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Synapses
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Auditory nerve fibers are categorized by
their spontaneous spike rate and auditory
threshold, and they differ in their expres-
sion of the calcium binding protein calreti-
nin (CR). Whereas low-threshold/high-
spontaneous-rate fibers express calretinin
in their presynaptic structures (calyces of
Held) in the cochlear nucleus, fibers with
medium-high threshold and low-medium
spontaneous rates do not. Zhang, Wang, et
al. report that calretinin helps fibers main-
tain high-frequency transmission.

To understand how calretinin affects
synaptic transmission, the authors analyzed
spontaneous and evoked EPSCs in postsy-
naptic bushy cells. The frequency of sponta-
neous EPSCs was similar in cells receiving
input predominantly from calretinin-posi-
tive fibers (CR synapses) and those receiving
input predominantly from calretinin-nega-
tive fibers (non-CR synapses). The average
amplitude of EPSCs evoked by single pre-
synaptic spikes was also similar across cells.
In contrast, the initial release probability
was greater and the size of the readily releas-
able pool of vesicles was smaller at CR syn-
apses than non-CR synapses. Although one
would expect this to result in more rapid
vesicle depletion at CR synapses, evoked
EPSC amplitude decreased more slowly
during high-frequency stimulation at CR
synapses than at non-CR synapses. This
was attributable to faster vesicle replenish-
ment in CR synapses, which, in turn, was
partly attributable to differences in the
expression of vesicular glutamate transport-
ers: whereas CR synapses only expressed
VGluT1, non-CR synapses expressed both
VGluT1 and VGluT2; VGluT2 refills
vesicles with glutamate more slowly than
VGluT1. In contrast, total release—which
includes both synchronous and asynchro-
nous release—decreased more rapidly dur-
ing high-frequency stimulation at CR
synapses than at non-CR synapses. In fact,
asynchronous release was lower at CR

synapses throughout stimulation, likely be-
cause calretinin sequestered calcium re-
quired for asynchronous release. Indeed, an
exogenous calcium buffer reduced synaptic
depression and asynchronous release at
non-CR synapses, but not at CR synapses.

These results suggest that calretinin sup-
ports high-frequency transmission at calyx-
of-Held synapses between low-threshold/
high-spontaneous rate fibers and bushy
cells. Notably, calretinin binds calciummore
efficiently when calcium levels are high than
when they are low. Consequently, calretinin
affects synaptic transmission predominantly
during high-frequency spiking, when cal-
cium influx is high. Enhanced calcium buf-
fering reduces asynchronous vesicle release
and promotes synchronous release, which,
along with rapid refilling of synaptic vesicles,
allows CR synapses to maintain firing at
high rates.
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The performance of smooth voluntary
movements depends on balanced ac-
tivity in two populations of neurons in the
striatum: direct-pathway medium spiny
neurons (dMSNs) and indirect-pathway
MSNs (iMSNs). Disruption of MSN ac-
tivity underlies many movement disorders.
For example, Huntington’s disease invo-
lves degeneration of MSNs, and Parkinson’s
disease results from degeneration of

dopaminergic inputs to these cells.
Even in the absence of degeneration, how-
ever, imbalances in MSN activity can cause
movement disorders, including involuntary,
erratic movements called dyskinesia. For
example, L-DOPA-induced dyskinesia is
associated with increased activity in a subset
of dMSNs and reduced activity in iMSNs.
Nelson et al. report that iMSN activity is
selectively affected in a mouse model of par-
oxysmal nonkinesigenic dyskinesia (PNKD),
a rare condition in which dyskinesia occurs
after consumption of caffeine or alcohol.

Under baseline conditions, the firing
rates of both dMSNs and iMSNs were
similar in wild-type and PNKD mice. In-
traperitoneal injection of caffeine in wild-
type mice increased the average spike rate of
dMSNs, but did not affect iMSNs. In PNKD
mice, in contrast, caffeine had no effect on
the average spike rate of dMSNs, but greatly
decreased the average spike rate of iMSNs.
Notably, decreases in iMSN spiking slightly
preceded the onset of dyskinesia, and rates
returned to baseline when dyskinetic move-
ments stopped. The effects of caffeine were
mimicked by chemogenetic inhibition of
iMSNs in PNKD, but not wild-type mice,
and the effects were blunted by chemoge-
netic activation of iMSNs. Finally, the caf-
feine-induced reduction of iMSN activity
was attributable to a decrease in the
probability of glutamate release onto
iMSNs, which was likely mediated by
endocannabinoid-dependent long-term
depression. Consistent with this, pre-
treating PNKD mice with a cannabinoid
receptor antagonist reduced the severity
of caffeine-induced dyskinesia, whereas
potentiating cannabinoid signaling low-
ered the amount of caffeine needed to
induce dyskinesia in PNKD mice.

These results demonstrate that dyskine-
sia can result from decreased iMSN activity
without changes in dMSN activity. PNKD
is caused by mutations in a synaptic protein
(named pnkd) with unknown function.
Determining how pnkd mutations enable
caffeine, an antagonist of Gs-coupled aden-
osine A2a receptors, to promote endocan-
nabinoid-dependent depression of input
onto iMSNs is a rich area for future
research.
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Caffeine greatly decreased the activity of iMSNs in PNKD mice
(red, bottom), but produced little change, on average, in iMSNs
of wild-type mice (black, bottom), dMSNs of PNKD mice (green,
top), and dMSNs of wild-type mice (black, top). See Nelson et
al. for details.
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