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GABA; receptor (GBR) activation inhibits neurotransmitter release in axon terminals
in the brain, except in medial habenula (MHDb) terminals, which show robust poten-
tiation. However, mechanisms underlying this enigmatic potentiation remain elusive.
Here, we report that GBR activation on MHb terminals induces an activity-dependent
transition from a facilitating, tonic to a depressing, phasic neurotransmitter release
mode. This transition is accompanied by a 4.1-fold increase in readily releasable vesicle
pool (RRP) size and a 3.5-fold increase of docked synaptic vesicles (SVs) at the presyn-
aptic active zone (AZ). Strikingly, the depressing phasic release exhibits looser coupling
distance than the tonic release. Furthermore, the tonic and phasic release are selectively
affected by deletion of synaptoporin (SPO) and Ca**-dependent activator protein for
secretion 2 (CAPS2), respectively. SPO modulates augmentation, the short-term plas-
ticity associated with tonic release, and CAPS2 retains the increased RRP for initial
responses in phasic response trains. The cytosolic protein CAPS2 showed a SV-associated
distribution similar to the vesicular transmembrane protein SPO, and they were colo-
calized in the same terminals. We developed the “Flash and Freeze-fracture” method,
and revealed the release of SPO-associated vesicles in both tonic and phasic modes and
activity-dependent recruitment of CAPS2 to the AZ during phasic release, which lasted
several minutes. Overall, these results indicate that GBR activation translocates CAPS2
to the AZ along with the fusion of CAPS2-associated SVs, contributing to persistency
of the RRP increase. Thus, we identified structural and molecular mechanisms under-
lying tonic and phasic neurotransmitter release and their transition by GBR activation
in MHb terminals.

medial habenula | GABAg receptor | vesicle release | Flash and Freeze | Flash and Freeze-fracture

The synaptic connection from the medial habenula (MHDb) to the interpeduncular nucleus
(IPN) is a phylogenetically conserved pathway involved in emotion- and addiction-related
behaviors (1-3). The most striking peculiarity in this pathway is a massive enhancement
of neurotransmitter release from terminals originating from cholinergic neurons in the
ventral MHDb by activation of presynaptic GABAy receptors (GBRs) (2), usually inhibitory
G-protein-coupled receptors (4-7). It is currently unclear which mechanisms mediate
this increase in release. Another unique feature of the MHb-IPN synapse is the exclusive
use of Cav2.3 for release (8). However, Cav2.3-mediated release is not necessarily poten-
tiated by GBR activation since it is inhibited in terminals originating in the dorsal MHb
8,9).

The repeated excitation of synaptic terminals results in either facilitation or depression
of neurotransmitter release, also called tonic and phasic release, respectively (10-12).
While the depression of phasic release is most commonly mediated by the depletion of
the readily releasable pool (RRP) of synaptic vesicles (SVs), the facilitation of tonic release
is likely mediated by a progressive increase in release probability (P,), for example by
residual Ca®* (10, 13). Although the molecular properties determining the release modes
in each synapse type are incompletely understood, relevant factors include Ca** influx,
stimulation frequency, and the priming/docking states of SVs (10-12, 14).

Here, we report that following GBR activation, MHDb terminals transition from a facil-
itating, tonic to a depressing, phasic neurotransmitter release mode at a physmloglcal
stimulation frequency (15-17). This transition is induced by an increase in Ca®* influx,
which recruits additional SVs to the RRP. Using “Flash and Freeze” in acute IPN slices
(18), we observed an activity-dependent increase in docked SVs following GBR activation
to the same extent as the increase in RRP sme We found two proteins colocalized in MHb
terminals, synaptoporin (SPO) and Ca? *-dependent activator protein for secretion 2
(CAPS2), selectively involved in tonic and phasic release, respectively. We developed a
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habenula terminals by
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potentiation of transmitter
release in the central nervous
system, but the underlying
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associated with a transition from
facilitating tonic to depressing
phasic mode of release caused
by GBR- and activity-dependent
recruitment of release-ready
vesicles at a looser coupling
distance than the tonic-release
vesicles. CAPS2 (Ca*"-dependent
activator protein for secretion 2)
retains these vesicles there for
minutes contributing to a
persistent potentiation. Thus, we
provide insights into the
mechanisms underlying a new
form of presynaptic modulation
at a central synapse.
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method for nanoscale visualization of membrane-associated pro-
teins within milliseconds after exocytosis, termed “Flash and Freeze-
fracture,” and found CAPS2 recruitment to the presynaptic active
zone (AZ) during phasic release. In conclusion, we identified a
transition from tonic to phasic release by GBR activation in MHb
terminals as a new form of presynaptic modulation mediated via
unique molecular and structural mechanisms.

Results

Transition from Tonic to Phasic Neurotransmitter Release by GBR
Activation. Since rodent MHb neurons are active at ~10 Hz in vivo
(15-17), we measured excitatory postsynaptic currents (EPSCs) in
whole-cell configuration evoked by repetitive stimulation of MHb
axons at this physiological frequency in rostral/central IPN neurons.
In order to keep the MHb-IPN pathway through the fasciculus
retroflexus (FR) intact, we prepared 1-mm-thick angled slices as
described previously (8) (Fig. 1A4). Under baseline conditions,
at 2.5 mM external Ca** concentration, 10-Hz stimulation for
3 s produced EPSC responses that increased in amplitude with
consecutive stimuli (Fig. 1B). Application of the GBR agonist R(+)-
baclofen (1 uM) markedly potentiated initial EPSC amplitudes in
the 10-Hz train but continued stimulation progressively reduced
subsequent EPSC amplitudes (Fig. 1 B—D). Normalization of EPSC
amplitudes to the corresponding first baseline EPSC at control
conditions revealed that the enhanced EPSC amplitudes by baclofen
decayed to the level of the facilitated baseline EPSC amplitudes
(Fig. 1D). This implies that tonic and phasic release exhibit similar

A

10 Hz — baseline

release rates during prolonged activity (19). Importantly, baclofen still
potentiated release at I mM external Ca”* concentration (ST Appendix,
Fig. S1 A and B). Thus, MHDb terminals exhibited a facilitating, tonic
neurotransmitter release pattern under baseline conditions and transi-
tioned to a depressing, phasic release pattern after GBR activation at
a physiological Ca®* concentration.

Ventral MHb terminals corelease glutamate and acetylcholine
(20). Therefore, we tested whether tonic and phasic release were
selectively mediated by one of the two transmitters. Cholinergic
EPSC trains in the presence of the a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor blocker DNQX (10
uM) still transitioned to a phasic response pattern after GBR acti-
vation (8] Appendix, Fig. S1C) similar to that of glutamatergic EPSC
trains in the presence of cholinergic receptor blockers (50 pM hex-
amethonium and 5 UM mecamylamine) (S/ Appendix, Fig. S1D).
Although the RRP determined by cumulative EPSC analysis in the
presence of DNQX (0.72 + 0.18 nA, n = 8 cells) was much smaller
than that in the presence of cholinergic blockers (3.57 + 0.47 nA,
n = 8 cells; ST Appendix, Fig. S1E), P, values were not significantly
different (ST Appendix, Fig. S1E). Thus, the GBR-mediated phasic
release induction equally affects cholinergic and glutamatergic
release, though glutamate mainly contributes to the EPSCs.

We then quantified the recovery from activity-dependent mod-
ulations of tonic and phasic release (Fig. 1 E'and ). Measuring from
peak increase at 1.3 s after 10 Hz, the facilitated baseline responses
decayed exponentially with a time constant (t) of 6.9 s (Fig. 1G),
suggesting that this increase is kinetically similar to augmentation
(21-23). Similarly, depression of phasic release recovered with a t
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Stimulation of MHb axons at a physiological frequency reveals transition from tonic to phasic neurotransmitter release by baclofen. (A) Scheme of the

1-mm-thick angled slice preparation (Top) and an example of the recording configuration in the resulting slice (Bottom). (B) Example traces of EPSCs evoked
by 10-Hz stimulation in one cell before and after the application of baclofen (1 uM). Grayed responses represent individual sweeps (including the very first
stimulation under each condition), and bold responses represent the average of the individual traces. (C) Quantification of baseline and baclofen responses
using cumulative EPSC amplitudes. (D) Plot of EPSC responses after normalization to the amplitude of the corresponding first baseline EPSC. (E) Overlay of 7
traces of 10-Hz responses at baseline and during baclofen in one cell with single stimulations at varying intervals following the 10-Hz stimulus. (F) Overlay of
single stimuli color-coded with stimulation time. (G) Quantification of recovery from tonic and phasic activity-dependent modulations. Using exponential fit,
both short-term plasticity exhibited recovery times in the order of seconds. See also S/ Appendix, Figs. S1 and S2.
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of 4.4 s, suggesting that the EPSC decrease results from RRP deple-
tion and not from Cav2.3 channel inactivation (24).

Molecular Signaling Mechanisms Underlying GBR-Mediated
Potentiation. We next investigated the GBR-mediated signaling
mechanisms underlying the induction of phasic release. Since
GBRsare coupled to inhibitory G-proteins, we tested noncanonical
signaling involving cyclic adenosine monophosphate/protein
kinase A (cAMP/PKA) or phospholipase C/protein kinase C
(PLC/PKC) signaling pathways (SI Appendix, Fig. S2). The
application of the adenylyl cyclase activator forskolin (20 uM)
did not significantly affect tonic release and the transition to
phasic release by baclofen (S7 Appendix, Fig. S2A). Similarly, PKA
inhibitor KT'5720 (1 uM) did not affect the potentiation of release
by baclofen (87 Appendix, Fig. S2B).

Ventral MHDb neurons express a rare PLC subunit, PLCn2 (25),
which has the highest Ca>* sensitivity among all known PLC sub-
units (26). Presynaptic PLCn2 may be constitutively active, and
its GBR-mediated inhibition could cause a rapid accumulation of
phosphatidylinositol 4,5-bisphosphate (PIP,) in the presynaptic
membrane, thereby increasing exocytosis via PIP,-dependent effec-
tors (27). However, we found no changes in the baclofen effect in
PLCn_2 knockout mice (SI Appendix, Fig. S2C) or in the presence
of the PLC inhibitor U73122 (10 uM; S/ Appendix, Fig. S2E).
Alternatively, PKC phosphorylation could enhance the Cav2.3
conductance as previously reported (28). However, neither the
PKC activator phorbol 12-myristate 13-acetate (1 uM; SI Appendix,
Fig. S2D) nor thediacylglycerolanalogue 1,2-Dioctanoyl-sn-glycerol
(20 uM; ST Appendix, Fig. S2F) affected the induction of phasic
release by baclofen. Thus, it is unlikely that cAMP/PKA and PLC/
PKC pathways are involved in the GBR-mediated potentiation.

Role of Presynaptic Ca 2" in the GBR-Mediated Enhancement
of Neurotransmltter Release. We next explored the role of
presynaptic Ca™" in the GBR-mediated induction of phasic release.
Using AAV injections into the MHb of ChAT-IRES-Cre mice, we
expressed axon-GCaMPG6s in cholinergic neurons. FR stimulation
at 10 Hz for 3 s increased presynaptic GCaMP6s fluorescence in
the IPN 4.0 + 0.6-fold in control vs. 6.5 + 0.9-fold in baclofen
(n = 5 slices, 5 mice; Fig. 2 A and B). However, presynaptic
GBRs are known to inhibit Ca®* influx through voltage-gated
" channels (VGCCS) and no report shows GBR-mediated
increases in Ca”* influx for any VGCCs in reconstituted systems
(5,29-31). Using simulations based on our Ca imaging data, we
asked whether the i increase in presynaptic Ca** could arise from
the 1nh1brt10n of the Ca’ “-binding ability of a buffer rather than
enhanced Ca** influx (S Appendix, Fig. S3 and Table S1). Response
kinetics of our experimental GCaMP6s data showed significantly
faster rise times after baclofen application with no change in decay
times (S/ Appendix, Fig. 53 A-D). Using GCaMP6s as a model
buffer, we simulated Ca®* response kinetics at distinct buffer
concentratrons We found that high concentrations of a high-
affinity Ca™* buffer resulted in significantly prolonged decay times
and lower peak fluorescence (87 Appendix, Fig. S3 E-H), ruling out
Ca*' unbuffermg as the GBR-mediated mechanism. Furthermore,
alterations in Ca”* extrusion also failed to reproduce the observed
changes in GCaMP6s fluorescence after baclofen (S7 Appendzx,
Fig. S3 7and ). Finally, we found that a 2.3-fold increase in Ca™*
influx most closely reproduced our observed increase in GCaMP6s
peak fluorescence after baclofen (S/ Appendix, Fig. S3 K~M).
Since our simulation was consistent with increased Ca** influx as
the cause of the GBR-mediated increase in presynaptlc GCaMP6s
fluorescence, we next tested whether increasing Ca® influx by other
means was sufficient to induce phasic release. Surprisingly, bath
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application of the voltage-gated K" channel blockers tetraethylam-
monium chloride (TEA-CI, 1 mM) and 4-aminopyridine (4-AB, 100
UM) neither induced phasic release nor occluded its induction by
baclofen (Fig. 2 C-E). Although TEA/4-AP application enhanced
spontaneous neurotransmitter release, evoked EPSC responses
remained tonic. We then performed Ca™ imaging and confirmed
that applying TEA/4-AP strongly enhanced presynaptic Ca* influx
and the spontaneous activity of MHb axons (Fig. 2 F and G).
However, adding baclofen did not further enhance the peak
GCaMP6s ﬂuorescence, suggesting that TEA/4-AP increased pre-
synaptic Ca™* 1nﬂux similarly to baclofen. Therefore, we conclude
that increasing Ca™* influx alone is insufficient to induce phasic
release. An important consideration of our Ca”* imaging experiments
is the nonlinearity and potentlal saturation of GCaMP6s fluorescence
(32) by excessive Ca”" influx, particularly in the TEA/4-AP experi-
ment (Fig. 2F).

Based on the above result, we hypothesized that increased Ca
influx during phasic release might result in the diffusion of Ca®
recruit additional SV's more distant from the Ca** channel. Therefore,
we tested the effect of a slow membrane-permeable Ca® chelator,
ethyleneglycol-  bis(B-aminoethyl)-N,N,N’,N “tetraacetoxymethyl
ester (EGTA-AM, 100 uM), on phasic release, applied after baclofen
(Fig. 2 H-J). EGTA-AM reduced the first EPSC (EPSC,) amplitude
on average by 51.8 + 2.1% (Fig. 2/; n = 8 cells, 4 mice), suggesting
that the phasic release is loosely coupled to Cav2.3 (33). In contrast,
EGTA-AM had no significant effect on baseline EPSC, amplitudes
(Fig. 2 K—M), suggesting tight coupling for SVs participating in tonic
release. Most strikingly, however, EGTA-AM completely blocked
the potentiation of EPSC, amplitudes when applied before baclofen
(Fig. 2 K=M), suggestmg that the induction of phasic release strongly
depends on Ca* distant from Cav?2.3. Furthermore, Ca** imaging
of MHD axons confirmed a significant reduction in stimulation-
induced GCaMP6s fluorescence after EGTA-AM application. Bath
application of baclofen restored GCaMP6s fluorescence to baseline
levels but not beyond (Fig. 2 N and O). These results support our
hypothesis that diffusion of Ca** away from Ca”* channels recruits
loosely coupled SVs to the RRP during phasic release induction.

In summary, our results suggest that 1) Ca™* increase induced
by activation of GBRs in MHb terminals is necessary for the
recruitment of SVs from drstal sites of the terminal inducing pha-
sic release; 2) increasing Ca”" influx alone is insufficient to induce
phasic release; and 3) SVs participating in phasic release are more
loosely coupled to Cav2.3 than those participating in tonic release,
indicating distinct release sites for these additional SVs.

Comparison of Release Properties of Tonic and Phasic Neuro-
transmission. We next compared RRP and P, of basal and GBR-
enhanced release by applying 30 stimulations at 100 Hz (Fig. 2
P and Q). Experiments were performed in the presence of 1 mM
kynurenic acid to reduce saturation and desensitization of AMPA
receptors. Although the use of back-extrapolating linear regression
analysis may not be ideal for facilitating synapses (34), the 100-Hz
stimulation did deplete baseline responses, allowing a rough estimation
of the tonic RRP in cumulative EPSC amplitude plots (35). Strikingly,
the application of baclofen increased the RRP on average 4.1-fold
(Fig. 2R; baseline RRP: 0.58 + 0.09 nA; baclofen RRP: 2.37 + 0.36
nA; n = 16 cells, 4 mice). In addition, baclofen also increased P, on
average 2.0-fold (Fig. 2; baseline: 0.086 + 0.017; baclofen: 0.169 +
0.024). Altogether, our results suggest that tonic and phasic release
modes have different sizes of RRP with distinct coupling tightness.

Structural Correlates of Enhanced Neurotransmitter Release.

The RRP is an electrophysiological property considered to be
structurally reflected by docked SVs in the AZ (36, 37). To test
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Fig.2. Role of presynaptic Ca®* in tonic and phasic neurotransmission. (A) Example images of axon-GCaMP6s fluorescence at rest (Left) and at peak fluorescence
during stimulation (Middle) under baseline (Top) and baclofen conditions (Bottom). Subtraction of resting fluorescence from peak fluorescence reveals stimulation-
induced fluorescence increase in a subset of MHb axons (Right). (Scale bars, 50 um.) (B) Time course of GCaMPé6s fluorescence change during stimulation under
baseline and baclofen conditions in five slices from five mice. ***P <0.001 two-way ANOVA with Bonferroni post hoc test; main effect of baclofen: F; 34 =86.01,
P < 0.0001. (C-E) K" channel blockers TEA and 4-AP did not induce phasic release and did not occlude phasic release induction by baclofen. Notice the increase
in spontaneous EPSCs in the example traces (C) of TEA/4-AP and TEA/4-AP+baclofen groups before and after 10-Hz stimulation. (F) The same as in A, at baseline
(Left), the application of TEA/4-AP (Middle) and TEA/4-AP + baclofen (Right). (Scale bars, 50 um.) (G) The time course of GCaMP6s fluorescence change reveals
a significant increase in fluorescence by TEA/4-AP and TEA/4-AP + baclofen compared to baseline. TEA/4-AP and TEA/4-AP + baclofen groups only differed at
the rising phase (red highlighted section) but not during peak fluorescence (Two-way ANOVA main factor of drug treatment: F(, 45¢ = 107.4, P < 0.0001; Tukey
post hoc test: # indicates P < 0.05 between TEA/4-AP vs. TEA/4-AP + baclofen; * indicates P < 0.05 between baseline vs. TEA/4-AP and TEA/4-AP + baclofen).
(H) Example trace of a phasic response before and 10 min after the application of 100 uM EGTA-AM. (/) Cumulative EPSC amplitude plot before and after EGTA-AM
application. (/) Phasic EPSC, amplitude was significantly reduced by EGTA-AM. P = 0.0095, calculated with the paired t test. (K-M) Application of EGTA-AM prior
to baclofen prevents phasic release induction but does not significantly alter tonic EPSC; amplitudes. Repeated measures one-way ANOVA: F; g5 11.41) = 0.7478,
P =0.4889. (N) The same as in A, at baseline (Left), 15 min after the application of 100 uM EGTA-AM (Middle) and during the application of EGTA-AM + baclofen
(Right). (Scale bars, 50 um.) (O) EGTA-AM significantly reduced GCaMP peak fluorescence compared to baseline (Two-way ANOVA main effect of treatment:
Fi2, 492 = 162.6, P < 0.0001; * indicates P < 0.05 EGTA-AM vs. baseline and EGTA-AM + baclofen groups, Tukey post hoc test), whereas the addition of baclofen
restored GCaMP peak fluorescence to baseline levels, but fluorescence decayed slower than baseline. # indicates P < 0.05 between EGTA-AM + baclofen vs.
baseline and EGTA-AM, Tukey post hoc test. (P) Example traces of EPSC responses during 100-Hz stimulation at baseline and after baclofen application. (Q)
Baseline and baclofen cumulative EPSC amplitude plots with linear regression fit through the last 6 stimuli (#25 to #30). (R) Paired comparison of RRP sizes
before and after baclofen. P < 0.0001, Wilcoxon test. (S) Paired comparison of P, at baseline and after baclofen, P = 0.0061 calculated by the two-tailed paired t
test. See also S/ Appendix, Fig. S3 and Table S1.

this, we performed timed high-pressure freezing after optogenetic an initially larger conductance than during repetitive activity (38,
stimulation of MHb terminals in acute slices [SI Appendix, 39), and larger number of stimulated axons with optogenetic than
Fig. S4A, Flash and Freeze (18)]. First, we measured optogenetic electrical stimulation. Stronger and broader optogenetic responses
responses in IPN neurons of ChAT-ChR2-EYFP mice (20) in may also be explained by the Ca”* conductance through ChR2
200-um-thick coronal slices (Fig. 34). In ChAT-ChR2-EYFP mice, channels, the spillover of glutamate due to activation of most, if
90.2% of asymmetrical synapses expressed channelrhodopsin2in =~ not all, cholinergic terminals, and the higher cholinergic tone in
the rostral/central IPN region (SI Appendix, Fig. S4B). Under ChAT-ChR2-EYFP mice (40). Importantly, the application of
baseline conditions, optogenetic stimulation at 10 Hz produced ~ baclofen-induced phasic release, which rapidly depleted during
tonic-like EPSC responses that decayed over time after the 10-  the 10-Hz train and recovered within 10 s (Fig. 3 4 and B).

Hz train (Fig. 3 A and B). However, in contrast to electrically To examine the structural correlate of the GBR-induced
evoked EPSCs, optogenetically evoked EPSC, amplitudes were  increase in RRP size during phasic release induction, we chose to
frequently larger than subsequent EPSCs. This likely resulted ~ freeze MHb terminals at two time points in the presence of
from the desensitizing kinetics of channelrhodopsin, exhibiting baclofen: 1) 100 ms after the 10-Hz stimulation (depletion group)
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Fig.3. Structural correlates of enhanced neurotransmitter release. (A) EYFP fluorescence in an angled ChAT-ChR2-EYFP slice (Left) and tonic and phasic example
traces evoked by optogenetic stimulation in a cell before and during the application of baclofen. (B) Recovery time courses of normalized EPSC amplitudes
after augmentation (baseline) and depletion (baclofen). (C, Top) expanded phasic example trace from panel A highlighting freezing time points for depletion
and recovery groups in the presence of baclofen. (Bottom Left) overlay of individual EPSCs over the course of recovery. (Bottom Right) overlay of individual EPSC
onsets during phasic release recovery. (D) Example electron micrographs of synapses from Control,csy, Control, . .ren, Depletion, and Recovery groups. (Scale bars,
100 nm.) (E) Quantification of SV diameters across groups. P value derived from one-way ANOVA. F;; ¢, = 0.8994, P = 0.4467. (F) Plot of SV numbers (normalized
to the number of analyzed serial sections) in distance bins of 5 nm from the SV center to the nearest AZ membrane. ***P < 0.001, **P < 0.01 Recovery vs.
Controls and Depletion, ##P < 0.01, #P < 0.05 Controls vs. Recovery and Depletion, two-way ANOVA with Tukey post hoc test. Main group effect: F3 5450 = 49.12.
P < 0.0001. (G) Quantification of docked SV densities in serial sections. Values above bars indicate P values calculated by one-way ANOVA with the Tukey post

hoc test. F3 ¢ = 26.66, P < 0.0001. See also S/ Appendix, Fig. S4.

at which time point the phasic RRP should be mostly depleted,
and 2) 10 s after the 10-Hz stimulation (recovery group) at which
time point the phasic RRP should have fully recovered (Fig. 3C
and SI Appendix, Fig. S4A). We tested two different control con-
ditions: Control, g and Controly .., samples were high-pressure
frozen in the same way as recovery and depletion samples but
without light stimulation in the absence or presence of baclofen.
Following freeze substitution, we extracted the rostral/central IPN
region and prepared serial ultrathin sections (40 nm) for electron
microscopy (EM) (SI Appendix, Fig. S4 C and D and Fig. 3D).
SV diameters were not significantly different between groups
(Controlycgp: 46.0 + 1.7 nm, n = 16 synapses, 3 mice; 2,215 SVs
measured; Controly,: 42.9 = 1.0 nm, n = 14 synapses, 2 mice,

PNAS 2024 Vol.121 No.8 e2301449121

1,535 SVs measured; Depletion: 43.4 + 1.7 nm, n = 18 synapses,
3 mice, 2,204 SVs measured; Recovery: 43.6 £ 0.9 nm, n = 18
synapses, 3 mice, 2,539 SVs measured; Fig. 3E). In a defined
perimeter around the AZ (Methods), we measured the distance
from each SV’s center to the nearest presynaptic membrane in
5-nm bins. SVs in direct contact with the presynaptic membrane
or whose center was within 20 nm of the inner leaflet of the
membrane were considered docked. In control samples, most SVs
were in close proximity of the AZ but without making contact
and, thus, considered as “loosely docked” (11) (20 - 40 nm dis-
tance from the AZ; 5th to 8th bins in Fig. 3F). The depletion
group displayed lower numbers of SVs, particularly at the loosely
docked bins. In contrast, the recovery group showed a significant

https://doi.org/10.1073/pnas.2301449121
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increase in docked SVs (first four bins in Fig. 3F). The density of
docked SVs in the recovery group (2.34 + 0.27 docked SVs/(10*
nm?); n = 18 terminals, 3 mice) increased 3.5-fold compared to the
depletion group (0.67 + 0.15 docked SVs/(10* nm?); n = 18 termi-
nals, 3 mice; Fig. 3G). The difference in docked SV densities
between depletion and recovery groups was similar to that in RRP
size between tonic and phasic release (4.1-fold, Fig. 2R). Interestingly,
the density of docked SVs in Control, ., group (0.47 + 0.08
docked SVs/(10* nm?) did not increase compared to the Control
group, suggesting that GBR activation without presynaptic activity
is insufficient to increase pool size.

SV-Associated Molecules Selectively Involved in Tonic and Phasic
Release. We next aimed to identify proteins selectively involved in
tonic and phasic release. We first investigated the role of SPO based
on its selective expression in ventral MHb neurons (Allen Brain
Atlas). SPO is a vesicular transmembrane protein of unknown
function (41). In contrast to its homologue synaptophysin (42),
SPO was found to coprecipitate with Cav2.3 in a brain-wide
proteomics study (43), suggesting that it may be relevant for
neurotransmission in MHb terminals which exclusively rely on
Cav2.3 for release (8). Immunofluorescence revealed that SPO
was expressed in axon-like structures in the rostral/central but not
lateral IPN subnuclei (Fig. 44). At the EM level, SPO-labeling
was confirmed on SVs in MHb terminals (Fig. 4B, also see Fig. 4
S-T). We then generated SPO KO mice (Methods) and confirmed
the specificity of immunolabeling (Fig. 44). Whole-cell recordings
from IPN neurons in SPO KO mice at baseline conditions (Fig. 4
C-F) revealed strongly impaired augmentation of tonic release
(Fig. 4D). In contrast, baclofen-induced phasic release did not
appear different from that of WT and P, of EPSC, remained
unaltered (Fig. 4 £and £; measured by linear regression analysis of
cumulative EPSC amplitude plots). Recovery from phasic release
depletion in SPO KO mice occurred with a similar time course
(t = 4.1 s, SI Appendix, Fig. S5 A-C) as in WT mice (T = 4.4 s,
Fig. 1G). These results suggest that SPO is a modulator of tonic
release augmentation.

Phasic release, on the other hand, requires the cytosolic Ca**-
dependent activator protein for secretion (CAPS) in the hippocampus
(11, 44). Of the two CAPS isoforms, only CAPSI is required for
fast, phasic neurotransmission in the hippocampus (44), whereas
CAPS2 is involved in the release of neuropeptides and neurotrophic
factors (45, 46). Since MHDb neurons exclusively express CAPS2 but
not CAPS1 (47), we hypothesized that CAPS2 might be involved in
GBR-induced phasic release. Immunofluorescence revealed strong
CAPS2 expression in all IPN subnucdlei (Fig. 4G) and pre-embedding
EM showed CAPS2 labeling in MHb terminals in the rostral/central
IPN (Fig. 4H). We then performed whole-cell recordings in IPN
neurons of CAPS2 KO mice (44) (Fig. 4 /-L). Functionally, tonic
release appeared intact, with augmentation similar to that of WT
(Fig. 4 Iand /). However, phasic release was strikingly altered (Fig. 4
Kand ). Specifically, P, of EPSC, was reduced almost 10-fold com-
pared to WT (WT EPSC, P: 0.19 + 0.02, n = 13 cells, 5 mice;
CAPS2 KO EPSC, P.: 0.02 + 0.00, n = 14 cells, 3 mice, Fig. 41).
Furthermore, P, increased over the first four stimuli before gradually
reducing. Recovery from 10-Hz phasic release (S/ Appendix, Fig. S5
D-F) consisted of an initial increase in EPSC amplitudes early after
the 10-Hz stimulus (0.5 to 2.1 s post 10-Hz), followed by an expo-
nential decay with a time constant of T = 7.3 s (2.1 to 13.3 s post
10-Hz), which is similar to the recovery time course of augmentation
in WT mice (T = 6.9 s, Fig. 1G). This pattern may result from fast
replenishment of depleted SVs at high residual Ca™ concentrations
within the first 2 s, followed by slowing of the replenishment rate at
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near resting Ca®* concentrations. This result suggests that the aug-
mentation observed in the absence of baclofen in WT still occurs
during phasic release in the presence of baclofen but is masked by
the prominent depression (21).

Interestingly, we observed a phasic response pattern in WT mice
similar to that of CAPS2 KO mice, but only at the very first 10-Hz
stimulation in the presence of baclofen (S/ Appendix, Fig. S6 A
and B). Therefore, these results suggest that CAPS2 is recruited
Ca®* dependently during phasic release induction and might serve
to facilitate docking of replenished SVs. Nonetheless, the facilita-
tion in the first several stimuli followed by depression in CAPS2
KO mice (Fig. 4K) indicates that CAPS2 does not interfere with
the Ca’*-dependent recruitment of phasic release SVs. Overall
RRP size remained unaffected in CAPS2 KO compared to WT mice
(SI Appendix, Fig. S6 C-E), but the release-competent subpool at
rest is substantially smaller in CAPS2 KO mice.

‘We next examined whether SPO and CAPS2 are colocalized in
the same MHb terminals. Double immunofluorescence showed a
large overlap of labeling for CAPS2 with that for SPO in the rostral/
central IPN (Fig. 4M). Double pre-embedding EM immunolabeling
with small particles for SPO and large particles for CAPS2 revealed
their colocalization in the same terminals (Fig. 4 Nand O). In samples
incubated with anti-SPO or anti-CAPS2 antibodies alone with the
same double-labeling protocol, we mostly found small or large par-
ticles, respectively, indicating minimal cross-reactivity of the second-
ary antibodies (Fig. 4P). These samples allowed the quantification of
SPO and CAPS2 particle sizes, which were reliably distinguishable
(Fig. 4Q; SPO particle diameter: 5.85 + 0.30 nm, n = 298 particles;
CAPS?2 particle diameter: 32.40 + 0.50 nm, n = 452 particles). We
then measured the distance from CAPS2 particles (diameter >14 nm)
to the nearest SPO particle (diameter <8 nm) and compared these
real NND values with those from simulated SPO to real CAPS2
particles (Fig. 4R). SPO to CAPS2 NNDs were not significantly dif-
ferent from those of random distributions generated using simula-
tions. Importantly, CAPS2 is a cytosolic protein (44), and whether
CAPS2 associates with SVs in MHb terminals is unclear. Therefore,
we measured the distance from CAPS2 and SPO particles to the
closest SV membrane in single immunolabeling samples (Fig. 45). We
found similar distributions relative to the SV membrane for SPO and
CAPS2 (Fig. 47) with a slightly but significantly shorter distance for
SPO (3.49 + 0.16 nm, n = 320 particles) than CAPS2 (4.73 + 0.30
nm, n = 152 particles). This difference may be ascribable to larger
diameter of CAPS2 particles (8.6 + 3.2 nm, mean + SD, n = 132
particles) than SPO particles (4.3 + 2.5 nm, mean + SD, n = 147
particles) (48). Overall, we identified SPO and CAPS2 as SV-associated
proteins located inside the same presynaptic terminals and selectively
involved in tonic and phasic release, respectively.

Impact of GBR Activation and CAPS2 KO on Quantal Size. We then
asked whether quantal size was affected by either GBR activation
or loss of CAPS2. To this aim, we measured miniature EPSC
(mEPSC) frequency and amplitude before and during baclofen
application in WT and CAPS2 KO mice (SI Appendix, Fig. S6 F-H).
Interestingly, GBR activation did not affect mEPSC amplitudes in
either genotype but significantly reduced mEPSC frequencies in WT
and CAPS2 KO mice (87 Appendix, Fig. S6 Fand G). The mEPSC
frequency and amplitude at baseline or during baclofen application
were not different between genotypes (ST Appendix, Fig. S6H). Next,
we utilized the pronounced asynchronous release after single stimuli
in the presence of baclofen to quantify quantal asynchronous EPSC
(aEPSC) amplitudes (SI Appendix, Fig. S6 I-K) (49). We found
no significant difference in aEPSC amplitudes between genotypes
and no significant difference in amplitudes between aEPSC and
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Fig.4. SPO and CAPS2 involved in tonic and phasic neurotransmitter release are colocalized to the same terminals and vesicle-associated. (A) Confocal images of
SPO immunofluorescence in the IPN of a WT and a SPO KO mouse. (Scale bars, 100 um.) (B) Pre-embedding EM immunolabeling for SPO in an MHb terminal. (Scale
bar, 100 nm.) (C) Example 10-Hz EPSC traces from a SPO KO mouse at baseline and during baclofen application. (D) Tonic release augmentation was significantly
impaired in SPO KO mice. Main effect of genotype, calculated by two-way ANOVA: F; 14,0, = 212.8, P < 0.0001. Bonferroni post hoc analysis revealed a significant
difference in stimuli #20 to #30. (E) Overlay of phasic release P, time course between WT and SPO KO mice, calculated by linear regression analysis of cumulative
EPSC amplitude plots (35). Main effect of genotype calculated by two-way ANOVA: F; ;50 = 0.9445, P = 0.3314. (F) P, of EPSC, in the phasic response train was
not different between WT and SPO KO mice. P =0.7511 calculated from two-tailed unpaired t test. (G) Confocal images of anti-CAPS2 immunofluorescence in
the IPN of a WT and CAPS2 KO mouse. (Scale bars, 100 um.) (H) Pre-embedding immunolabeling for CAPS2 in a MHb terminal. (Scale bar, 100 nm.) (/) Example
10-Hz EPSC traces from a CAPS2 KO mouse at baseline and during baclofen application. (/) Augmentation remained unaffected by genetic ablation of CAPS2.
Main effect of genotype calculated via two-way ANOVA: F(; 14,0)=0.01006, P = 0.9201. (K) P, time course of phasic release, calculated by linear regression analysis
of cumulative EPSC amplitude plots, was strongly affected by genetic ablation of CAPS2. Main effect of genotype calculated by two-way ANOVA: F; ;5 = 22.73,
P <0.0001. Bonferroni post hoc test revealed a significant difference at Stimuli #1, 2,6, 7,9, and 11. (L) P, of EPSC, in the phasic response was significantly lower
in CAPS2 KO compared to WT mice. P < 0.0001 calculated by two-tailed unpaired t test. (M, Left) double immunofluorescence for CAPS2 (red) and SPO (green),
showing strong overlap in the rostral and central IPN. (Middle) higher magnification of the dashed square in the Left panel. (Right) higher magnification of the
dashed square in the Middle panel. (Scale bars from Left to Right, 100 um, 50 um, and 10 um.) (N) Example image of double pre-embedding EM immunolabeling
for SPO and CAPS2 in the rostral/central IPN. (Scale bar, 200 nm.) (0) High magnification image of the dashed-line square in N. SPO and CAPS2 labeled by small
and large particles, respectively. (Scale bar, 100 nm.) (P) Example images of single labeling for SPO (Left) and CAPS2 (Right) with the same double pre-embedding
labeling protocol as for (O and N). (Scale bar, 100 nm.) (Q) Quantification of particle diameters for SPO and CAPS2 based on the single labeling in P. (Left) frequency
distribution histogram shows minimal overlap of particle sizes. (Right) Average particle diameter for SPO (5.8 + 0.3 nm) and CAPS2 (32.4 + 0.5 nm). P value derived
from Mann-Whitney test. (R) NND from CAPS2 to SPO particles in double pre-embedding labeling. NND of real CAPS2 (>14 nm) to SPO particles (<8 nm) was not
different from that of random simulation. P values derived from Kolmogorov-Smirnov test (Left) and Mann-Whitney test (Right). (S) High magnification image
of single labeling for SPO (Left) and CAPS2 (Right) with short silver intensification to produce small particles. (Scale bar, 20 nm.) (T) Frequency histogram of SPO
and CAPS2 particle distance to the center of the SV membrane (Left), cumulative frequency histogram (Middle), and average distance between particles and SVs
(Right). The average distances were 3.5 + 0.2 nm for SPO and 4.7 + 0.3 nm for CAPS2. P values derived from Kolmogorov-Smirnov test (Middle) and Mann-Whitney
test (Right). See also S/ Appendix, Figs. S5 and S6.

mEPSC in the presence of baclofen (SI Appendix, Fig. S6K).  frequency by baclofen further suggests that GBR activation may
These results suggest that quantal size remains unaffected by  exertdistinct effects on spontaneous and evoked neurotransmitter
GBR activation or the loss of CAPS2. The reduction in mEPSC  release from MHb terminals.
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Activity-Dependent Induction and Retention of Phasic Release.
Our results suggest that prior activity may be necessary for
recruiting new SVs to the RRP (87 Appendix, Fig. S6A) and that
CAPS2 is required for the retention of these SVs (SI Appendix,
Fig. S6B). Furthermore, GBR activation alone failed to increase
the density of docked SVs in Flash and Freeze experiments
(Fig. 3G). Therefore, we tested whether achieving the maximal
phasic response is activity-dependent or whether GBR activation
without activity is sufficient to reach peak potentiation. To this
aim, we recorded bilateral MHb inputs to single IPN neurons
and, after establishing a baseline response, stopped stimulation on
one hemisphere while washing in baclofen (silent washin, Fig. 5
A and B). Once the 10-Hz stimulation (3 s, every 20 s) on the
other hemisphere induced maximal potentiation, the same 10-
Hz stimulation of the silent side resumed (Fig. 5B). Strikingly,
EPSC, amplitude in the first 10-Hz stimulation train was only
marginally increased, whereas the second train exhibited maximal
potentiation of EPSC, amplitude. This result confirmed that the
induction of phasic release is activity-dependent.

Next, we asked whether the GBR-mediated potentiation, once
induced, might be stored in the absence of GBR activation and
synaptic activity. To test this, we stimulated MHDb inputs bilaterally
to induce phasic release on both sides in the presence of baclofen.
Once full potentiation was achieved, stimulation on one hemisphere
was halted (silent washout) while starting the washout of baclofen
(Fig. 5C). Five minutes after the washout onset, potentiation on the
continuously stimulated side was fully reverted (stimulated wash-
out). At this time point, we restarted the 10-Hz stimulation of the
silent side and saw only marginal potentiation of EPSC, amplitudes
in the first train (EPSC,: 213.2 + 62.3% of baseline amplitude, n
=9 cells, 4 mice; Fig. 5C). However, in the second train, EPSC,
amplitudes increased to 46.8% of the peak potentiation (second
train EPSC,: 374.7 + 82.8% of baseline amplitude; peak potentia-
tion EPSC;: 801.6 + 120.4% of baseline amplitude). Therefore, we
conclude that the GBR-mediated potentiation can be stored for

A

continously
stimulated side

C

B o ®

@ @ ®

minutes in the absence of GBR activation, but the retrieval of this
stored potentiation requires activity, consistent with the idea of
activity-dependent recruitment of additional docked SV (Fig. 3G).

Translocation of CAPS2 to the Presynaptic AZ by Phasic But
Not Tonic Release. Given the partial storage of GBR-mediated
potentiation for at least 5 min (Fig. 5C), we hypothesized that
chemical fixation might be sufficiently fast to capture molecular
changes underlying the phasic release induction. Therefore, we
combined optogenetic stimulation of MHb terminals in acute
IPN slices from ChAT-ChR2-EYFP mice and immersion chemical
fixation followed by pre-embedding immunolabeling of CAPS2
and SPO (“Flash and Fix”). Control slices remained unstimulated
and unexposed to baclofen, whereas the “10 Hz” group received
three 10-Hz light stimulations (3-s duration, 10-s interval) without
baclofen, and the “10 Hz + Baclofen” group received the same
stimulation after a 10 to 15 min preincubation in 1 uM baclofen.
Immediately after the last stimulation, slices were submerged in
a fixative [4% paraformaldehyde (PFA), 0.05% glutaraldehyde,
15% picric acid] for 45 min. Pre-embedding immunolabeling
revealed that CAPS2 but not SPO was specifically recruited to
the presynaptic AZ in the 10 Hz + Baclofen group (Fig. 6 A-D;
CAPS2 Control: 0.3 + 0.1 particles/AZ, n = 58 profiles, 2 mice;
10 Hz: 0.7 + 0.1 particles/AZ, n = 68 profiles, 2 mice; 10 Hz +
Baclofen: 2.6 + 0.3 particles/AZ, n = 60 profiles, 2 mice; SPO
Control: 0.1 £ 0.0 particles/AZ, n = 80 profiles, 2 mice; 10 Hz:
0.2 + 0.0 particles/AZ, n = 76 profiles, 2 mice; 10 Hz + Baclofen:
0.1 £ 0.0 particles/AZ, n = 88 profiles, 2 mice). Importantly, there
was no AZ-translocation of CAPS2 after 10 to 15 min baclofen
incubation without optogenetic stimulation (S Appendix, Fig. S7
Aand B; CAPS2 Control: 0.7 + 0.1 particles/AZ, n = 75 profiles,
2 mice; Baclofen without stimulation: 0.6 + 0.1 particles/AZ, n =
60 profiles, 2 mice). These results suggest an activity-dependent
CAPS2 recruitment and subsequent stabilization in the presynaptic
AZ during phasic, but not tonic release.
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Fig. 5. Potentiation by GBR activation and its storage are activity-dependent. (A) Example thick-slice configuration of recording in IPN with bilateral MHb input
stimulation. To examine activity dependence (B), a single IPN neuron was patched and after bilateral baseline recordings (10-Hz stimulation for 3 s, 5-s interval
between Left and Right side stimulations, 20 s between sweeps), stimulation with the red-highlighted electrode was halted during baclofen washin, whereas
stimulation was continued with the other electrode (10 Hz, 3-s duration, every 20 s). Once maximal potentiation was reached, stimulation with the red-highlighted
electrode resumed. To examine storage of potentiation (C), after bilateral baseline recording and bilateral induction of maximal potentiation, baclofen washout
commenced and stimulation with the red-highlighted electrode was halted. Stimulation with the other electrode continued and, once potentiation was fully
reverted, stimulation with the red-highlighted electrode resumed. (B, Left) example traces derived from the silent side at baseline (1), at the first (2) and second
(3) 10-Hz stimulus after silent baclofen washin. (Right) time course of EPSC, amplitudes, relative to baseline, during stimulated and silent washin of baclofen.
(C, Left) example traces derived from the silent side at peak potentiation (1), at the first (2) and second (3) stimulus after silent baclofen washout. (Right) time
course of relative EPSC, amplitudes during stimulated and silent washout of baclofen.
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Flash and Freeze-Fracture Directly Reveals Selective Recruitment
of CAPS2 to the Presynaptic Membrane during Phasic Release.
Is CAPS2 rapidly recruited to the AZ selectively during the
induction of phasic release or does CAPS2 also participate in tonic
release but without prolonged retention in the AZ? Furthermore,
is AZ-located CAPS2 in “Flash and Fix” experiments inserted in
the membrane or localized to SV membranes close to the AZ?
To answer these questions, we combined Flash and Freeze with
freeze-fracture replication and subsequent immunolabeling. This
method, which we termed Flash and Freeze-fracture, enables the
nanoscale detection of multiple proteins simultaneously in the
presynaptic membrane within milliseconds of neurotransmitter

release (Fig. 6E).

A ?gontrol

10 Hz + Baclofen

If CAPS2 is selectively recruited during phasic release, the ratio of
CAPS2 to SPO molecules in the presynaptic membrane should shift
toward CAPS2 compared to tonic release. To test this prediction, we
quantified the ratio of CAPS2 to SPO in the presynaptic membrane
following stimulation by a single 8-ms light pulse in the absence or
presence of baclofen. Since phasic SV recruitment is activity-dependent
(81 Appendix, Fig. S6A and Fig. 5B), two 10-Hz conditioning stimuli
(3-s duration, 10-s interval) were given 10 s prior to the single light
pulse. Freezing was timed so that the tissue reached 0 °C 8 ms after
light onset and light application continued for an additional 15 ms
during freezing. To maximize transmitter release and stabilize SV- and
membrane-associated proteins in the presynaptic membrane after
fusion, slices were stimulated and frozen in the presence of 1 mM
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Fig. 6. Selective recruitment of CAPS2 to the AZ after GBR activation. (A) Example images of pre-embedding EM labeling for CAPS2 in acute slices under
control conditions without stimulation and after 10-Hz stimulation in the absence (10 Hz) or presence of 1 uM baclofen (10 Hz + Baclofen). (Scale bars, 100 nm.)
(B) Quantification of the number of particles touching the presynaptic membrane in the AZ reveals significantly higher CAPS2 numbers in the “10 Hz + Baclofen”
group compared to the other groups. P values calculated by one-way ANOVA with Tukey post hoc test: F, 47 = 35.69, P < 0.0001. (C) The same as in A for SPO.
(Scale bars, 100 nm.) (D) The same as in B for SPO, showing no difference between groups. P values calculated by one-way ANOVA: F, ,4;) = 0.2397, P = 0.7870.
(E) Flash and Freeze-fracture steps schematic. (Left) Flash and Freeze of acute brain slices using a sapphire/metal hybrid sandwich separated by a double-sided
tape. (Middle) Freeze-fracture replication of frozen brain slices using a knife to separate the sapphire disc from the metal carrier. (Right) SDS treatment of
tissue and immunolabeling with primary antibodies against SPO and CAPS2 followed by labeling with 5 nm and 10 nm gold-conjugated secondary antibodies.
(F) Example images of SPO and CAPS2 labeling in Flash and Freeze-fracture replicas frozen without light stimulation (ACSF) or after an 8-ms light pulse in the
absence (Stimulation) or presence of 1 uM baclofen (Stimulation + Baclofen). (Scale bars, 100 nm.) (G) Quantification of CAPS2/SPO particle ratio in the AZ
membrane revealed a significant increase in the “Stimulation + Baclofen” group. P values derived from one-way ANOVA with Tukey post hoc test F, 40, = 8.930,

P =0.0060. See also S/ Appendix, Figs. S7 and S8.
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TEA-CI, 100 uM 4-AP and 100 uM of the dynamin inhibitor dynas-
ore. Because CAPS2 is a cytosolic protein, we incubated replicas with
attached tissue in 2% PFA for 1 h prior to sodium dodecyl sulfate
(SDS) digestion to cross-link CAPS2 to potential interacting trans-
membrane proteins. In Flash and Freeze-fracture replicas of the
“Stimulation + Baclofen” group, the ratio of CAPS2 to SPO (4.56 +
0.87, n = 6 replicas, 205 profiles, 6 mice) was significantly higher
than in the unstimulated control group (ACSE 0.31 + 0.01,n=3
replicas, 153 profiles, 3 mice) and “Stimulation” group (1.33 + 0.48,
n = 4 replicas, 320 profiles, 4 mice; Fig. 6 Fand G). We confirmed
the specificity of replica labeling for SPO and CAPS2 in acute-slice
replicas of corresponding KO mice (S] Appendix, Fig. S8A). The dif-
ference in the ratio during phasic release (Fig. 6F) derived from
increases in the density of CAPS2 in the presynaptic membrane as
SPO density was similar across all three groups (SIAppendix,
Fig. S8B), potentially due to high spontaneous neurotransmission in
the presence of TEA + 4-AP (Fig. 2C). Comparison of SPO and
CAPS2 particle numbers in individual AZs revealed a significant
positive correlation in the stimulation + baclofen group but not in
the stimulation group (SIAppendix, Fig. S8C), indicating that
baclofen induced the CAPS2 translocation accompanied with evoked
vesicular release. Finally, to test the association between SPO and
CAPS2 in the AZ, we compared the NNDs from CAPS2 to SPO
particles with those from real CAPS2 to simulated SPO particles
(Methods). Interestingly, NND analysis revealed no significant asso-
ciation between CAPS2 and SPO in the presynaptic membrane of
both stimulation and stimulation + baclofen groups (SI Appendix,
Fig. S8D), suggesting that CAPS2-binding and SPO-associated ves-

icle fusion sites may not overlap.

Discussion

Our results shed light on the mechanisms of GBR-mediated
potentiation of MHb-IPN synapses. Although the signaling path-
ways downstream of GBR activation remain elusive, our experi-
ments show that 1) the GBR-mediated potentiation involves a
transition from a tonic to a phasic release mode, 2) the transition
is associated with an increase in both functional (RRP) and struc-
tural (docked SVs) pool size, 3) SVs medlatmg phasic release are
more loosely coupled to presynaptic Ca** channels than those
mediating tonic release, 4) induction of potentiation is activity-
dependent, 5) noncanonical signaling, such as cAMP-PKA and
PKC pathways, is not involved in the potentiation, 6) CAPS2
translocates to the presynaptic AZ selectively during phasic release
and retains the RRP increase for several minutes, and 7) SPO is
selectively involved in augmentation during tonic release.

Tonic and phasic release are generally thought to be synapse-
specific properties, widely used as hallmarks for synaptic identifi-
cation (12). However, our results demonstrate that GBR activation
converts the same synapse from a tonic into a phasic release mode.
One possibility is that dlfferent populations of vesicles, for exam-
ple with different Ca®* sensitivity, mediate tonic and phasic
responses (50). The heterogeneity of the vesicle pool has emerged
with a diverse array of molecules (51). The selective increase of
CAPS2 at the AZ during phasic release may indicate a distinct SV
pool involved in the potentiation, separate from the SPO-associated
SVs used in the baseline condition.

Alternatively, a recently proposed sequential priming model of
a homogenous SV pool (19) may explain our results. Under base-
line conditions, the majority of SVs may be in a loosely docked
state (LS) with only a small proportion of SVs in a tightly docked,
fusion-competent state (TS, Control in Fig. 3D). With repeated
stlmulatlon in the presence of baclofen, SVs may gradually transi-

tion Ca** dependently from LS to TS, shifting the ratio of LS/TS
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pools toward TS (Recovery in Fig. 3D). The distance distribution
of SVs from the plasma membrane would be consistent with this
model (Fig. 3F). Furthermore, the experimental observation that
tonic release in the absence of baclofen and phasic release in its
presence converge toward a common steady-state value (Fig. 1D)
is predicted by the model. The release pattern of the loosely docked
pool model closely matches our bimodal phasic release pattern
(facilitation to depression) in the first repetitive stimulation in WT
and all repetitive stimulations in CAPS2 KO mice after GBR acti-
vation, indicating that CAPS2 may retain the TS pool required for
the release pattern of the tightly docked pool model.
Interestingly, baclofen increased stimulation-evoked release but
decreased the frequency of miniature release (S/ Appendix, Fig. S6
F-H). Given that 90% of terminals in the rostral/central IPN orig-
inate from cholinergic MHb neurons (S Appendix;, Fig. S4B), it is
unlikely that baseline mEPSCs derived from other excitatory pro-
jections that exhibit GBR-mediated presynaptic inhibition. Thus,
GBRs may differentially regulate evoked and  spontaneous neuro-
transmission, potentially due to distinct Ca™* dependencies (7).
Alternatively, spontaneous and evoked release may arise from distinct
release sites that are differentially affected by GBR signaling (52).
The present results also shed light on the function of two synaptic
proteins with largely unknown function, SPO and CAPS. SPO is
hlghly expressed in the MHDb, and tightly coupled to Cav2.3 R-type
Ca”* channels (43). Cav2.3 may serve as an anchor point for tonic
SVs during augmentation and loss of binding to this anchor in the
SPO KO mice might result in impaired recruitment of tonic SVs to
the AZ during tonic release. Alternatively, SPO may stabilize
v-SNARE: as recently reported for its homologue Synaptophysin (53).
CAPS2 is also abundantly expressed in the MHb terminals,
which exclusively express this isoform (47). Although CAPS2 is
not essential for the GBR-mediated potentiation, it markedly
regulates kinetic properties of phasic release (Fig. 4 /~L), stabiliz-
ing the GBR-mediated SV pool increase for minutes. The mech-
anisms of this regulation and its recruitment to the AZ during
phasic release remain to be clarified. The positive correlation
between CAPS2 and SPO numbers in each AZ only in the pres-
ence of baclofen supports the idea that the recruitment of CAPS2
to the AZ during phasic activity could result from the fusion of
CAPS2-associated SVs in stimulated terminals, although cytosolic
CAPS2 may also be recrulted to the AZ by other mechanisms,
potentially via the Ca®* binding C2 and the pleckstrin homology
domains (54). CAPS2 remaining at the AZ might serve as docking
sites for replenished SVs via MUN domains (54), which has
sequence homology to the priming protein Munc13. In this sce-
nario, it could also be involved in SV priming (44) and may
contribute to the transient nature of the GBR-mediated potenti-
ation. Another study found that CAPS2-mediated RRP recruit-
ment requires the pleckstrin homology but not the MUN domain,
suggesting that PIP, binding might be important (55). However,
PLCn2 KO mice showed no alteration in GBR-mediated poten-
tiation, despite a previous report of negative regulation of CAPS
by this PLC isoform (27). No involvement of other PLC/PKC
pathway components suggests that the PIP,-binding activity of
CAPS2 may not be required for the activity-dependent AZ-
translocation of CAPS2 during phasic release induction.
Activity dependence of the baclofen effect (Fig. 5) suggests that
presynaptic GBRs in MHb-IPN terminals may implement a new
form of short-term heterosynaptic plasticity between glutamatergic-
cholinergic MHb inputs and GABAergic inputs into the IPN. The
nature of the GABAergic inputs to the IPN is not known but could
be extrinsic GABAergic inputs or local GABAergic IPN neurons
themselves (56). The plasticity is associative and synapse-specific
(Fig. 5 and SI Appendix, Fig. S6), implementing a potentially
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powerful computation in the circuit. It has been suggested that
IPN neurons mediate fear extinction (2). The GBR-mediated
potentiation could implement a behaviorally relevant feedback
loop, switching the circuit from fear responses to fear extinction.

Finally, the technological advances reported in the present paper
could be useful for the analysis of transmitter release. Chemical
fixation experiments (including “Flash and Fix”) have several draw-
backs; limited resolution for discriminating signals from the AZ
and docked SV membranes, difficulty with double labeling, and
long time (at least a few minutes) required for chemical fixation
(57). Our Flash and Freeze-fracture method overcomes many of
these limitations. First, one can easily identify proteins inserted
into the AZ membrane. Second, the labeling of multiple proteins
is easily achievable. Finally, it can capture molecular translocations
that occur within milliseconds. Thus, the Flash and Freeze-fracture
method can reveal the molecular dynamics at the AZ with the
highest spatial and temporal resolution.

Overall, our study provides insights into the mechanisms under-
lying the unique potentiation of release by GBRs from MHb termi-
nals and demonstrates a new regime of presynaptic modulation.

Methods

Animals. Wild-type C57BL/6J, heterozygous ChAT-ChR2-EYFP, and heterozygous
ChAT-IRES-Cre mice were purchased from Jackson Laboratory. Homozygous
CAPS2 KO mice were previously generated (44). SPO KO mice were generated
using the CRISPR-Cas9 method. Male and female mice were used indiscrimi-
nately in all experiments. All experiments were performed in strict accordance
with the license approved by the Austrian Federal Ministry of Science and
Research (Animal license number: BMWFW-66.018/0012-WF/V/3b/2016) and
Austrian and EU animal laws. See SI Appendix for a detailed description.

Electrophysiology. Acute slices were prepared as described previously (8, 58).
After recovery, the slice was transferred to the recording chamber and superfused
with ACSF containing 2.5 mM CaCl, and 20 pM bicuculline methiodide (Tocris,
Bristol, UK) at a rate of 3 to 4 mL/min at RT (22.0 to 24.0 °C). For a detailed
description, see S Appendix.

Stereotaxic Surgery, AAV Injection, and Calcium Imaging. Adult ChAT-IRES-
Cre mice were deeply anesthetized and placed in the stereotaxic setup. AAV9-
hSynapsin1-FLEx-axon-GCaMPés (Addgene #112010) was injected bilaterally
into the MHb. For a detailed description, see S/ Appendix.

Calcium Imaging-Based Modeling. For a detailed description, see S/ Appendix.

Flash and Freeze and Freeze Substitution
ChAT-ChR2-EYFP mice (8 to 10 wk old) were used for Flash

and Freeze and freeze substitution as described previously (18).
For a detailed description, see SI Appendix.

Flash and Freeze-Fracture and Immunolabeling

Acutely cut IPN slices from ChAT-ChR2-EYFP mice were incubated
in ACSF containing 1 mM Ca**, 1 mM TEA-Cl, and 100 uM 4-AP
with or without 1 uM baclofen for 5 to 10 min. and then in the same
ACSF containing 2.5 mM Ca*", 100 UM dynasore (HelloBio, Bristol,
UK), and 15% PVP followed by assembly of the freezing sandwich
consisting of a gold-coated copper carrier, double-sided tape, and a
sapphire disc. After insertion into the ICE high-pressure freezer (Leica
EM), slices were stimulated twice at 10 Hz (5-ms pulse width, 3-s
duration, 10-s interval), followed by a single light pulse (8-ms dura-
tion) and high-pressure freezing, timed so that the sample reached 0
°C 8-ms after light stimulation onset. Light application continued
for another 15 ms during the freezing process.

PNAS 2024 Vol.121 No.8 e2301449121

For freeze-fracture replication, the metal-sapphire sandwich was
inserted into an ACE900 freeze-fracture machine (Leica EM), and
the frozen tissue was fractured by moving a knife through the
double-sided tape between the metal carrier and the sapphire disc.
After fracture, carbon/platinum replication was performed as
described previously (8). The replica-covered slices were trans-
ferred to 0.1 M phosphate buffer (PB) containing 2% PFA for
postfixation for 1 h, followed by SDS treatment as described (8).
For the immunolabeling procedure, see SI Appendix.

Immunohistochemistry and Single and Double
Pre-Embedding Immunolabeling For EM

Immunohistochemistry and pre-embedding immunolabeling were
performed as described previously (8). For a detailed description,

see SI Appendix.

Flash and Fix
Coronal IPN slices (200 pum thick) of ChAT-ChR2-EYFP mice

were prepared, recovered, and incubated for 10 to 15 min in ACSF
containing either 2.5 mM Ca”* (“Control” and “10 Hz” groups)
or 2.5 mM Ca** and 1 uM baclofen (“10 Hz + Baclofen” and
“Baclofen (no stimulation) groups). Each slice was then optoge-
netically stimulated three times at 10 Hz for 3 s (10-s interval)
followed by immediate immersion fixation in 0.1 M PB containing
4% PFA, 0.05% glutaraldehyde, and 15% picric acid for 45 min.
Control and “Baclofen (no stimulation)” slices were immersion-
fixed without light stimulation. Thereafter, pre-embedding immu-
nolabeling was performed as described above.

Quantification and Statistical Analysis

Unless otherwise noted, all data are presented as mean + SEM.
Parametric tests were performed unless data failed the Shapiro—
Wilk normality test, in which case nonparametric tests were
applied. Statistical analysis was performed in Prism 8 unless oth-
erwise stated. For a detailed description of all data analysis proce-
dures, see SI Appendix.

Data, Materials, and Software Availability. Numerical raw data of all main
figures and additional representative EM images of all experiments have been
deposited at ISTAREx (59).
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