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Abstract

Animal behavior is remarkably robust despite constant changes in neural activity.
Homeostatic plasticity stabilizes central nervous system (CNS) function on time

15 scales of hours to days. If and how CNS function is stabilized on more rapid time
scales remains unknown. Here we discovered that mossy fiber synapses in the
mouse cerebellum homeostatically control synaptic efficacy within minutes after
pharmacological glutamate receptor impairment. This rapid form of homeostatic
plasticity is expressed presynaptically. We show that modulations of readily-

20 releasable vesicle pool size and release probability normalize synaptic strength in a
hierarchical fashion upon acute pharmacological and prolonged genetic receptor
perturbation. Presynaptic membrane capacitance measurements directly
demonstrate regulation of vesicle pool size upon receptor impairment. Moreover,
presynaptic voltage-clamp analysis revealed increased calcium-current density

25 under specific experimental conditions. Thus, homeostatic modulation of presynaptic
exocytosis through specific mechanisms stabilizes synaptic transmission in a CNS
circuit on time scales ranging from minutes to months. Rapid presynaptic
homeostatic plasticity may ensure stable neural circuit function in light of rapid
activity-dependent plasticity.
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Introduction

Adaptive animal behavior presupposes plastic, and yet stable neural function.
While neural activity is constantly changing because of activity-dependent plasticity
(1, 2), robust animal behavior can be maintained for a lifetime. However, stable

5 nervous system function and behavior are not a given, as apparent from pathological
states, such as epilepsy or migraine (3, 4). A number of studies revealed that
homeostatic plasticity actively stabilizes neural excitability and synaptic transmission
(5-8). The most widely studied form of homeostatic synaptic plasticity is synaptic
scaling — the bidirectional, compensatory regulation of neurotransmitter receptor

10 abundance (6). This postsynaptic type of homeostatic plasticity is typically observed
after chronic pharmacological blockade of action potentials (APs) or neurotransmitter
receptors in neuronal cell-culture systems (9—11), but also stabilizes AP firing rates
after sensory deprivation in vivo (12, 13).

There is also evidence for presynaptic forms of homeostatic synaptic

15 plasticity. Presynaptic homeostatic plasticity (PHP) stabilizes synaptic efficacy at
neuromuscular synapses after acute or sustained neurotransmitter receptor
perturbation in various species (14—18). In the mammalian CNS, PHP is mostly
studied in cell-culture systems after prolonged perturbation of neural activity (8). The
expression of PHP depends on cell-culture age, with cultures older than two weeks

20 compensating for prolonged activity deprivation through concomitant regulation of
presynaptic release, postsynaptic receptor abundance, and synapse number (19—
22). Despite evidence for compensatory changes in presynaptic structure and
function (23-27), it is currently not well understood how these relate to the
postsynaptic modifications during synaptic scaling. Moreover, it has remained largely

25 elusive if PHP stabilizes the activity of native neural circuits (8, 28, 29).

The maintenance of robust CNS function is strongly challenged by Hebbian
plasticity, which is induced on rapid time scales (2) and eventually destabilizes
neuronal activity (30-32). In contrast, the expression of pre- and postsynaptic
homeostatic plasticity requires prolonged perturbation of CNS function for hours to

30 days (8), raising the question if and how CNS function is stabilized on rapid time
scales. Given the discrepancy in temporal dynamics, homeostatic plasticity is
thought to slowly integrate and normalize neural activity changes that happen on

faster time scales (7, 11). However, theoretical work strongly implies that the slow
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time course of homeostatic plasticity is insufficient to prevent instabilities induced by
Hebbian plasticity (33).
Here we define the time course of a fast, presynaptic form of homeostatic

plasticity at a cerebellar synapse. Employing direct pre- and postsynaptic whole-cell

5 patch clamp recordings in acute brain slices, we discover that a synergistic
modulation of readily-releasable vesicle pool size and vesicular release probability
through elevated Ca?*-channel density underlies the homeostatic control of
exocytosis from these CNS terminals. Rapid PHP may stabilize synaptic information
transfer to balance changes imposed by perturbations or Hebbian plasticity.
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Results
Rapid, Reversible Homeostatic Release Modulation.

We probed if fast presynaptic homeostatic mechanisms stabilize synaptic
transmission at central synapses in an acute mouse brain slice preparation. To this
end, we recorded miniature- (IMEPSCs) and AP-evoked excitatory postsynaptic
currents (EPSCs) at adult cerebellar mossy fiber (MF)-granule cell (GC) synapses
(Fig. 1A) (34, 35) after incubation with the non-competitive a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR) blocker GYKI 53655 for various
incubation times (see Methods). GYKI application at sub-saturating concentration
(2 uM, (36)) for 5-20 minutes reduced mEPSC and evoked EPSC amplitudes by
~30% without affecting mEPSC and EPSC kinetics (Figs. 1B, 1C, SI Appendix Figs.
S1A-G). By contrast, recordings obtained after 20 minutes of GYKI incubation
revealed EPSC amplitudes that were comparable to control levels (Figs. 1B-D).
Similar results were obtained after longer incubation times of up to 100 minutes
(Figs. 1B-D). Because GYKI application equally reduced mEPSC amplitudes at all
incubation times, there was a significant increase in quantal content after 20 minutes
of GYKI exposure (Figs. 1C, D), indicative of enhanced neurotransmitter release.
The increase in quantal content scaled with the degree of mMEPSC reduction, such
that EPSC amplitudes were precisely maintained at control levels (S/ Appendix Fig.
S1H), consistent with the phenomenology of PHP at the NMJ (17, 37). These data
demonstrate a rapid form of PHP at synapses in the mammalian CNS upon acute,
sub-saturating AMPAR blockade on the minute time scale.

Next, we recorded from MF-GC synapses following wash-out of GYKI to
investigate the reversibility of PHP (Fig. 1E; see Methods). Slices were incubated
with GYKI for 30 minutes and then exposed to control ACSF for varying times before
obtaining whole-cell recordings. GYKI wash-out increased mEPSC and EPSC
amplitudes, with quantal content remaining significantly larger than under control
conditions within ~20 minutes after wash-out (Fig. 1F). This implies that PHP
expression persists when AMPAR perturbation is removed on a short time scale.
Additional recordings demonstrated that PHP was fully reversible within ~20-40
minutes after GYKI wash-out (Fig. 1F), similar to previous reports at the mouse NMJ
(18). Thus, PHP completely reverses within tens of minutes after reattained receptor

function.
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Acute Homeostatic RRP Size Modulation.

To assess the presynaptic mechanisms underlying neurotransmitter release
potentiation upon AMPAR perturbation, we first tested if changes in the number of
readily-releasable vesicles (readily-releasable pool, RRP) (38) contribute to PHP
following GYKI application. To estimate RRP size, we used high-frequency train
stimulation and analysis of cumulative EPSC amplitudes (Fig. 2A) (39). This analysis
gives an effective RRP size estimate assuming that EPSC amplitudes depress
because of vesicle pool depletion. 300-Hz stimulation revealed a pronounced
increase in RRP size in the presence of GYKI (Fig. 2B, S/ Appendix Figs. S3C-E)
that paralleled the time course of PHP induction and reversal (SI Appendix Figs.
S3A-B). An increase in release probability (pr) could also contribute to release
potentiation during PHP. However, pr estimated from EPSC train stimulation was
unchanged after GYKI incubation (Fig. 2B). Moreover, EPSC amplitude coefficient of
variation (CV; SI Appendix Fig. S3F) and EPSC paired-pulse ratios (PPRs; Fig. 2D;
PPRs were recorded under conditions of minimized postsynaptic contributions (40);
SI Appendix Fig. S3G), which are inversely correlated with p, (41), were unaffected
by GYKI treatment, indicating that p, was largely unchanged.

To directly probe presynaptic function during pharmacological AMPAR
perturbation, we performed presynaptic whole-cell recordings from MF boutons (Fig.
2E) (35, 42). First, we employed membrane capacitance (Cm) measurements (43,
44) to study exocytosis. Brief depolarizations under voltage-clamp caused Ca?* influx
and a jump in Cn, corresponding to synaptic vesicle exocytosis (Fig. 2E) (35, 45-47)
and providing a direct estimate of RRP size. MF boutons displayed significantly
larger Cm jumps upon depolarizations of various durations in the presence of GYKI
(>20 minutes incubation) compared to untreated controls (Fig. 2F). The enhanced
exocytosis upon GYKI treatment corroborates the increase in effective RRP size
estimated from postsynaptic recordings (Fig. 2B). Our presynaptic capacitance data
provide an independent confirmation of changes in RRP size, because postsynaptic
estimates of RRP are based on relating evoked EPSCs to mEPSCs, which may
involve partially distinct vesicle pools and/or postsynaptic receptors (48, 49) (cf. S/
Appendix Fig. S2). Whereas absolute RRP size estimates obtained from presynaptic
Cm measurements and postsynaptic EPSC analysis differ because of the high

bouton-to-granule cell connectivity (35, 50), we observed a similar relative RRP
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increase after GYKI treatment in pre- and postsynaptic recordings (~35%; Figs. 2B
and 2F).

Next, we investigated pharmacologically-isolated presynaptic whole-cell Ca?*-
currents after GYKI application (Fig. 2G). Presynaptic Ca?* currents were elicited by
3-ms voltage steps, and steady-state amplitudes, as well as tail currents were
analyzed. Ca?*-current density (Fig. 2G), steady-state activation, and activation or
deactivation time constants were similar between GYKI-treated and untreated MF
boutons (SI Appendix Fig. S31), indicating no major differences in Ca?*-channel
levels, voltage dependence of Ca?*-channel activation, or channel kinetics. No
apparent changes in presynaptic Ca?* influx at GYKI-treated terminals indicate
largely unaltered py, in line with train-based p, estimates (Fig. 2B—C) and PPR data
(Fig. 2D). Together, these data establish that acute AMPAR perturbation at a
mammalian central synapse leads to enhanced presynaptic exocytosis and a rapid

and reversible expansion of RRP size without apparent p, changes.

Sustained Homeostatic RRP Size Modulation.

To investigate if PHP can be sustained over longer time periods, we recorded
from adult heterozygous mice carrying a loss-of-function mutation in GRIA4, the
gene encoding the GluA4 AMPAR-subunit (51, 52). GluA4 is expressed in cerebellar
GCs (36, 53) and confers a large conductance to synaptic AMPARs (54).
Importantly, heterozygous GRIA4 mice, henceforth called “GluA4*~, have reduced
GluA4 protein levels (52, 55). GIuA4*~ synapses had significantly smaller mEPSC
amplitudes (Fig. 3A-B, S/ Appendix Figs. S4A-B and S5). In contrast, EPSC
amplitudes were similar between G/uA4*~ synapses and controls (Fig. 3A-B),
translating into a significant increase in quantal content (Fig. 3B). We next probed
RRP size at GIuA4*~ synapses. 300-Hz train stimulation revealed a significant
increase in effective RRP size at GIluA4*~ synapses (Fig. 3C-D, SI Appendix Fig.
S4F), similar to the results seen after GYKI application to WT synapses (Fig. 2A-B).
We did not observe significant changes in p, estimated from stimulus trains (Fig. 3D),
PPR (S/ Appendix Fig. S4D), or EPSC amplitude CV (SI Appendix Fig. S4E)
between GluA4*~ and WT synapses. Taken together, these results provide evidence
for increased neurotransmitter release and RRP size after chronic AMPAR

impairment.
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We then employed presynaptic recordings to study exocytosis and Ca?* influx
after genetic AMPAR perturbation. Presynaptic C» measurements revealed
enhanced exocytosis in GluA4*~ MF boutons compared to WT (Fig. 3F), in
agreement with the observed increase in effective RRP size based on postsynaptic
recordings (cf. Fig. 3D). Furthermore, Ca?*-current density was similar in both
genotypes (Fig. 3G), consistent with the p, estimates from postsynaptic recordings.
Collectively, these results show that a sustained increase in RRP size—but not p—
underlies PHP expression upon genetic AMPAR perturbation at MF-GC synapses.
As we recorded from adult synapses, our data establish that PHP can be chronically

expressed in the mammalian CNS for months.

Synergistic Homeostatic Control of RRP Size and Release Probability.

Next, we investigated PHP after combined pharmacological and genetic
AMPAR perturbation. Application of 2 uM GYKI 53655 to slices from GluA4*~ mice
further reduced mEPSC amplitudes by 22%, but EPSC amplitudes remained similar
to baseline values (Fig. 4A-B, SI Appendix Fig. SSA-E). Accordingly, there was an
additional 26% increase in quantal content at GluA4*~ synapses incubated with
GYKI (Fig. 4B). High-frequency train stimulation indicated no additional increase in
effective RRP size at GYKI-treated GluA4*~ synapses (Fig. 4C, S/ Appendix Fig.
S5F), suggesting that another process enhanced release. Indeed, the stimulus train-
based pr estimate was significantly increased upon GYKI treatment (Fig. 4C).
Furthermore, there was a significant decrease in EPSC amplitude CV and PPR at
GluA4*~ synapses incubated with GYKI (Fig. 4E-F, S/ Appendix Fig. S5G),
indicating increased p,. We also observed a correlation between pr and mEPSC
amplitude reduction at GYKI-treated G/IuA4*~ synapses, suggesting that p,
potentiation scales with receptor impairment (S/ Appendix Fig. S6).

Presynaptic capacitance measurements revealed similar Cn jumps between
GYKI-treated and untreated G/luA4*~ MF boutons (Fig. 4G), indicating no further
increase in RRP size with respect to WT (Fig. 4G). Interestingly, there was a small,
but significant increase in Ca?*-current density in GluA4*~ MF boutons treated with
GYKI (Fig. 4H, cf. Fig. 6D) without apparent changes in Ca?*-current kinetics (S/
Appendix Fig. S5H-I). This suggests elevated presynaptic Ca%*-channel levels at
GYKI-treated GIluA4*~ terminals. Given the power relationship between presynaptic

Ca?* influx and exocytosis (56), the relatively moderate increase in Ca?*-current
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density is expected to produce a significant increase in pr, in agreement with the
enhanced pr inferred from postsynaptic recordings (Fig. 4C—F). Together, these
findings demonstrate that RRP size and pr can be synergistically modulated to
achieve homeostatic stabilization of synaptic transmission, depending on the
magnitude or type of receptor perturbation. By extension, this ‘sequential’ regulation
of RRP size and pr points towards a potential hierarchy in the modulation of

presynaptic function during PHP (see Discussion).

GluA4 is the Major AMPAR Subunit at MF-GC Synapses.

Loss of one GluA4 copy was sufficient to reduce mEPSC amplitude, indicating
an important role for this AMPAR subunit in synaptic transmission at MF-GC
synapses. To further elucidate the contribution of GluA4, we recorded from
homozygous G/uA4~~ mice that completely lack the large conductance GluA4
AMPAR-subunit (51). There were almost no detectable spontaneous mEPSCs at
GluA4™~ GCs (Fig. 5A), preventing an amplitude quantification. Evoked EPSCs were
very small (18% of WT), but could reliably be observed (Fig. 5A-B). The EPSC
decay time constant was slower than in WT (Fig. 5C), owing to the loss of the fast
GluA4 subunit (52, 57). Thus, GluA4 is the major AMPAR subunit mediating the fast
excitation of cerebellar GCs, the most abundant neuronal cell type in the mammalian
CNS.

The pronounced reduction in EPSC amplitude at MF-GC synapses lacking
two GluA4 copies suggests that PHP is not engaged, saturated, or masked by too
strong AMPAR impairment. To distinguish between these possibilities, we first asked
if GluA4-lacking synapses express PHP. The small amplitude of mEPSCs (Fig. 5A)
made quantification impossible and hence precluded direct calculation of quantal
content. We therefore used multiple-probability fluctuation analysis (40, 58) at MF-
GC synapses from WT and G/uA4~~ mice to dissect quantal parameters of synaptic
transmission. We recorded EPSCs under several pr conditions by varying the
extracellular Ca?* concentration ([Ca?*]e) (Fig. 5D) and plotted EPSC amplitude
variance against mean EPSC amplitude (Fig. 5E). A parabolic fit to the data provided
an estimate for quantal size (g), which was 1.2 + 0.2 pA in GIuA4™~ (9% of WT; Fig.
5F, SI Appendix Fig. S7TA). Using this q estimate and the EPSC amplitude at 2 mM
[Ca®*]e, quantal content was strongly increased in GIluA4™~ mutants compared to WT
synapses (172% of WT; Fig. 5F, SI Appendix Fig. STB—E). Thus, even under strong
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genetic AMPAR perturbation by ablation of two GluA4 copies, MF-GC synapses
show a prominent increase in neurotransmitter release. Yet, this increase in release
is not sufficient to maintain EPSC amplitudes at WT levels, suggesting that PHP is

saturated or masked by too strong receptor impairment.

Enhanced Exocytosis and Ca?* Influx at GluA4~~ Boutons.

So far, the evidence for presynaptic modulation at GluA4™ synapses is based
on postsynaptic recordings that are likely limited by the strong reduction in AMPAR
currents. We therefore used presynaptic recordings (Fig. 6A) to directly investigate
how neurotransmitter release is modulated at GIuA4™~ boutons, and to ask if PHP is
saturated or masked. GluA4~~ boutons displayed significantly larger Cm jumps than
WT upon presynaptic depolarizations of various durations (Fig. 6B). The enhanced
exocytosis in GIluA4~" is consistent with the increase in quantal content deduced
from postsynaptic recordings (Fig. 5F, S/ Appendix Fig. S7A). Moreover, Cm jumps
were larger in GluA4™ animals compared to G/luA4*~ (Sl Appendix Figs. S8C, S8E),
suggesting a pronounced increase in RRP size that correlates with the degree of
GluA4 loss. Nevertheless, the increase in ACn in GIuA4™~ (~40%) is at least an order
of magnitude smaller than what would be required to maintain WT EPSC levels (cf.
Fig. 6B, SI Appendix Fig. S7TA). We thus conclude that PHP is saturated under these
conditions.

To further explore the mechanisms underlying the increase in exocytosis
observed at GIuA4™~ synapses, we recorded presynaptic Ca?* currents at MF
boutons (Fig. 6C). Ca?*-current density of GIuA4™~ boutons was significantly
enhanced (Fig. 6D, S/ Appendix Fig. S8D). There was no change in Ca?*-current
steady-state activation or time constants of activation and deactivation in GluA4~~
mutants (Fig. 6E), indicating no major differences in the voltage dependence of Ca?*-
channel activation or channel kinetics. Presynaptic current-clamp analysis revealed
no major differences in resting membrane potential, AP amplitude and AP duration
between GluA4~~ and WT MF boutons (S/ Appendix Fig. S8B). Collectively, these
data suggest that increased presynaptic Ca?* influx due to elevated Ca?*-channel
density enhances p;in GluA4~~ mutants. In combination with the increase in ACn,
(Fig. 6B), this indicates a synergistic modulation of RRP size and p in the GluA4~~

mutant background.
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Discussion
Our results establish that distinct presynaptic homeostatic mechanisms
compensate for neurotransmitter receptor impairment on time scales ranging from
minutes to months at a mammalian central synapse. In the CNS, pre- and
5 postsynaptic forms of homeostatic plasticity are typically observed after prolonged
perturbation of neuronal activity for hours to days (9—-11, 23, 24, 59, 60). Thus, the
homeostatic control of neurotransmitter release uncovered here is expressed on a
comparably fast time scale, similar to neuromuscular synapses in Drosophila and
mouse (14, 18). We also uncovered that acutely induced PHP fully reverses within
10 tens of minutes. In Drosophila, there is recent evidence that PHP is reversible within
days, although the reversibility time course was likely limited by the nature of
receptor perturbation (61). By contrast, PHP reverses within minutes after the
removal of pharmacological receptor inhibition at the mouse NMJ (18), similar to our
results. The rapid time course of PHP may allow stabilizing information transfer in
15 the CNS on fast time scales. It is an intriguing possibility that PHP serves as a
mechanism to compensate for Hebbian plasticity at CNS synapses. In this regard,
our work may have implications for neural network simulations incorporating Hebbian
plasticity rules, because their stability requires fast compensatory processes with
similar temporal dynamics as the form of PHP discovered here (33).
20
The major presynaptic mechanism that was modulated upon AMPAR
perturbation in every experimental condition is RRP size. In addition to indirect
evidence for RRP size regulation based on postsynaptic recordings, we directly
demonstrate increased RRP size employing presynaptic Cm measurements for all
25 experimental conditions. Importantly, presynaptic RRP measurements are
unaffected by potential differences between evoked and spontaneous release (48,
49). Homeostatic regulation of RRP or recycling pool size has been observed at
several synapses in different species (18, 20, 62—64), implying a general,
evolutionarily-conserved mechanism.
30 In addition to RRP size, we provide evidence for homeostatic pr modulation
under specific experimental conditions. Homeostatic pr changes have been
described for the Drosophila NMJ (65, 66) and in mammalian CNS cell culture (20,

27), suggesting evolutionary conservation. A major factor that has been linked to

10
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homeostatic p, control is the modulation of presynaptic Ca?* influx (24, 65).
Consistently, we uncovered elevated Ca?*-current density in the experimental
conditions with increased pr, implying increased levels of presynaptic voltage-gated
Ca?* channels. This observation is in line with previous light-microscopy based
results from mammalian CNS synapses and the Drosophila NMJ (23, 66—68).

We only observed presynaptic Ca?* influx and p, changes in homozygous
GIluA4~~ mutants and after pharmacological receptor perturbation in the GluA4*~
background. The specific modulation under these experimental conditions may be
due to the nature or degree of receptor perturbation. The fact that pharmacological
inhibition of WT receptors by a similar degree as in GIuA4*~ mutants induces no
apparent changes in pr argues against the latter possibility (S/ Appendix Fig. S6).
Future work is required to explore the links between receptor perturbation and p-
modulation during PHP.

Whereas RRP size changed in every experimental condition, pr modulation
was only seen in combination with RRP regulation, suggesting a synergistic,
hierarchical modulation of RRP size and pr during PHP. There is no coherent picture
regarding the relationship between RRP and p; regulation during PHP at other
synapses. At the Drosophila NMJ, genetic data suggests that distinct molecular
pathways underlie homeostatic modulation of RRP and Ca?* influx/p, (64). There is
recent evidence that homeostatic vesicle pool regulation requires altered Ca?* influx
through P/Q-type Ca?* channels at cultured mammalian synapses (24). By contrast,
PHP at the mouse NMJ involves RRP modulation without any evidence for changes
in pr (18). Although future experiments are required to relate these observations, this
points towards the possibility that different synapses may engage different
presynaptic mechanisms during PHP.

A major finding of this study is that synaptic transmission at cerebellar MF-GC
strongly depends on the GluA4 AMPAR subunit. The GluA4 subunit, encoded by
GRIA4, confers rapid kinetics and large conductance to mammalian AMPARs (53).
Previous work at the calyx of Held synapse demonstrated a role of GluA4 for fast
sensory processing and indicated partial presynaptic compensation in GIuA4~~ mice
(57). Cerebellar mossy fibers are capable of firing at remarkably high frequencies
(35) and our data show that GluA4 is the predominant AMPAR subunit at MF-GC
synapses. These findings suggest that different CNS synapses rely on the GluA4

subunit for rapid information transfer. Mutations in GRIA4 have been implicated in
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schizophrenia and intellectual disability (69, 70), underscoring the importance of this
AMPAR subunit for synaptic function.

Our findings advance our understanding of homeostatic plasticity by revealing
5 rapid and reversible regulation of specific presynaptic mechanisms upon glutamate
receptor perturbation at a central synapse. In addition, we demonstrate a conserved
process between presynaptic homeostatic plasticity studied at the Drosophila NMJ
and the maintenance of neural function in the mammalian CNS. It will be exciting to
explore the underlying molecular mechanisms and the interface between PHP and
10 other forms of synaptic plasticity in the CNS (32, 33, 71).
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Methods

Animals

Animals were treated in accordance with national and institutional guidelines.
All experiments were approved by the Cantonal Veterinary Office of Zurich
(authorization no. ZH206/16). Wild-type C57BL/6JRj mice were obtained from Janvier
Labs; GRIA4 knock-out mice were a kind gift of H. Monyer ((51); termed “GIluA4*™
and “GluA4™ throughout the manuscript). GIuA4™~, GIuA4*~, and wild-type (“WT”)
littermates were bred from heterozygous crosses. Adult (3—10-week-old) mice of either
sex were used for experiments. All animals were maintained with food ad libitum on a
12h/12h light/dark cycle, and experiments were performed between 9AM and 9PM.

Genotyping of GRIA4 mice was performed by PCR analysis of genomic DNA
from toe biopsies. For genotyping, the forward primer 5'-
CGTGCGCCACCACCGCCCGG-3' was used with the reverse primer 5'-
TGCCACTCAGTTATTGCATCAC-3' to detect a 290 bp band in wild-type, and with the
reverse primer 5-CAAAACATGGATTAGTCTTTATGGAACAG-3' to detect a 500 bp
band in GRIA4 mutant mice.

Slice Electrophysiology

Mice were sacrificed by rapid decapitation; the cerebellar vermis was removed
quickly and mounted in a chamber filled with cooled extracellular solution. 300-pum thin
parasagittal slices were cut using a Leica VT1200S vibratome (Leica Microsystems),
transferred to an incubation chamber at ~35 °C for 30 minutes and then stored at room
temperature until experiments. The extracellular solution (artificial cerebrospinal fluid,
ACSF) for slice cutting and storage contained (in mM): 125 NaCl, 25 NaHCO3, 20
glucose, 2.5 KClI, 2 CaClz, 1.25 NaH2PO4, 1 MgClz, equilibrated with 95% O2 and 5%
CO2, pH 7.3, ~310 mOsm. Chemicals were obtained from Sigma-Aldrich unless

otherwise stated.

Postsynaptic Recordings
Slices were visualized using an upright microscope with a 60x, 1 NA water-
immersion objective, infrared optics, and differential interference contrast. Cerebellar

granule cells were identified as described previously (35, 72). Recordings were
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performed in lobules IlI-VI of the cerebellar vermis. The recording chamber was
continuously perfused with ACSF supplemented with 10 uM Bicuculline to block
GABA-A receptors, 1 uM Strychnine to block glycine receptors, and 10 uM D-APV to
block NMDA receptors. In a subset of recordings, the ACSF contained 50 uM
cyclothiazide (CTZ; final DMSO concentration, 0.05%) and 1 mM Kynurenic acid (Kyn)
to prevent postsynaptic AMPA receptor desensitization and saturation, respectively.
In some recordings, D-APV was omitted, or Bicuculline was replaced by 50 uM
Picrotoxin (final DMSO concentration, 0.05%).

Postsynaptic patch pipettes were pulled to open-tip resistances of 5-9 MQ
(when filled with intracellular solution) from 1.5 mm/1.05 mm (OD/ID) borosilicate
glass (Science Products) using a Sutter P-97 horizontal puller (Sutter Instruments).
The intracellular solution contained (in mM): 150 K-gluconate, 10 NaCl, 10 HEPES, 3
MgATP, 0.3 NaGTP, 0.05 ethyleneglycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic
acid (EGTA), pH adjusted to 7.3 using KOH. Voltages were corrected for a liquid
junction potential of +13 mV.

Whole-cell recordings were performed at room temperature (21-25 °C) using
an EPC10 amplifier (HEKA Elektronik). Voltage-clamp recordings were filtered with
the internal low-pass filter of the amplifier at 10 kHz and digitized at 100-200 kHz;
holding potential was —80 mV. Postsynaptic series resistance was typically <30 MQ
(median 22.9, range 12-50) and not compensated. Extracellular mossy fiber
stimulation was performed using bipolar square voltage pulses (duration, 150 ps)
generated by an ISO-STIM 01B stimulus isolation unit (NPI) and applied through an
ACSF-filled pipette. The pipette was moved over the slice surface in vicinity to the
postsynaptic cell while applying voltage pulses until excitatory postsynaptic currents
(EPSCs) could be evoked reliably. Care was taken to stimulate single mossy fiber
inputs demonstrated by robust average EPSC amplitudes when increasing stimulation
intensity (73). Stimulation was performed at 1-2 V above threshold, typically <15 V.

EPSCs were recorded at a stimulation frequency of 0.1 Hz. The decay of
EPSCs was fit with a biexponential function (34, 74) constrained to reach the baseline
before stimulation onset. Under all recording conditions and in all genotypes, the MF-
GC EPSC decay could be well described by a biexponential function (>20%
contribution of t slow). EPSC recordings during high-frequency train stimulation were

performed as previously described (74). Trains comprising 20 stimuli at 300 Hz were
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applied every 30 s. EPSC amplitudes during the train were quantified as difference
between the peak EPSC amplitude and the baseline current right after stimulation
(74). The number of release-ready vesicles was estimated by back-extrapolation of
the cumulative EPSC amplitude as described previously (39): A line was fit to the last
10 pulses of the cumulative EPSC amplitudes of the 300-Hz train. Extrapolation of the
linear fit to t = 0 and division by the average mEPSC amplitude yielded an estimate of
the initial number of release-ready vesicles (readily-releasable pool; “RRP”) before
onset of stimulation. For paired-pulse ratios (PPR), paired pulses with inter-stimulus
intervals of 3.33-50 ms were applied at 0.1 Hz. EPSCs from five consecutive sweeps
for a given IS| were averaged and PPR calculated as ratio of second over first average
EPSC.

Spontaneous miniature EPSCs (mEPSCs) were recorded from a holding
potential of =80 mV or —100 mV, filtered at 2.9 kHz and digitized at 50 kHz. mEPSC
amplitudes recorded at —100 mV were scaled down for quantal content calculation
according to the linear current-voltage relation of AMPA receptors at MF-GC synapses
with reversal potential of ~0 mV (36, 73). We confirmed the linear current-voltage
relation of EPSCs and the reversal potential under our recording conditions (data not
shown). Data were recorded for 60—240 s and spontaneous EPSCs were detected
with a template matching algorithm implemented in Neuromatic (75) running in Igor
Pro (Wavemetrics). The average mEPSC amplitude was calculated from all detected
events in a recording after visual inspection for false positives.

To investigate the effect of sub-saturating AMPAR block, 2 yM of GYKI 53655
were added to the ACSF. After varying incubation times, whole-cell recordings were
obtained from GCs in the continued presence of GYKI; times given in figures refer to
incubation time. To study the reversibility, slices were incubated in 2 yM GYKI for 30
minutes and subsequently exposed to regular ACSF. Times indicated in figures refer
to time of ACSF exposure before whole-cell recordings were begun. Data in Figure 1F
includes some recordings, where wash-out of GYKI was performed during whole-cell
recording.

For variance-mean analysis, EPSCs were recorded at —80 mV (corrected for
the liquid junction potential) using an intracellular solution containing (in mM): 135 Cs-
gluconate, 20 TEA-CI,10 HEPES, 5 Nazphosphocreatine, 4 MgATP, 2 QX-314, 0.3
NaGTP, 0.2 EGTA, pH adjusted to 7.3 using CsOH. Release probability was altered

by varying extracellular Ca?* concentration. The ACSF contained the following
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combinations of Ca?*/Mg?*: 2/1, 1/5, 4/1, 6/0.5. A total of 50-100 EPSCs were
recorded per Ca?* concentration at a frequency of 0.2 Hz. Only cells where data from
at least three Ca?* concentrations could be obtained were included for analysis. EPSC
amplitudes were calculated from a 100 ps time window centered around the peak;
baseline variance was determined in a 100 s time window preceding the stimulation

(76). Variance of EPSC amplitudes was calculated as

1
0% = - ¥, (I = D? (Eq. 1)
The variance of sample variance was calculated as
2 n 3(3-2n)(n-1)%—n(n-2)(n-3)2 2
o= (n—2)(n—3)( (n2-2n+3)(n—1)2 my + m4) (Eq 2)

Where m2 and m4 are the central moments calculated as
m, = Y0, (X, - X" (Eq.3)(77)

Variance was then plotted against mean EPSC amplitude for all Ca?*

concentrations and fit by
o2(D=ql-%  (Eq.4)

where [ is the mean EPSC amplitude and g and N represent quantal size and
the number of functional release sites (78). Fits were weighted by the inverse SEM.

To calculate quantal size in GluA4™~ mice, two additional approaches were
employed: (i) g was calculated from the limiting slope of the variance-mean plot (n = 16
for GIuA4™~ and n =11 for WT). Using this g estimate and the average EPSC
amplitude from a larger set of recordings (n = 39 for GIuA4”~and n = 31 for WT, Figure
3b), mean quantal content was calculated using bootstrap procedures (100,000
resamples each for ¢ and EPSC amplitude)(79). (ii) g was calculated from 1/CV?
analysis of EPSC recordings at low Ca?* concentration (i.e., 1 mM). At low release
probability (pr), 1/CV? equals quantal content and g can be calculated from the average
EPSC amplitude accordingly (80). The three estimates of g were in good agreement
(cf. SI Appendix Fig. S7).

Single-channel conductance of AMPARs at MF-GC synapses was determined
from the variance of peak-scaled mEPSC decay (81). Recordings with at least 40
events were included for analysis. Individual mEPSCs were peak-scaled to the
average and subsequently subtracted from the average. Variance was calculated from
the difference traces in 100 bins of equal fractional amplitude reduction within the

decay phase of mMEPSCs. Variance was plotted against mean amplitude and the initial

16


https://doi.org/10.1101/785535
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/785535; this version posted September 27, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10

15

20

25

30

available under aCC-BY-NC-ND 4.0 International license.

75% of the data were fit with a parabola (Eq. 4), yielding the single-channel

conductance (81).

Presynaptic Recordings

Cerebellar mossy fiber boutons were identified based upon morphology and
passive membrane parameters as described previously (35, 45, 82). Recordings were
performed in lobules IlI-VI of the cerebellar vermis. For current-clamp recordings, the
same solutions as for postsynaptic recordings were used (ACSF, K-gluconate-based
internal). Presynaptic APs were recorded and analyzed as previously described (35).
For voltage-clamp measurements, the slice recording chamber was continuously
perfused with ACSF containing (in mM): 105 NaCl, 25 NaHCOg3, 25 glucose, 20 TEA-
Cl, 5 4-AP, 2.5 KClI, 2 CaClz, 1.25 NaH2PO4, 1 MgClz, and 0.001 tetrodotoxin (TTX),
equilibrated with 95% O> and 5% CO.. Presynaptic patch pipettes were pulled to
open-tip resistances of 5-9 MQ (when filled with intracellular solution). The
intracellular solution contained (in mM): 135 Cs-gluconate (HelloBio), 20 TEA-CI, 10
HEPES, 5 Nazxphosphocreatine, 4 MgATP, 0.3 NaGTP, 0.2 EGTA, pH adjusted to 7.3
using CsOH. Voltages were corrected for a liquid junction potential of +13 mV.

Direct presynaptic whole-cell recordings were performed at room temperature
(21-25 °C). Data were filtered with the internal low-pass filter of the amplifier at 10 kHz
and digitized at 200 kHz. Presynaptic series resistance was typically <30 MQ (median
22.9, range 12-50) and compensated online by 40-60% with 10 ys delay. We
pharmacologically isolated presynaptic Ca?* currents as previously described (35, 45,
82). Ca?* currents were elicited by square pulses of varying duration, and were
corrected for leak and capacitance currents using the P/4 method. To investigate
activation kinetics of presynaptic Ca?* currents, voltage steps of 3 ms duration to
varying potentials from a holding potential of -80 mV were used. Steps to varying
potentials after full activation (0 mV for 3 ms) were used to study deactivation of Ca?*
currents. Activation and deactivation kinetics were fit and analyzed as described
previously (35, 45). Analysis of Ca?*-current kinetics was restricted to recordings with
series resistance <30 MQ.

Membrane capacitance (Cm) measurements were performed using the
'sine + DC' mode (44) of the Patchmaster software lock-in extension as previously
described (35, 45, 83). For Cn recordings, a sine-wave with 1 kHz frequency and
150 mV peak amplitude was superimposed on a holding potential of -100 mV. Resting
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capacitance was estimated to be 4.6 £ 0.3 pF (for WT; n = 23; median 3.3 pF). In
between sine-wave stimulation, the presynaptic terminal was depolarized from
-80 mV to 0 mV for 1-100 ms. Hydrostatic pipette pressure during Cm recordings was
kept to a low and constant level (84). The Crn increase was determined as difference
between the mean capacitance 50-100 ms after the depolarizing pulse and the

baseline during 200 ms before onset of the depolarizing pulse.

Statistical Analysis

Data were analyzed using custom-written routines in Igor Pro software
(Wavemetrics). In the figures, stimulation artifacts are blanked for clarity and some
examples are digitally filtered to 7.9 kHz using the finite-response filter function in Igor
Pro. Figure legends and text state the number of independent cells (n). Statistical
testing was performed in R (85). Significance of datasets was examined using two-
sided unpaired or paired Student’s t tests. Paired-pulse ratios, ACn data and Ca?*
current densities were tested using two-way analysis of variance (ANOVA) followed
by post-hoc two-sided Student’s t tests with Bonferroni-Holm correction. Statistical
significance is indicated as p values in the figure legends. Effect sizes were calculated
as Cohen’s d (for t-tests) or partial n?> (for ANOVA) using the effsize and sjstats

packages in R.

Data Availability
The data that support the findings of this study are available from the

corresponding author upon reasonable request.
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Figure Legends

Fig. 1: Rapid, Reversible Homeostatic Release Modulation in the Mouse
Cerebellum. (A) Schematic of postsynaptic whole-cell recordings from cerebellar
granule cells and MF stimulation to evoke EPSCs. (B) Representative mEPSCs and
AP-evoked EPSCs recorded from a control synapse (Left), or from synapses
incubated with 2 yM of the AMPAR antagonist GYKI 53655 for the indicated
incubation times (Middle and Right). (C) mEPSC amplitudes, EPSC amplitudes, and
quantal content for different GYKI incubation times. Dashed lines represent control
values with shaded area indicating £+ SEM, numbers represent individual recordings.
(D) Average data for mEPSC amplitude (Cohen’s d = -1.1; p = 1.7E-6), EPSC
amplitude (d = -0.02; p = 0.94) and quantal content (= EPSC/mEPSC; d = 0.78;

p = 0.0005) of all cells with >20 minutes of GYKI incubation. (E) Left: Experimental
design. Slices were incubated in ACSF containing 2 yM GYKI for 30 minutes and
recordings were subsequently carried out in control ACSF (“wash”) at indicated time
intervals (At). Right: example EPSCs for GYKI and wash conditions. (F) Average
data for mEPSC amplitude, EPSC amplitude, and quantal content. The group ‘wash
<20 minutes’ includes cells with wash-out during recording. Dashed lines indicate
control averages with shaded area representing + SEM. * p < 0.05; ** p < 0.01;

***p <0.001; *** p <0.0001; n.s. not significant; two-tailed Student’s t-test. Data are

presented as mean + SEM.

Fig. 2: Acute AMPAR Perturbation Increases Readily-Releasable Pool Size. (A) Left:
Representative recordings of 300-Hz stimulation (20 pulses) for control synapses
and GYKI-treated synapses (>20 minutes incubation). Right: Cumulative quantal
content [calculated as: (cumulative EPSC amplitude)/(mEPSC amplitude)] for the
examples on the left. Extrapolated linear fits provide the RRP size estimate
(indicated). (B) Average data for control and GYKI. GYKI enhanced RRP size
(d=10.69; p =0.017) without changing release probability [calculated as: (first EPSC
amplitude)/(cumulative EPSC amplitude); d = —0.04; p = 0.89]. (C) Average EPSC
amplitude during 300-Hz train stimulation for control and GYKI, normalized to the
first EPSC. (D) Left: Representative EPSCs evoked by stimulation with 10 ms inter-

stimulus interval (ISI) in the presence of cyclothiazide and kynurenic acid to minimize
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postsynaptic contributions. Right: Average paired-pulse ratio (PPR) versus ISI for
control and GYKI-treated cells. PPRs were not affected by GYKI treatment. (E) Left:
Cartoon illustrating presynaptic whole-cell recordings from cerebellar mossy fiber
boutons. Right: Voltage command (Vcom, 10-ms depolarization to 0 mV, top),
representative pharmacologically isolated Ca?* currents (middle), and membrane
capacitance (Cm) jumps (bottom) for control and GYKI-treated boutons (>20 minutes
incubation). (F) Average data of Cn, increase (ACm) versus duration of presynaptic
depolarization for both conditions (n? = 0.14; p = 6.6E-05; two-way ANOVA). Lines
are bi-exponential fits; Cn increase was normalized to resting whole-cell
capacitance. (G) Left: Representative recording of pharmacologically isolated
presynaptic Ca?* currents. Ca?* currents were evoked by 3-ms voltage steps from a
holding potential of =80 mV to +40 mV in 10-mV increments. Right: Ca?*-current
density versus voltage for control and GYKI (n? = <0.01; p = 0.88; two-way ANOVA).
*p <0.05; " p<0.01; ** p <0.001; *** p <0.0001; n.s. not significant; two-tailed

Student’s t-test. Data are presented as mean £ SEM.

Fig. 3: Sustained AMPAR Perturbation Increases Readily-Releasable Pool Size.

(A) Representative mEPSCs and AP-evoked EPSCs in WT and GluA4*~ mice. (B)
Average data for mEPSC amplitude (d = -0.90; p = 0.0001), EPSC amplitude

(d =0.14; p = 0.55) and quantal content (= EPSC/mEPSC; d = 0.70; p = 0.0095). (C)
Left: Representative recordings after 300-Hz stimulation (20 pulses) for WT and
GluA4*~. Right: Cumulative quantal content [calculated as: (cumulative EPSC
amplitudes)/(mEPSC amplitude)] for the examples on the left. Extrapolated linear fits
provide the RRP size estimate (indicated). (D) Average data for WT and GIuA4*-.
RRP size was increased (d = 0.72; p = 0.02) at GluA4*~ synapses without apparent
changes in release probability [calculated as: (first EPSC amplitude)/(cumulative
EPSC amplitude); d = =0.001; p = 0.99]. (E) Average normalized EPSC amplitude
during 300-Hz train stimulation. (F) Left: Schematic of recordings from MF boutons.
Middle: Voltage command (Vcom, 10-ms depolarization to 0 mV, top), representative
Ca?* currents (middle) and membrane capacitance (Cm) jumps (bottom) for WT and
GluA4*~. Right: Average presynaptic Cn, increase (ACm) against stimulus duration in
WT and GIluA4*~ MF boutons (n2 = 0.07; p = 0.0002; two-way ANOVA). (G) Ca?*-
current density versus voltage in WT and G/uA4*~ (n? = 0.001; p = 0.60; two-way
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ANOVA). * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. not significant; two-tailed

Student’s t-test. Data are presented as mean + SEM.

Fig. 4: Synergistic Homeostatic Control of RRP Size and Release Probability. (A)
Representative mEPSCs and AP-evoked EPSCs in GluA4*~ mice under control and
in the presence of 2 yM GYKI 53655. (B) Average data for mEPSC amplitude
(d=-0.84; p=0.011), EPSC amplitude (d = -0.14; p = 0.65) and quantal content
(= EPSC/mEPSC; d = 0.41; p = 0.12) in GluA4*~ with or without GYKI. (C) High-
frequency train-based RRP estimation. Left: Representative 300-Hz train recording
in GluA4*~ with GYKI. Right: Average data for RRP size (d = -0.11; p = 0.73) and
release probability [calculated as: (first EPSC amplitude)/(cumulative EPSC
amplitude); d = 1.04; p = 0.003]. (D) Left: Average EPSC amplitude during 300-Hz
train stimulation for GluA4*~ and GluA4*~ with GYKI, normalized to the first EPSC.
Right: Average time constant of synaptic depression during 300-Hz train stimulation
(d =-0.90; p = 0.0081). Faster depression of GYKI-treated G/luA4*~ synapses
suggests increased pr. (E) Left: Example EPSCs (24 single responses are overlaid
with the average) in GluA4*~ under control and with GYKI. Same examples as in A.
Right: Average data of EPSC amplitude coefficient of variation (CV), which was
decreased by GYKI (d = -0.58; p = 0.04). (F) Left: Representative recordings at

10 ms ISl for GluA4*~ and GluA4*~ with GYKI. Right: Average paired-pulse ratios for
GluA4*~ and GluA4*~ with GYKI. (G) Left: Schematic of presynaptic recordings.
Right: Average capacitance jumps normalized to resting Cm. Direct presynaptic
recordings reveal no further enhancement of RRP in GluA4*~ upon GYKI treatment
(m?2 < 0.001; p = 0.92; two-way ANOVA). Dashed line replots WT data from Fig. 3F
for comparison. (H) GYKI slightly enhanced Ca?*-current density in GIuA4*~

(m? =0.02; p = 0.004; two-way ANOVA,; post-hoc n.s.). * p < 0.05; ** p < 0.01;

***p <0.001; n.s. not significant; two-tailed Student’s t-test. Data are presented as
mean + SEM.

Fig. 5: GluA4 is the Major AMPAR Subunit at MF-GC Synapses. (A) Representative

mEPSCs and AP-evoked EPSCs in WT and G/uA4~~ mice. (B) Average EPSC
amplitudes (d = -1.96; p = 8.1E-14). (C) Left: Representative EPSCs in WT and
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GluA4~~ mice overlaid with bi-exponential fits to the decay. Time constants of the
fast component are indicated. Right: Average fast decay time constant for both
genotypes (d = 0.84; p = 0.0026). (D) EPSC amplitudes at indicated extracellular
Ca?* concentrations of a representative recording in WT (Top) and GluA4™~
(Bottom). (E) EPSC amplitude variance versus mean for the examples in panel D.
Quantal size (q) estimates obtained from parabolic fits are indicated. (F) Average
data from variance-mean analysis. GIuA4™~ synapses have a strongly reduced g
(d =-2.84; p = 0.0004). Although EPSC amplitudes are smaller in GluA4~~
(d=-2.1; p=0.0051), quantal content is increased (d = 1.01; p = 0.017). * p < 0.05;
**p <0.01; ** p <0.001; two-tailed Student’s t-test. Data are presented as mean %
SEM.

Fig. 6: Enhanced Exocytosis and Ca?* Influx at GluA4-Deficient Boutons. (A) Left:
Schematic of recordings from MF boutons. Right: Voltage command (Vcom, 10-ms
depolarization to 0 mV, top), representative Ca?* currents (middle) and membrane
capacitance (Cm) jumps (bottom) for WT and GluA4™~. (B) Average Cn increase
(ACm) versus duration of presynaptic depolarization (n? = 0.179; p = 2.2E-09; two-
way ANOVA). Lines are bi-exponential fits; Cn increase was normalized to resting
whole-cell capacitance. (C) Representative pharmacologically isolated presynaptic
Ca?* currents. Ca?* currents were evoked by 3-ms voltage steps from a holding
potential of -80 mV to +40 mV in 10-mV increments. (D) Ca?*-current density versus
voltage for WT and GluA4™~ (n? = 0.065; p = 3.1E-06; two-way ANOVA). Inset
shows maximum Ca?*-current density of WT, GIluA4*~, GIluA4*~ with GYKI, and
GluA4~~ for comparison (normalized to WT). (E) Top: Average data for steady-state
activation; lines are sigmoidal fits. Bottom: Time constants of Ca?*-channel activation
(filled symbols) and deactivation (open symbols). * p < 0.05; ** p < 0.01; two-tailed

Student’s t-test. Data are presented as mean £ SEM.
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