HrtZEMGXEEES
201641H22H
% X B B : Critical Role of Ca2* Current Facilitation in the Short-Term

Facilitation of Purkinje Cell — Purkinje Cell Synapses (/L3 >
Rl s 7 R EIHREHRIZIRIT 5 Ca BRLOEE)

AL HEFEFE:  Francoise Diaz-Rojas

E#HZ EH:
* & RSEERFRFGUNEIEMZER B  EAH R
gl & REERFERFEGANE R #ix B4 BT
Bl & : RERIERRKFEETFL Bix B OEE

T B

AT, A REDFRE MR CHERBREZ RIc T F T A EBED A B = X LIZH
LT, EERBFICRALZEREZ L LICRETWS, WILEOER % R 5/MMICIE, 7INKP
THA SNTEREH T D70 PO BTEET D, PC i, B/ INMZ(DCN)IZElE
EEFLTEBY, ZOVTFRIHEANESGT S LG AMEE 2T 5, —5, PC 13k
B LI PCITHBIRZ B LT 7 A 2T 503, PC-PC 77 X 3EH > 7 A @ik
BZ2FFo, PC-PCHIVTFRZBWTC U T AMEEREE IND A D= X L2, PCHRVFTTFR
BRI Lo TRR B VT AFBMNER BT 50 FHBIIRHTH - -,

ZOXSREREOT, #HEITT v MK SROMRIMCEERMINR Z2TE A LT, 1ERITmE
ThHolo YT T AERNSDERE Ny F 7 5 TR L, PC-PC B>+ 7RIz A58
T T AMBEADA A = AL A LTz, £7, PCIZEH L7z PC VT A KRR F 7T
VBN B CIREEMAROERHIE L 525 &, Car k772 Ca BRI ORENR R 57z,
o, BEREAMOMBREELITD L, U FTRAEEKRIZBIT D CaEIE L DK 4.5 T4 L
e T T ABEROEBPBEINT-, —F, CaEBROITENE Z 572X ) ITIEBEfRE
BERE LTERBREE 52T, U7 RMBEIRR O ehoTz, ZoZ &b, PC-PC My
FTIATRLNDG VT T AE@EIL CaBEROREIL L - THEREIND LEwm sz, —F, v F
TF2ZAMEEET S PC-DCN TH, V7 ARKICESSERINEE2 525 L, PCPCYF7FRE
[FERD Ca?EIfEte & > AEBBBER S Wiz, Bolt, FTBEEDS PC-DCN THOYF 7
AHNED T F 7 AR I T DIGBENM OBEICEEK T 5 Z & BHE I n iz (Kawaguchi
and Sakaba, 2015), #RHFIC X 2 F72m AT, BHIRERNR LT 7 AABEORBIZR T
HIEEEMNCENEROEEE L EMT DO TH D, T bOMFERERIT, AN TH IR
EF#E TH 5 Journal of Physiology 593 % (2015 £E) [ZEFEEHR & L TRERINT
Pk, ARa3d. EEEZ XX 53T T ARBHED A =X LO—EBA LI LD TH Y,
FEh SN FH 2RI T A B RO E 2 2 ERZ RS2 b0 TH S, Lo T,
A, L 3% (AEHKRTE) OFERETHISIDLLVEDTH D LBDLND,



M E BRI RO E E

201641H822H

#@ X 2 B : Critical Role of Ca2* Current Facilitation in the Short-Term
Facilitation of Purkinje Cell — Purkinje Cell Synapses (/L% > —#f
fafi] s 77 A EEMRBERRIZ 1T 5 Ca EFitD&EE)

EALHFE#E:  Francoise Diaz-Rojas

2 =

% B .
£ E: [FHEEKRERESNE R B8R BRI
Bl &: [REEKREREGANEIFHER 2R B4 BT
Bl & HREBRSTERKZEEZEL B B OEE
E‘ .

EERRSURHAE L, 2013 48 4 A IR R FBUNA A AR R IE N B I — B L3RRI
B 3EKEEAT L, BIfE, fEEF CTH D, FIT, HROREEMIRE AV - B AEESEIE
BB, MR BV 7T UREDE TH B 2 T ADABEC T 5 k085, R
L7, RELERCONAIL, Journal of Physiology 593 5 (2015 %) ([ZEHEESL - LT
(R X T,

2016 4F 1 H 20 A4 1 FEL 019 1 BREEIC 72 D RIS BT 2 B ES 21TV 1RIEE
WEDHEFETOTS VBT —v g VL BRICEER TR T, VBT —2a U Tid, B30 B
B, ik, R, M. BEPEYICRLN, BROZICEL THIEHEOBRHICL Y +472
BENREONT- B 25,

FICEESK TR, FERRICX VHRIIARZ LN I OIZEEET 2 B2 B o ERIEIC
DUWTIEAR D DB 2 32 L 7= /5 R, AsSURHB IS & LCHakEhl, EEMIC
EBETH-00FEE) (858 2ALTWAZLEREBD LN,

EoT, REFBROBRIIEHKTHS LFEBD B,



i+ £ fr

2

X #FH

am X 8 H :Critical Role of Ca2* Current Facilitation in the Short-Term Facilitation
of Purkinje Cell — Purkinje Cell Synapses

TIVF > TRl S 7 A EHGEBRITHBIT 5 Ca B DOKRE
K 44 . Francoise Diaz-Rojas

U1} 5 :

Short-term presynaptic plasticity (STF) is a phenomenon in which repeated stimulation of
the presynaptic terminal leads to a transitory increase in the amount of neurotransmitter
(NT) released by the presynaptic cell. STF plays a critical role in neural information
processing; yet, despite its importance, the mechanism underlying it remains unclear.
Several hypotheses have been proposed to explain this process: temporal summation of
residual Ca2*, modulation of action potential (AP) waveform, saturation of Ca2* buffer
proteins, facilitation of Ca2"current (Ica2*) through voltage-gated Ca2* channels, rapid
recruitment of releasable vesicles to the active zone and Ca2*-dependent positive modulation
of vesicle release machinery.

The study of STF has been hindered by the small size of presynaptic terminals. For a correct
and accurate assessment of the mechanisms underlying the short-term facilitation
phenomenon at presynaptic terminals, direct access to the terminal is often required.
Patch-clamping of synaptic terminals in brain slices represents a difficult task for most
synapses. Recordings from the cell’s soma may not be able to dissect the effects taking place
at synaptic terminal level, and current imaging techniques may not provide the required
spatiotemporal resolution to analyze the biophysical properties involved in the NT release
processes. To address the issue of the difficulties of patch-clamping from presynaptic
terminals, we attempted to clarify the mechanism mediating STF at synapses between
cerebellar Purkinje cells (PCs) using dissociated rat cerebellar cultures. In our culture
preparations, access to the synaptic terminals is relatively easier than in cerebellar slice,
owning the increased visibility to reduced surrounding tissue and the easiness of virus
transfection.

By infection with adeno-associated virus (AAV) vector carrying enhanced green fluorescent
protein (EGFP) under the control of CAG promoter (AAV-CAG-EGFP), we could visually
identify PCs and their synaptic terminals through fluorescence. Pair recordings of
synaptically connected PCs showed STF of synaptic transmission upon paired-pulse
stimulation, similar to that observed in slices.

To study the mechanism underlying short-term facilitation at PC—PC synapses, we
performed direct whole-cell voltage patch-clamp recordings from a presynaptic PC terminal
impinging on the soma or proximal dendrite of a PC, and the impinged postsynaptic PC. We
recorded the presynaptic Ca2?" current (Ica2") upon single stimulation and the resultant
postsynaptic current (PSC). To mimic the physiological conditions of synaptic transmission,
in which a presynaptic terminal is activated by the arrival of an AP, stimulation was done by
applying a voltage command with an action potential (AP) waveform that was previously



recorded from a PC terminal. To study the relationship between the stimulating AP
command, the presynaptic Ca2* currents and the PSCs, we gradually changed the peak
amplitude of the AP command. As it became larger in amplitude, the Ca?" current almost
linearly increased. On the other hand, the PSC amplitude changed supralinearly, and
showed a 4-5th power dependency on the Ca?" current amplitude. This supralinearity is
similar to that observed in the relationship between Ca2* concentration in the presynaptic
terminal ([Ca?'];) and the amount of neurotransmitter released, which suggests that the
facilitation of the PC — PC synapse may be primarily due to presynaptic processes.

Following this, we stimulated the presynaptic terminal with a pair of AP-like waveforms,
and observed that the presynaptic Ca%" current (Ics?*)was facilitated depending on the
intracellular Ca2*concentration. Application of the Ca2* chelator EGTA accelerated the decay
of the STF observed, but did not suppress the facilitation of Ica2*. However, application of
BAPTA, a Ca2* chelator with similar Ca2* affinity (Kd) as EGTA but with much faster Ca2*
binding kinetics, abolished it. These results suggest that the facilitation of Ica?*is tightly
coupled with Ca?* influx.

Taking into consideration that transmitter release is supra-linearly dependent on the [CaZ?};
(Fig. 6C), the PPF of Ca?* currents might be a powerful mechanism leading to the STF of
synaptic transmission. To study the quantitative relationship between the PPF of Ca?*
currents and that of synaptic transmission, we performed paired recordings from a
presynaptic PC axon terminal and a postsynaptic PC soma. Paired-pulse AP waveforms with
different intervals caused facilitation in both Ic.2* and PSCs. The facilitation of PSCs could be
fitted to the 4—5th power of that of Ica?*.

Though the previous results show a strong correlation between PSCs and Ic.?*, it does not
imply causation. To examine the causal relationship between the PPF of Ic.>* and that of PSC,
it was necessary to study the PSCs in the absence of Ic.* facilitation, and observe whether
the PPF of PSCs remained unchanged. For this, following the previous results that show
linear dependency of the Ica2" amplitude and the AP voltage command amplitude, in PC — PC
pair recordings during paired stimulation protocol, we next varied the amplitude of Ic.2*
during the second AP voltage command by systematically altering the peak amplitude of the
second AP (to 1.05, 1, 0.95, 0.9 or 0.85 times the first AP). As the amplitude of the second AP
command decreased, that of the second Ic.?* peak was also decreased. As a result of the
decreased Ic.2*, STF of PSCs disappeared. Interestingly, the point in which STF of PSCs
disappear is the same as the point in which STF of Ic.?* also disappear. This is, if the
facilitation of Ica?*is abolished, so will the facilitation of PSCs be abolished. These results
strongly suggest that the Ca2*-dependent facilitation of the presynaptic Ica2* fully mediates
the synaptic facilitation observed at the PC-PC synapse.

The results so far precluded major contribution of other mechanisms of facilitation, such as
the residual Ca2* hypothesis, which suggested that temporal summation of [Ca2"); during
paired AP arrivals increases the transmitter release probability. To test this issue further, we
first selected PCs that did not expressed EGFP and performed Ca% imaging using Ca2*
sensitive fluorescence indicators. PC synaptic terminals showed very little increase in the
fluorescence upon single stimulation, corresponding to an ~10-20 nM of [Ca2']i increase. The
residual Ca?*increase by 20 nM is estimated to increase the transmitter release by ~1%
assuming 4-5th power Ca?* dependence. Thus, in line with the idea that the PPF of the
PSCs is predominantly mediated by that of Ca?*currents, the temporal summation of



residual Ca2* probably plays no major role in the PPF of synaptic transmission at PC-PC
synapses.

It is interesting to note the contrast between the facilitating synapse between PCs and the
depressing synapses between PCs and DCN neurons, the main targets of PCs. PC synapses
on a DCN neuron show depression upon high-frequency stimulation due to AP attenuation
around synaptic terminals. To study the mechanism underlying the target-dependent
opposite forms of short-term synaptic plasticity, we next examined whether the facilitation of
Ca?* currents and the resultant enhancement of transmitter release is a unique mechanism
of PC synapses on another PC but not on DCN neurons. Our results showed that the
Ca?*-dependent facilitation of Ca?* currents causing short-term facilitation is a common
feature in PC axon terminals, irrespective of the target neuron type, as long as identical APs
are elicited. In reality, AP conduction failures lead to synaptic depression at the synapse
between the PC and the DCN neuron.

To summarize our results, we conclude that PC-PC synapses show short-term facilitation of
transmitter release predominantly depending on the Ca?*-dependent Ca2* current facilitation. Our
data further indicated that the synaptic facilitating property relying on the Ca2* current facilitation
was common at PC output synapses, irrespective of the target cells, when identical paired AP
commands were applied to the terminal. Therefore, the propagation of action potentials to the
terminal determines short-term depression at the synapses between a PC and the neuron in the
DCN.



