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SUMMARY

The output of the cerebellar cortex is conveyed to the
deep cerebellar nuclei (DCN) by Purkinje cells (PCs).
Here, we characterize the properties of the PC-DCN
synapse in juvenile and adult mice and find that pro-
longed high-frequency stimulation leads to steady-
state responses that become increasingly frequency
independent within the physiological firing range of
PCs in older animals, resulting in a linear relationship
between charge transfer and activation frequency.
We used a low-affinity antagonist to show that
GABAA-receptor saturation occurs at this synapse
but does not underlie frequency-invariant transmis-
sion. We propose that PC-DCN synapses have two
components of release: one prominent early in trains
and another specialized to maintain transmission
during prolonged activation. Short-term facilitation
offsets partial vesicle depletion to produce fre-
quency-independent transmission.
INTRODUCTION

Although the cerebellum has been associated primarily with

controlling motor function, growing evidence suggests that the

cerebellum plays important roles in social and cognitive behav-

iors (Reeber et al., 2013; Van Overwalle et al., 2014; Wang

et al., 2014). To understand how the cerebellum participates in

behaviors, it is crucial to determine how cerebellar outputs regu-

late activity in other brain regions. Purkinje cells (PCs), the sole

outputs of the cerebellar cortex, make powerful inhibitory synap-

ses onto target neurons in the deep cerebellar nuclei (DCNs). By

modulating DCN activity, PCs ultimately influence downstream

targets throughout the brain, including the brainstem and

thalamic structures (Teune et al., 2000; Dum and Strick, 2003;

Chen et al., 2014).

In order to understand how PC activity regulates the firing of

neurons in the DCN, it is important to clarify the properties of

PC-DCN synapses under physiological conditions and, prefer-

ably, to do so in mature animals. However, because of technical

challenges, previous work focused primarily on young animals
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(Telgkamp and Raman, 2002; Telgkamp et al., 2004; Kawaguchi

and Sakaba, 2015). Moreover, those and other studies activated

PC-DCN synapses with relatively brief stimulus bursts (Telg-

kamp and Raman, 2002; Pedroarena and Schwarz, 2003; Telg-

kamp et al., 2004; Han et al., 2014), whereas PCs typically fire

constantly at high frequencies in vivo (Zhou et al., 2014). Thus,

characterizing PC-DCN synapses during prolonged periods of

high-frequency activation could more accurately reflect the

properties of synaptic transmission in vivo.

The properties of PC-DCN synapses remain a matter of

debate. Studies in young animals (at post-natal day [P]13–P15)

indicate that PC-DCN synapses depress in a frequency-depen-

dent manner, with depression increasing at higher stimulus fre-

quencies (Telgkamp and Raman, 2002). In young animals, the

properties of PC synapses are strongly influenced by the spill-

over and pooling of GABA released from the many release sites

on PC boutons (Telgkamp and Raman, 2002; Telgkamp et al.,

2004; Pugh and Raman, 2005). Recently, the observation that

action potentials sometimes fail to invade PC presynaptic bou-

tons, particularly at high firing frequencies, led to the alternative

hypothesis that action potential failures account for the more

pronounced depression for high-frequency firing (Kawaguchi

and Sakaba, 2015). This finding is significant because it suggests

that a substantial fraction of action potentials propagate down

the length of PC axons only to fail to invade presynaptic termi-

nals. However, in older animals, some aspects of synaptic trans-

mission are frequency independent (Person and Raman, 2011;

Jackman et al., 2014). This suggests that the properties of

depression and the mechanisms that underlie depression may

change during development.

Here, we investigate the properties of the PC-DCN synapse

under near-physiological conditions using prolonged high-fre-

quency activation. We find that, although steady-state re-

sponses are frequency dependent in young animals, in juveniles

and adults, these synapses depress to similar steady-state

levels across a wide range of frequencies. As a result, charge

transfer is linearly related to the range of average PC firing fre-

quencies observed at rest in vivo (10–100 Hz). This suggests

that depression arising from frequency-dependent spike inva-

sion does not contribute significantly to depression under our

experimental conditions. The linear frequency dependence of

charge transfer is an unusual synaptic property that has also

been observed at glutamatergic afferents in vestibular nuclei
uthor(s).
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Figure 1. Charge Transfer at PC-DCN Synapses Is Linearly Dependent on Presynaptic Firing Frequency in Juveniles and Adults

(A) Schematic of sagittal cerebellar slice preparation and recording configuration.

(B) Average IPSCs at P14 evoked by 100 stimuli at the indicated frequencies for the same cell in 1.5 mM external calcium (Cae).

(C) Left: summary of normalized (norm.) steady-state IPSC amplitude as a function of stimulus frequency in P13–P14 animals in 1.5 mMCae (n = 6) and 2 mMCae
(n = 7). Right: charge transfer due to incremental evoked IPSCs (product of IPSCSS and stimulation frequency, normalized to 10 Hz) as a function of stimulus

frequency.

(D) Same as in (B), but for a P25 animal.

(E) Same as in (C), but for P21–P25 animals (n = 8).

(F) Same as in (B), but for a P102 animal.

(G) Same as in (C), but for P80–P110 animals (n = 7).

(H) Amplitudes of IPSCs as a function of stimulus frequency for 100-Hz stimulation.

(I) Ratio of steady-state responses to 10-Hz trains to those of 100-Hz trains as a function of age. Each point is one cell.

All experiments were performed in 1.5 mM Cae other than those indicated for P13–P14 animals and summarized in (C) and (I). All data points are presented as

means ± SEM unless otherwise noted.

See also Figure S1.
(Bagnall et al., 2008; McElvain et al., 2015). We find that, at the

PC-DCN synapse, linear charge transfer appears to arise from

a number of synaptic specializations, including an unexpected

component of short-term facilitation that is normally masked

by depression. Together, these specializations allow the

PC-DCN synapse to linearly encode PC firing.

RESULTS

Purkinje cell synapses onto neurons in the DCN were studied by

activating PC axons with an extracellular electrode placed in the

white matter between the cerebellar cortex and the DCN (Fig-

ure 1A). The resulting inhibitory post-synaptic currents (IPSCs)

were recorded from putative glutamatergic projection neurons

that can be visually identified by their large cell bodies (Uusisaari

et al., 2007).

Synaptic properties are strongly regulated during develop-

ment; thus, in order to relate synaptic properties to behavior, it
is important to determine the properties ofmature synapses in ju-

veniles and adults under physiological conditions. Previously, PC

synapses onto neurons in the DCN had been characterized in

very young animals and in elevated external calcium (Cae,

2mM) (Figure 1C, left, light blue). We confirmed that, under these

experimental conditions, there is a strong frequency depen-

dence of steady-state synaptic strength at PC-DCN synapses.

These differences were reduced in more physiological Cae
(1.5 mM) (Figures 1B and 1C, left). In juvenile animals (P21–

P30), transmission during trains reached steady state and

became less frequency dependent. Steady-state IPSC ampli-

tudes during 10-Hz stimulation were comparable to that during

100-Hz stimulation (Figures 1D and 1E, left). These differences

were absent in adults (P80–110; Figures 1F and 1G, left). Plots

of the steady-state IPSC amplitude as a function of stimulus fre-

quency indicates that steady-state transmission becomes more

frequency invariant with age. Whereas in very young animals,

there is a steep dependence between steady-state transmission
Cell Reports 17, 3256–3268, December 20, 2016 3257



and frequency (Figure 1C, left), adult PC-DCN synapses remain

constant within the 10- to 100-Hz firing range (Figure 1G, left).

The ratio of steady-state IPSC sizes evoked by 10- and 100-Hz

trains (IPSCSS10/100), which provides a measure of the frequency

invariance of transmission, shows that transmission becomes

more frequency invariant with age (Figure 1I) (IPSCSS10/100 =

2.34 ± 0.34 at P12–P15 in 2 Cae, 1.52 ± 0.10 at P12–P15 in 1.5

Cae, 1.21 ± 0.05 at P21–P30, and 0.98 ± 0.02 at P80–P110),

and in adults, this ratio is not significantly different from 1

(p < 0.05, one-sample t test for P80–P110). The steady-state

IPSC size for individual cells reflected these averages (Figure S1).

This frequency invariance of steady-state transmission is an

unusual and unexpected property. For most depressing synap-

ses, increased firing frequency leads to more pronounced

depression (Abbott et al., 1997; Brenowitz et al., 1998; Galarreta

and Hestrin, 1998; Cook et al., 2003), with the exception of

vestibular afferents in vestibular nuclei (Bagnall et al., 2008;

McElvain et al., 2015) and, possibly, auditory inputs in the chick

brainstem (MacLeod et al., 2007). At the PC-DCN synapse in

very young animals, depression is frequency dependent, and it

has been proposed that this is due to the failure or attenuation

of action potentials upon invasion of presynaptic boutons at

high frequency (Kawaguchi and Sakaba, 2015). Here, we find

that, at near-physiological temperatures in juvenile and adult

mice, there is no such frequency dependence to the extent of

depression, suggesting that action potentials reliably invade pre-

synaptic boutons within the resting physiological firing range at

mature PC-DCN synapses.

Since steady-state IPSC amplitudes at PC-DCN synapses

remain invariant of stimulation frequency, we determined how

stimulation frequency relates to the charge transfer due to incre-

mental IPSC amplitude, calculated as the product of steady-

state IPSC size and stimulation rate. To compare values across

cells, we plotted the average charge transfer normalized to 10 Hz

as a function of frequency. In very young animals, there was a

non-linear relationship between charge transfer and stimulation

frequency that was somewhat more pronounced (Figure 1C,

right). During high-frequency stimulation, stronger depression

reduced the total charge transfer relative to low-frequency stim-

ulation. In juveniles and adults, charge transfer became progres-

sively more linear (Figures 1E and 1G, right) so that, in adults, a

10-fold increase in stimulation frequency correspondingly re-

sulted in a 10-fold increase in charge transfer. As steady-state

transmission is approximately frequency invariant in juveniles

and adults, and since experiments are more difficult in adults,

we focused on juvenile PC-DCN synapses.

A number of factors must be considered in order to under-

stand how PC-DCN synapses provide frequency-independent

depression over such a large range of stimulus frequencies. Re-

covery from depression is a major determinant of steady-state

responses during stimulus trains. At some synapses, recovery

from depression is calcium dependent and accelerates when

higher firing rates lead to more calcium influx (Dittman and Re-

gehr, 1998; Stevens and Wesseling, 1998; Wang and Kacz-

marek, 1998; Sakaba and Neher, 2001; Yang and Xu-Friedman,

2009). This could allow synapses to adjust recovery from

depression in a frequency-dependent manner to better maintain

transmission when challenged with sustained high-frequency
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activation. Thus, it is possible that the recovery rate accelerates

as the stimulus frequency increases. If recovery at PC-DCN syn-

apses is accelerated during high-frequency stimulation, it could

counteract stronger depression to produce net steady-state

transmission that appears invariant of frequency.

Therefore, we quantified recovery from depression by acti-

vating PC-DCN synapses with trains of 100 stimuli at either

100 Hz or 20 Hz and applying test pulses at different time inter-

vals following these trains (Figure 2A). The time course of recov-

ery from depression following a 100-Hz stimulus train is well

approximated by a single exponential with a time constant of

vesicle replenishment, tR, of 7.5 ± 0.6 s (Figure 2B). Even at short

times after the train, a rapid phase of recovery was not apparent

(Figure 2B, right). This contrasts with other synapses where

similar experiments revealed a rapid component of recovery

that could be effective at allowing synapses to maintain trans-

mission during long-lasting high-frequency activation. Recovery

from depression was not significantly different following 100

stimuli at 20 Hz (Figure 2C; tR = 7.0 ± 1.1 s, p = 0.73, Student’s

t test). This suggests that a frequency-dependent acceleration in

recovery from depression does not play a role in the linearity of

PC-DCN synapses.

The responses to high-frequency stimulation and slow recov-

ery from depression provide important constraints on models

that could describe the properties of the PC-DCN synapse. We

determined whether the observed properties of the PC-DCN

synapse could be described by a simple depletion model, which

has been used to describe release at a number of depressing

synapses (Neher and Sakaba, 2008; Ruiz et al., 2011; Thanawala

and Regehr, 2013, 2016). This model consists of a uniform pool

of vesicleswith three parameters: n, the number of vesicles in the

readily releasable pool at rest; P, the release probability; and tR,

the time constant of vesicle replenishment (Figure 3A). The

parameter tR was determined from the time course of recovery

from depression (Figure 2B; see Thanawala and Regehr, 2013,

2016; Experimental Procedures), and P was unconstrained.

Experimental data for 100-Hz trains were fit with an exponential

to the initial rate of decay of the IPSC amplitude (Figure 3B, l)

and the steady-state IPSC level (Figure 3B, IPSCSS; IPSCi =

IPSCSS + (1 � IPSCSS) e
�i/l). According to the model, l and

IPSCSS are both dependent on P (Figures 3C–3E). Steady-state

IPSCs comparable to what we observed are only present when

p < 0.005 (Figure 3E), but when P is very low, it takes hundreds

of stimuli to reach steady state (Figure 3D). These findings sug-

gest that PC-DCN synapses cannot be accounted for by a

depletion model for a single uniform pool of vesicles.

Synapses often have multiple forms of use-dependent plas-

ticity, and it is possible that they combine to produce linear

charge transfer. Short-term facilitation is one form of synaptic

enhancement that increases synaptic responses in a fre-

quency-dependent manner and could, thus, counteract depres-

sion. Such an interaction between facilitation and depression

has been proposed to contribute to responses at synapses in

the chick auditory brainstem (MacLeod et al., 2007). Therefore,

we assessed the possibility that facilitationmight also be present

in addition to depression. Lowering Cae decreased synaptic

strength to 11.7% ± 1.5% (n = 11) of control values (Figure S2)

and revealed that PC-DCN synapses undergo short-term



Figure 2. Recovery from Depression

following a Stimulus Train Is Slow and Inde-

pendent of the Train Frequency in P21–P30

Animals

(A) IPSCs evoked by a 100-Hz stimulus train fol-

lowed by IPSCs after a delay of 0.1 s to 20 s. Traces

are averages of six to eight trials.

(B) Recovery of IPSC amplitude following 100-Hz

stimulation is approximated with a single expo-

nential fit constrained to go to 1 (R2 = 0.994). The

average steady-state IPSC amplitude is indicated

by a dashed line. Expanded axes at right shows

recovery time points within the first second after the

train (n = 8 cells). norm., normalized.

(C) Same as in (B), but for 20-Hz stimulation (n = 7

cells). R2 = 0.992 for the exponential fit. All data are

presented as means ± SEM unless otherwise

noted.
facilitation that is masked by depression under normal condi-

tions. Trains of 100-Hz stimulation evoked prominent facilitation

in 0.5 mM Cae (Figure 4A). On average, facilitation peaked within

the first few stimuli, reaching 170% ± 10% of the initial IPSC

amplitude at 100 Hz (Figure 4B). The magnitude of facilitation

scaled with stimulation frequency (Figure 4C) and could be re-

vealed with modest changes in Cae (Figure S2).

Even though depression can mask facilitation in physiological

calcium (1.5mMCae), it ispossible to reveal facilitationwithappro-

priate stimulus protocols (M€uller et al., 2010; Lu and Trussell,

2016). A 10-Hz train was initially applied to depress the synapse

and reach steady state, and this was followed by a step increase

to100Hz.Stepping from low- tohigh-frequencystimulationduring

steady state revealed a transient increase in IPSC amplitude (Fig-

ures 4D and 4E). Although it appears that facilitation is transient, it

is more likely that facilitation increases P to a steady-state value

during prolonged stimulation but that vesicle depletion builds dur-

ing sustained activation and eventually reduces the extent of

synaptic enhancement (see Modeling section in the Experimental

Procedures). We quantified the percent change in IPSC size after
Cell Repor
steps from 10 Hz to higher frequencies and

found that the increase in IPSCsizewas fre-

quency dependent (Figure 4F). These

findings suggest that facilitation occurs in

physiological conditions in amanner similar

to that observed in 0.5 mM Cae. Thus, it is

possible that the PC-DCN synapse

achieves frequency-independent trans-

mission by balancing depression with

facilitation.

The saturation and desensitization of

postsynaptic receptors can also influence

short-term synaptic plasticity during stim-

ulus trains (Trussell et al., 1993; Wadiche

and Jahr, 2001; Chen et al., 2002; Foster

et al., 2002; Xu-Friedman and Regehr,

2003; Foster and Regehr, 2004; Chanda

and Xu-Friedman, 2010). We relieved re-

ceptor saturation and desensitization
with a low-affinity competitive receptor antagonist. This

approach has been used extensively to study excitatory synap-

ses but has not been as widely used to study inhibitory synapses

(Sakaba, 2008). We used the low-affinity competitive GABAAR

antagonist TPMPA (dissociation constant, Kd, = 300 mM) (Ragoz-

zino et al., 1996; Jones et al., 2001) and compared responses to

those obtained in the presence of a low concentration of high-af-

finity GABAAR antagonist SR-95531 (Kd = 0.15 mM). SR-95531 is

not expected to influence saturation or desensitization because

of its slow unbinding rate.

The differential effects of these GABAAR antagonists suggest

that receptor saturation affects plasticity during stimulus trains at

PC-DCN synapses. Low concentrations of SR-95531 (300 nM)

and high concentrations of TPMPA (2 mM) reduced IPSC ampli-

tudes to a similar extent (reduced to 26% ± 5% versus 29% ±

6% of control in SR-95531 and TPMPA, respectively; p = 0.71,

Student’s t test) but had very different effects on short-term plas-

ticity. Depression became significantly more pronounced in

TPMPA (Figure 5B; IPSCSS control = 0.24 ± 0.02; IPSCSS

TPMPA = 0.12 ± 0.01; p < 0.01, paired Student’s t test), but it
ts 17, 3256–3268, December 20, 2016 3259



Figure 3. PC-DCN Synapses in P21–P30 Animals Cannot Be Described by a Single-Pool Depletion Model

(A) Schematic representation of a single-pool model with a readily releasable pool (RRP) of vesicles with uniform properties. During the first stimulus, the fraction

of the RRP released is determined by the release probability (P). Between stimuli, replenishment of the RRP is dependent on the extent of depletion and on the

recovery time constant (tR; see Experimental Procedures).

(B) Experimental data of IPSC amplitudes evoked by 100-Hz stimulation as a function of stimulus number were well approximated by an exponential decay. Data

are presented as means ± SEM; error bars are occluded by markers (n = 8 cells). norm., normalized.

(C) IPSC amplitudes determined from a single-pool model for 100-Hz trains using experimentally measured tR (7.5 s; Figure 2B) and the indicated values of P.

(D) Decay constant l in terms of number of stimuli according to a single-pool depletion model for a range of P. Dashed lines indicated the range of experimentally

observed responses.

(E) Steady-state IPSC size produced by the model across all values of P. Dashed lines indicated the range of experimentally observed responses.
was not significantly affected in SR-95531 (Figure 5A; IPSCSS

control = 0.21 ± 0.02; IPSCSS SR-95531 = 0.19 ± 0.02;

p = 0.21, paired Student’s t test). This is consistent with satura-

tion limiting the magnitude of IPSCs to a greater extent for re-

sponses early in the train that evoke more GABA release. In

contrast, TPMPA had no effect on short-term plasticity in low

Cae conditions in which GABA release is reduced and receptor

saturation should be minimal (Figure S3).

We determined whether PC-DCN synapses maintained linear

charge transfer when receptor saturation was attenuated.

Across the range of physiological frequencies, steady-state

IPSCs were similar (Figure 5C), and the steady-state IPSC ampli-

tude remained relatively constant in both the presence and the

absence of TPMPA (Figures 5D and S4; IPSCSS10/100 control =

1.31 ± 0.07; TPMPA = 1.27 ± 0.06; p = 0.61, Student’s t test).

There was a similarly linear relationship between charge transfer

and stimulation frequency with or without TPMPA (Figure 5E).

This indicates that receptor saturation is not required for the

nearly linear relationship between PC firing frequency and

charge transfer.
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These experiments establish key aspects of the PC-DCN syn-

apse that can be used to constrain the mechanism by which the

PC-DCN synapse conveys linear charge transfer. This includes

(1) the responses to 10- to 100-Hz stimulus trains, (2) recovery

from depression curves following stimulus trains, and (3) facili-

tating responses to step change in stimulus frequencies. We

found that a simple single-pool depletion model cannot describe

the PC-DCN synapse (Figure 3), even with the incorporation of

facilitation (data not shown).

We also evaluated a model developed by Raman and her col-

leagues to describe the PC-DCN synapse in young animals

(Telgkamp et al., 2004) (Figures S5, S6G, and S6H). This model

is based on the close proximity of active zones and associated

postsynaptic densities (PSDs) at this synapse that allows

GABA release from different active zones to pool and saturate,

or partially saturate, GABAA receptors. We applied this model

to describe older PC-DCN synapses and found that it could ac-

count for the effects of TPMPA (Figures S6G and S6H), but it

could not account for the near-frequency invariance of transmis-

sion on its own (Figure S5).



Figure 4. Short-Term Synaptic Facilitation

Is Present at the PC-DCN Synapse in P21–

P30 Animals

(A–C) Stimulus trains were used to evoke synaptic

responses in 0.5 mM external calcium (Cae). (A)

IPSCs evoked by 100-Hz stimulation. (B) Summary

of average IPSC amplitudes evoked by 100-Hz

trains (n = 6 cells). norm., normalized. (C) Facilita-

tion (IPSCmax) as a function of stimulation fre-

quency (n = 6 cells).

(D–F) In experiments conducted at 1.5mMCae, the

PC inputs were stimulated 100 times at 10 Hz,

followed by 50 stimuli at another frequency. (D)

IPSCs evoked by 10-Hz stimulation followed by

100-Hz stimulation. Expanded panel at right shows

IPSCs just before and after the change in fre-

quency. (E) Average IPSC size for protocol shown

in (D) with the percent change in IPSC size (DIPSC/

IPSCSS) measured as indicated (n = 6 cells). (F)

Change in IPSC size stepping from 10 Hz to

various frequencies. A conditioning train of 10 Hz

was applied to reach steady state, followed by a

step increase to 10–100 Hz (n = 6 cells).

All data are presented as means ± SEM.

See also Figure S2.
The failure of single-pool models to describe the PC-DCN syn-

apse prompted us to consider other possibilities, beginning with

a model that was developed to describe synapses between

vestibular afferents and neurons in themedial vestibular nucleus,

one of the only other synapses known to have frequency-inde-

pendent transmission (Bagnall et al., 2008). According to this

model, each release site contains two releasable vesicles, but

release is limited to a single vesicle per release site per stimulus.

Consequently, vesicles are always available for release, and

depression is determined by frequency-independent decreases

in release probability (McElvain et al., 2015). Since PC-DCN syn-

apses facilitate, and the magnitude of facilitation is frequency

dependent, it does not conform to the model of the vestibular

synapse.

There is increasing evidence that, at some synapses, release

may be mediated by multiple pools of vesicles (Mennerick and

Matthews, 1996; Sakaba and Neher, 2001; Hallermann et al.,

2003; Lu and Trussell, 2016). Therefore, we considered a model

that includes two distinct vesicle pools with different parameters.

We varied the parameters of a two-pool model across a wide

range of values to determine whether it was possible to repro-
Cell Report
duce the properties of the PC-DCN syn-

apse. We found that a two-pool model,

with parameters as shown in Table S1,

provided the best approximation of the

data. This is illustrated for 10-Hz and

100-Hz trains (Figure 6). One pool (Fig-

ure 6, red) accounts for approximately

30% of the total readily releasable pool,

has a relatively high release probability

(P1 = 0.26), and recovers slowly (tR1 = 12

s). A second pool (Figure 6, blue) has a

low initial release probability (P2 initial =
0.023) that increases due to facilitation during high-frequency

stimulation (P2 final = 0.058 at 100 Hz) and rapid recovery from

depression (tR2 = 0.28 s). Based on our experimental findings,

we used a linear relationship between stimulation frequency

and facilitation (Figures 4C and 4E).

The contribution of each pool can be illustrated by the re-

sponses to 10-Hz (Figure 6A) and 100-Hz (Figure 6B) stimulus

trains. The depleting pool accounts for most of the IPSCs early

in the stimulus trains, but it is depleted at steady state for both

10-Hz and 100-Hz stimulation (Figures 6A, and 6B, red). Conse-

quently, the depleting pool makes little contribution to the

steady-state response. It is the sustaining pool that accounts

for most of the steady-state synaptic response (Figures 6A and

6B, blue). For 10-Hz stimulation, the sustaining pool exhibits little

depletion because the initial P2 is low, and recovery fromdepres-

sion is rapid. At 10 Hz, the facilitation is so low that P2 remains

roughly constant. For 100-Hz stimulation, the sustaining pool

also accounts for most of the steady-state responses, which is

approximately the same amplitude as for 10-Hz stimulation,

but it does so in a very different manner. For 100-Hz stimulation,

recovery from depression is not sufficiently rapid to replenish the
s 17, 3256–3268, December 20, 2016 3261



Figure 5. Relief of Receptor Saturation and Desensitization Does Not Alter Linear Charge Transfer in P21–P30 Animals

(A) IPSCs before and after washing of the high-affinity GABAA-receptor antagonist SR-95531 (300 nM) in a single cell. Graph at right shows average IPSC

amplitudes as a function of stimulus number for a 100-Hz train in the absence (open symbols) and presence of SR-95531 (filled symbols); n = 6 cells. norm.,

normalized.

(B) Similar to (A), but using the low-affinity GABAA-receptor antagonist TPMPA (2 mM; n = 5 cells).

(C) Average IPSC size evoked by trains of the indicated frequencies in the presence of 2 mM TPMPA (n = 7 cells).

(D) Summary of normalized steady-state IPSC amplitude as a function of stimulus frequency in control conditions (as in Figure 1; n = 8 cells) and in the presence of

2 mM TPMPA (n = 7 cells).

(E) Average charge transfer as a function of stimulus frequency, normalized to 10 Hz.

All data are presented as means ± SEM; error bars are occluded in some cases by markers.

See also Figures S3 and S4.
sustaining pool, and partial depletion reduces the steady-state

size of the sustaining pool. Facilitation increases the steady-

state probability of release, releasing additional vesicles to offset

this partial depletion. Thus, it is the sustaining pool that maintains

nearly frequency-independent steady-state responses (Figures

6A-6C) and is responsible for the approximately linear charge

transfer (Figure 6D).

The parameters for the two-pool model were constrained by

many aspects of our experimental results in the presence of

TPMPA. For example, the IPSC amplitude decayed more slowly

as the stimulus frequency increased (Figures S6A and S6B). This

is not readily explained by a single-pool model, which predicts

that the decay of IPSC amplitude (l) is determined by the initial

probability of release. The frequency dependence of l is, how-

ever, readily accounted for by the two-pool model (Figures

S6A and S6B). It naturally arises as a consequence of facilitation,

which allows the sustaining pool to facilitate and prolong l during

100-Hz stimulation but contribute very little to l during 10-Hz

stimulation (Figures 6A and 6B).

Model parameters were also constrained by experiments

where the stimulus frequency was rapidly changed (Figure 4).

Steps from 10 to 100 Hz were modeled and compared to exper-

imental data (Figures S6C and S6D). The two-pool model ac-

counted for the transient increase in IPSC amplitude. According

to the model, the depleting pool is strongly depleted by pro-

longed 10-Hz stimulation and does not contribute to the tran-

sient increase in IPSC amplitude. In contrast, stepping from
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low- to high-frequency stimulation increased the probability of

release of the sustaining pool. The increase in IPSC strength is

transient, even though P2 remains elevated for the duration of

high-frequency stimulation, due to the depletion of the RRP.

Lastly, the recovery of the IPSC amplitude following high-fre-

quency stimulation constrained our model. Themodel had to ac-

count for the experimental observation that recovery from

depression is well approximated by a single exponential of

12 s in 2 mM TPMPA (Figures S6E and S6F), and there is no

sign of a rapidly recovering component corresponding to the

sustaining pool. For 10-Hz stimulation, this is expected, because

there is very little depletion of the quickly replenished sustaining

pool; but for 100-Hz stimulation, where depletion of the sustain-

ing pool is more prominent, a fast component of recovery from

depression would be expected. The reason why such a fast

component of recovery from depression is not observed is illus-

trated by modeling recovery following a 100-Hz train (Figures

S6E and S6F). Although there is a rapid component of recovery

from depression for the sustaining pool, this is offset by facilita-

tion so that a rapid decrease in P2 offsets a rapid recovery in the

number of vesicles in the sustaining pool.

Although it is possible that other models could also describe

our experimental findings, the two-pool model accounts for all

of our experimental observations. First, it highlights the impor-

tance of having a pool with a low initial probability of release

that helps to maintain transmission during sustained high-fre-

quency activation. Second, this pool with a low initial probability



Figure 6. A Two-Pool Model and Facilitation

Are Sufficient to Explain the Frequency

Independence of PC-DCN Synapses in

P21–P30 Animals

(A) Average IPSCs (top) in response to a 10-Hz

train for experimental data in 2 mM TPMPA and

two modeled vesicle pools (combined in purple).

Readily releasable pool (RRP, middle) size and

release probability (P, bottom) of each pool during

the train. norm., normalized.

(B) Same as (A), but with 100-Hz trains.

(C) Average steady-state IPSC size observed from

data in 2 mM TPMPA (n = 7 cells) and predicted by

models.

(D) Plot of charge transfer as a function of stimu-

lation frequency for experimental data andmodels.

Charge was calculated as the product of steady-

state IPSC size and stimulation frequency and

normalized to charge at 10 Hz.

All data are presented as means ± SEM; error bars

are occluded in some cases by markers.

See also Figures S5 and S6 and Table S1.
of release must recover rapidly to sustain transmission during

prolonged high-frequency activation. Finally, facilitation, which

is more prominent at high frequencies, offsets more prominent

depletion that occurs during sustained high-frequency activation

and is essential to achieving frequency-independent steady-

state transmission. Although, in our model, the pool with the

high initial probability of release does not facilitate, this is not

an essential feature. It is possible that this pool is also capable

of facilitation but that, when the initial probability of release is

high, the extent of facilitation is small and obscured by

depression.

Wewent on to determine how PC-DCN synapses operate dur-

ing physiological activity patterns recorded from an awake

mouse that underwent delay eyeblink conditioning (Ohmae and

Medina, 2015). Mice were trained with a 500-ms conditioning

light stimulus (CS) that was accompanied by an air puff to the

eye 220 ms after the onset of stimulation. PC responses were
Cell Report
then recorded in response to the CS alone

in 16 trails. The average firing rate tran-

siently decreased from �100 Hz to

�25 Hz, and in individual trials, prolonged

pauses were often followed by brief

bursts (Figure 7A). We stimulated PC

axons using the firing patterns obtained

from individual trials (Figure 7A, bottom)

and measured responses in DCN neu-

rons. The IPSC size was remarkably

constant, even after a 140-ms pause

and during bursts of activity (Figure 7B).

IPSC amplitudes averaged for all condi-

tioning trains (10-ms bins) were nearly

constant, despite large PC firing rate

modulation (Figure 7C). Consequently,

the charge transfer was proportional to

the firing rate (Figure 7C, bottom, versus

Figure 7A, top). A plot of IPSC amplitudes
as a function of the time following the preceding stimulus also

showed that the instantaneous firing frequency (inverse inter-

stimulus interval) did not alter IPSC amplitude (Figure 7D), similar

to results found in vivo at the mature calyx and endbulb of Held

(Lorteije et al., 2009; Kuenzel et al., 2011). As a result, there was a

linear relationship between the charge transfer and instanta-

neous firing frequency (Figure 7E).

The linear relationship between charge transfer and stimula-

tion frequency is in contrast to many depressing synapses that

can efficiently encode changes in presynaptic activity (Abbott

et al., 1997) rather than the absolute rate of presynaptic firing.

These differences are well illustrated by step changes in

frequency, which reveal very different profiles of charge transfer

between typical depressing synapses and PC-DCN synapses

(Figure S7). Thus, even though PC-DCN synapses depress like

many other synapses, they are specialized to serve a very

different role.
s 17, 3256–3268, December 20, 2016 3263



Figure 7. Input of a Single PC to the DCN

during Conditioned Eyeblink Trains in P21–

P30 Animals

(A) Average firing rate (top) and individual trials

(bottom) of a PC in an awake mouse that under-

went delay eyeblink conditioning from Ohmae and

Medina (2015). In these trials, the conditioning light

stimulus alone was applied without a periocular

airpuff that was present at time (t) = 0 in acquisition

trials. Freq., frequency.

(B) Top: IPSCs in a DCN neuron evoked by stim-

ulating trial 14 followed a 50-Hz train of 25 stimuli to

allow the synapse to reach steady state (data not

shown). Bottom: average IPSC size for the stimu-

lation pattern shown above (n = 4 cells). Re-

sponses are normalized (norm.) to initial IPSC

amplitude following a prolonged silent period.

(C) Top: average IPSC size for the 16 PC trials

shown in (A, bottom), in 10-ms bins. Bottom:

average charge transfer; product of IPSC size (C,

top) shown above and PC firing rate in (A, top).

Responses are normalized to the charge transfer

for 10-Hz stimulation.

(D) Average IPSC size from all trials for each

interstimulus interval (ISI).

(E) Total charge transfer as a function of instanta-

neous firing frequency; product of IPSC size and

inverse of interstimulus intervals shown in (D).

All data are presented as means ± SEM; error bars

are occluded in some cases by markers.

See also Figure S7.
DISCUSSION

Our main finding is that steady-state responses of PC-DCN syn-

apses are invariant for a broad range of PC firing frequencies,

which leads to a linear relationship between firing frequency

and charge transfer. We show that this unusual synaptic prop-

erty arises from a number of specializations, including a compo-

nent of release that facilitates and that is well suited to maintain-

ing transmission during prolonged high-frequency activation.

Release at the PC-DCN Synapse Is Linear
The properties of the PC-DCN synapse we observe are unusual

in that, in the 10- to 100-Hz stimulation range, steady-state

transmission is frequency independent, and charge transfer is
3264 Cell Reports 17, 3256–3268, December 20, 2016
linearly related to PC firing frequency.

This property is a feature of relatively

mature PCs, as depression in young

animals is dependent on stimulation fre-

quency (Telgkamp and Raman, 2002; Ka-

waguchi and Sakaba, 2015). It appears

that the failure of spike invasion of presyn-

aptic boutons present in cultured synap-

ses does not contribute significantly to

depression in older animals because we

do not see the strong frequency-depen-

dent depression that is a hallmark of

such a mechanism. This mechanism is

also inconsistent with our observation
that release is enhanced when stepping from low to high

frequencies.

Frequency-independent release has been observed at only a

few other synapses, including vestibular synapses (Bagnall

et al., 2008; McElvain et al., 2015) and, possibly, in the chick

auditory brainstem (MacLeod et al., 2007). At most depressing

synapses, the extent of depression becomes more pronounced

as the stimulus frequency is increased, and, as a result, the

frequency dependence of charge transfer is sublinear.

Important Properties of the PC-DCN Synapse
We found that the properties of the PC-DCN synapse arise from

a number of specializations. One surprising feature is that re-

covery from depression is slow (tR = 7.5 s), which appears to



be incompatible with maintaining transmission during sustained

high-frequency stimulation. Many synapses that sustain trans-

mission during prolonged high-frequency activation have a fast

component of recovery (Yang and Xu-Friedman, 2009; Lipstein

et al., 2013). However, at PC-DCN synapses, the similarity of re-

covery from depression following 20-Hz and 100-Hz trains indi-

cated that recovery from depression is not accelerated at high

frequencies.

Even though depression dominates the PC-DCN synapse un-

der physiological conditions, facilitation is also present andmakes

important contributions. Responses to a step increase from10-Hz

to 100-Hz stimulation established that facilitation and depression

coexist under physiological conditions. Our experimental results

and model indicate that facilitation plays an important role in

determining the properties of the PC-DCN synapse and, most

importantly, helps to boost steady-state responses evoked by

high-frequency stimulation and thereby contribute to the fre-

quency independence of steady-state responses.

We found that GABAAR saturation occurs at the PC-DCN syn-

apse and strongly influences synaptic responses. Our findings

using the low-affinity GABAAR antagonist TPMPA provides func-

tional support for previous work showing that short-term depres-

sion is shaped by the saturation of postsynaptic receptors at

PC-DCN synapses (Telgkamp et al., 2004). Our findings in

P21–P30 animals suggest that saturation at PC-DCN synapses

is most prominent at the onset of stimulation following a quies-

cent period, when depletion is not prominent and GABA release

is maximal. GABAAR saturation is not prominent at steady state,

when depletion limits GABA release. This is consistent with our

finding that steady-state synaptic strength remained linear,

even when GABAAR saturation was prevented by TPMPA.

GABAAR saturation limits the size of IPSCs evoked at the start

of a stimulus train, which increases the relative size of the

steady-state response compared to the initial IPSC amplitude.

Frequency-dependent responses in young animals (P13–P16)

can be sufficiently explained by a model bouton containing

many release sites in which GABA release results in spillover

and saturation of multiple release sites (Telgkamp et al., 2004;

Pugh and Raman, 2005). In older animals, we found that these

models could explain the effects of TPMPA (Figures S6G and

S6H) but were unable to explain nearly frequency-invariant

responses.

Two-Pool Model of PC-DCN Synapses
ThePC-DCNsynapse cannot be described by a simple depletion

model consisting of a single pool of vesicles, even though such a

model describes depression at many other synapses (Dittman

et al., 2000; Neher and Sakaba, 2008; Ruiz et al., 2011; Thana-

wala and Regehr, 2013, 2016). We found that a model with two

pools of vesicles could account for transmission at this synapse.

It was straightforward to describe the depleting pool using a

depletionmodel with a uniform probability of release and slow re-

covery that was determined experimentally. The sustaining pool

wasmore challenging to explain. The observation that responses

facilitated when increasing stimulus frequencies from 10 Hz to

100 Hz suggested that this component facilitated. The observa-

tion that facilitation was short-lived suggested that this sustain-

ing pool underwent depletion at high frequencies. This model
also reconciled the apparent lack of a rapid component of recov-

ery and the ability of the PC-DCN synapse to maintain transmis-

sion during high-frequency stimulation. This appears to be a

consequence of a transient increase in P due to facilitationmask-

ing rapid recovery from depression of the sustaining pool. The

importance of facilitation in offsetting depression at high fre-

quencies is reminiscent of the synapses made by the auditory

nerve in the nucleus angularis of chicks (MacLeod et al., 2007).

This two-component model even accounted for important de-

tails of transmission, such as the prolongation of the decay of

IPSC amplitude for high-frequency stimulation. When we com-

bined the two-pool model with existing models of PC-DCN syn-

apses to explain the effects of receptor saturation (Telgkamp

et al., 2004), we were able to additionally account for the effects

of TPMPA (Figures S6G and S6H), suggesting that the two-pool

model is consistent with the known ultrastructure of the synapse.

The two components of release have very different roles in

transmission. The depleting component accounts for most of

the synaptic current for low-frequency stimulation or at the onset

of high-frequency stimulus trains, whereas the sustaining

component accounts for most of the steady-state synaptic cur-

rents evoked by moderate to high-frequency stimulation. This

suggests that studying persistently active synapses such as

the PC-DCN synapse using prolonged high-frequency stimula-

tion may provide insight into the forms of transmission that are

likely much more important under physiological conditions.

The model we have introduced is the simplest model we could

devise to account for our experimental findings, but it is possible

that other models describe the PC-DCN synapse. We do not

exclude more complex models, and the mechanisms involved

in achieving frequency-independent release may be more

complicated than in our simplifiedmodel.We ignore heterogene-

ity (Dobrunz and Stevens, 1997), assume that the model param-

eters are discrete values rather than distributions (Neher, 2015),

and do not consider presynaptic calcium dynamics (Dittman and

Regehr, 1998; Sakaba and Neher, 2001).

Multiple or heterogeneous pools of vesicles may more gener-

ally allow synapses to achieve a wide variety of synaptic pheno-

types to efficiently suit the needs of a particular system. Multiple

types of vesicle pools have been described andmodeled at other

synapses (Wu and Borst, 1999; Neher and Sakaba, 2001; Trom-

mershäuser et al., 2003; Lu and Trussell, 2016; Wen et al., 2016),

although it is often unclear how these pools function under phys-

iological conditions. For other synapses where depression

cannot be described by a depletion model, it is possible that

these synapses function usingmultiple or heterogeneous vesicle

pools.

Functional Implications of Frequency-Independent
Transmission at PC-DCN Synapses
PC-DCN synapses can reliably encode the presynaptic firing of

their parent PCs, but how populations of PCs control the firing

of DCN neurons remains uncertain. PCs influence the activity

of DCN neurons either through rate coding or by regulating the

degree of synchrony of PCs (Heck et al., 2013), and it is possible

that PC regulation of DCN neurons is specialized to reflect

different types of computations performed in different regions.

Rate coding predicts that increases in the firing rate of PCs
Cell Reports 17, 3256–3268, December 20, 2016 3265



suppress firing in DCN neurons (Walter and Khodakhah, 2009).

Consistent with this model, it has been observed that DCN firing

varies inversely with PC firing during eyeblink conditioning (Hes-

slow and Ivarsson, 1994; Jirenhed et al., 2007; Heiney et al.,

2014). Rate coding has generally been an attractive hypothesis

because PC firing rates can be directly proportional to a wide

range of external events (Thach, 1970; Armstrong and Edgley,

1984a; De Zeeuw et al., 1995; Medina and Lisberger, 2009;

Chen et al., 2016). We find that the PC-DCN synapse differs

from many other synapses in that frequency-independent trans-

mission leads to linear charge transfer, which could encode the

absolute rate of PC firing more efficiently than typical depressing

synapses. PC-DCN synapses may, therefore, be specialized to

reliably convey the absolute rate of sustained PC firing during

behaviors.

It has also been shown that the synchronized firing of multiple

presynaptic PCs can time lock the activity of DCN neurons to its

inputs, whereas desynchronized PCs inhibit DCN firing (Gauck

and Jaeger, 2000; Person and Raman, 2011). Consistent with

this hypothesis, the firings across populations of PC and DCN

cells are not inversely related during many behaviors (Armstrong

and Edgley, 1984b; McDevitt et al., 1987). Although synchro-

nized PC firing is not widely observed, synchronized firing by

adjacent PCs has been observed in vivo (de Solages et al.,

2008). It has been proposed that PC collaterals could allow

PCs to synchronize activity in narrow parasagittal bands (de Sol-

ages et al., 2008; Witter et al., 2016), making it difficult to detect

synchronized PC activity. Frequency-dependent depression, as

would occur at most types of synapses, would be expected to

diminish the strength of PC inputs and, thereby, limit the efficacy

of PCs to time-lock DCN neurons at high frequencies. The fre-

quency independence of IPSC amplitude described here would

avoid such a degradation of performance by preserving inhibi-

tion at high frequencies. Thus, frequency-independent synaptic

strength has advantages for the PC-DCN synapse, regardless

of whether PCs regulate DCN firing with a rate code or by the de-

gree of PC synchrony.

EXPERIMENTAL PROCEDURES

Detailed experimental procedures are provided in the Supplemental

Information.

Animals and Slice Preparation

Sagittal sections were prepared from C57/BL6 mice (P21–P30, other than as

indicated in Figure 1) of both sexes in warm (35�C) choline-Cl-based ACSF.

All procedures involving animals were approved by the Harvard Medical

Area Standing Committee on Animals.

Electrophysiology

Whole-cell recordings were obtained from large DCN neurons using a CsCl-

based internal solution with glutamatergic transmission blocked. Cells were

held at �40 mV, and PC axons were stimulated using a glass monopolar elec-

trode in the surrounding white matter. All data are presented as means ± SEM

unless indicated otherwise.

Modeling

The single-pool model has been introduced previously (Thanawala and Re-

gehr, 2013, 2016). Two-pool models were generated by running two sets of

single pools that are added together.
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Statistics

All statistical comparisons were performed using two-tailed Student’s t tests

unless otherwise noted.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and one table and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2016.11.081.
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