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Zones of Enhanced Glutamate Release from Climbing Fibers
in the Mammalian Cerebellum
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Purkinje cells in the mammalian cerebellum are remarkably homogeneous in shape and orientation, yet they exhibit regional differences
in gene expression. Purkinje cells that express high levels of zebrin II (aldolase C) and the glutamate transporter EAAT4 cluster in
parasagittal zones that receive input from distinct groups of climbing fibers (CFs); however, the physiological properties of CFs that target
these molecularly distinct Purkinje cells have not been determined. Here we report that CFs that innervate Purkinje cells in zebrin
II-immunoreactive (Z ⫹) zones release more glutamate per action potential than CFs in Z ⫺ zones. CF terminals in Z ⫹ zones had larger
pools of release-ready vesicles, exhibited enhanced multivesicular release, and produced larger synaptic glutamate transients. As a result,
CF-mediated EPSCs in Purkinje cells decayed more slowly in Z ⫹ zones, which triggered longer-duration complex spikes containing a
greater number of spikelets. The differences in the duration of CF EPSCs between Z ⫹ and Z ⫺ zones persisted in EAAT4 knock-out mice,
indicating that EAAT4 is not required for maintaining this aspect of CF function. These results indicate that the organization of the
cerebellum into discrete longitudinal zones is defined not only by molecular phenotype of Purkinje cells within zones, but also by the
physiological properties of CFs that project to these distinct regions. The enhanced release of glutamate from CFs in Z ⫹ zones may alter
the threshold for synaptic plasticity and prolong inhibition of cerebellar output neurons in deep cerebellar nuclei.

Introduction
Purkinje cells in the mammalian cerebellum receive powerful
excitatory input from the inferior olive (IO) via climbing fibers
(CFs), which convey information about the timing of motor
commands (Kitazawa et al., 1998) and facilitate forms of synaptic
plasticity that may underlie motor learning (Ito and Kano, 1982;
Wang et al., 2000; Coesmans et al., 2004; Brenowitz and Regehr,
2005). Although the cellular organization of the cerebellar cortex
is remarkably homogeneous, CFs arising from different regions
of the IO segregate to form synapses with Purkinje cells in distinct
longitudinal (rostrocaudal) zones (Sugihara at al., 2001). These
CF inputs initiate synchronous firing of Purkinje cells within
zones (Sasaki et al., 1989; Lang et al., 1999; Blenkinsop and Lang,
2006), because of the extensive electrical coupling among IO neurons, suggesting that compartmentalization of olivo-cerebellar signaling is fundamental to cerebellar function (Ozden et al., 2009).
Purkinje cells within these zones exhibit similar patterns of
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pression of the glycolytic enzyme aldolase C (zebrin II) (Brochu
et al., 1990). Zones of zebrin II-immunoreactive (Z ⫹) Purkinje
cells are symmetrically distributed, highly reproducible between
individuals, and conserved across species (Hawkes and Gravel,
1991), yet the functional significance of these molecular differences are not well understood. Purkinje cells within Z ⫹ zones
also express elevated levels of EAAT4 (Dehnes et al., 1998), a
high-affinity transporter that removes glutamate at CF and parallel fiber synapses (Otis et al., 1997; Takayasu et al., 2005), and
inhibitory input to Z ⫹ zones is enhanced (Gao et al., 2006), raising the possibility that Purkinje cells in these zones experience
greater excitatory synaptic activity. Nevertheless, physiological
differences between the CFs that target these distinct populations
of Purkinje cells have not been described.
To evaluate whether the variations in gene expression exhibited by Purkinje cells reflect physiological differences between CF
inputs, we compared the properties of CF–Purkinje cell synapses
in Z ⫹ and Z ⫺ zones within individual folia using EAAT4-EGFP
mice (Gincel et al., 2007), in which Z ⫹ Purkinje cells can be
visualized in living tissue. Our studies indicate that CFs within
Z ⫹ zones release more glutamate per action potential, which
slows the decay of CF EPSCs and induces longer-lasting complex spikes in Z ⫹ Purkinje cells. These physiological differences in CF signaling between cerebellar compartments may
induce regional differences in the activity of output neurons in
the deep cerebellar nuclei (DCN), because of the restricted
targeting of Purkinje cell axons within the DCN (Sugihara et
al., 2009), and alter the extent or duration of plasticity at CF
and parallel fiber synapses. The increased expression of glycolytic enzymes and glutamate transporters by Purkinje cells in
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Z ⫹ zones may help compensate for enhanced CF signaling in
these regions.

Materials and Methods
Animals. EAAT4-EGFP mice were generated using the bacterial artificial
chromosome (BAC) approach as described previously (Gincel et al.,
2007). EAAT4-EGFP ⫹/⫹ mice were mated with C57BL/6 wild-type mice,
and the progeny were used for all experiments.
Immunostaining. Mice [postnatal day 21 (P21) (see Fig. 1); P23 (see
Fig. 7)] were perfused by cardiac puncture with 4% paraformaldehyde in
phosphate buffer (PB) containing 80 mM Na2HPO4 and 20 mM KH2PO4,
in accordance with animal welfare protocols approved by Johns Hopkins
University. Brains were then removed and immersed in the same fixative
for 4 h at 4°C. Free-floating coronal cerebellar sections [35 m (see Fig.
1); 50 m (see Fig. 7)] were prepared using a Vibratome (VT1000S;
Leica) and collected in PB. Sections were rinsed, blocked against nonspecific antibody binding, and permeabilized in PB containing 5% normal
donkey serum (NDS) and 1% Triton X-100 for 3 h. Sections were then
incubated for 36 h at 4°C in PB containing 5% NDS, 0.5% Triton X-100,
primary antibodies, rabbit ␣-EAAT4 (1:2000) and mouse ␣-zebrin II
(1:200) (see Fig. 1), and guinea pig ␣-vGluT2 (1:6000; Millipore) (see Fig.
7). After rinsing, sections were incubated for 3 h at room temperature in
PB containing 5% NDS and Cy3- and Cy5-conjugated secondary antibodies against rabbit and mouse IgG (1:400; Jackson ImmunoResearch)
(see Fig. 1) and Cy5-conjugated secondary antibodies against guinea pig
IgG (1:300; Jackson ImmunoResearch) (see Fig. 7). Images were obtained using a Nikon Eclipse E800 microscope equipped with a Retiga EX
camera (QImaging) (see Fig. 1) and an AX10 Imager.M1 microscope
equipped with an AxioCam HRm camera (both from Zeiss) (see Fig. 7).
Images in Figure 1 A–F are composites of six to eight separate images
obtained using a 4⫻ objective that were merged using Photoshop (Adobe
Systems). White dotted lines show borders between each image. Images
in Figure 1G–I were obtained using a 20⫻ objective, and images in Figure
7 were obtained using a 5⫻ objective. For the analysis of vGluT2 expression (see Fig. 7), regions of interest in Z ⫹ and Z ⫺ zones were defined
based on the intensity of enhanced green fluorescent protein (EGFP)
fluorescence within P1 ⫹ and P2 ⫹ bands, or within P1 ⫺ bands, in lobule
VIII. For each section, the fraction of Z ⫺ pixels that exceeded threshold
(set at 95% of the pixel intensities measured within Z ⫹ zones) was determined using custom scripts written in Matlab (Mathworks).
Acute slice preparation. Cerebellar slices were prepared in the coronal orientation from 15- to 21-d-old mice (250 m) on a vibratome in ice-cold
cutting solution containing (in mM) 135 N-methyl-D-glucamine, pH adjusted to 7.4 with HCl, 1 KCl, 1.2 KH2PO4, 0.5 CaCl2, 1.5 MgCl2, 20
choline-HCO3, and 11 glucose, saturated with 95% O2/5% CO2. Slices
were incubated in artificial CSF (ACSF) containing (in mM) 119 NaCl,
2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 26.2 NaHCO3, and 11 glucose, saturated with 95% O2/5% CO2 at 37°C for 30 min and then allowed to recover for at least 30 min at room temperature before
experimentation.
Electrophysiology. During recording, slices were constantly superfused
with ACSF containing 5 M 6-imino-3-(4-methoxyphenyl)-1(6 H)pyridazinebutanoic acid dihydrobromide (SR-95531) to block GABAA
receptors. Slices were first examined at low power using a 4⫻ objective
and a CCD camera (XC-E130; Sony) to identify parasagittal bands near
the vermis, denoted P1 ⫹ to P3 ⫹ from the midline moving laterally.
Z ⫹ Purkinje cells within P1 ⫹ and P2 ⫹ bands, or Z ⫺ Purkinje cells in
P1 ⫺ bands in lobule VIII, were selected based on the intensity of EGFP
fluorescence (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). Individual Purkinje cells were visualized
through a 40⫻ water-immersion objective using infrared light, differential interference contrast optics, and a CCD camera (XC-73; Sony). Recording electrodes were pulled from capillary tubing (#0010 glass;
Corning) and had a combined resistance of 1.2–2.0 M⍀ when filled with
the internal solution. For whole-cell recordings, the pipette solution contained (in mM) 105 CsA (A represents NO3⫺ or CH3O3S ⫺), 20 TEA-Cl, 10
Cs-EGTA, 20 HEPES, 1 MgCl2, 2 Na2-ATP, 0.2 Na-GTP, and 1 QX-314,
pH adjusted to 7.3 for voltage-clamp recordings. All transporter currents
were recorded with NO3⫺ as the primary anion in the pipette solution. For
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current-clamp recordings, the pipette solution contained (in mM) 135
KCl, 20 HEPES, 1 MgCl2, 2 Na2-ATP, and 0.2 Na-GTP, pH adjusted to
7.3. The holding potential for voltage-clamp recordings was ⫺70 mV for
transporter currents and ⫺15 mV for CF EPSCs. Synaptic transporter
currents were recorded in the presence of 25 M 2,3-dioxo-6-nitro1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt
(NBQX; an AMPA receptor antagonist). Access resistance was ⬍10 M⍀,
and experiments in which the access changed by ⬎15% were not included for analysis. CFs were stimulated at 0.05 Hz with a patch pipette
filled with ACSF, using a constant-current isolated stimulator (DS3;
Digitimer) to supply a 50 s pulse of 2–30 A. The pipette position was
adjusted to minimize the stimulus intensity required to generate an allor-none CF-evoked response. Synaptic currents were recorded with a
MultiClamp 700B amplifier (Molecular Devices), filtered at 2–3 kHz,
and digitized at 10 –50 kHz with a Digidata 1322A analog-to-digital converter (Molecular Devices). Complex spike recordings were filtered at 5
kHz and digitized at 50 kHz. To compare the effect of ␥-D glutamylglycine (␥-DGG; a low-affinity AMPA receptor antagonist) on the CF
paired-pulse ratio (PPR) between Purkinje cells from Z ⫹ and Z ⫺ zones,
we used ACSF containing 0.5 mM CaCl2 and 3.3 mM MgCl2, a condition
that should reduce multivesicular release and increase the ability to detect differences in multivesicular release between CF synapses in Z ⫹ and
Z ⫺ zones. All recordings were made at room temperature.
Photolysis. Purkinje cells were locally superfused with HEPES-buffered
saline containing (in mM) 137 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, and
20 HEPES, pH adjusted to 7.3. This solution contained 1 M tetrodotoxin (a Na⫹ channel blocker), 10 M NBQX, 10 M (RS)-3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (an NMDA receptor antagonist),
50 M MK-801 [(5R,10S)-(⫹)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]
cyclohepten-5,10-imine hydrogen maleate; an NMDA receptor antagonist], 5 M SR-95531, and 500 M 4-carboxymethoxy-7-nitroindolinylD-aspartate (MNI-D-aspartate). The MNI-D-aspartate solution was
applied using a wide-bore pipette (tip diameter, ⬃50 m) fed by a 5 ml
reservoir. Photolysis was induced by brief exposure (1 ms) to the UV
output of an argon–ion laser (Stabilite 2017-AR; Spectra-Physics), as
described previously (Huang et al., 2005). The output of the laser was
focused to an ⬃100 m spot using a 20⫻ water-immersion objective
(UMPlanFl; Olympus) that was centered on the dendritic arbor of the
Purkinje cell. To control the length of exposure, a computer-controlled,
programmable pulse generator (Master-8; AMP Instruments) was used
to trigger a high-speed laser shutter placed between the laser head and the
fiber launch. Miniature EPSCs (mEPSCs) were evoked by CF stimulation
at 0.2 Hz at a holding potential of ⫺70 mV with 1 mM SrCl2 substituted
for CaCl2 and 2.8 or 4.0 mM MgCl2. As there was no significant difference
between events recorded in 2.8 or 4.0 mM MgCl2, these data were pooled.
Data analysis. Data were analyzed off-line using pClamp (Molecular
Devices) and Origin (OriginLab) software. For analysis of CF responses,
traces obtained from subthreshold stimulation were averaged and subtracted from the response. Residual artifacts have been blanked for clarity
in the figures. Illustrated traces represent two to five consecutive responses, except under low release probability conditions (see Fig. 5), in
which 15 consecutive responses were averaged. Weighted decay was determined by measuring the integral of the normalized current trace from
the peak to the time at which the response returned to baseline (Takayasu
et al., 2005). mEPSCs were analyzed using the Mini Analysis Program
(Synaptosoft) and were restricted to events that occurred within 1 s after
CF stimulation, which had a maximal rise time of 1 ms, a tau decay of
between 1 and 40 ms, and an amplitude of at least ⫺20 pA. The last
criterion was necessary, as substitution of SrCl2 for CaCl2 markedly increased membrane noise in mouse Purkinje cells, as reported previously
(Maejima et al., 2001). Approximately 95% of events had a tau decay
faster than 15 ms. Measurements of mEPSC amplitude or tau decay were
obtained from recordings in which at least 150 or 50 events could be
identified, respectively.
For variance–mean analysis, CF EPSCs were recorded in the presence
of 4 mM CaCl2, 0 MgCl2, 10 M SR-95531, and 10 mM ␥-DGG at a
holding potential of ⫺40 mV. CFs were stimulated at 0.033 Hz to minimize depletion of the release-competent pool, and measurements were
made from at least 20 consecutive CF EPSCs after a 10 min baseline
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period. To ensure that gradual amplitude drift
did not bias measurements of trial-to-trial
variability, a linear fit of amplitudes was made
during the sample period, and individual EPSC
amplitudes were adjusted by multiplying the
ratio of the raw EPSC amplitude and corresponding fit amplitude by the mean EPSC amplitude during the sample period. Because the
analysis of CF mEPSCs (Fig. 4) revealed no difference in total quantal variability (CV 2) between zones (Z ⫹: 0.13 ⫾ 0.01, n ⫽ 10; Z ⫺:
0.12 ⫾ 0.01, n ⫽ 9; p ⫽ 0.646), arising from
trial-to-trial variability of glutamate release
from individual vesicles within or between release sites (Foster and Regehr, 2004; Clements
and Silver, 2000), variance values were not corrected for quantal variability. Complex spikes
were recorded at 0.05 ⌯z in four blocks of nine
CF stimulations (single or paired); each block
was briefly interrupted by switching to voltage
clamp to monitor membrane and access resistance. Small hyperpolarizing currents were
applied to maintain a resting potential of approximately ⫺70 mV. Individual trials representing direct Purkinje cell stimulation were
identified by the lack of delay between the stimulation artifact and onset of the initial spike
component and were eliminated from analysis.
All complex spike recordings were acquired
within 15 min of the onset of CF stimulation.
Within this period, complex spikes showed a
gain or loss of, at most, one spikelet. Recordings were categorized according to the number
of spikelets following the first complete spike Figure 1. Parasagittal zones of Purkinje cells in EAAT4-EGFP mice. A, B, EGFP fluorescence in coronal sections of cerebella from
after the stimulus. The number of spikelets per EAAT4-EGFP (A) or wild-type (B) mice. C–F, Sections were immunostained for EAAT4 (C, D) and zebrin II (E, F ). The boxed areas in
recording was determined as the average of all A, C, and E are shown at higher magnification in G–I. Arrows highlight a single Purkinje cell that expressed high levels of EGFP,
complex spike responses. For presentation in EAAT4, and zebrin II. Scale bars: A–F, 500 m; G–I, 50 m.
histograms (see Fig. 8), values were rounded to
the nearest integer. In one recording from a Z ⫹
⫺2150 ⫾ 78 pA, n ⫽ 14; p ⫽ 0.238) (Fig. 2 A), CF EPSCs decayed
Purkinje cell, the complex spike consisted of multiple small wavelets riding
more
slowly in Z ⫹ than Z ⫺ Purkinje cells (weighted decay; Z ⫹:
on top of a prolonged depolarization. As it was not possible to count spikelets
12.4 ⫾ 0.5 ms, n ⫽ 15; Z ⫺: 9.7 ⫾ 0.6 ms, n ⫽ 14; p ⫽ 0.002) (Fig.
in this recording, this cell was only included in the analysis of the integral of
2 A). This difference in EPSC time course was not caused by varithe first 20 ms of the complex spike. For the experiments illustrated in Figure
ations in the desensitization rate of AMPA receptors between
8, C (right) and D, slices were preequilibrated in 10 M DL-threo-␤these groups of Purkinje cells, because the difference in decay
benzyloxyaspartic acid (TBOA) before beginning the whole-cell recording,
to minimize the duration of the complex spike recording.
kinetics was more pronounced when AMPA receptor desensitiAll results are presented as mean ⫾ SEM. Statistical significance was
zation was inhibited by cyclothiazide (200 M) (Z ⫹: 40.8 ⫾ 1.5
calculated using the unpaired or paired Student’s t test or one-way
ms, n ⫽ 9; Z ⫺: 27.3 ⫾ 2.6 ms, n ⫽ 8; p ⬍ 0.001) (Fig. 2 B). These
ANOVA followed by Bonferroni procedures, as appropriate.
results suggest that glutamate remains elevated longer at CF syn-

Results

Enhanced glutamate release from CFs in Z ⴙ zones prolongs
Purkinje cell EPSCs
To determine whether there are differences in CF signaling between
Z ⫹ and Z ⫺ zones, we recorded CF responses from Purkinje cells in
coronal slices of cerebellum from EAAT4-EGFP BAC transgenic
mice, in which EGFP is expressed under the control of the EAAT4
promoter (Gincel et al., 2007). In these mice, EGFP is highly expressed by the same groups of Purkinje cells that define the EAAT4and zebrin II-immunoreactive parasagittal bands bordering the vermis (Fig. 1), denoted P1 ⫹ to P7 ⫹ from the midline moving laterally
(supplemental Fig. S1, available at www.jneurosci.org as supplemental material). Using EGFP as a guide, we made whole-cell
voltage-clamp recordings from Purkinje cells in Z ⫹ (P1 ⫹ and
P2 ⫹ bands) and Z ⫺ (P1 ⫺ band) zones within lobule VIII. Although the amplitudes of CF EPSCs between the two groups were
not significantly different (Z ⫹: ⫺2303 ⫾ 99 pA, n ⫽ 15; Z ⫺:

apses in Z ⫹ zones.
CFs exhibit an unusually high release probability, which
causes each terminal to release multiple vesicles after invasion of
an action potential and leads to saturation of AMPA receptors
(Wadiche and Jahr, 2001; Foster et al., 2002). As a result of saturation, an increase in synaptic glutamate may not lead to an increase in the amplitude of CF EPSCs (Wadiche and Jahr, 2001).
To provide an additional assessment of glutamate concentration
at CF synapses in Z ⫹ and Z ⫺ zones, we measured the inhibition
of CF EPSCs by the rapidly dissociating competitive AMPA receptor antagonist ␥-DGG, which becomes less effective at inhibiting AMPA receptors as the concentration of glutamate is
increased (Liu et al., 1999; Wadiche and Jahr, 2001; Foster et al.,
2002; Foster and Regehr, 2004). In accordance with the prolonged activation of AMPA receptors at CF synapses in Z ⫹ zones,
CF EPSCs were inhibited less by 2 mM ␥-DGG in Z ⫹ than in
Z ⫺ Purkinje cells (Z ⫹: 34 ⫾ 5%, n ⫽ 10; Z ⫺: 45 ⫾ 2%, n ⫽ 10;
p ⫽ 0.032) (Fig. 2C). Together, these results indicate that more

Paukert et al. • Glutamate Release from CFs in Mammalian Cerebellum

J. Neurosci., May 26, 2010 • 30(21):7290 –7299 • 7293

translates into a larger number of functional transporters, we recorded glutamate transporter currents from Purkinje
cells induced by photolysis of MNI-Daspartate (Huang et al., 2005). Because
EAAT4 is exclusively responsible for
transporter currents in Purkinje cells
(supplemental Fig. S2, available at www.
jneurosci.org as supplemental material)
(Huang et al., 2004), the amplitude of these
responses is proportional to the number of
EAAT4 transporters. Photolysis-evoked
transporter currents were significantly
larger in Z ⫹ than in Z ⫺ Purkinje cells
(Z ⫹: ⫺906 ⫾ 77 pA, n ⫽ 16; Z ⫺: ⫺616 ⫾
76 pA, n ⫽ 15; p ⫽ 0.012) (Fig. 3A), indicating that increased EAAT4 promoter activity is translated into a higher surface
Figure 2. CFs that innervate Z ⫹ Purkinje cells elicit prolonged EPSCs as a result of enhanced glutamate release. A, CF EPSCs from
representative Z ⫹ (gray trace) or Z ⫺ (black trace) Purkinje cells. Traces at right were normalized to the peak amplitude. Histo- expression of EAAT4. In accordance
grams show the peak amplitude and weighted decay of CF EPSCs from Z ⫹ (n ⫽ 15) and Z ⫺ (n ⫽ 14) Purkinje cells (**p ⬍ 0.01). with evidence of enhanced glutamate
⫹
zones, CFB, Representative average CF EPSCs recorded from Z ⫹ (gray trace) and Z ⫺ (black trace) Purkinje cells in the presence of 200 M release from CFs in Z
cyclothiazide. Responses have been normalized to the peak amplitude. C, Average CF EPSCs recorded in the presence or absence of induced transporter currents in Pur2 mM ␥-DGG from a Z ⫹ (gray trace) and a Z ⫺ (black trace) Purkinje cell.
kinje cells were also larger in these
regions (Z ⫹: ⫺75 ⫾ 8 pA, n ⫽ 21; Z ⫺:
⫺39 ⫾ 5 pA, n ⫽ 18; p ⬍ 0.001) (Fig. 3B), suggesting that more
glutamate transporters were activated at these synapses.

Figure 3. Purkinje cells in Z ⫹ zones exhibit larger glutamate transporter currents. A, EAAT4mediated transporter currents elicited through photolysis of MNI-D-aspartate recorded from
Z ⫹ (gray trace) or Z ⫺ (black trace) Purkinje cells (Vm ⫽ ⫺70 mV). Arrowheads indicate the
onset of 1 ms UV exposure. B, CF-evoked transporter currents recorded from Z ⫹ or Z ⫺ Purkinje
cells (Vm ⫽ ⫺70 mV). Red traces represent average responses.

glutamate is released per action potential from each CF in Z ⫹
zones.
CF synapses in Z ⴙ zones contain
more EAAT4 but exhibit delayed glutamate clearance
Glutamate transporters such as EAAT4 shape the spatial and temporal profile of glutamate near receptors and can influence the
amplitude and time course of synaptic currents (Brasnjo and
Otis, 2001; Takayasu et al., 2005; Wadiche and Jahr, 2005). The
higher EAAT4 immunoreactivity in Z ⫹ zones suggests that glutamate clearance should be more rapid in these regions; however, CF EPSCs decayed more slowly in these zones, indicating
that glutamate transients at these synapses were more prolonged.
To address whether the increased EAAT4 expression in Z ⫹ zones

CFs exhibit enhanced multivesicular release in Z ⴙ zones
The higher glutamate concentration at CF synapses in Z ⫹ zones
could result from release of vesicles loaded with more glutamate
or from enhanced multivesicular release (Wadiche and Jahr,
2001). To test the former possibility, we examined the amplitude
and time course of mEPSCs, which were evoked from CFs after
replacing extracellular Ca 2⫹ with Sr 2⫹ (Miledi, 1966; Oliet et al.,
1996; Xu-Friedman and Regehr, 2000). The amplitude (Z ⫹:
⫺31 ⫾ 2 pA, n ⫽ 10; Z ⫺: ⫺30 ⫾ 1 pA; n ⫽ 9; p ⫽ 0.506) and
decay time course (tau decay; Z ⫹: 4.8 ⫾ 0.3 ms, n ⫽ 10; Z ⫺: 4.3 ⫾
0.4 ms, n ⫽ 8; p ⫽ 0.271) of mEPSCs were similar between Purkinje cells in the two zones (Fig. 4), suggesting that vesicles in
these terminals contain comparable amounts of glutamate.
When repetitive stimuli are applied to CFs, ␥-DGG is more
effective at inhibiting successive EPSCs, because of a reduction in
multivesicular release through slow replenishment of the releasecompetent vesicle pool (Wadiche and Jahr, 2001; Foster and Regehr, 2004). We took advantage of this phenomenon to assess
whether multivesicular release varies between Z ⫹ and Z ⫺ zones.
To increase the sensitivity of this assay, we reduced release probability using 0.5 mM Ca 2⫹ and 3.3 mM of Mg 2⫹ in the external
solution (see Materials and Methods). If CF multivesicular release were similar in Z ⫹ and Z ⫺ zones, the PPR (EPSC2/EPSC1)
should be altered to the same extent by ␥-DGG. However, the
PPR of CF EPSCs in Z ⫹ Purkinje cells was reduced 14 ⫾ 3% by
␥-DGG (n ⫽ 11) and in Z ⫺ Purkinje cells by only 3 ⫾ 2% (n ⫽
10; p ⫽ 0.012) (Fig. 5 A, B). In contrast, the high-affinity AMPA
receptor antagonist NBQX, which should remain bound during
each synaptic event, inhibited CF EPSCs in Z ⫹ and Z ⫺ Purkinje
cells by the same amount (Z ⫹: 69 ⫾ 2%, n ⫽ 9; Z ⫺: 72 ⫾ 2%, n ⫽
9; p ⫽ 0.4) (Fig. 5C) and did not differentially alter the PPR (Z ⫹:
7 ⫾ 1%, n ⫽ 8; Z ⫺: 7 ⫾ 2%, n ⫽ 9; p ⫽ 0.903) (Fig. 5D). These
results support the hypothesis that the prolonged time course of
CF EPSCs in Z ⫹ zones is attributable to enhanced multivesicular
release.
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CF terminals in Z ⴙ zones have a larger pool of
release-ready vesicles
Greater multivesicular release could originate either from a larger
pool of release-ready vesicles, or from an enhancement in the
release probability of individual vesicles (Pv). To distinguish between these two possibilities, we performed variance–mean analysis of CF EPSCs recorded from Purkinje cells in the two zones.
Under experimental conditions in which Pv is larger than 0.5 but
smaller than 1, and AMPA receptors are relieved from saturation
by ␥-DGG, the mean EPSC amplitude is expected to be larger in
Z ⫹ Purkinje cells when the pool size is larger or Pv is higher;
however, the accompanying trial-to-trial variability in EPSC amplitude would be larger in the former case but smaller in the latter
case (Clements and Silver, 2000). Analysis of mean amplitude
and variance of CF EPSCs in the presence of ␥-DGG (10 mM) and
elevated Ca 2⫹ (4 mM), which should result in Pv safely larger than
0.5 (Foster and Regehr, 2004), revealed that CF EPSCs in Z ⫹
Figure 4. CF synaptic vesicles in Z ⫹ and Z ⫺ zones contain a similar amount of glutamate.
Purkinje cells had larger mean amplitudes (Z ⫹: ⫺1372 ⫾ 165 pA,
A, CF-induced mEPSCs recorded in the presence of SrCl2 (Vm ⫽ ⫺70 mV). B, C, Average amplin ⫽ 9; Z ⫺: ⫺836 ⫾ 115 pA, n ⫽ 8; p ⫽ 0.020) and exhibited
tude (Z ⫹: 17,792 events, n ⫽ 10; Z ⫺: 6705 events, n ⫽ 9) and decay time (tau decay; Z ⫹:
higher variance (Z ⫹: 1012 ⫾ 178 pA 2, n ⫽ 9; Z ⫺: 430 ⫾ 114 pA 2,
5520 events, n ⫽ 10; Z ⫺: 1731 events, n ⫽ 8) of CF-evoked mEPSCs from Z ⫹ and Z ⫺ Purkinje
⫹
cells (mean ⫾ SEM). The inset shows averaged scaled CF mEPSCs from representative Z ⫹
n ⫽ 8; p ⫽ 0.018) (Fig. 6), suggesting that CF terminals in Z
(gray) and Z ⫺ (black) Purkinje cells.
zones contain a larger pool of release-competent vesicles.
The two excitatory projections to the
cerebellar cortex use distinct vesicular
transporters to load synaptic vesicles with
glutamate; parallel fibers rely on vGluT1,
whereas CFs use vGluT2 (Fremeau et al.,
2001), providing a means to examine
these different pools of synaptic vesicles
histologically. Analysis of the molecular
layer in sections of cerebellum revealed
that Z ⫹ zones exhibited enhanced vGluT2
immunoreactivity (Fig. 7 A, B). Indeed,
when a threshold was applied to include
the largest 5% of pixel values in Z ⫹ zones,
only 3.1 ⫾ 0.2% of Z ⫺ pixel values remained suprathreshold in these sections
(n ⫽ 19 sections from five mice; p ⬍
0.001) (Fig. 7C). Similar differences in
⫹
elicited through paired stimulation in the
vGluT2 immunoreactivity were observed Figure 5. CFs in Z zones exhibit enhanced multivesicular release. A, CF EPSCs
⫹
⫺
presence
or
absence
of
1
m
M ␥-DGG (red trace; ⫾␥-DGG) from representative Z (gray) and Z (black) Purkinje cells. Responses
in the cerebellum of rats (supplemental
are normalized to peak of EPSC1. The histogram shows percentage inhibition and weighted decay of EPSC1 for Z ⫹ (n ⫽ 11) and
Fig. S3, available at www.jneurosci.org as
Z ⫺ (n ⫽ 10) Purkinje cells (**p ⬍ 0.01; ***p ⬍ 0.001). B, CF EPSCs in 1 mM ␥-DGG normalized to the first peak in the absence of
supplemental material), which exhibit a ␥-DGG. C, CF EPSCs recorded as described in A; however, red traces show responses recorded in 120 nM NBQX. The histogram at
similar pattern of EAAT4 and zebrin II right shows the inhibition by NBQX and the weighted decay for the first CF EPSC in Z ⫹ (n ⫽ 9) and Z ⫺ (n ⫽ 9) Purkinje cells
expression. This increase in vGluT2 im- (mean ⫾ SEM; ***p ⬍ 0.001). D, CF EPSCs recorded in the presence or absence of NBQX in C normalized to the peak amplitude of
munoreactivity could reflect a larger num- the first response. In all panels, recordings were performed in ACSF containing 0.5 mM CaCl2 and 3.3 mM MgCl2.
ber of transporters per vesicle or a larger
number of vesicles. Enhanced vGluT exEAAT4, as indicated by the appropriate banded expression patpression can lead to an increase in quantal size (Wilson et al., 2005;
tern of EGFP and zebrin II in these mice (supplemental Fig. S4A,
Moechars et al., 2006); however, because quantal size was similar at
available at www.jneurosci.org as supplemental material). MoreCF synapses in Z ⫹ and Z ⫺ zones (Fig. 4), these results provide additional support for the conclusion that CFs in Z ⫹ zones contain a
over, CF EPSCs recorded from Purkinje cells in Z ⫹ and Z ⫺
larger pool of release-competent vesicles.
zones in EAAT4 ⫺/⫺ mice decayed at the same rate as EPSCs in Z ⫹
and Z ⫺ Purkinje cells that had the normal amount of EAAT4
(EAAT4 ⫺/⫺, Z ⫹: 12.4 ⫾ 0.4 ms, n ⫽ 8, p ⬎ 0.9; EAAT4 ⫺/⫺, Z ⫺:
EAAT4 does not impact glutamate release from CFs, and CFs
8.5 ⫾ 0.6 ms, n ⫽ 8, p ⬎ 0.9; EAAT4 ⫺/⫺, Z ⫹ vs EAAT4 ⫺/⫺, Z ⫺:
do not regulate EAAT4 expression
p ⬍ 0.005) (supplemental Fig. S4 B, available at www.jneuroTo determine whether EAAT4 contributes to the difference in CF
sci.org as supplemental material). These results indicate that the
EPSC time course between Z ⫹ and Z ⫺ zones, we bred EAAT4 ⫺/⫺
mice to EAAT4-EGFP mice and compared the time course of CF
differences in glutamate release from CFs are established and
EPSCs in these animals to CF EPSCs in animals that had a normal
maintained independent of EAAT4 and support the conclusion
complement of EAAT4. In EAAT4 ⫺/⫺; EAAT4-EGFP mice, both
that differences in synaptic glutamate levels between Z ⫹ and Z ⫺
the nonuniform EAAT4 promoter activity and the nonuniform
zones arise from presynaptic changes in CFs rather than postsynexpression of zebrin II were preserved in the absence of
aptic changes in EAAT4 activity.
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Figure 6. CFs in Z ⫹ zones contain a larger pool of release-competent vesicles. A, Top, Overlay of 10 consecutive EPSCs from
representative Z ⫹ (gray traces) and Z ⫺ (black traces) Purkinje cells collected at 0.033 Hz in 4 mM extracellular Ca 2⫹ in the
presence of 10 mM ␥-DGG (to relieve AMPA receptors from saturation). Recordings were made at a holding potential of ⫺40 mV.
Bottom, Same traces presented at an enlarged scale. B, Graph of variance versus mean EPSC amplitude calculated from at least 20
consecutive CF EPSCs. CF responses in Z ⫹ zones (red symbols) exhibited larger amplitudes ( p ⫽ 0.02) and higher variance ( p ⬍
0.02) than CF responses in Z ⫺ zones (blue symbols), indicating that CFs in Z ⫹ zones contain a larger pool of release-competent
vesicles. Squares and error bars represent mean ⫾ SEM.

Figure 7. CFs in Z ⫹ zones exhibit higher vGluT2 immunoreactivity. A, Native EGFP fluorescence in a coronal section of cerebellum from an EAAT4-EGFP mouse containing Z ⫹ and Z ⫺
zones. B, vGluT2 immunoreactivity for the region shown in A, pseudocolored with warmer
colors indicating higher pixel intensities. Scale bar, 100 m. C, Plot of all pixels in Z ⫹ (top) and
Z ⫺ (bottom) zones from the section shown in A that exceeded a threshold set at 95% of pixel
intensities measured within Z ⫹ zones.

Glutamate transporter expression can be regulated by neuronal activity (Yang et al., 2009), raising the possibility that the
increase in EAAT4 in Z ⫹ zones represents an adaptation to the
enhanced glutamate release by the groups of CFs that project to
these regions. To determine whether CFs are required to maintain the nonuniform pattern of EAAT4 expression, we ablated CF
axons in vivo using a combination of 3-acetylpyridine (3-AP),
harmaline, and nicotinamide, which destroys projection neurons
in the IO (Llinas et al., 1975; O’Hearn and Molliver, 1997). As this
procedure is less effective in mice, these studies were performed
in rats. Four weeks after this treatment, most large neurons in the
IO were absent (supplemental Fig. S5A,B,F,G, available at www.
jneurosci.org as supplemental material), and vGluT2 immunore-

activity in the molecular layer of the cerebellum was absent (supplemental Fig.
S5C,H, available at www.jneurosci.org as
supplemental material). Similar results
were observed after only 1 week following
treatment (data not shown), indicating
that Purkinje cells in these animals had
been devoid of CF innervation for at least
3 weeks. Nevertheless, the patterned expression of both EAAT4 and zebrin II were
maintained (supplemental Fig.S5 D, E, I, J,
available at www.jneurosci.org as supplemental material), although there was a
small reduction in the ratio of mean pixel
intensity (Z ⫹/Z ⫺) between zones (EAAT4,
control: 1.87 ⫾ 0.03, n ⫽ 10 sections from
four rats; 3-AP: 1.78 ⫾ 0.03, n ⫽ 15 sections
from six rats, p ⫽ 0.049; zebrin II, control:
1.96 ⫾ 0.04, n ⫽ 10 sections from four rats,
3-AP: 1.80 ⫾ 0.03, 15 sections from six rats,
p ⫽ 0.004). These results suggest that CFs do
not regulate the expression of EAAT4 or zebrin II by Purkinje cells.

CF-induced complex spikes are prolonged in Z ⴙ
Purkinje cells
The summed activity of the hundreds of synapses formed by each
CF triggers a complex spike in Purkinje cells consisting of a single
action potential followed by a series of spikelets of smaller amplitude (Eccles et al., 1966). The duration of the CF-induced depolarization and the number of spikelets present in each complex
spike varies among Purkinje cells (Khaliq and Raman, 2005) and
is strongly influenced by the magnitude of the CF-induced conductance change (Foster et al., 2002; Davie et al., 2008). To evaluate whether the difference in EPSC time course between Z ⫹ and
Z ⫺ zones affects the shape of the complex spike, we compared
CF-induced depolarizations from Purkinje cells in these two
zones. Complex spikes recorded from Z ⫹ and Z ⫺ Purkinje cells
contained one to three spikelets, and complex spike waveforms
were consistent within individual cells (Fig. 8 A). However, complex spikes in Z ⫹ Purkinje cells contained a larger number of
spikelets (Z ⫹: 1.9 ⫾ 0.2, n ⫽ 11; Z ⫺: 1.3 ⫾ 0.1, n ⫽ 13; p ⫽ 0.031)
(Fig. 8 B), which was also evident when comparing the integral of
the first 20 ms of the complex spike (Z ⫹: 396 ⫾ 17 mV 䡠 ms, n ⫽
12; Z ⫺: 275 ⫾ 12 mV 䡠 ms, n ⫽ 13; p ⬍ 0.001). These results raise
the possibility that prolonged activation of AMPA receptors in
Z ⫹ Purkinje cells leads to enhanced excitation.
To determine whether differences in EPSC duration are responsible for the variations in complex spike waveform, we
slowed the decay of CF EPSCs in Z ⫺ Purkinje cells with TBOA, an
antagonist of neuronal and glial glutamate transporters (Fig. 8C).
In TBOA (10 M), the decay time of CF EPSCs in Z ⫺ Purkinje
cells increased from 8.9 ⫾ 0.5 ms (n ⫽ 7) to 11.0 ⫾ 0.5 ms (n ⫽ 7;
p ⫽ 0.012), approaching the decay time of CF EPSCs in Z ⫹
Purkinje cells. Under these conditions, complex spikes in Z ⫺
Purkinje cells contained the same number of spikelets (Z ⫺ in
TBOA: 1.9 ⫾ 0.2, n ⫽ 12; p ⫽ 0.973) and had the same integral
(362 ⫾ 27 mV 䡠 ms; n ⫽ 12; p ⫽ 0.305) as complex spikes recorded from Z ⫹ Purkinje cells (Fig. 8 D). These results indicate
that lower synaptic glutamate levels are sufficient to account for
shorter-duration complex spikes in Z ⫺ Purkinje cells and that
Purkinje cells within Z ⫹ bands experience greater excitation
from the IO.
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raising the possibility that these molecular differences between
Purkinje cells reflect the physiological properties or patterns of
activity exhibited by different groups of CFs. Although Z ⫹ and
Z ⫺ zones are highly reproducible between animals, it has been
difficult to compare the physiological properties of these projections, because of the challenges associated with reliably identifying Purkinje cells within different zones in living tissue. Here we
used EAAT4-EGFP mice (Gincel et al., 2007) to identify and
record CF responses in Purkinje cells in defined zones within the
same folia. We found that EGFP expression in these mice is elevated in the same groups of Purkinje cells that exhibited enhanced expression of EAAT4 and zebrin II and that Z ⫹ and
Z ⫺ Purkinje cells could be distinguished with single-cell resolution in acute cerebellar slices, providing unprecedented access to
this highly conserved aspect of cerebellar organization.

Figure 8. Increased dynamic range of CF-induced complex spikes in Z ⫹ Purkinje cells.
A, CF-evoked complex spikes in Purkinje cells contained one to three spikelets (26 –33 consecutive trials shown). B, Histograms showing the number of Purkinje cells in Z ⫹ and Z ⫺ zones
that exhibited complex spikes containing one to three spikelets. C, CF EPSCs with or without
TBOA (left) and complex spikes plus TBOA (right) recorded from two Z ⫺ Purkinje cells (5 of 34
consecutive responses showed 4 spikelets). D, Histogram showing the number of Z ⫺ Purkinje
cells that exhibited complex spikes containing one to three spikelets in TBOA (10 M).

Discussion
The mammalian cerebellum is organized into a series of parasagittal zones consisting of molecularly distinct Purkinje cells that
are innervated by separate groups of CFs. To determine whether
CFs that project to these different zones exhibit distinct physiological properties, we recorded CF responses from Purkinje cells
in acute cerebellar slices from transgenic mice in which these
zones can be visualized. Our studies indicate that CFs that innervate Purkinje cells in Z ⫹ zones release more glutamate per action
potential, which prolongs AMPA receptor-mediated EPSCs and
triggers longer-duration complex spikes. These results indicate
that the parasagittal organization of the cerebellum is defined not
only by molecular phenotype of Purkinje cells within zones, but
also by the physiological properties of CFs that project to these
distinct regions.
EAAT4-EGFP mice allow functional analysis of signaling in
zebrin zones
Although the cellular composition and local circuit organization
of the cerebellar cortex is remarkably similar across all folia, Purkinje cells exhibit regional differences in gene expression. Purkinje cells that express high levels of the glutamate transporter
EAAT4 and the glycolytic enzyme zebrin II (aldolase C) cluster in
zones or bands that extend through the cerebellum in the longitudinal (rostrocaudal) orientation. Purkinje cells within these
distinct zones receive CF input from discrete regions of the IO,

Enhanced glutamate release from CFs in Z ⴙ zones prolongs
Purkinje cell EPSCs
Our studies indicate that CFs within Z ⫹ zones release more glutamate per action potential than CFs in Z ⫺ zones, which leads to
prolonged EPSCs in Purkinje cells in Z ⫹ regions. The conclusion
that glutamate release varies among these distinct groups of
olivo-cerebellar projections is supported by several independent
lines of evidence. CF EPSCs in Z ⫹ Purkinje cells decayed more
slowly, exhibited larger amplitudes when AMPA receptor saturation was removed, and were less sensitive to the rapidly dissociating competitive AMPA receptor antagonist ␥-DGG. The PPR
of CF EPSCs in Z ⫹ zones was reduced more by ␥-DGG, as expected if multivesicular release was enhanced in these regions
(Wadiche and Jahr, 2001), and variance–mean analysis of CF
EPSCs under nonsaturating conditions indicated that CFs in Z ⫹
zones contain a larger pool of release-competent vesicles. In addition, CF-induced mEPSCs were similar between the two zones,
consistent with a presynaptic locus for the change in EPSC time
course. While there have been no reports of structural differences
between CF synapses in Z ⫹ and Z ⫺ zones, we found that vGluT2
immunoreactivity was higher within Z ⫹ zones in the cerebella of
both rat and mouse, consistent with a larger number of synaptic
vesicles. Although these results indicate that individual CF terminals in Z ⫹ zones release more glutamate, it is possible that other
differences, such as an increase in the number of CF–Purkinje cell
synapses, could also contribute to the enhanced CF EPSCs in
these regions.
In a previous study using acute slices of rat cerebellum (Wadiche and Jahr, 2005), CF signaling was compared between Purkinje cells located in lobule X, a region where the majority of
Purkinje cells are zebrin II ⫹ and express elevated EAAT4, and
lobule III, where the majority are zebrin II ⫺ and express lower
levels of EAAT4 (Ozol et al., 1999). In contrast to our findings,
the amount of block of CF EPSCs by ␥-DGG was similar between
Purkinje cells in these different lobules. Although we did not
compare CF EPSCs between these particular regions of the cerebellum in EAAT4-EGFP mice, differences in CF glutamate release
between Z ⫹ and Z ⫺ Purkinje cells may have been larger in our
study, as we selected Purkinje cells that exhibited the greatest and
least EGFP fluorescence within zones for recordings. An additional possibility is that differences in CF glutamate release may
only be apparent when comparing CF synapses in adjacent zebrin
bands. Such local differences in CF signaling could enhance contrast and facilitate partitioning of information from similar sensory modalities. In this scenario, Z ⫹ and Z ⫺ Purkinje cells in
different lobules may not differ in the absolute levels of glutamate
release from CFs.
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EAAT4 function at CF synapses
Glutamate transporters are essential components of excitatory, glutamatergic synapses in the CNS; they remove glutamate released
during synaptic transmission, terminating its action and preventing
accumulation that would otherwise disrupt signaling, and they
shape the activation of receptors by influencing the time course and
spatial spread of glutamate (Huang and Bergles, 2004). EAAT4 is
expressed exclusively by Purkinje cells, where it is enriched in perisynaptic membranes at CF and parallel fiber synapses (Dehnes et al.,
1998). Although release of glutamate from CFs elicits transportermediated currents in Purkinje cells (Otis et al., 1997; Auger and
Attwell, 2000) (Fig. 3B), indicating that these transporters are positioned near CF terminals, they remove only a small fraction (⬍10%)
of the glutamate released per action potential (Brasnjo and Otis,
2004; Huang et al., 2004). In accordance with these findings, the
decay kinetics of CF EPSCs in both Z ⫹ and Z ⫺ zones were unaltered in EAAT4 null mice (supplemental Fig. S4B, available at www.
jneurosci.org as supplemental material), indicating that these
transporters do not influence the profile of glutamate sensed by
AMPA receptors at CF synapses and that other transportermediated effects, such as transmitter buffering, do not account for
the delayed clearance of glutamate from CF synapses in Z ⫹ zones.
Nevertheless, previous studies have shown that CF EPSCs in some
Purkinje cells in EAAT4 null mice exhibit a long-lasting tail current
(Takayasu et al., 2005), suggesting that EAAT4 can influence AMPA
receptor activation. However, the incidence of prolonged CF EPSCs
was low among Purkinje cells (⬍30%) at the ages studied here (P21
or younger) (Takayasu et al., 2005), and it is unknown whether these
neurons occur in the regions of the cerebellum examined here. Although previous studies indicate that glutamate transporter currents
in Purkinje cells can be rapidly potentiated by tetanic stimulation of
CFs (Shen and Linden, 2005), ablation of CFs did not alter the differential expression of EAAT4 between Z ⫹ and Z ⫺ zones (supplemental Fig. 5, available at www.jneurosci.org as supplemental
material), indicating that regional variations in EAAT4 expression
are unlikely to result from differences in CF activity.
The metabotropic glutamate receptor 1 (mGluR1) is localized to
the same perisynaptic domains that contain EAAT4 (Nusser et al.,
1994; Dehnes et al., 1998). Selective inhibition of glutamate uptake
into Purkinje cells enhances activation of mGluRs (Brasnjo and Otis,
2001), and parallel fiber-induced, mGluR-mediated currents are
larger and exhibit faster kinetics in mice that lack EAAT4 (Nikkuni et
al., 2007). Consistent with these findings, parallel fiber-mediated
mGluR responses are smaller for a given stimulus in Purkinje cells
located in lobule X than in lobule III (Wadiche and Jahr, 2005).
Together, these results indicate that EAAT4 influences glutamate
dynamics in the region outside parallel fiber synapses and shapes the
activation of mGluRs. Glutamate release from CFs can also trigger
mGluR activation in some Purkinje cells, and this component of CF
EPSCs is dramatically enhanced when glutamate transporters are
inhibited (Dzubay and Otis, 2002). The higher EAAT4 expression by
Purkinje cells in Z ⫹ zones may help prevent excessive mGluR1 activation, as well as enhanced spillover of glutamate to surrounding
parallel fiber synapses, interneurons (Szapiro and Barbour, 2007),
and Bergmann glial cells (Bergles et al., 1997; Clark and Barbour,
1997).
Physiological impact of differential glutamate release from
CFs among zebrin zones
CF-mediated excitation of Purkinje cells leads to the generation
of a complex spike, a prolonged depolarization consisting of a
single action potential followed by a series of smaller spikelets
(Eccles et al., 1966). In accordance with the slower decay of CF
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EPSCs in Z ⫹ zones, Purkinje cells in these regions also exhibited
longer complex spikes containing more spikelets. Previous studies have shown that the shape of complex spikes is dependent on
the strength of CF input (Coesmans et al., 2004; Carey and Regehr, 2009; Mathy et al., 2009). Indeed, prolonging CF EPSCs in
Z ⫺ Purkinje cells by impairing glutamate uptake was sufficient to
mimic the extended time course of complex spikes in Z ⫹ Purkinje cells (Fig. 8C,D), suggesting that the differences in complex
spike waveform are unlikely to arise from other phenotypic differences between these groups of Purkinje cells. Elevated expression of the glycolytic enzyme aldolase C in Z ⫹ zones may help
compensate for enhanced CF-mediated excitation of Purkinje
cells in these regions.
Purkinje cells within Z ⫹ and Z ⫺ zones exhibit synchronized
activity (Sugihara et al., 2007), a consequence of the restricted
arborization of CFs within zones (Sugihara et al., 2001) and concerted activity of groups of neurons in the IO that give rise to
these axons (Llinas et al., 1974; Sugihara et al., 2007). The prolonged CF-induced depolarization of Purkinje neurons in Z ⫹
zones should enhance Ca 2⫹ influx, which could facilitate
activity-dependent changes in the strength of CF and parallel
fiber synapses (Hansel et al., 2001; Safo et al., 2006; Carey and
Regehr, 2009; Mathy et al., 2009). However, these forms of plasticity rely on activation of mGluRs. As EAAT4 controls how
much glutamate is available to bind to perisynaptic mGluRs
(Wadiche and Jahr, 2005; Wadiche et al., 2006; Nikkuni et al.,
2007), enhanced expression of EAAT4 in Z ⫹ zones may help
bring parity among Z ⫹ and Z ⫺ zones for induction of mGluRdependent plasticity.
Purkinje cells convey their activity to projection neurons residing in DCN, which provide the primary output of the cerebellum. Purkinje cell–DCN synapses are able to sustain high rates of
activity by forming boutons that contain multiple release sites,
where transmitter spillover can minimize the depressive effects of vesicle depletion (Telgkamp et al., 2004). Highfrequency Purkinje cell activity induces repetitive release of
GABA at these Purkinje cell–DCN synapses and temporarily
halts the spontaneous firing of DCN neurons (Telgkamp and
Raman, 2002; Alvina et al., 2008). Unlike trains of somatic
action potentials, only 30% of first spikelets and ⬃60% of
subsequent spikelets are transmitted as action potentials to the
DCN (Khaliq and Raman, 2005; Monsivais et al., 2005). Our
findings suggest that Z ⫹ Purkinje cells are more likely to
transmit a high-frequency burst of action potentials during a
complex spike and silence DCN neurons for longer periods.
Purkinje cells within longitudinal zones project to discrete
regions of the DCN (Sugihara et al., 2009), and there is a high
degree of convergence of Purkinje cells onto DCN neurons
(Palkovits et al., 1977). As CFs within zones exhibit synchronized
activity (Sugihara et al., 2007), any differences in Purkinje cell
activity among zones are likely to be mirrored by corresponding
areas of the DCN. The partitioning of identical sensory information through separate cortico-nuclear compartments at differential gain may be advantageous for cerebellar processing.
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