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In many parts of the vertebrate nervous system, synaptic connections
are remodeled during early postnatal life. Neural activity plays an
important role in regulating one such rearrangement, synapse elim-
ination, in the developing neuromuscular system, but there is little
direct evidence on roles of pre- or postsynaptic activity in regulating
synapse elimination in the developing brain. To address this issue, we
expressed a chloride channel-yellow fluorescent protein fusion in
cerebellar Purkinje cells (PCs) of transgenic mice to decrease their
excitability. We then assessed elimination of supernumerary climbing
fiber inputs to PCs. Individual PCs are innervated by multiple climbing
fibers at birth; all but one are eliminated during the first three
postnatal weeks in wild-type mice, but multiple innervation persists
for at least three months in the transgenic mice. The normal redistri-
bution of climbing fiber synapses from PC somata to proximal den-
drites was also blunted in transgenics. These results show that normal
electrical activity of the postsynaptic cell is required for it to attain a
mature innervation pattern.

chloride channel � climbing fiber � Purkinje cell

Throughout the vertebrate nervous system, neurons receive more
inputs early in development than they maintain in adulthood.

During a circumscribed period in early postnatal life, supernumer-
ary inputs are removed by a process called synapse elimination, and
the remaining inputs then become stronger. This process has been
analyzed in greatest detail at a peripheral synapse, the skeletal
neuromuscular junction, at which all motor axons but one are
eliminated, leaving each muscle fiber with a single input. There, the
process has been shown to be activity dependent and competitive,
with the relative activities of the inputs playing a decisive role in the
outcome (1–4).

Neural activity also regulates synaptic rearrangements in the
developing central nervous system (5–8). In the cerebellar cortex,
one of the best-studied systems in this respect, each Purkinje cell
(PC) is innervated by multiple climbing fibers at birth. Between
postnatal day (P) 5 and P15–20, supernumerary climbing fibers are
withdrawn, leaving each PC innervated by just a single climbing
fiber (7–10). In parallel, climbing fiber terminations are redistrib-
uted on the PC, with a loss of perisomatic synapses and an increase
in number of synapses on proximal dendrites (10, 11). Early studies
showed that supernumerary climbing fiber inputs were retained in
mutants with developmental defects in cerebellar maturation (12–
15), and subsequent analysis demonstrated a critical role for the
other main input to PCs, the parallel fibers, in the elimination
of redundant inputs (9, 16–25). Conversely, harmaline administra-
tion to inferior olivary neurons, from which climbing fibers arise,
leads to synchronous activation and to the persistence of multiple
innervation (26).

Limitations of these studies are that most of them involved
perturbation of a particular neurotransmitter or signaling system
(16, 18–25), and many of them involved global rather than cell type
specific perturbations (12–15). Questions therefore remain as to
whether electrical (action potential) activity per se is required for

elimination of supernumerary climbing fiber inputs and, if so,
whether presynaptic or postsynaptic activity (or both) is required.
Here, we have devised a transgenic strategy to address these issues.
We expressed a chloride channel in PCs postnatally, to selectively
decrease the excitability of these cells during the period of synapse
elimination. We then assessed the effects of this perturbation on the
firing properties and the innervation of these cells. We show that
decreasing the excitability of PCs prevents elimination of supernu-
merary climbing fiber inputs and decreases their redistribution from
somata to proximal dendrites. The results demonstrate that firing
properties of target neurons regulate refinement of synapses during
the development in the CNS.

Results
Use of a Recombinant Chloride Channel to Decrease Neuronal Excit-
ability. A promising means of reducing excitability is to increase
membrane permeability to K� or Cl�, thereby making it more
difficult for excitatory potentials to bring the neuron to threshold.
In preliminary studies, we used biolistic transfection to express
recombinant K� and Cl� channel subunits, along with the green
fluorescent protein (EGFP), in isolated rat superior cervical gan-
glion (SCG) neurons. Transfected cells were identified by EGFP
fluorescence and targeted for recording under voltage- and current-
clamp conditions. As demonstrated previously, the properties of
cells expressing EGFP alone are indistinguishable from those of
wild-type cells (27). Some of the channel constructs tested, such as
Kir1.1 (KCNJ1), which generates weakly inwardly rectifying K�

channels, had no measurable effects on the resting or active
membrane properties of SCG neurons, whereas expression of the
Kir2.1 (KCNJ2) subunit, which generates strongly inwardly recti-
fying K� channels (28), markedly hyperpolarized cells and rendered
them inexcitable: Action potentials could not be generated in
Kir2.1-expressing SCG neurons regardless of the amplitudes of the
current injections.

In contrast, expression of the skeletal muscle chloride channel
subunit ClC-1 (CLCN1) (29) reduced the excitability of SCG
neurons without rendering them inexcitable. Inward and outward
Cl� currents were readily recorded from ClC-1-expressing sympa-
thetic neurons, and from ClC-1-expressing HEK-293 cells (Fig. S1).
Expression of ClC-1 resulted in marked hyperpolarization of resting
membrane potential (Vm) and decreased the input resistance (Rin)
and the amplitude of afterhyperpolarizations in sympathetic neu-
rons (Fig. S2 A–C). In addition, the mean amplitude of action
potentials (APA) was significantly higher in cells expressing CLC-1
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than in controls (Fig. S2C). Most important, significantly larger
currents were required to evoke action potentials in cells expressing
ClC-1, compared with cells expressing EGFP alone (Fig. S2D).
Interestingly, however, action potential durations did not differ
between EGFP� and ClC-1 � EGFP-expressing cells (Fig. S2D),
demonstrating that expression of ClC-1 reduces, but does not block,
sympathetic cell excitability. Consistent with this conclusion, larger
currents were required to evoke repetitive firing (Fig. S2 E and F)
and maximal firing rates were reduced (Fig. S2G) in ClC-1-
expressing SCG neurons compared with controls.

Based on these results, we devised a strategy to selectively express
ClC-1 in defined neuronal populations. First, we generated a
ClC-1-yellow fluorescent protein (YFP) fusion protein, which we
term CLY. The biophysical and functional properties of this fusion
protein in heterologous cells were indistinguishable from those of
wild-type ClC-1. We then generated transgenic mice in which the
CLY coding sequences were separated from neuron-specific reg-
ulatory elements of the Thy1 gene by sequences that terminated
transcription and translation (STOP sequences). These sequences
were flanked by two loxP sites, making expression of CLY depen-
dent on excision of the STOP sequences by Cre recombinase. In
initial studies, several lines of these mice, called Thy1-SCLY, were
mated to mice that expressed Cre ubiquitously (Beta-actin-Cre)
(30). In one line, double transgenic offspring (Beta-actin-Cre;Thy1-
SCLY) were nearly immobile and died perinatally, presumably
reflecting decreased excitability of motor neurons. Histological
examination of the brains and spinal cords of these animals revealed
no detectable abnormalities.

Expression of Chloride Channels in Purkinje Cells. To selectively
inactivate PCs, we used mice in which regulatory elements from the
L7/PcP2 gene drive expression of Cre recombinase (31). Previous
studies have shown PC-specific expression of Cre in this line (31).
Doubly transgenic mice (L7-Cre;Thy1-SCLY, called L7-SCLY
hereafter) were identified by PCR (Fig. S3) and assayed for
expression of the CLY fusion protein by immunostaining with
antibodies to GFP. CLY was readily detectable in PCs but not in any
other cells in the cerebellum or elsewhere in the brain (Fig. 1A). In

contrast, CLY was broadly expressed in brain and spinal cord of
Beta-actin-Cre;Thy1-SCLY mice, and no expression of CLY was
detectable in Thy1-SCLY mice that had not been mated to a
Cre-expressing line. Within PCs, the CLY fusion protein was
present throughout the soma and dendrites, and extended into
proximal axons (Fig. 1A).

To determine the time course of CLY expression, we examined
parasagittal sections of the cerebellar vermis of L7-SCLY mice at
ages ranging from P2 to P30. Sections were double labeled with
anti-calbindin, to detect all PCs. We detected no CLY-positive PCs
at P2, but the fraction of positive cells increased rapidly to approx-
imately 60% by P5–9 (Fig. 1 B and C). Levels of CLY per cell
increased over the subsequent weeks (Fig. 1B), and expression
persisted until at least 1 year of age. Because climbing fibers are
normally eliminated between P5 and P21 (10), CLY is present in a
majority of PCs during the period of synaptic rearrangement.
Conversely, lack of CLY expression before this period implies that
the transgene is unlikely to significantly affect early events in PC
maturation.

We compared L7-SCLY and control cerebella to determine
whether expression of CLY affected cellular structure. We detected
no difference between transgenic and control animals at P30–40 in
any of the following parameters: Cerebellar size, cerebellar thick-
ness, cerebellar foliation, PC size, or level of calbindin staining in
PCs. PCs in the L7-SCLY transgenics showed no evidence of axonal
or dendritic degeneration.

Electrophysiological Analysis of Transgenic Purkinje Cells. To analyze
spiking activity of PCs, we recorded extracellularly from single cells
in vivo (12 cells from 8 P11–16 control mice, 20 cells from 7 P30
controls, 21 cells from 14 P30 transgenics, and 8 cells from 6 P90
transgenics). Representative records are shown in Fig. 2 A–D. Two
qualitatively different types of activity are evident in these records.
One is the simple spike, which corresponds to a single PC action
potential. The other is an all-or-nothing complex spike, consisting
of several components of diminishing amplitude (see also Fig. S4).
Previous studies have demonstrated that complex and simple spikes
are generated in response to climbing fiber and parallel fiber
activity, respectively (32). Each complex spike represents the re-
sponse to a single, suprathreshold climbing fiber input and each
simple spike represents the response to multiple, subthreshold
parallel fiber inputs (32). Importantly, different climbing fiber
inputs to a single PC generate complex spikes with distinct wave-
forms (10), so the number of inputs to a PC can be estimated from
the fine structure of the complex spike, determined as shown in Fig.
S4. In wild-type mice, multiple waveforms were evident in record-
ings from 75% of PCs at P11–16 but in no PCs at P30 (Fig. 2 A, B,
E, and F), consistent with elimination of supernumerary climbing
fiber inputs during the third postnatal week (10). In contrast, we
detected multiple complex spike waveforms in 90% of PCs in
L7-SCLY mice at P30 (Fig. 2 C, E, and F). To determine whether
the elimination of supernumerary innervation was blocked or only
transiently delayed in L7-SCLY mice, we also recorded from PCs
at P90, and found that �75% showed multiple complex spike
waveforms (Fig. 2 D–F). Thus, multiple innervation of PCs by
climbing fibers persists in mature L7-SCLY transgenics. In addition,
the complex spike rate from transgenics at P30 and P90 was
significantly higher than in wild-type P30 PCs and was comparable
to that of wild-type P11-P16 PCs (Fig. 2G and Table S1 ).

We also analyzed simple spikes to ask whether signaling from
parallel fibers to PCs differed between control and transgenic mice.
In young wild-type mice, PCs display a tonic or unimodal pattern
of simple spikes, whereas by one month of age, the pattern is
bimodal, with periods of high-frequency simple spikes intermingled
with periods of relative inactivity (Fig. 3 A and B) (33, 34).
Compared with mature PCs, immature PCs displayed a decreased
probability of showing silent pauses and an increased duration of
activity periods (Fig. 3 E and F and Table S1). Notably, PCs from

Fig. 1. Expression of chloride channel-YFP fusion protein in Purkinje cells. (A)
Sections of cerebellum from transgenic mice show that the ClC-YFP fusion protein,
stained with anti-GFP, is present in somata (a1), dendrites (a2), and proximal axons
(a3). (B) Sections fromtransgenicmiceatdifferentages stainedwiththePurkinjecell
specific marker anti-calbindin (red) and anti-GFP (green) to detect ClC-YFP fusion
protein. (Scale bars: 50 �m.) (C) Percentage of PCs expressing the fusion protein.
Mean � SEM is plotted as function of the age.
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one month-old L7-SCLY mice displayed a simple spike firing
pattern similar to that of PCs in P15 controls and quiescent periods
were rare in these cells (Fig. 3C). Such a unimodal firing pattern was
maintained in transgenic PCs recorded at P90 (Fig. 3 D and E). On
average, however, simple spike rates were similar in mature control
and transgenic PCs (Fig. 3G and Table S1).

Decreased PC Excitability Blocks Withdrawal of Climbing Fiber Inputs.
To determine the anatomical basis for the supernumerary inputs
recorded electrophysiologically, we labeled a subset of climbing
fibers by injection of biotinylated dextran (BDA) into the inferior
olivary nucleus, which contains the somata of the neurons from
which climbing fibers arise. Injections were made at P20-P30,
shortly after climbing fiber elimination is complete in wild-type
mice, and cerebella were examined 7–10 days later. PCs were
stained with anti-calbindin or anti-GFP, all climbing fiber synapses
were marked with antibodies to VGluT2, and anterogradely trans-
ported BDA was revealed with streptavidin conjugated Alexa 594.
As shown in Fig. 4 A, C, and E, some individual PC cells were
contacted by both BDA-positive and BDA-negative climbing fibers,
demonstrating that they were innervated by at least two climbing
fibers. Approximately 40% of transgenic PCs (13/30 from five
mice), but no wild-type PCs (0/30 from four mice), analyzed in this
way were innervated by multiple climbing fibers (Fig. 4 B, D, F, and

G). It is important to note that this method underestimates the
extent of polyneuronal innervation, because PCs innervated by two
BDA-negative or two BDA-positive climbing fibers would not be
scored as multiply innervated. If half of the climbing fibers were
filled with BDA and if BDA-positive and -negative climbing fibers
were randomly intermingled, the real incidence of double inner-
vated PCs would be twice that scored in these experiments. Thus,
the value of approximately 40% multiple innervation determined
morphologically is not inconsistent with the value of 90% deter-
mined electrophysiologically (Figs. 2 E and 4G).

Further analysis showed that climbing fiber morphology was
heterogeneous in L7-SCLY mice. Some fibers were highly ramified
and apparently normal, whereas others were reduced to a thin
branch with few varicosities. Still others retained immature fea-
tures, extending many branches in the first half of the molecular
layer but only one or two branches upward (Fig. S5). Thus,
histological and physiological maturation of climbing fibers is
disrupted in L7-SCLY mice.

Number and Position of Climbing Fiber Varicosities on Transgenic
Purkinje Cells. Supernumerary climbing fibers persisting on a trans-
genic PC might retain as many synapses as single climbing fibers in
wild-type mice. Alternatively, the total number of climbing fiber
synapses on each PC in transgenics might be similar to that in
controls, in which case each transgenic climbing fiber would make
fewer synapses than a single control climbing fiber. To distinguish
these possibilities, we used VGluT2 staining to count the total

A

    Tg P30 

CS 1

*

CS 2

B

CS

**

    WT P30

C

CS 1

*

CS 2

    WT P15

D     Tg P90

*

50 ms
1 mV CS 1

*

CS 2

10 ms
2 mV SS

SS

SS

SS

0

5

10

C
S

 r
at

e 
(H

z)

*
*

Tg P30 
Tg P90

WT P30
WT P11-16

0

20

40

60

80

100

  %
 o

f m
ul

tip
le

 in
ne

tv
at

ed
 P

C
s

*

*

1

2

3

# 
of

 C
F

 in
pu

ts

0

E GF

*

* *
*

*

Fig. 2. Multiple climbing fiber responses and increased complex spike rate in
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density of climbing fiber varicosities on PC somata and proximal
dendrites (Fig. 5 A–C). The density of climbing fiber varicosities was
approximately 50% higher in transgenic PCs, than in controls (Fig.
5D). This result is consistent with the increase in climbing fiber
numbers and suggests that multiple climbing fibers form a full
complement of synapses on transgenic PCs.

We also asked whether the position of climbing fiber termina-
tions on PCs was affected by expression of CLY. During the early
postnatal period when supernumerary climbing fibers are lost from
PCs, the synapses of the persisting climbing fibers are redistributed
from the soma to proximal dendrites (10, 11). To ask whether
climbing fiber redistribution occurred in L7-SCLY animals, we
analyzed the distribution of VGluT2-positive climbing fiber syn-
apses on calbindin- or GFP-stained PCs (Fig. 6 A and B). At P7–8,
somatic climbing fiber synapses were present on nearly all trans-
genic and control PCs (Fig. 6C). Somatic synapses were subse-
quently lost from both control and transgenic PCs, but significantly
more transgenic than control PCs retained somatic climbing fiber
synapses at P15–18 and P30–60. Consistent with this decreased or
delayed progression of synapses from soma to dendrites, the extent

of VGluT2-positive synapses along PC dendrites was significantly
less in transgenics than in controls (Fig. 6D).

Finally, we asked whether the increased climbing fiber synapse
density or the increased territory they occupied occurred at the
expense of the other main class of excitatory synapses on PCs, those
made by parallel fibers. We could distinguish these main synaptic
types because parallel fiber terminals are VGluT1 positive whereas,
as noted above, climbing fiber varicosities are VGluT2-positive. The
density of VGluT1-positive parallel fiber synapses was 15% higher
in transgenic than control mice (Fig. 5 E–H). Thus, increased
innervation by climbing fibers does not endanger innervation by
parallel fibers. Instead, the small but significant increase of VGluT1
raises the possibility that elimination of supernumerary parallel
fibers may also be prevented in L7-SCLY PCs. However, because
each PC is innervated by thousands of parallel fibers in wild-type
mice, it is not feasible to test this idea directly.

Motor Coordination Is Impaired in Transgenic Mice. To assess the
functional consequence of PC inactivation and retained supernu-
merary innervation by climbing fibers, we assayed L7-SCLY mice
with rotarod and footprint tests of motor coordination. Transgenic
mice were less able to stay on a rotating rod (rotarod) than controls
(Fig. S6A). Significant differences were observed at each of four
speeds tested. Performance improved significantly and to a similar
extent on successive trials in both groups (Fig. S6B), suggesting that
the defect observed in transgenics reflects impaired motor coor-
dination rather than impaired skill learning. We also assessed gait
by measuring the distance between footprints (Fig. S6C). A slight
shortening of stride length was found in transgenics (Fig. S6D),
while other parameters, such as base width and distance between
feet were similar between groups.

Discussion
To assess the role of neural activity in synapse elimination, we
selectively expressed a chloride channel, CLC1, in cerebellar PCs.
The transgene was expressed only postnatally, and accordingly had
no detectable effect on the early development of these cells.
However, polyneuronal innervation of PCs by climbing fibers,
normally eliminated during the first three postnatal weeks, per-
sisted in transgenic PCs, as assessed by electrophysiological and
morphological criteria. Expression of CLC1 also decreased trans-
location of climbing fiber synapses from PC soma to proximal
dendrites, and led to deficits in motor behavior consistent with
cerebellar malfunction. These results provide strong genetic evi-
dence that synapse elimination in the CNS requires appropriate
amounts and/or patterns of electrical activity in the postsynaptic
cell.

Many investigators have pointed out the parallels between elim-
ination of supernumerary climbing fiber inputs to PCs and elimi-
nation of supernumerary motor axonal inputs to muscle fibers. In
view of strong evidence that synapse elimination at the neuromus-
cular junction is activity-dependent, it has been attractive to sup-
pose that the same is true for climbing fibers. Consistent with this
idea, previous studies have indicated that the presence of functional
parallel fiber synapses onto PCs is necessary for the postnatal
elimination of supernumerary climbing fiber inputs. For example,
climbing fiber elimination is delayed or prevented in spontaneously
occurring mutant strains, including weaver, staggerer, and reeler, in which
granule cells, from which parallel fibers arise, fail to form or degenerate
(12–15, 35). Climbing fiber elimination is also impaired after local
X-irradation of granule cell progenitors in newborn rats, thereby
eliminating granule cells (36). Later studies revealed impairment of
climbing fiber elimination after more precise lesions in mutant mice,
such as mutations of the orphan glutamate receptor �2 subunit
(GluR�2) or the metabotropic glutamate receptor (mGluR1), both of
which are highly expressed at parallel fiber-PC synapses, or of compo-
nents of the mGluR1 signal transduction pathway, such as G alpha q,
phospholipase C beta 4, and PKC gamma (16–25). Finally, pharma-

A B

C D

E F

G

Fig. 4. Polyneuronal innervation of Purkinje cells in transgenic mice. (A) Triple
fluorescent labeling for BDA (red), VGluT2 (green), and chloride channel-YFP
expressing PC (blue) of cerebellar slices from P40 transgenic mice demonstrating
the multiple climbing fiber innervation of Purkinje cells. A Inset is enlarged in C
and E. (B) Wild-type PC innervated by only one double-labeled climbing fiber. B
Inset is enlarged in D and F. (G) Percentage of multiple innervated PCs assayed by
confocal microscopy. (Scale bars: 20 �m.)
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cological block of NMDA receptor activity at mossy fiber-granule cell
synapses, during a relatively short critical period (P15–16), also blocks
climbing fiber elimination (37, 38).

Although these results are consistent with the idea that climbing
fiber elimination requires appropriate electrical activity in PCs, they
are open to alternative interpretations. Elimination of parallel fiber
inputs (12–15, 35, 36), for example, may remove sources of trophic
support or developmental signals, and activity. Likewise, synaptic
transmission at parallel fiber-PC synapses is mediated in large part
by AMPA-type glutamate receptors, so inactivation of metabo-
tropic receptors and downstream signal transduction cascades may

affect PC metabolism in ways that are not strictly attributable to
effects on electrical activity. Indeed, activation of mGluR1 pro-
duces a complex postsynaptic response consisting of a calcium-
release signal from intracellular stores and a slow excitatory
postsynaptic potential, and long-term depression at parallel fi-
ber-PC synapses is deficient in mGluR1�/� mice (39). The recent
finding that inactivation of the neurotrophin receptor, TrkB, slows
elimination of climbing fibers (40, 41), might reflect altered elec-
trical activity of PCs because inhibitory inputs develop abnormally,
but this perturbation could alternatively upset trophic balance in an
activity-independent fashion. Perhaps more direct are studies in
which harmaline was administered to the inferior olivary nucleus,
which contains the cell bodies from which climbing fiber originates.
This treatment disrupted the normal pattern of activity in climbing
fibers, increasing synchrony among climbing fibers, and led to a
persistence of polyneuronal innervation of PCs (26). These results
support the idea that the pattern of PC activity regulates compe-
tition among climbing fibers vying for domination of a PC, a
conclusions similar to that supported by genetic, histological and
physiological studies of the neuromuscular junction (1–4). None-
theless, the effects of harmaline are complicated, and it is not clear
whether the observed defects in synapse elimination result from
changes in the amount/pattern of climbing fiber activity, or from
other alterations in climbing fiber structure and/or function.

In light of these uncertainties, we aimed to perform a direct test
of the role of neural activity, and more specifically of postsynaptic
activity, in the elimination of climbing fibers. The use of L7-
Cre;Thy1-SCLCY transgenic mice had several advantages for ad-
dressing this issue. First, perturbation was limited to PCs; their
inputs and other cells in the cerebellum were not directly affected.
Second, the effect was directly and specifically exerted on PC
excitability, without direct interference with membrane receptors
or intracellular pathways. Third, SCLY expression was undetect-
able until after P2, so early events in PC development or climbing
fiber innervation were not perturbed. The links between altered
activity and synapse elimination remain to be elucidated; they may
include effects on retrograde trophic signals that impinge directly
on climbing fibers or act indirectly through other cellular elements.

In addition to blocking synapse elimination, expression of
SCLCY delayed the migration of climbing fiber synapses from soma
to proximal dendrites (10, 11, 42). The molecular mechanisms
underlying the translocations are unknown, but available data
suggests that it is neither a cause nor a consequence of synapse
elimination. Indeed, after some perturbations the location of climb-
ing fibers inputs is abnormal but synapse elimination occurs on
schedule (43, 44). Conversely, in TrkB mutants, synapse elimination
is delayed but synaptic translocation occurs on schedule (41). These
results suggest that these steps in maturations are regulated inde-
pendently. We therefore conclude that postsynaptic activity exerts

A B C D

E F G H

Fig. 5. Increase of climbing and parallel fibers termi-
nation densities. (A–C) Confocal images of VGluT2-
labeled climbing fiber terminations (green) on PCs
stained for Calbindin in control mice (A) or GFP (B) in
transgenic mice (both red). Small portions of the molec-
ular layer were acquired at high magnification (C) to
estimate the number of VgluT2 varicosities per �m of
dendrite length (D). An increase of VGluT2 varicosities
was found in transgenic mice (P � 0.001 by t test; number
of measured dendrites in parentheses). (E–G) Confocal
images of VGluT1-labeled parallel fibers terminations
(green) on PCs stained for Calbindin (E) or GFP (F) as in
A–C. Small portions of the molecular layer were acquired
at high magnification (G) to estimate the density of
VGluT1varicositiesonselectedperidendriticareas (H).An
increase of VGluT1 varicosities was found in transgenic
mice (P � 0.001 by t test; number of measured areas in
parentheses). (Scale bars: 50 �m in A, B, E, and F; 10 �m in
C; 5 �m in G.)

A

B

C D

Fig. 6. Persistence of perisomatic climbing fiber synapses in transgenic PCs. (A
and B) Confocal images of P30 wild-type and transgenic mice showing PCs in red
(stained with anti-Calbindin and anti-GFP, respectively) and climbing fiber ter-
minations labeled with anti-VGluT2 (green). Climbing fiber terminations are
absent from somata of P30 control PCs but present on many PC somata in
transgenic mice (B). (Scale bars: 25 �m.) (C) The percentage of PCs somatic profiles
bearing climbing fiber synapses. Differences between groups: P � 0.02 at P15–18,
P � 0.01 in P30–60 by t test. (D). The percentage of the distance from the apex of
the Purkinje cell layer to the base of the molecular layer occupied by climbing
fiber terminals. Extension is lower in transgenic mice than in controls (P � 0.001
by t test; number of mice in parentheses).
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separate effects on the number of climbing fiber inputs to PCs and
on their subcellular locations.

Materials and Methods
Animals. All animal procedures were carried out in accordance with the policy of
Washington University and the Italian Ministry of Health on the use of animals in
research.Micewerekeptona14/10-hday/nightcyclewithfoodandwateradlibitum.

Trangenic mice with conditional over-expression of a muscle chloride channel-
YFPfusionprotein(Thy1-SCLY)weregeneratedinour laboratory.TheClC-1cDNA
(45) was a generous gift from Dr. Klaus Steinmeyer (University of Hamburg,
Germany). The ClC1-YFP fusion was made by inserting the ClC-1 cDNA into the
HindIII/BamHI sites of pEYFP-N1. A LoxP-STOP-LoxP fragment (4) was introduced
into the HindIII site of ClC-1-YFP to generate SCLY. SCLY (LoxP-STOP-LoxP-ClC1-
YFP) was then cloned into a mouse Thy1.2 vector (46, 47). Transgenic mice were
generated by standard methods. These mice were mated to transgenics that
expressedCrerecombinaseubiquitously (ß-actin-Cre;30)or selectively inPurkinje
cells (L7-Cre; 31). Mice were genotyped by PCR (see Fig. S3B).

Electrophysiology. Whole cell recordings were obtained from transfected HEK-
293cellsandSCGneuronsat roomtemperature (22–25 °C).Detailedprotocols for
transfection and electrophysiological analysis are presented in SI Text.

For in vivo extracellular single-unit recordings from cerebellar cortex, mice
were anesthetized by i.p. injection of ketamine (100 mg/kg) and xylazine (10

mg/kg) then placed in a stereotaxic apparatus. A craniotomy was performed
above the cerebellum to expose a small region of the cerebellar vermis or
hemispheres. The exposed area was covered with agar (4% in physiological
solution). Heart rate and body temperature were continuously monitored. Ex-
tracellular recordings of Purkinje cell single-unit activity were obtained using
glass microelectrodes. Protocols for recording, sorting, and analyzing simple and
complex spikes are detailed in SI Text. On completion of the electrophysiological
protocol, a small amount of methyl blue dye was deposited at the recording site
by passing 1-mA current through the recording electrode for 5–8 min. The brain
was then removed, fixed, and sectioned to verify electrode placement.

Histology. Mice were transcardially perfused with 4% paraformaldehyde (PFA) in
phosphatebuffer solution(PBS),pH7.2.Cerebellawerepostfixed,cryoprotected,
and sectioned parasagittally at 30 �m in a cryostat. Sections were then immuno-
stained and examined by epifluorescence or confocal microscopy. Detailed meth-
ods for immunofluorescence, confocal analysis and anterograde tracing are
provided in SI Text.
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