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The tight spatial coupling of synaptic vesicles and voltage-gated Ca®*
channels (Cays) ensures efficient action potential-triggered neurotrans-
mitter release from presynaptic active zones (AZs). Rab-interacting mol-
ecule-binding proteins (RIM-BPs) interact with Ca®* channels and via
RIM with other components of the release machinery. Although human
RIM-BPs have been implicated in autism spectrum disorders, little is
known about the role of mammalian RIM-BPs in synaptic transmission.
We investigated RIM-BP2-deficient murine hippocampal neurons in cul-
tures and slices. Short-term facilitation is significantly enhanced in both
model systems. Detailed analysis in culture revealed a reduction in initial
release probability, which presumably underlies the increased short-
term facilitation. Superresolution microscopy revealed an impairment
in Cay2.1 clustering at AZs, which likely alters Ca** nanodomains at
release sites and thereby affects release probability. Additional deletion
of RIM-BP1 does not exacerbate the phenotype, indicating that RIM-BP2
is the dominating RIM-BP isoform at these synapses.

RIM-BP2 | calcium channel coupling | release probability | short-term
plasticity | active zone structure

t the presynapse, coupling between action potentials (APs)

and synaptic vesicle fusion is exquisitely precise, ensuring
high temporal fidelity of neuron-to-neuron signaling in the nervous
system. Two properties are thought to be responsible for this re-
markable precision: a highly efficient release apparatus that trans-
duces Ca®" signals into vesicle fusion and a tightly organized active
zone (AZ), where the release apparatus and voltage-gated Ca**
channels (Cays) are spatially coupled. Rab-interacting molecules
(RIM) are thought to contribute to both properties, because loss
of RIM impairs vesicle priming (1) and Cay localization at the AZ
(2). RIM-binding proteins (RIM-BPs) directly interact with RIM
(3), the pore-forming subunits of Cay1 and Cay2 channels (2, 4,
5), and Bassoon (5), and have therefore been suggested to play a
role in presynaptic Cay localization. The Drosophila homolog of
RIM-binding proteins (DRBP) is indeed crucial for neurotrans-
mitter release at the AZ of neuromuscular junctions (NMlJs)
because loss of DRBP reduces Cay abundance and impairs the
integrity of the AZ scaffold (6). DRBP-deficient flies show
severe impairment of neurotransmitter release along with in-
creased short-term facilitation (6, 7).

Recently, Acuna et al. (8) published a report on the combined
loss of RIM-BP1 and RIM-BP2 in mouse synapses. The authors
report that although RIM-BPs are not essential for synaptic
transmission, AP-triggered neurotransmitter release is more vari-
able and the sensitivity to the Ca®" chelator EGTA is increased at
the Calyx of Held, suggesting a larger coupling distance of Cay and
the release machinery.

www.pnas.org/cgi/doi/10.1073/pnas.1605256113

In the present study, we further investigated the consequences of
constitutive deletion of RIM-BP2 on the structure and function of
mouse hippocampal synapses. We show that loss of RIM-BP2 leads
to a moderate reduction in initial release probability, which trans-
lates into profound changes in short-term plasticity (STP). This
deficit can be overcome by increasing extracellular Ca™*. We
established triple-channel time-gated stimulated emission depletion
(gSTED) microscopy for RIM-BP2, Munc13-1, and Bassoon, as well
as for Cay2.1, RIM, and the postsynaptic marker protein Homerl.
Using this technique, we demonstrate that although synapse number
and molecular architecture appear essentially intact, RIM-BP2 is
necessary for proper coclustering of the P/Q-type Cay subunit
Cay2.1 with the AZ protein Bassoon at hippocampal CA3-CAl
synapses. We hypothesize that the observed change in Cay locali-
zation causes a discrete alteration in the coupling of Ca** influx and
exocytosis, and thereby modifies release probability and, conse-
quently, STP. Additional deletion of RIM-BP1 did not strengthen
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the changes in short-term facilitation, supporting our hypothesis
that RIM-BP2 is the major RIM-BP paralog at glutamatergic
hippocampal synapses.

Results

RIM-BP2 Localization at the AZ of Hippocampal CA3-CA1 Synapses.
STED microscopy revealed that DRBP localizes close to the
membrane near the AZ center of Drosophila NMJ synapses (6), but
comparable studies on RIM-BPs at mammalian AZs with nano-
meter scale resolution are lacking. Quantitative real-time PCR
suggested that RIM-BP2 is the predominant paralog in cultured
hippocampal neurons (Fig. S14). We analyzed the spatial relation-
ship between RIM-BP2 and two AZ components, Bassoon and
MUNCI13-1, at CA3-CAl hippocampal synapses of mouse brain
cryosections. On the confocal level, RIM-BP2 colocalized with both
AZ proteins (Fig. S1B). To dissect the AZ nanoscale architecture,
we established triple-channel gSTED with a lateral resolution of
~50 nm in all three channels (Fig. 14 and Fig. S1 B-D). Analysis of
the mean distance between nearest neighbors (k-nearest neighbor
analysis) revealed that RIM-BP2 is localized at a short distance to
Bassoon and MUNCI13-1, whereas MUNCI13-1 is equidistant to
RIM-BP2 and Bassoon (k = 1). In coimmunoprecipitations from P2
fractions of mouse brains, RIM-BP2 coprecipitated with RIM and
Muncl13-1, but not with the Arf GTPase-activating protein GIT, a
binding partner of Piccolo (9) and of endocytotic proteins such as
Dynaminl (Fig. S1E) and Stonin 2 (10). Together, these results in-
dicate that RIM-BP2 is part of the presynaptic AZ scaffold and
forms a complex with the priming factors RIM and Munc13-1.

Generation of a RIM-BP2 Constitutive Knockout Mouse Line. We gen-
erated knockout (KO) mice constitutively lacking RIM-BP2 by
deleting exon 17 of the RIM-BP2 gene that encodes part of the
second SH3 domain (Fig. S24). RIM-BP2—deficient mice were
born at Mendelian ratios (Fig. S2B) and survived into adulthood.
Complete loss of RIM-BP2 protein expression in KO animals was
confirmed by immunostaining of hippocampal cryosections (Fig.
S2C) and immunoblot analysis of P2 fractions using two antibodies
targeting different RIM-BP2 epitopes (Fig. S2 D and F). The ex-
pression of other presynaptic proteins such as RIM1/2, MUNC13-1,
Erclb/2, Synaptophysinl, and Synapsinl was unaltered (Fig. S2 D
and E). Transmission electron microscopy showed that the ultra-
structure of the presynaptic AZ was not grossly altered by the ab-
sence of RIM-BP2 (Fig. S2 G-I).

RIM-BP2 Deletion Moderately Decreases Vesicular Release Probability
and Leads to Increased Short-Term Facilitation in Cultured Neurons.
To investigate the role of RIM-BP2 in synaptic transmission, we an-
alyzed basic synaptic properties and STP in autaptic hippocampal
glutamatergic neurons from RIM-BP2 WT and KO mice. Evoked
excitatory postsynaptic current (EPSC) amplitudes were decreased by
20% in RIM-BP2 KO neurons compared with WT (Fig. 1B). We
further analyzed the coefficient of variation (C.V.) of EPSCs as a
measure for the reliability of evoked release. Consistent with previous
results from RIM-BP1/2 double KOs (DKOs) (8), we found an in-
creased C.V. in RIM-BP2 KO neurons (Fig. 1C). The size of the
readily releasable pool (RRP) (11) was not significantly altered (Fig.
1D). The probability of a synaptic vesicle being released by an AP
[vesicular release probability (Pyr)] was calculated as the ratio of the
EPSC and the RRP charge. Pyr was reduced by 10% in RIM-BP2
KO neurons (Fig. 1E). Additionally, we assessed release probability
(Pr) by monitoring the progressive block of the NMDA receptor-
mediated component of the EPSC by the noncompetitive NMDA
receptor blocker (55,10R)-(+)-5-methyl-10,11-dihydro-5SH-dibenzo[a.d]
cyclohepten-5,10-imine maleate (MK-801). The block rate, which is
proportional to Pg (12) was indeed decreased by ~18% in RIM-BP2
KO neurons (Fig. S3 A-C). Spontaneous miniature release, in con-
trast, was unaltered (Fig. 1 F and G).

We next investigated how STP is affected by loss of RIM-BP2.
Autaptic RIM-BP2 KO neurons showed a robust increase in
paired-pulse ratio (PPR) when stimulated with pairs of APs at
different interstimulus intervals (ISIs) compared with WT neurons

11616 | www.pnas.org/cgi/doi/10.1073/pnas.1605256113

Ali Aliii
MUNC13-1 »
k=2 =
—0- RIM-BP2
7D ®.%8=3
AV LW 't “@Bsn
L "d k’=1 1155, /'
RIM-BP. ', 116+2
N S L ]
- _ MUNC13-1
n=6
Téi_ 5 * 500 mM Sucrose 154
S10 g0 & 1.0
iy = E
S05 s € 0.5.[EE
_hna E e
0 —10.1nA 0.0
5ms 200 WI ko WT KO Ts WI KO
8 *% §8 5‘40
_6 <6 230
S o
N ol so RN -0 [0
a’y 92 Y10
4 i 4 S|4 | (4)
_I5pA So ( 0
0 smst £ VWI KO

WT II g
KO T II
I
II
—_ 0.5 <] T T 11 04— T T T 1
10ms 20 25 100 € 12345 0 10 20 30 40 50

ISl (ms) Pulse number Pulse number

Fig. 1. RIM-BP2 localization at the hippocampal AZ, and effect of RIM-BP2
deletion on synaptic transmission in autaptic hippocampal neurons. (A, i-iii)
Spatial organization of RIM-BP2 in relation to Bassoon (Bsn) and MUNC13-1 at
the AZ of CA3-CA1 synapses in WT mouse brain cryosections imaged by gSTED
and analyzed using the mean k-nearest neighbor distance between clusters.
(Scale bar: 500 nm.) (B) EPSCs evoked by 2-ms somatic depolarization in RIM-BP2
WT (black) and KO (red) autaptic neurons. Amplitudes (ampl.) were normal-
ized (norm.) to WT mean of the same culture. (C) C.V.s of 24 EPSC amplitudes
recorded during a period of 2 min. (D) Synaptic responses to application of
hypertonic sucrose (500 mM) solution probing the RRP. (E) Pyg of the same cells
as in B and D. (F) Spontaneous release and averages of miniature EPSCs
(mEPSCs) from the same cells. (G) mEPSC amplitudes and frequencies (freq.).
(H) Normalized traces of two EPSCs at an ISI of 25 ms. (/) PPR calculated for the
indicated ISIs. Normalized amplitudes of the same cells as in / in response to
5 APs triggered at 50 Hz (J) or 50 APs at 10 Hz (K). The last 10 EPSCs of the
10-Hz train are larger in KO neurons compared with WT. The numbers of
neurons and independent cultures analyzed are shown within the bars. Data
are expressed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

(Fig. 1 H and I). During short bursts of five APs at 50 Hz (Fig. 1J),
EPSCs showed initial facilitation, followed by moderate de-
pression in RIM-BP2 KO neurons but significant depression in
WT neurons. Similarly, RIM-BP2 KO neurons exhibited signifi-
cantly reduced depression of EPSC amplitudes during 10-Hz trains
compared with WT neurons (Fig. 1K).

RIM-BP2 Deletion Alters STP in Acute Hippocampal Slices. To verify
the results independently in autaptic culture, we analyzed synaptic
transmission in the CAl area of acute hippocampal slices. The
input/output function relating field recordings of excitatory post-
synaptic potentials (fEPSPs) and fiber volley amplitudes were
unchanged (Fig. 24), suggesting that the loss of RIM-BP2 does
not cause major alterations in basal synaptic transmission.
However, the PPR of fEPSPs was significantly elevated for all ISIs
(Fig. 2 B and C), corroborating the cell culture results. Train stim-
ulations with 25 pulses at 14 Hz caused greater initial facilitation and
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less depression of fEPSPs in RIM-BP2 KO compared with WT mice
(Fig. 2D). As in autaptic cultures, spontaneous miniature release was
unaltered in hippocampal slices (Fig. 2E). Together, the data from
acute slices and autaptic culture demonstrate enhanced short-term
facilitation in the absence of RIM-BP2.

Additional RIM-BP1 Deletion Does Not Exacerbate the RIM-BP2 KO
Phenotype. We crossed RIM-BP2 KO mice with constitutive RIM-
BP1 KO mice (Fig. S4 A-F) to generate RIM-BP1/2 DKO mice. In
area CA1 of acute hippocampal slices, input/output functions of RIM-
BP2 KO and RIM-BP1/2 DKO were indistinguishable (Fig. S4G).
We then compared PPRs (Fig. S4H) and STP (Fig. S47) in RIM-BP2
single-KO and RIM-BP1/2 DKO slices. Additional deletion of RIM-
BP1 did not exacerbate the increased facilitation observed in the single
RIM-BP2 KO. Thus, our data support the hypothesis that RIM-BP2
is the major RIM-BP paralog in murine hippocampal neurons.

RIM-BP2 Deletion Does Not Affect Vesicle Priming or Replenishment.
RIM and Munc13 are known to mediate priming of synaptic vesicles
(1, 13). Thus, could the increased short-term facilitation be caused
by RIM-BP2 modulating priming through its interactions with the
RIM/Munc13-1 complex? We can exclude this possibility for several
reasons. First, the unaltered spontaneous release (Figs. 1G and 2E
and Fig. S3G) argues against a priming defect in RIM-BP2 KO
synapses (14). Second, the transmitter release induced by sub-
saturating hypertonic stimulation (250 mM sucrose) compared with
release induced by a saturating stimulus (500 mM sucrose) was
identical in autaptic RIM-BP2 WT and KO neurons, indicating no
difference in vesicle fusogenicity (14) (Fig. S3 D and E). Third, due
to a higher energy barrier for fusion, sucrose-induced release kinetics
would be slower in the case of a priming deficit (15). However, peak
release rates were unchanged (Fig. S3F). Additionally, we tested
recovery from pool depletion but did not detect any difference be-
tween WT and RIM-BP2 KO neurons (Fig. S3 H and I), suggesting
that RIM-BP2 deletion does not affect RRP replenishment.

RIM-BP2 Deletion Alters Ca?* Sensitivity of Release. Work at Dro-
sophila NMJ synapses demonstrated that deletion of DRBP results
in defective Cay localization, reduced Ca®* influx, impaired synaptic
transmission, and increased short-term facilitation (6). We exam-
ined presynaptic Ca* influx in cultured hippocampal neurons using
the fast Ca®" sensor GCamp6f coupled to synaptophysin (SynG-
Campo6f) that specifically localizes the sensor to the presynapse (Fig.
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Fig. 2. RIM-BP2 deletion alters STP in acute hippocampal slices. (A) Input/output
curves relating the amplitude of the presynaptic fiber volley to the fEPSP am-
plitude in the stratum radiatum of area CA1 of acute hippocampal slices at
different stimulus intensities (0.05 mV-0.2 mV: WT, n = 21; KO, n = 19; 0.3 mV:
WT, n=18; KO, n = 14; 0.4 mV: WT, n = 16; KO, n = 13). (B) Normalized fEPSPs in
response to a paired pulse with 50-ms ISI. (C) PPRs of fEPSPs at different ISls.
(D) fEPSPs elicited by a 14-Hz stimulation train, with stimulation artifacts blanked
for better visibility. () mEPSC amplitudes and frequencies recorded from CA1
pyramidal neurons. The numbers of slices and independent animals are in-
dicated. Data are expressed as mean + SEM. ***P < 0.001.
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Fig. 3. RIM-BP2 deletion alters Ca®* sensitivity of release. (A) Schematic repre-
sentation of the genetically encoded Ca?* indicator synGCamp6f at the membrane
of a synaptic vesicle. Heat-colored images of a WT dendrite (B) and quantification
of synGCampéf fluorescence change (AF/F) during stimulation with two APs at
20 Hz and 50 APs at 10 Hz (C). (D) Mean EPSCs of WT (black) and RIM-BP2 KO (red)
autaptic neurons in different [Ca*]exs. The [Ca*]eys of test solutions are indicated
(all 1 mM Mg?*). A control solution (2 mM Ca?*/4 mM Mg?*) was applied in be-
tween. (E) EPSC amplitudes at different [Ca?*]exs Normalized to alternating
control responses (Left) and to 10 mM [Ca®*]ex (Right). Hill functions were
fitted to the data. (F) Normalized EPSCs in response to a paired stimulus and
mean PPRs at indicated [Ca®*]eys. (G) Pyg Of autaptic hippocampal neurons in
0.5 mM and 4 mM [Ca**].s. The numbers of neurons and independent cul-
tures analyzed are shown within the bars. Data are expressed as mean + SEM.
*P < 0.05. n.s., not significant.

3A4). We did not detect significant differences in global Ca** signals
in response to two (at 20 Hz) or 50 (at 10 Hz) APs (Fig. 3 B and C).
Furthermore, we analyzed the dependence of transmitter release on
varying external Ca®" concentrations ([Ca®].gs) in RIM-BP2 WT
and KO autaptic neurons in detail (Fig. 3 D and E). The relative
sensitivity of EPSC amplitudes to varying [Ca**]ees (0.5-10 mM
Ca®*/1 mM Mg*") was determined by intermittent measurements of
EPSC amplitudes from control solution (2 mM Ca**/4 mM Mg**;
Fig. 3D). Normalizing to control EPSCs, we found that the relative
potentiation of release is increased in RIM-BP2 KO at 4 mM and
10 mM [Ca*")oys (Fig. 3E, Left). To fit a Hill function, we nor-
malized the same dataset to saturating 10 mM [Ca?*].y, resulting in
almost identical Ca®* dose-response curves for WT and KO neu-
rons (Fig. 3E, Right), suggesting no change in the Ca®* cooperativity
n for release and similar numbers of Cays at the AZ of both
genotypes. These findings, however, do not exclude changes in re-
sidual Ca®* at local micro- or nanodomains in the RIM-BP2 KO.

We next determined PPRs at different [Ca®].qs (Fig. 3F). In
0.5-2 mM [Ca**].x, PPRs (25-ms ISI) were significantly increased
in RIM-BP2 KO neurons, whereas PPRs were indistinguishable in
4-10 mM [C32+]ex1~ In a second set of experiments, we analyzed
PPRs at different ISIs (25-250 ms) and found similar results for all
chosen ISIs (Fig. S37). PPRs were significantly increased in lower
[Ca**]exs (<2 mM) and also for ISIs up to 250 ms with the ex-
ception of 0.5 mM [Ca®*].,, where PPRs at 100 ms and 250 ms
were identical in WT and RIM-BP2 KO. Overall, the differences in
PPRs became smaller with increasing [Ca®*]y. At 4 mM [Ca*]ox
only the PPR values recorded at 50-ms and 250-ms ISIs were sig-
nificantly increased in RIM-BP2 KO neurons.

We also measured Py at low and high [Ca2+]ms and found that
in 0.5 mM [Ca®*]ey, Pyr was reduced by 21% in RIM-BP2 KO
neurons (Fig. 3G), whereas the difference in 4 mM [Ca**]ey was
not significant. Similarly, RIM-BP2 KO had significantly reduced
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EPSC amplitudes, accom Panied by an increased C.V. of the EPSCs
in low, but not high, [Ca**]. (Fig. S3K).

Altogether, these data show that loss of RIM-BP2 leads to an
impairment of Ca®*-secretion coupling that can be overcome by
elevating [Ca®*]ox.

RIM-BP2 KO Alters Presynaptlc Cay2.1 Channel Locallzatlon If prim-
ing, global presynaptic Ca** influx, and Ca®* cooperativity are
unaltered in the RIM-BP2 KO neurons, could altered Cay po-
sitioning explain the changes in release probability and PPR?
To address this question, we turned to superresolution mi-
croscopy and tested if deletion of RIM-BP2 alters the subsynaptic
positioning of the P/Q-type Cay subunit Cay?2.1, because in-
terference with RIM-BP2 and Bassoon interaction affects their
synaptic localization (5). We first measured the synaptic distri-
bution of Cay2.1s in relation to the AZ protein Bassoon in the
stratum radiatum of the hippocampal area CA1 of WT and RIM-
BP2 KO mice by dual-channel gSTED (Fig. 4 A-F). We found
that loss of RIM-BP2 did not significantly affect either the total
number of Cay2.1 and Bassoon clusters or thelr ratio (Fig. S5 4

by Ca®* imaging (Fig. 3 A-C). Notably, however, the average
number of Bassoon clusters at short distance intervals from
Cay2.1 clusters was significantly reduced by more than 30% (Fig.
4 B, i and C). This finding indicates that RIM-BP2 deletion alters
Cay2.1 localization at short distances from the AZ. This effect is
not due to an overall change in total cluster number. Supporting
these results, at RIM BP2 KO synapses, we observed a 50% in-
crease in the mean k distance of Bassoon clusters surrounding a
given Cay2.1 cluster, but the P value reached was only 0.068 (k = 1;
Fig. 4 B, ii and D). The mean k distance between individual
Bassoon clusters did not significantly change in the absence of
RIM-BP2, suggesting that although the distance between single
AZs is unaltered in RIM-BP2 KO mice, Cay2.1s are localized
more distal from the AZ (Fig. 4 E and F).

To map Cay2.1 localization precisely relative to the AZ protein
RIM1 and the postsynaptic marker Homer1, we established triple-
channel gSTED (Fig. 4 G-N). The total number of Cay2.1, RIMI,
and Homerl clusters did not significantly differ between WT and
RIM-BP2 KO (Fig. S5 C-E). However, RIM-BP2 KO mice
showed higher variability in RIM1 cluster number as expressed in

and B), in agreement with the unaltered total Ca** influx observed ~ a highly variable RIM1/Cay2.1 ratio (Fig. S5 D and E). This
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distances (e.g., 50 nm, 75 nm) to a given Cay2.1
cluster were quantified and averaged on thousands
of Cay2.1 clusters per image. (B, ii) Mean distance
between the k-nearest neighbor Bsn cluster and
Cay2.1cluster(k=1,k=2,k=3,k=4,k=5).(C)Bsn
cluster numbers at short distances from Cay2.1 clus-
ters (WT, n = 5; KO, n = 6). (D-F) Mean k distance
between Bsn and Cay2.1 clusters (D) and between
neighboring Bsn clusters (E) in RIM-BP2 KO mice.
(G) Triple-channel gSTED images of Cay2.1, RIM1, and
Homer1 at CA3-CA1 hippocampal synapses (WT, n=9;
KO, n = 9). (H) RIM1 clusters found in proximity to
Cay2.1 channels. (/) Mean k distance of RIM1 clusters
to Cay2.1 clusters. Homer1-RIM1 clustering (J) and
Homer1-RIM1 mean k distance (K). Homer1 clusters
close to Cay2.1 channels (L), and mean k distances
between Homer1 clusters and Cay2.1 (M) are shown.
(N) Cay2.1 spatial organization relative to RIM1 and
Homer1 at excitatory hippocampal synapses. (Scale
bars: A and G, 500 nm.) Distances between clusters are
represented in nanometers. Values are expressed as
mean + SEM. *P < 0.05; **P < 0.01.
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variability did not affect net RIM1 clustering relative to Cay?2.1s,
although we also observed a trend here toward increased mean k
distance of RIM1 surrounding Cay2.1 clusters (Fig. 4 H and ). We
also found a significantly reduced mean number of Homer1 clus-
ters surrounding a given RIM1 cluster at 50-75 nm and 100-125
nm in RIM-BP2 KO (Fig. 4/), suggesting an effect of RIM-BP2 on
RIMI1 clustering. However, the mean k distance of neighboring
Homer1 toward RIM1 clusters did not significantly change (Fig.
4K). These data indicate that RIM-BP2 might exert a minor effect
on the exact RIMI1 spatial distribution at the AZ. The mean
number of Homerl clusters relative to Cay2.1 was not altered in
RIM-BP2 KO (Fig. 4L). At RIM-BP2 WT synapses, the closest
neighboring Homer1 cluster was found at 142 + 10 nm from
Cay2.1 clusters (Fig. 4 M and N). In RIM-BP2 KO, this distance
increased by 11% with a statistical P value at the edge of signifi-
cance (P = 0.05), demonstrating that RIM-BP2 deletion does not
grossly alter Cay2.1 positioning versus the postsynaptic density.
Our structural analysis shows that loss of RIM-BP2 modifies the
molecular architecture of the AZ by changing the relative distri-
bution of Cay?2.1s versus the AZ scaffold protein Bassoon. In-
creased distance should result in a lar er functional coupling
distance between the Ca** channel and Ca** sensor, and therefore
a stronger effect of the slow Ca** chelator EGTA (16) Thus, we
tested whether application of the membrane-permeable EGTA
acetoxymethyl ester (EGTA-AM) would have differential effects
on EPSC amplitudes and Pyg of WT and RIM-BP2 KO autaptic
neurons (Fig. S6 A-C). Indeed, preincubation with 25 uyM EGTA-
AM decreased EPSC amplitudes more in RIM-BP2 KO than in
WT (Fig. S64). Although this effect was not statistically significant,
EGTA-AM did reduce Pyr by more than 50% in RIM-BP2 KO
without altering WT Pygr (Fig. S6B). Thus, together with our
structural data, the EGTA-AM effect on Py in RIM-BP2 KO
neurons supports the idea of a larger distance between Ca**
channels and Ca”* sensors at release sites in the absence of RIM-
BP2. Our analysis provides evidence that RIM-BP2 contributes to
proper positioning of Cay2.1s at AZs of hippocampal gluta-
matergic synapses that allows precise Ca**-secretion coupling,

Discussion

Presynaptic neurotransmitter release is a highly orchestrated
process ensuring high-fidelity neuronal communication. The
RIM/RIM-BP complex has been implicated in enhancing the
efficiency of the fusion machinery and the positiomn% of synaptic
vesicles in close proximity to Cays to optimize Ca”"-secretion
coupling (2, 5, 6). Recently, Acuna et al. (8) showed that deletion
of RIM-BP1 and RIM-BP2 in the murine Calyx of Held impairs
the reliability of evoked neurotransmitter release, presumably
due to an uncoupling of Cays from release sites. At the Dro-
sophila NMJ, the RIM-BP ortholog DRBP, together with
Bruchpilot, is an AZ core component, and elimination of DRBP
causes severe structural deficits in AZ organization, associated
with strongly impaired basal transmission and STP (6, 7).

Our analysis of the RIM-BP2 KO in glutamatergic hippo-
campal neurons revealed a moderate disruption of the AZ ar-
chitecture in comparison to the Drosophila phenotype, resulting
in a mild decrease in release efficiency but a pronounced alter-
ation in STP. Thus, rather subtle modifications in the fine po-
sitioning of the Cays within the AZ are sufficient to promote
changes in release probability and induce robust STP alterations.

The altered Pygr, PPR, and STP of RIM-BP2—deficient neurons
are most plausibly explained by changes in the nanoscale organiza-
tion of protein architectures within the AZs (i.., the mislocalization
of Cay2.1s in proximity to Bassoon). We 1nterpret these results as an
indication of increased coupling distances between Ca®* channels
and release sites, also based on our EGTA-AM experiments. These
data are also consistent with previously published results (5, 8). A
larger distance between Cay2.1s and release srtes would result in an
altered local Ca®* profile “seen” by the Ca®" sensor for release,
which determines vesicle fusion and strongly depends on the cou-
pling distance (17). RIM-BPs have been identified in a number of
studies as candidate genes for autism spectrum disorder (ASD) (18—
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21). Although neurons might be able to compensate for the 10%
decrease in Pyr by homeostatic mechanisms, it is likely that the
robust changes in STP might ultimately severely alter the compu-
tational properties and function of the affected neuronal net-
works, and thereby perturb synaptic information processing (22).

It should be noted that a very similar phenotype with mildly
reduced Pyg and robustly increased short-term facilitation is also
evident in Ras-related protein Rab3-deficient neurons (23).
Schliiter et al. (23) speculate that Rab3 “superprimes” a subset
of vesicles, specifically increasing their release probability. One
possible mechamsm is that Rab3 directs vesicles to release sites
closer to Ca** channels, where they would have an intrinsically
higher release probability. This scenario might explain the sim-
ilarities in both phenotypes. Whereas Rab3 would control cou-
pling of synaptic vesicles and Ca”* channels from the vesicle side,
RIM-BP2 might act from the Ca®* channel side in a subset of
AZs. Indeed, in our analysis, we see only a relatively small
fraction of AZs having a Cay2.1 within 125 nm. At this subset of
AZs, proper Cay?2.1 localization depends on RIM-BP2.

We established triple-channel gSTED to determine precise
distances between clusters of specific synaptic components at
CA3-CALl synapses in situ. At other excitatory synapses, previous
studies using direct stochastical optical reconstruction micros-
copy (ASTORM) reported a Bassoon-Homerl average axial
distance of 154 nm (24). Accordingly, we find that at WT syn-
apses, Homerl is located at 142 nm and 134 nm from Cay2.1 and
RIM1, respectively, indicating that gSTED can be used reliably
to map protein cluster localization, and thus synaptic substruc-
tures at mammalian synapses in situ. However, with both
superresolution techniques, true cluster distances are obviously
influenced by using indirect immunolabeling, because the size of
the primary/secondary IgG sandwich (~20 nm) and the position
of the epitopes recognized by the antibodies likely influence the
exact measured distances (epitopes targeted by each antibody
are listed in Table S1). Still, comparing the values between
mutant and WT constellation should be meaningful.

Here, we show that at hippocampal CA3-CA1 AZs, RIM-BP2 is
located close to Bassoon and Munc13-1 in a complex in which each
nearest neighbor is rather equidistant (~100 nm). According to
ultrastructural studies, cortical pyramidal neuron synapses usually
have a single AZ with a highly variable area of about 0.04 pm? (25,
26). Our cluster analysis at CA3-CALl synapses maps two adjacent
Bassoon clusters at less than 200 nm. We therefore assume that the
first (k = 1) nearest neighbor of our analysis might indicate a
neighboring cluster within a single AZ. To address this point more
precisely, 3D reconstruction of AZ components imaged at sub-
diffraction axial resolution will be necessary. Our data also show
that the localization of Cay2.1 in close apposition to the PSD
marker Homerl is relatively stable even in the absence of RIM-
BP2. Although the overall RIM1 expression level was not affected
in crude synaptosomal membranes, we observed increased vari-
ability in RIM1 total cluster number in RIM-BP2—deficient syn-
apses. This increased variability may reflect altered nanoscale
distribution of RIM1 localization within AZs and toward the
postsynapse, which is supported by a trend toward a larger RIM1-
to-Cay2.1 mean k distance and slightly, but significantly, altered
Homer1 clustering relative to RIM1 in RIM-BP2 KO.

We performed a detailed analysis of RIM-BP2 loss of function
mostly in autaptic neurons, whereas our structural analysis was
done in situ to provide information on the organization of the AZ
within the hippocampus. Nevertheless, our PPR and STP experi-
ments in slices demonstrate that RIM-BP2 KO results in a similar
functional defect in both preparations. On the other hand, our
EGTA-AM experlments provide evidence that RIM-BP2 is nec-
essary for proper Ca** channel localization at the AZ also in vitro.

Besides coupling of Cays to release sites, other functions have
been suggested for RIM-BPs. At the Drosophila NMJ, DRBP is
required for homeostatic modulation of presynaptic Ca®* influx
and the size of the RRP, as well for as recovery from pool de-
pletion (7). In contrast, at the murine Calyx of Held, RRP size and
the kinetics of priming into the RRP are not RIM-BP-dependent
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(8). However, the release of the RRP was significantly decelerated
in RIM-BP1/2 DKO. In our autaptic culture system, we observed
no differences in RRP size, fusogenicity, or peak release rates, and
we did not detect changes in the recovery from pool depletion.
These results suggest that loss of RIM-BPs manifests distinctively at
different specialized synapse types.

Why are the effects of RIM-BP2 deletion on presynaptic structure
and function of hippocampal synapses rather subtle compared with
the severe phenotype at Drosophila NMJ AZs? Differences in the
exact structure of the AZ scaffolds and the level of genetic redundancy
might well be involved here. In fact, different isoforms of AZ proteins
likely contribute to shaping specific functions that differ from synapse
to synapse. For both hippocampal and NMJ synapses, however, the
RIM/RIM-BP complex is crucial for precise Cay localization at the
AZ and expression of STP and/or long-term plasticity. The compari-
son of KO phenotypes suggests that in Drosophila, DRBP plays a
more pivotal role (6, 27), whereas judged from single gene KOs at
mammalian synapses, RIM is functionally most important (1, 2, 8, 28—
30). Still, the importance of RIM-BPs for STP is conserved between
flies and mammals (6, 8, 31), consistent with the highly conserved
molecular interactions between RIM-BPs, Cays, and RIM (2, 4, 6).

Further investigation is required to understand fully the molec-
ular role of RIM-BPs in different synapse types, which might also
depend on the type of presynaptic Cay present. Studying potential
behavioral deficits in RIM-BP1 and RIM-BP2 KO mice and the
function of RIM-BPs in neuronal circuits implicated in ASD (32)
will likely advance our understanding of how the disruption of RIM-
BP function might lead to behavioral and cognitive deficits.

Methods

KO Mouse Generation. RIM-BP2 and RIM-BP1 targeting vector construction
and KO mouse generation by standard homologous recombination were
performed by genOway. All animal experiments were approved by the an-
imal welfare committee of Charité Universitatsmedizin Berlin and the
Landesamt fur Gesundheit und Soziales Berlin.
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Cell Culture and Electrophysiological Recordings. Primary neuronal cultures were
prepared as described by Arancillo et al. (14). Whole-cell patch-clamp recordings in
autaptic neurons were performed at days in vitro 13-21 as described (14).

Slice Preparation and Electrophysiological Recordings. Acute hippocampal
slices were prepared as described by Stempel et al. (33). The 300-um-thick
horizontal slices were maintained for 30 min at 35 °C in sucrose-artificial
cerebrospinal fluid (ACSF) and subsequently stored in ACSF at room tem-
perature. Experiments were started after 30 min and no longer than 6 h
after preparation. A detailed description of electrophysiological experi-
ments is provided in S/ Methods.

Immunohistochemical Analysis and gSTED Imaging. Following immunostain-
ing, sagittal cryosections (10 pm) of RIM-BP2 WT and KO brains were imaged
by gSTED with a Leica SP8 gSTED microscope (Leica Microsystems) equipped
with two depletion lasers (592 nm and 775 nm). Cluster analysis on decon-
volved images was performed with Amira (Visualization Sciences Group) and
a MATLAB (The MathWorks, Inc.) custom-written script.

SynGCamp6f Imaging. SynGCamp6f was generated analogous to synGCamp2
(34) by fusing GCamp6f (35) to the C terminus of the synaptic vesicle protein
synaptophysin. Imaging was done as previously described (34).

SI Methods contains figures, a detailed description of the methods used,
antibodies (Table S1), raw values, and statistical analysis (Tables S2-54).
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