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Neuromodulation at Single Presynaptic Boutons of Cerebellar
Parallel Fibers Is Determined by Bouton Size and Basal Action
Potential-Evoked Ca Transient Amplitude

Wei Zhang and David J. Linden

The Solomon H. Snyder Department of Neuroscience, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Most presynaptic terminals in the brain contain G-protein-coupled receptors that function to reduce action potential-evoked neurotransmitter
release. These neuromodulatory receptors, including those for glutamate, GABA, endocannabinoids, and adenosine, exert a substantial portion
of their effect by reducing evoked presynaptic Ca>* transients. Many axons form synapses with multiple postsynaptic neurons, but it is unclear
whether presynaptic attenuation in these synapses is homogeneous, as suggested by population-level Ca*" imaging. We loaded Ca** -sensitive
dyes into cerebellar parallel fiber axons and imaged action potential-evoked Ca* transients in individual presynaptic boutons with application
of three different neuromodulators and found that adjacent boutons on the same axon showed striking heterogeneity in their strength of
attenuation. Moreover, attenuation was predicted by bouton size or basal Ca>* response: smaller boutons were more sensitive to adenosine A1
agonist but less sensitive to CB1 agonist, while boutons with high basal action potential-evoked Ca > transient amplitude were more sensitive to
mGluR4 agonist. These results suggest that boutons within brief segment of a single parallel fiber axon can have different sensitivities toward
neuromodulators and may have different capacities for both short-term and long-term plasticities.

Introduction
Presynaptic neuromodulatory receptors are important regulators
of the release of fast neurotransmitters such as glutamate and
GABA from axon terminals and en passant synapses. These
G-protein-coupled receptors inhibit the release of glutamate pri-
marily through attenuation of presynaptic Ca>* influx (Brown and
Sihra, 2008), thereby fine tuning synaptic transmission. While Ca**
imaging studies have shown that neuromodulators decrease Ca**
influx into glutamatergic presynaptic terminals at the population
level (Wu and Saggau, 1994, 1995; Dittman and Regehr, 1996;
Daniel and Crepel, 2001; Brown et al., 2003), the effect of neuro-
modulators at the individual bouton level has not been extensively
studied, raising the possibility that substantial heterogeneity in neu-
romodulator response may exist at the level of the single synapse.
Boutons on the same axon can form synapses with different
postsynaptic cell types, and previous studies have indicated that
much of the heterogeneity in the properties of individual presyn-
aptic boutons is due to these different postsynaptic partners
(Llano et al., 1997; Cox et al., 2000; Koester and Sakmann, 2000;
Koester and Johnston, 2005; Pelkey et al., 2006; Scott and Rusakov,
2006; Brenowitz and Regehr, 2007). Neighboring boutons on an
axon may exhibit different release probabilities (Koester and
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Sakmann, 2000; Koester and Johnston, 2005) or forms of use-
dependent plasticity (Pelkey et al., 2006) if they contact different
cell types, presumably because different cell targets cause differ-
ent types of Ca®" channel or exocytosis machinery to be localized
to their presynaptic boutons (Craig and Boudin, 2001). However,
it is not known whether presynaptic boutons on the same axon
contacting the same postsynaptic cell type can show heterogene-
ity in their signaling properties or modulation.

The unique anatomy and physiology of the cerebellum pro-
vides an ideal preparation to address these questions. Granule
cells send axons into the molecular layer, where they bifurcate to
form parallel fibers (PFs), which extend for several millimeters in
the transverse plane. On the PFs, presynaptic boutons are easily
identifiable as bead-like swellings, 90% of which form synapses
on Purkinje cells (Palay and Chan-Palay, 1974; Napper and
Harvey, 1988; Pichitpornchai et al., 1994). On average, each par-
allel fiber contacts a given Purkinje cell one or two times and
makes several hundred synapses along its length (Palay and
Chan-Palay, 1974; Napper and Harvey, 1988). Previous Ca?"
imaging studies have established that action potentials are
reliably propagated along PFs and cause reproducible Ca** tran-
sients at PF boutons (Brenowitz and Regehr, 2007). It has been
shown that activation of a variety of neuromodulator receptors
reduces Ca*" influx at PF boutons, including the adenosine Al
receptor (Dittman and Regehr, 1996), mGluR4 (Daniel and
Crepel, 2001; Abitbol et al., 2008), and the endocannabinoid CB1
receptor (Daniel and Crepel, 2001; Brown et al., 2003). This di-
vergent signaling, combined with modulation by a variety of neu-
rotransmitters, make the cerebellar PF a compelling system in
which to study presynaptic neuromodulator responses at the
single-bouton level.



Zhang and Linden e Neuromodulation at Single Presynaptic Boutons

Materials and Methods

Slice preparation. All experiments were performed in accordance with the
guidelines approved by the Animal Care and Use Committee of The Johns
Hopkins University School of Medicine. Sprague Dawley rats (postnatal
days 17-20) were anesthetized with isoflurane and decapitated. Transverse
slices of the cerebellum (250—300 wm thick) were cut by using a vibrating
tissue slicer (Leica VT1000S) in ice-cold modified artificial CSF (ACSF) con-
taining the following (in mwm): 120 choline-Cl, 2.5 KCl, 1.2 NaH,PO,, 25
NaHCO;, 1.0 CaCl,, 7.0 MgCl,, 2.4 Na pyruvate, 1.3 Na ascorbate, and 20
D-glucose. For patch-clamp experiments shown in Figure 4, slices were cut in
a solution containing the following (in mm): 135 N-methyl-p-glucamine
(NMDG)-Cl, 1 KCl, 1.2KH,PO,, 0.5 CaCl,, 1.5 MgCl,, 23.2 choline-HCO;,
and 20 p-glucose. Slices were recovered in a submerged chamber containing
oxygenated normal ACSF at 32°C for 30 min and kept at room temperature
for the rest of the day until use. Normal ACSF contained the following (in
mm):124 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgCl,, 26.2 NaHCO;, 1 NaH,PO,,
and 11 p-glucose (for patch-clamp experiments, 20 D-glucose was used). All
solutions were equilibrated with 95% O,/5% CO,.

Dye loading. Following a minimum of 30 min of recovery at room tem-
perature, slices were transferred to a submerged recording chamber. In this
chamber they were continuously perfused with normal ACSF at a flow rate of
3—4ml- min !, maintained at 32°C using an in-line heater (Warner Instru-
ments). Noninvasive local perfusion with hypotonic solution was performed
toload cerebellar granule cells with dextran-conjugated dyes [modified from
Beierlein et al. (2004)]. The dye-loading solution contained the following:
1% dextran-conjugated Alexa Fluor 594 (10,000 MW; Invitrogen), 10%
dextran-conjugated Fluo-4 (10,000 MW; Invitrogen), and 15 mm HEPES.
To prepare the dye-loading solution, 50 mm HEPES stock solution (pH 6.6,
adjusted with KOH) was used. No detergents were added. Similar hypotonic
loading protocols have also been used in other studies (Kreitzer et al., 2000;
Beierlein et al., 2004). The detailed mechanism of the hypotonic loading
method is unknown, but may involve hypotonic shock-induced pinocytotic
uptake of dye. The dye-loading solution was delivered by positive pressure
through a glass pipette with tip diameter of 6—10 wm, placed in the cerebellar
granule cell layer. To minimize nonspecific loading, a suction pipette with tip
size 20—30 wm was placed close to the dye-loading region, 200-300 wm
above the slice surface, to remove excess dye. After loading, slices were incu-
bated at 32°C in flowing normal ACSF for at least 2 h, which allows the dye to
diffuse and equilibrate to steady-state level (Beierlein et al., 2004). Imaging
experiments were performed 2—4 h after dye loading.

Single-photon confocal imaging and data analysis. Ca®" imaging exper-
iments were performed at 32°C with fast synaptic transmission blocked, to
reduce network effects of neuromodulators. Normal ACSF was supple-
mented with synaptic blockers including 10 um SR95531 (Ascent Scientific),
a GABA, receptor antagonist, 50 uMm D-APV (Ascent Scientific), an NMDA
receptor antagonist, and 10 um NBQX-Na, (Ascent Scientific), an AMPA
receptor antagonist. Imaging was performed using a Zeiss LSM 510 single-
photon confocal microscope equipped with a 60X, 0.9 numerical aperture
(NA) water-immersion objective (LUMPIlanFI, Olympus Optical). To iden-
tify dye-loaded axons, Alexa Fluor 594 was excited using the 543 nm line of a
HeNe laser, and the emitted red fluorescence was detected through a 560 nm
long-pass filter. Individual boutons were identified as bead-like swellings
along the parallel fibers (Palay and Chan-Palay, 1974; Pichitpornchai et al.,
1994). To monitor the action potential-evoked Ca?" transient, Fluo-4 was
excited using the 488 nm line of an argon laser, and the emitted green fluo-
rescence was detected through a 505 nm long-pass filter. Action potentials
were evoked using extracellular stimulation. A glass pipette containing nor-
mal ACSF and 0.01% Texas Red dextran (Invitrogen), which allowed us to
visualize the pipette position under HeNe laser scanning, was placed within
20 pum of the dye-loaded target axon and at least 50 wm away from the
boutons examined for Ca*" influx. For single stimulation, a test pulse (820
MA, 200 ws) was delivered every 30 s; for burst stimulation, a train of four test
pulses (10-30 wA, 200 us) at 100 Hz was delivered every 60 s, and line scans
for Ca®" imaging were performed correspondingly. Confocal images were
collected with Zeiss LSM software. Ca*" influx at individual boutons was
measured using 1-2% argon laser power under line-scan mode at 526 Hz
with 1.99 Airy units pinhole size (optical slice thickness <3 wum). The scan
line was oriented perpendicular to the axon. When multiple boutons on the
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same axon were compared, line scans were performed on the same bouton
repetitively and responses of different boutons were measured sequentially.
For pharmacology experiments, an individual bouton’s Ca?* influx was first
measured in normal ACSF supplemented with synaptic blockers to generate
abaseline, and then the neuromodulator receptor agonist was washed in and
the Ca*" influx at individual boutons was measured as described above. The
neuromodulator receptor agonists used include 5 um 2-chloroadenosine
(2-CA) (Ascent Scientific), an adenosine A1 receptor agonist, 100 M L-AP4
(Ascent Scientific), a group III mGluR agonist, and 5 um WIN55212-2
(Sigma), a CB1 receptor agonist. Control experiments were performed using
the drugs’ carrier solution. At the end of each experiment, axon morphology
wasacquired as a z-stack with 0.5 wm z-axis interval and 512 X 512 x—y frame
scans at digital zoom 2 (yielding a pixel size of 0.15 pwm) using 60% HeNe
laser power with a 0.99 Airy unit pinhole size (optical slice thickness <1.8
pm). Ca** imaging line-scan data were analyzed with Zeiss LSM software.
Background correction was performed by subtracting the background fluo-
rescence of a representative neighboring region next to the bouton. Ca?*
signal amplitudes were expressed as AF/F = (F, — F,)/F,. The average fluo-
rescence intensity in the baseline period was taken as F,. The amplitude of
peak Ca*" influx and the time constant of Ca®" decay were calculated by
fitting the data to a single-exponential decay curve using Igor Pro software. The
z-stack data for axon morphology were analyzed using ImageJ (NIH). The im-
ages in the z-stack were first processed using a median filter with 2 pixel radius to
minimize noise and then projected on the z-axis. The bouton morphology was
manually outlined on the projected image, and bouton volume was calculated
from the integrated density of the z-stack projection, summing pixel densities for
each optical slice. Integrated density is directly proportional to volume for a given
concentration of fluorescent dye. All imaging group data are reported as mean *+
SEM unless otherwise specified, and compared statistically using paired Stu-
dent’s ¢ test. A significance of p << 0.05 was indicated by an asterisk, and a signif-
icance of p < 0.01 was indicated by two asterisks.

Monte Carlo simulation. Briefly, the dataset for each agonist treatment
was randomly shuffled and the ¢ test statistic was recalculated from the
randomized data using a program written in Perl (for review, see Manly,
1991). This process was replicated 10,000 times, generating a distribution
of the test statistic. The number of times the randomized test statistic
exceeded the actual test statistic calculated from the original dataset con-
stitutes the p value as determined by Monte Carlo simulation. These
Monte Carlo simulations compensate for deviations of the data from
normality and any characteristics that are specific to each dataset, as the
simulations were performed by randomly shuffling the actual dataset,
and constitute an additional statistical test on the underlying data.

Whole-cell patch-clamp recording and data analysis. Whole-cell record-
ings with pipettes of 2-3 M) (Purkinje cells) or 3—4 M(} (interneurons)
resistance were performed at 32°C. Cells were visualized with differential
interference contrast optics and a 40X water-immersion lens. To moni-
tor evoked EPSCs, we added 10 um SR95531 to normal ACSF to block
GABA, receptors. The internal saline contained the following (in mm):
138 Cs methanesulfonate, 0.2 EGTA, 5 CsCl, 10 HEPES, 2 MgCl,, 1
QX314-Br, 4 Na,-ATP, 0.4 Na;-GTP (pH 7.3, osmolarity 315). Whole-
cell voltage-clamp recording was performed with an Axopatch 200B am-
plifier (Molecular Devices). Holding potential was —65 mV. Currents
were filtered at 2 kHz, digitized at 10 kHz, and acquired using pClamp9
software (Molecular Devices). Series resistance and input resistance were
monitored using a 2.5 mV hyperpolarizing voltage step of 100 ms dura-
tion in every trace and recordings were discontinued if changes in series
resistance or input resistance were larger than 20%. For extracellular
stimulation, a monopolar glass electrode filled with ACSF was used. For
Purkinje cell experiments, the stimulating electrodes were placed in the
outer molecular layer and ~100 wm away from the dendrite of the
patched Purkinje cell. For interneuron experiments, the stimulating elec-
trodes were placed ~80 wm away from the recorded cell in the granule
cell body layer. To monitor changes in synaptic efficacy, EPSCs were
evoked using paired-pulses (8—30 wA, 100 ws) with an 80 ms interval,
delivered at a frequency of 0.05 Hz. The stimulation intensity was ad-
justed so that the EPSC amplitudes were in the range of 100500 pA. The
paired-pulse facilitation ratio was calculated as the second EPSC ampli-
tude divided by the first EPSC amplitude. Data were analyzed off-line
using pClamp9 (Molecular Devices) and Igor Pro software (WaveMet-
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Figure 1.  Action potential-evoked Ca*™ transients measured at individual PF boutons using the sparse loading method. A, Schematic diagram of the experimental protocol. PFs were sparsely
loaded with the dye solution, containing dextran-conjugated Alexa Fluor 594 and dextran-conjugated Fluo-4, by local perfusion at the granule cell layer (GCL). Action potentials were evoked using
extracellular stimulation near the loaded axon, and Ca* transients were recorded at individual boutons. The box demarcated by the dashed line indicates the relative position of the fiber shown
in B. PCL, Purkinje cell layer; ML, molecular layer. B, Maximal intensity projection confocal stack image showing a dye-loaded PF. €, Higher-magpnification confocal image of the PF indicated in B
(box). Individual boutons appear as bead-like varicosities along axons. D, High-magnification view of the single bouton from € (box). Ca* imaging was performed in line-scan mode as indicated.

E, A representative Fluo-4 line-scan image of the Ca>™*
representative Fluo-4 line-scan image of the Ca ™

stimulus consisted of four pulses delivered at 100 Hz. G, Representative single- (left) or burst- (right) stimulation-evoked Ca**
* transients from a representative single trial (top) and an average of five trials (middle) are shown in red and black, respectively, and their overlay is shown in the bottom panel.

time. Ca?

rics). All group data are reported as mean = SEM, unless otherwise
specified and compared statistically by using unpaired Student’s ¢ test.
Differences were considered to be significant at p < 0.05.

Results

We imaged action potential (AP)-evoked Ca*™ transients at in-
dividual PF boutons in acute transverse cerebellar slices prepared
from postnatal day 17-20 Sprague Dawley rats. The cerebellar
cortex contains 3 layers: the granule cell layer, the Purkinje cell
layer, and the molecular layer (Fig. 1A). Granule cells send as-
cending axons into the molecular layer, which bifurcate to form
PFs (Fig. 1 A, B). In the molecular layer, both ascending axons and
PFs form synapses with Purkinje cells and interneurons, includ-
ing stellate cells and basket cells. In this study, only boutons lo-
cated on the PF were measured. Previous studies indicate that in
the cerebellum of the rat, ~90% of PF boutons synapse onto
Purkinje cells and only ~10% synapse onto non-Purkinje struc-
tures, mainly interneurons (Palay and Chan-Palay, 1974; Napper
and Harvey, 1988; Pichitpornchai et al., 1994).

To load fluorescent dyes into the cerebellar granule cells with
minimal perturbation to their cytoplasm, we used a novel sparse-
loading method. Pressure injection was used to locally perfuse a dye
mixture containing 1% dextran-conjugated Alexa Fluor 594 (a mor-
phological dye) and 10% dextran-conjugated Fluo-4 (a Ca*" indi-
cator) into a small region in the granule cell layer in the vermis region
of transverse cerebellar slices. With this loading protocol, several
granule cells in the dye-loaded region take up enough dye for their

transient evoked by a single stimulus (arrowhead) at the bouton in D. The corresponding Ca**
transient evoked by a burst stimulus (arrowheads) at the bouton in D. The corresponding Ca>™*

transient trace is shown in G (top, left). F, A
transient trace is shown in G (top, right). The burst
transients measured from the bouton in D were plotted as AF/F over

T-shaped axons to be visualized (Fig. 1 A, B). Under higher magnifi-
cation, presynaptic boutons can be clearly resolved as bead-like var-
icosities on PFs (Fig. 1C). Morphological analysis of the z-projected
image of the axon fibers (summing pixel intensities) showed that
these varicosities had a peak intensity at least twice that of the adja-
cent axonal shaft, indicating that they are significantly larger in vol-
ume (data not shown). We measured the AP-evoked Ca** transient
at individual PF boutons by imaging the Ca**-sensitive dye Fluo-4
in line-scan mode, with the imaging line positioned perpendicular to
the orientation of the axon (Fig. 1D). APs were evoked through an
extracellular stimulating electrode placed near the dye-loaded target
axon and at least 50 wm away from the boutons examined. When a
single suprathreshold stimulus was delivered, an AP was initiated, and
thisevoked a Ca>™" transient at the target bouton, which we measured as
a Fluo-4 fluorescence change (Fig. 1E) and plotted as AF/F (Fig. 1G).
When burst stimulation, consisting of four pulses at 100 Hz,
was delivered [a physiologically relevant frequency and duration
of stimulation (Chadderton et al., 2004; Arenz et al., 2008)], four
facilitating Ca>" spikes with correct timing were clearly resolved
in the line-scan image (Fig. 1 F) without signal saturation (Fig.
1G). We found that Ca®" transients could be measured repeat-
edly without failures or obvious rundown, in agreement with a
previous report that used a somatic patch electrode to deliver the
a’" indicator dye (Brenowitz and Regehr, 2007).

In the cerebellum, PFs mainly run perpendicular to the Pur-

kinje cell dendritic plane and a single PF synapses onto the same
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Figure2.  PFhboutons show heterogeneous action potential-evoked Ca® " transients. 4, Ca®* imaging was performed sequentially on three individual boutons indicated by dotted lines in red, yellow, and

blue. This confocal stackimage was projected by summing pixel intensities. B, Action potential-evoked Ca>™ transients measured sequentially from 3 neighboring boutons on the same PF shown in A illustrate
the variation in amplitude and decay time constant. The average traces from five trials are shown, and the Ca 2™ responses were well fit by single-exponential decay curves, shown as superimposed black lines.
Thearrowindicates the onset of the ingle action potential. €, Histogram of the single action potential-evoked Ca ™ response amplitudes from 198 PF boutons. D, Histogram of the single action potential-evoked
(a2 response decay time constant from 198 PF boutons. E, Histogram of the maximum percentage difference in single action potential-evoked Ca ™ response amplitudes comparing three boutons measured
onthe sameaxon from 66 axons. F, Histogram of the maximum percentage differencein single action potential-evoked Ca > response decay time constant comparing three boutons measured on the same axon
from 66 axons. G, Bar graph showing average bouton areas of the biggest and smallest boutons on a single PF axon. Bouton areas were determined from the z-projection of confocal images of the dye-filled
bouton obtained after calciumimaging. H, Bar graph showing the single action potential-evoked Ca > response amplitudes comparing the biggest bouton with the smallest bouton on the same axon, measured
from 51 axons. Axons were only included if the biggest bouton was at least 60% larger in volume compared with the smallest bouton. Error bars indicate the SEM in this and all subsequent figures. /, Bar graph

showing the single action potential-evoked Ca2™ response decay time constant comparing the biggest with the smallest boutons from 51 axons.

Purkinje cell only once or twice (Palay and Chan-Palay, 1974; Ito,
1984; Napper and Harvey, 1988). Anatomical studies report that
in the cerebellum of the rat, a single PF runs as long as 2-5 mm
and contains hundreds of boutons (Ito, 1984). To determine
whether PF boutons exhibit heterogeneity in AP-evoked Ca**
responses, we compared Ca>™ transients in 3 nearby boutons on
the same PF (Fig. 2A). These boutons should have the same de-
gree of indicator loading and experience the same changes in
membrane voltage as the AP propagates. The AP-evoked Ca**
response was measured repeatedly at a single bouton and the
average of five consecutive trials is shown. We found that PF
boutons show a large variation in the peak amplitude and the
decay time constant of the AP-evoked Ca?" transient, even when
they are located within a short segment of the same axon (Fig.
2B). In our experiments, the peak amplitude (AF/F) of a

single-AP evoked Ca’" transient at PF boutons ranged from
32.9% to 266.0% with an average of 126.2 * 2.9% (n = 198
boutons) (Fig. 2C), and the decay time constant ranged from 18.8
to 106.2 ms with an average of 49.1 = 1.2 ms (Fig. 2D). On
average, for three boutons on the same axon, the maximum per-
centage difference in the peak amplitude was 59.7 = 6.7%, and
ranged from 5.4% to 353.2% (n = 66 axons) (Fig. 2 E), while the
maximum percentage difference in the decay time constant was
54.0 * 4.0%, and ranged from 3.6% to 174.5% (Fig. 2 F). There-
fore, substantial variation was found in Ca*™ transient peaks and
decay time constants under basal conditions, as was previously
reported (Brenowitz and Regehr, 2007).

Next, we investigated whether the Ca®™ transient heterogene-
ity could be a result of differences in bouton volume, which may
reasonably be expected to affect peak Ca>" concentrations and
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dye and boutons containing more dye ap-
pear slightly larger. Second, precise mea-
surements of bouton volumes, are prone
to error as these structures are near the
theoretical resolution limit of visible light
microscopy. To reduce these sources of
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(51 of 66 axons), and then compared the
Ca’" transient peak amplitude and decay
time constant between the biggest bouton
and the smallest bouton. Bouton volume
was determined from the bouton’s inte-
grated pixel density (see Materials and
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Evoked glutamatergic EPSCs at both PF—Purkinje cell (left column) and PF—interneuron (right column) synapses are attenuated by agonists
of the following receptors: adenosine A1 receptor by 5 yum 2-CA, mGIuR4 by 100 1w L-AP4, and (B1 by 5 um WIN55212-2. Cells were
clamped at —65 mV and EPSCs were evoked in the presence of 10 um SR95531, a GABA, receptor antagonist by paired-pulse stimulation
with an 80 ms interpulse interval. In the control condition (red), the evoked EPSCs show paired-pulse facilitation. After application of
neuromodulator receptor agonists or their corresponding carrier solutions (blue), EPSCs were attenuated by 2-CA, 1-AP4, and WIN55212-2,
but not by control or DMSO-containing carrier solutions. The attenuation of EPSCs was also accompanied by anincrease in the paired-pulse
ratio. Traces shown are the average of 15 consecutive episodes. B, C, Summary graphs showing similar attenuation of PF—Purkinje cell and
PF—interneuron EPSCs in response to application of 2-CA, L-AP4, and WIN55212-2 (n = 5 cells/group). D, Summary graph showing that at
the PF—Purkinje cell synapse, 2-CA, L-AP4, and WIN55212-2 significantly increase PPR, suggesting that the attenuation of synapticstrength
by the agonists is achieved, at least in part, through modification of presynaptic release probability. PPRs were not calculated for PF—

interneuron synapses because the agonists produced intermittent failures of synaptic transmission.

Ca** clearance rates (through change in surface-to-volume ratio
or in the function of internal Ca*" stores). In comparing bouton
volumes over a population, there are two important concerns.
First, different axons are not equally loaded with morphological

<«

(Figure 3 legend continued.)  agonistsincluding 5 um2-CA, anadenosine AT receptor agonist, 100
umL-AP4, a mGluRé4 agonist, and 5 um WIN55212-2, a (B1 receptor agonist. The amplitudes of the
AP-evoked Ca " transientsinindividual boutons were determined firstin the ahsenceand thenin the
presence of neuromodulator receptor agonists. The difference in Ca® " transients was calculated as
percentage change in AF/F compared to the control condition. Frequency histograms of the percent-
age changein AF/Fof PFboutons from different experimental groups (control, n = 39; 2-CA,n = 36;
1-AP4, n = 39; vehicle, n = 36; and WIN55212-2, n = 48) were plotted in the left panel. The same
data, replotted to show boutons from individual PFs are shown in the right panel. B, A representative
Z-projection image of a PF used to examine neuromodulators’ effects on AP-evoked Ca® ™ transients
is shown. Ca2* imaging was performed in line-scan mode on the three boutons indicated by the
dotted lines. The bouton with biggest volume among the three on the same fiber is indicated by the
filled circle and the smallest is indicated by the open circle. The bouton with highest peak AP-evoked
(a* transient in the absence of the agonist is indicated by the filled square and the lowest is indii-
cated by the open square. ¢, Summary graph showing that big boutons are more sensitive to
WIN55212-2 (n = 10) and less sensitive to 2-CA (n = 10) compared to small boutons. However, big
and small boutons exhibit no difference in Ca®* transient attenuation in the 1-AP4 (n = 9) and
vehicle control groups (control, n = 12; DMSO-containing vehicle, n = 10). *p << 0.05. D, Summary
graph showing that boutons with the highest basal Ca®* transient are significantly more sensitive to
1-AP4 (n = 12) thanthose with the lowest basal Ca 2 transient. This difference was notfound in 2-CA
(n=10), WIN55212-2 (n = 16),and vehicle groups (control; n = 13; DMSO-containing vehicle,n =
11). % < 0.01.
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mined the absolute area of the biggest and
smallest boutons from a z-stack obtained
at high laser intensity and spatial resolu-
tion at the end of the experiment. The big-
gest boutons have an average area of
1.59 * 0.06 wm?, while the smallest bou-
tons have an area of0.99 + 0.03 um? (Fig.
2G). Surprisingly, between the biggest and
smallest boutons, there was no significant
difference in either peak Ca’* transient
(biggest boutons 129.4 * 6.5%, smallest
boutons 129.7 = 6.5%) (Fig. 2 H) or decay
time constant (biggest boutons 48.1 = 2.2
ms; smallest boutons 45.8 * 2.3 ms) (Fig.
21). These results suggest that PF boutons
may contain active mechanisms that com-
pensate for differences in bouton volume to
achieve the same peak Ca”" concentration and Ca*" clearance rate
among boutons of different sizes (Brenowitz and Regehr, 2007).
Previous studies have shown that PF-Purkinje cell synaptic
transmission is attenuated by the presynaptic actions of many
neuromodulators, including adenosine, glutamate, endocan-
nabinoids, and GABA (Kocsis et al., 1984; Batchelor and Garth-
waite, 1992; Takahashi et al., 1995; Dittman and Regehr, 1996;
Pekhletski et al., 1996; Dittman and Regehr, 1997; Takahashi and
Linden, 2000; Neale et al., 2001). These same neuromodulators
also play key roles in a variety of short-term and long-term plas-
ticities at PF synapses (Pekhletski et al., 1996; Dittman and
Regehr, 1997; Kreitzer and Regehr, 2001; Lorez et al., 2003; Safo
and Regehr, 2005; Wall and Dale, 2007). Therefore, we have
sought to measure the response of individual boutons to neuro-
modulators. We measured single-AP evoked Ca*™ transients at
three neighboring boutons on the same PF and compared their
response to a given neuromodulator (Fig. 3A; for representative
axon images and Ca?™ traces, see supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). Three neuro-
modulators, namely adenosine, glutamate, and endocannabi-
noids, were examined by application of exogenous agonists. In
control-vehicle (n = 39) and DMSO-containing vehicle (n =
36)-treated slices, AP-evoked Ca*" transients showed a slight
run-down, giving a bell-shaped frequency histogram with a mean
of —4.9 = 10.2% and —7.7 = 13.1%, respectively (mean * SD).
Application of 5 um 2-CA (n = 36), an adenosine Al receptor

2-CA

L-AP4
DMSO }
WIN
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agonist, 100 um L-AP4 (n = 39), an mGluR4 agonist, and 5 um
WIN55212-2 (n = 48), a CBI receptor agonist, all reduced the
AP-induced Ca®* transient, strongly shifting the population
frequency histogram toward the left, indicating a decrease in
AFJ/F (Fig. 3A, left). 2-CA, L-AP4, and WIN55212-2 reduced peak
AF/F by —33.0 = 14.5%, —25.6 = 17.6%, and —32.3 = 16.9%,
respectively (mean * SD). In addition, application of the ago-
nists caused more variability in responses, as reflected in broad-
ening of the frequency histogram. This suggests that, in addition
to the baseline variation in evoked Ca** transient, there is also vari-
ation arising from the differential response of boutons to the neuro-
modulator agonists. When the neuromodulator-evoked change in
peak Ca®" transient is displayed in an axon-by-axon manner (Fig.
3A, right), it may be seen that the variation in neuromodulator re-
sponses across the population of boutons is not just axon-to-axon
variation, but also represents considerable bouton-to-bouton
variation within the same small segment of a single PF axon. Appli-
cation of agonists affected only AP-induced Ca** transients, and did
not affect basal Ca®* concentrations (supplemental Fig. 2, available
at www.jneurosci.org as supplemental material).

To determine whether bouton-to-bouton variation is corre-
lated with bouton volume or basal evoked Ca>* transient, we again
adopted a nonparametric within-fiber comparison strategy to re-
duce error from fiber-to-fiber variation in dye loading or intrin-
sic excitability. We compared the responses of the biggest and
smallest boutons as well as boutons with the highest and lowest
preagonist baseline Ca>* transient within the same axon seg-
ment. Comparing boutons within a short segment of a single
axon minimizes cross-fiber variation due to differences in dye
loading or AP waveform, and better reveals intrinsic heterogene-
ity in bouton properties. Before agonist application, bouton size
and peak Ca®™ transient amplitude were not correlated (for an
exemplar image, see Fig. 3B), confirming our previous measure-
ments (Fig. 2 H). When comparing the effect of bouton size, the
biggest and smallest boutons from three imaged boutons on the
same axon were analyzed in a subpopulation of axons where the
biggest bouton was at least 60% larger in volume than the small-
est bouton (51 of 66 axons). Interestingly, we found that the
smallest boutons were significantly more sensitive to 2-CA: the
adenosine A1 receptor agonist caused an average peak Ca*" tran-
sient reduction of —39.3 = 5.0% in the smallest boutons versus
—27.6 = 5.1% in the biggest boutons (n = 10; p < 0.05). Con-
versely, the biggest boutons were more sensitive to WIN55212-2:
the CB1 receptor agonist caused an average reduction of —35.3 =
3.3% in the biggest boutons and —23.2 * 3.8% in the smallest
boutons (n = 10; p < 0.05) (Fig. 3C). Both big and small boutons
were equally sensitive to the mGluR4 agonist L.-AP4 (biggest bou-
tons, —31.1 * 5.3%; smallest boutons, —23.1 = 5.7%;n = 9; p >
0.05). Monte Carlo simulations of the 2-CA and WIN55212-2
data confirmed the respective results (10,000 randomizations of
the datasets, p << 0.05 for both 2-CA and WIN55212-2; see Ma-
terials and Methods). To ensure that equivalent boutons were
being compared, we measured the sizes of the boutons in each
experimental group, and found that the biggest and smallest bou-
tons in the various experimental groups comparable (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). To examine the possibility that the biggest and smallest bou-
tons bleach at different rates, we measured the basal Ca** indicator
fluorescence of the boutons before the onset of the AP-evoked Ca*™"
transient at the beginning and at the end of the experimental run,
and found that bleaching of basal Ca** fluorescence was minimal
and comparable in both the biggest and smallest boutons and
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across the various agonist treatment groups (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material).

To compare the neuromodulators’ effects based on the bou-
tons’ basal AP-evoked Ca** responses, we analyzed a subpopu-
lation of axons. The criterion for inclusion was that the bouton
with highest Ca** transient and the one with lowest Ca®™ tran-
sient from the three imaged boutons on the same axon must
differ by >10% in the peak of the Ca** transient (62 of 66 axons
satisfied this criterion). We found that L.-AP4 more strongly de-
creased Ca®" transients in the highest peak transient boutons
(—33.1 £ 4.5%) compared to the lowest peak transient boutons
(—14.8 £5.0%, n = 12, p < 0.01), while 2-CA (highest transient
—33.6 = 6.3%; lowest transient —29.2 = 3.4%; n = 10; p > 0.05)
and WIN55212-2 (highest transient —33.1 * 4.8%; lowest tran-
sient —28.3 £ 3.3%; n = 16; p > 0.05) affected both high and low
transient boutons equally (Fig. 3D). A Monte Carlo simulation
with the L-AP4 data showed a similar result (10,000 randomiza-
tions of dataset, p < 0.01; see Materials and Methods). Thus, our
data indicate that PF boutons exhibit heterogeneity in their re-
sponses to neuromodulators depending upon their volume and
basal AP-evoked Ca*" responses.

Previous studies in other brain regions have shown that, in
axons that innervate multiple postsynaptic cell types, a bouton’s
morphology and function may depend upon its postsynaptic tar-
get cell (Acsady etal., 1998; Koester and Johnston, 2005; Pelkey et
al., 2006). In the cerebellum, PF boutons synapse onto Purkinje
cells and interneurons (Palay and Chan-Palay, 1974), and previ-
ous studies have showed that neurotransmitter release at these
two types of PF synapses are differentially regulated by the acti-
vation of presynaptic kainate receptors (Delaney and Jahr, 2002).
The highly skewed ratio of PF-Purkinje cell (~90%) to PF—inter-
neuron (~10%) synapses makes it highly unlikely that the heter-
ogeneity in neuromodulator response among individual boutons
seen in Figure 3 is due to different postsynaptic targets. Nonethe-
less, to address this formal possibility we tested the hypothesis
that PF boutons forming synapses on Purkinje cells and interneu-
rons may differ in their responses to the neuromodulators that we
have studied. To this end, we performed whole-cell patch-clamp
recordings on Purkinje cells and interneurons in transverse cer-
ebellar slices, holding them at —65 mV and evoking EPSCs using
paired pulses with an 80 ms interval. In the same pharmacological
group, Purkinje cell and interneuron experiments were inter-
leaved. After a stable baseline was obtained, neuromodulator
agonists were washed into the slices. Both Purkinje cells and in-
terneurons showed facilitation in response to paired stimulation,
confirming that PFs were indeed being stimulated (Fig. 4A). In
response to the neuromodulator agonists, EPSCs at both PF—
Purkinje cell and PF—interneuron synapses were strongly and
comparably reduced (5 um 2-CA: Purkinje cells, —81.9 = 1.5%,
interneurons —87.4 = 5.9%; 100 um L-AP4: Purkinje cells,
—74.3 £ 2.8%, interneurons —70.7 = 7.6%; 5 um WIN55212-2:
Purkinje cells —89.9 = 1.0%, interneurons —87.9 = 2.2%;n =5
for each group) (Fig. 4B, C). In the presence of vehicle (Purkinje
cells —0.5 = 1.7%, interneurons —0.9 = 3.1%, n = 5 each), or
DMSO-containing vehicle (Purkinje cells —0.3 = 5.5%, inter-
neurons —5.3 £ 6.9%, n = 5 each), EPSC amplitude was not
significantly reduced. The reduction in EPSC size upon wash-in
of agonist was accompanied by an increase in the paired-pulse
facilitation ratio at PF—Purkinje cell synapses (Fig. 4 D), consis-
tent with the release probability of the presynaptic bouton being
decreased. At PF—interneuron synapses, the paired-pulse ratio
cannot be accurately measured due to the frequent neurotrans-
mitter release failures particularly after the application of neuro-
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modulators (data not shown; see also Soler-Llavina and Sabatini,
2006), so changes in paired-pulse ratio were not reported. We
conclude that PF boutons forming synapses upon Purkinje neu-
rons and interneurons do not differ appreciably in their response
to neuromodulator agonists. This suggests that the difference in
the sensitivity of PF boutons to neuromodulators we observed
when measuring Ca’" transients are unlikely to be due to bou-
tons contacting different types of postsynaptic target cells.

Discussion

We performed Ca** imaging on individual PF boutons using a
new sparse-loading method, and found that the AP-evoked Ca**
responses at PF boutons are heterogeneously regulated by the
adenosine Al receptor, mGluR4, and the endocannabinoid CB1
receptor. Specifically, we found that while big and small boutons
do not differ in their basal Ca*>* influx properties, small boutons
are more sensitive to adenosine Al receptor agonist while big
boutons are more sensitive to endocannabinoid CBI1 receptor
agonist. Furthermore boutons that show high basal AP-evoked
Ca’" influx are more sensitive to an mGluR4 agonist compared
to low influx boutons. This heterogeneity is not due to the bou-
tons forming synapses on different postsynaptic cell types, as
electrophysiological experiments indicate that both Purkinje cell and
interneuron synapses respond similarly to these neuromodulator
agonists. While our study examined presynaptic bouton function at
the level of AP-evoked Ca*" transients, it has previously been shown
that glutamate release from presynaptic boutons show a steep de-
pendence on Ca*" concentration estimated to be a third- to fourth-
power relation (Mintz et al, 1995), suggesting that modest
differences in neuromodulator responses can produce large differ-
ences in the attenuation of synaptic transmission.

In this study, we adopted an experimentally conservative ap-
proach in determining the effect of neuromodulators on bouton
Ca** response. We compared boutons only within a single axon
to minimize error caused by dye loading variation as well as AP
waveform variation from axon to axon. In addition, we chose a
nonparametric approach to classify bouton size. Instead of deter-
mining absolute bouton volume, which may incur substantial
error due to a portion of the boutons being at or below the spatial
resolution of the confocal microscope, we determined relative size
within a fiber, which is less subject to measurement error. Last, while
PFs exhibit both single and burst firing patterns in vivo, we chose to
examine only single AP-evoked Ca®" transients in this study be-
cause endogenous neuromodulators released upon burst firing of
PFs would complicate experimental interpretation. When
comparing boutons, it would not be possible to distinguish
between differential local release and differential sensitivity.

Previous studies have shown that boutons that synapse on
different postsynaptic cell types may show varying properties. In
the neocortex, presynaptic Ca>" transients and synaptic efficacy
of layer 2/3 pyramidal cell boutons that synapse onto multipolar
cells are significantly higher than those that synapse onto bitufted
cells (Koester and Johnston, 2005). In the hippocampal CA3 re-
gion, mossy fibers form large boutons on pyramidal cells and
small en passant boutons on interneurons (Acsady et al., 1998),
but only mossy fiber—interneuron synapses can undergo an
mGluR7-dependent presynaptic LTD by inhibiting voltage-gated
Ca** channels (Pelkey et al., 2006). These studies clearly indicate
that boutons on the same axon that form synapses with different
target cell types may exhibit diverse properties. However, it was
unclear whether boutons that synapse onto the same target cell
type may also exhibit heterogeneity. The present findings indicate
that boutons that synapse on the same postsynaptic cell type may
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also be divided into subpopulations with different functional
properties based on their response to neuromodulators.

What is the mechanistic basis for the heterogeneity in
neuromodulator-induced attenuation of AP-evoked Ca** in-
flux? Heterogeneity in neuromodulator responses can be due to
variation neuromodulator receptor levels at the single synapse
level. For example, it has previously been shown that mGluR4
receptors may be unevenly distributed among boutons in PFs
(Mateos et al., 1999), suggesting that variation in mGluR4 recep-
tor spatial distribution account for observed heterogeneity. Het-
erogeneity in neuromodulator responses can also be due to
differences in signaling components downstream of the receptor,
including variation in G-protein content in boutons or nonuni-
form distribution of G-protein-sensitive Ca** or K™ channel
subtypes among boutons. For example, it has been shown that
multiple types of voltage-gated calcium channels mediate presyn-
aptic neurotransmitter release at the PE-PC synapse (Mintz et al.,
1995), and that different types of voltage-gated Ca®" channels
show different sensitivities to endocannabinoid modulation
(Brown etal., 2004). Last, spatial variation in the endogenous tone of
the neuromodulator upstream of the receptor may lead to different
levels background activation of receptors at individual boutons. For
example, the adenosine A1 receptor at the PF-Purkinje cell synapse
is significantly activated by ambient adenosine (Dittman and Re-
gehr, 1996), and local variation in the ambient concentration
of adenosine could potentially underlie the heterogeneity of
bouton response to adenosine receptor agonist. However, pre-
vious studies with neuromodulator receptor antagonists have
indicated that neither mGluR4 nor CB1 receptor are tonically
activated (Kreitzer and Regehr, 2001; Brown et al., 2003; Lorez
et al., 2003; Abitbol et al., 2008), suggesting that such a mech-
anism is unlikely to be responsible for these neuromodulators.

What is the functional significance of the heterogeneity in neu-
romodulator response among individual boutons contacting the
same postsynaptic cell type? First, differences in neuromodulator
sensitivity among synapses might be a homeostatic mechanism to
compensate for different levels of neuromodulators released in the
vicinity of these synapses. Neuromodulators at the PF-PC synapse
may be derived from a variety of sources. For example, adenosine at
the PF-PC synapse may be derived from the presynaptic bouton, as
well as released by the postsynaptic bouton as a by-product of ATP
hydrolysis (Latini and Pedata, 2001). Diverse sources of neuro-
modulators suggest that heterogeneity of neuromodulator tone may
exist at the individual synapse level. Second, our observation that
neuromodulator sensitivity is correlated with bouton size suggests
neuromodulator sensitivity may be dependent on the plasticity state
of the particular bouton. Previous studies indicate that presynaptic
structural plasticity can accompany synaptic plasticity and learning
processes. This has been best studied in the sea slug Aplysia, where
long-term sensitization of the gill withdrawal reflex increases the size
and number of active zones in the presynaptic boutons (Bailey and
Chen, 1983). In the mammalian hippocampus, LTP is accompanied
by an increase in multiple synapse boutons (Toni et al., 1999), while
LTD is accompanied by a decrease in the size and number of presyn-
aptic boutons (Becker et al., 2008). These previous studies suggest
that bouton volume may be a function of activity history and/or
involvement in different learning pathways. Furthermore, many
types of synaptic plasticity are dependent on neuromodulator recep-
tors. In the cerebellum, the adenosine A1 receptor and mGluR4 are
known to mediate short-term synaptic depression (Pekhletski et al.,
1996; Lorez et al., 2003; Wall and Dale, 2007), while the endocan-
nabinoid CBI receptor is necessary for depolarization-induced de-
pression of excitation (DSE), which lasts ~60 s (Kreitzer and Regehr,
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2001; Maejima et al., 2001). The CB1 receptor has also been impli-
cated in two types of cerebellar long-term synaptic depression, a
presynaptically expressed form (Qiu and Knopfel, 2009) and a
postsynaptically expressed form (Safo and Regehr, 2005). By show-
ing that boutons of different sizes respond differently to neuro-
modulators, our findings suggest that neuromodulator sensitivity
may be a mechanism for metaplasticity, where boutons can have
different plasticity potential based on their activity history. Last, text-
books and review articles have long portrayed a single synaptic type
has having a particular set of presynaptic receptors. Our findings
indicate that this formulation is too simplistic. Individual boutons of the
same synaptic type on the same PF may possess dramatically different
properties, and therefore may form computationally autonomous ele-
ments. The heterogeneous response of individual boutons to neuro-
modulators can therefore provide a powerful mechanism to
substantially increase the brain’s computational capacity.
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