Bergmann fibers originating from the cell bodies of the Golgi epithelial cells
located within the Purkinje cell layer, although a small proportion originate from Fanana cells
and the protoplasmic astrocytes; fibers from these three cell types cannot be reliably
distinguished from one another in electron micrographs [42]. The specialized Bergmann
astrocytes extend highly arborized processes with lamellate appendages that wrap around
Purkinje cell spines and ensheathe synapses, often completely (see Fig. 1). These appendages,
although irregular-appearing, are actually organized into distinct “microdomains”, each
consisting of a long, thin stalk connected to a mitochondria-containing head, suggesting that
each microdomain is metabolically independent [20]. Furthermore, stimulation of parallel
fibers has been shown to increase intracellular calcium in distinct compartments along
Bergmann glial cell processes (which correspond in size to the anatomically-described
microdomains); blocking synaptic neurotransmitter release prevents this effect [20]. Thus the
physical arrangement of microdomains on Bergmann glial cell processes ensheathing Purkinje
cell synapses does not appear to be conducive for the propagation of Ca2+ waves either within
the cell (beyond the microdomain) or between neighboring glial cells, as is known to occur
elsewhere in response to synaptic activity [reviewed by 43]. Rather, this organization may
serve to minimize synaptic cross-talk by protecting each synapse from the non-specific
influences of ions or neurotransmitters diffusing from neighboring synapses, and at the same
time increase synaptic efficacy for the ensheathed synapses.
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The dual role of limiting glutamate spillover between synapses and increasing synaptic efficacy
for ensheathed synapses appears to be largely achieved by glial glutamate transporters.
Bergmann glia abundantly express GLAST and (to a lesser degree) GLT-1, especially on
portions of the cell membrane that face excitatory Purkinje cell synapses [13]; in fact, the
presence and proper functioning of these transporters appears to be responsible for maintaining
the single climbing fiber per Purkinje cell ratio [25,46,47]. (For a discussion of the different
roles of glial and neuronal glutamate transporters at Purkinje cell synapses see Takayasu et al.
[47]). The functional interdependence of Bergmann glia and Purkinje cells is further
demonstrated by the findings that stimulation of either parallel or climbing fibers evokes
currents in Bergmann glial cells [7,14], that parallel fiber stimulation induces plasticity in
Bergmann glia extrasynaptic currents [5,6], and that stimulation of Bergmann glia in turn alters
excitatory postsynaptic currents in Purkinje cells [9,11].

Although the mechanisms underlying the increase in astrocytic volume per Purkinje cell
observed to accompany learning in the present study are uncertain, one likely possibility is that
the activity of newly formed Purkinje cell synapses stimulates astrocytic growth. In cultured
hippocampal astrocytes, for instance, bath application of glutamate induces filopodia extension
[15]. As with most other astrocytes, Bergmann glia possess receptors for glutamate, GABA,
and voltage-dependent ion channels, although they appear to lack voltage-gated Ca2+ channels
[reviewed in 52]. Of particular interest are the AMPA-type glutamate receptors they express,
which are unusual in that they lack the GluR2 (GluR-B) subunit and as a result are highly
permeable to Ca2+ [12]. The function conveyed by this type of AMPA receptor was left to
speculation until recently, when it was discovered that conversion of these receptors to Ca2+-
impermeable receptors by viral-mediated transfer of the GluR2 gene resulted in a retraction of
cultured Bergmann glial cell processes and that, conversely, overexpression of Ca2+-permeable
AMPA receptors caused a dramatic elongation of processes by these cells [27]. Because the
adenovirus had a much higher affinity to glial cells than to neurons, it was possible to replicate
the first of these findings in vivo by injections into the molecular layer of the rat cerebellar
cortex [26]. Expression of the GluR2 gene by Bergmann glia (and the resulting impermeability
of their AMPA receptors to Ca2+) caused these cells to retract processes that formerly
ensheathed synapses on Purkinje cell dendritic spines (detected using quantitative electron
microscopic methods similar to those of the present study) and at the same time abated the
clearance of synaptically released glutamate [26]. Interestingly, this treatment also resulted in
the multiple innervation of Purkinje cells by climbing fibers. Therefore, expression of Ca2+-
permeable AMPA receptors by Bergmann glia is essential for proper structural and functional
relationships between these cells and the Purkinje cells with which they are so intimately
connected.

The interdependence of the morphology of Bergmann glial processes and synaptic activity
suggests that the learning-induced increase in astrocytic processes observed here is related to
the learning-induced synaptogenesis which we have previously observed [34]. Although glia
are functionally sensitive to changes in the level of neuronal energy metabolism [48], it is
unlikely that the increase in glial volume associated with motor learning is merely the result
of increased metabolic demand. Rats experiencing extensive physical exercise, sufficient to
induce an increase in vasculature within the cerebellar cortex [8], do not show significant
increases in glial volume in comparison to inactive controls [3]. In the present study, behavioral
skill was largely maintained in the absence of continued training. Because increases in synapses
are maintained for up to four weeks following the cessation of behavioral training [34], whereas
we report here that changes in astrocytic volume are not, it appears that the demonstration of
learned motor skill depends more upon synapses than upon ancillary glial change. It is as if
glial cell hypertrophy, which is initially induced in association with the formation of new
synapses, depends upon the continued use of those new synapses in order to be maintained.
Alternatively, the function of glial cell hypertrophy in the cerebellum could be to assist in
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learning-induced synaptogenesis (and thus it would not be required to persist beyond the period
of synaptogenesis), since it has been shown that in some systems soluble factors released by
astrocytes are required to induce the formation of new synapses [e.g., 36, reviewed by 50,51].
The preserved glial hypertrophy in the group of AC animals that continued training for 38
consecutive days—without a further increase in synaptogenesis beyond that observed in
animals trained for 10 days only—however, could argue against this interpretation. In any case,
the learning-induced hypertrophy of glial cells does not appear to be required to maintain the
synapses formed in response to learning.

Experience has historically been believed to be encoded primarily through adaptations in brain
structure and function involving changes in synapse number. The results from this and other
experiments demonstrate that the learning-dependent addition of synapses is accompanied by
an increase in the volume of glial material. Unlike the changes in synapse number, however,
the increase in glial volume does not persist in the absence of continued training.
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Fig. 1.
A. Electron micrograph taken within the molecular layer of the cerebellar paramedian lobule.
B. The same micrograph is shown with glial profiles shaded in gray. Astrocytic volume fraction
was estimated by overlaying a grid of equi-distant points, counting the total number of points
(line intersections) located within astrocytic profiles, and then dividing by the total number of
points on the micrograph (see text).
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Fig. 2.
A. Mean time/trial/task (±SEM) on the motor learning apparatus. Despite a four week break
from training, animals in the DELAY condition performed as well as animals in the
CONTINUOUS condition (reprinted from Kleim et al., 1997). B. Motor learning induces
hypertrophy of astrocytes in the cerebellar cortex. The volume of astrocytes per Purkinje cell
(± SEM) within the cerebellar paramedian lobule was greater in AC animals compared to MC
animals (p<.01).
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Table 1
VOLUME OF MOLECULAR LAYER PER PURKINJE CELL (mm3)
Motor learning increased the volume of molecular layer per Purkinje cell (±SEM) within the paramedian lobule.

GROUP EARLY CONTINUOUS DELAY
AC* 490338 ± (15958) 527034 ± (11724) 474052 ± (14562)
MC 410345 ± (17583) 399692 ± (12760) 420009 ± (12892)
*
AC>MC, p<.0001.
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Table 2
ASTROCYTIC VOLUME FRACTION
Astrocytic volume fraction (±SEM) within the molecular layer of the paramedian lobule was not influenced by motor
learning.

GROUP EARLY CONTINUOUS DELAY
AC .163 ± (.024) .154 ± (.018) .135 ± (.017)
MC .130 ± (.022) .142 ± (.020) .132 ± (.015)
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Table 3
VOLUME OF ASTROCYTES PER SYNAPSE (mm3)
Volume of glia per synapse within the paramedian lobule was not influenced by motor learning.

GROUP EARLY CONTINUOUS DELAY
AC .432 ± (.054) .437 ± (.045) .345 ± (.042)
MC .414 ± (.046) .365 ± (.030) .373 ± (.035)
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