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The mechanisms that enable synapses to achieve temporally and spatially
precise signaling at nano-scale while being fluid with the cytosol are poorly
understood. Liquid-liquid phase separation (LLPS) is emerging as a key prin-

ciple governing subcellular organization; however, the impact of synaptic LLPS
on neurotransmission is unclear. Here, using rat primary hippocampal cul-
tures, we show that robust disruption of neuronal LLPS with aliphatic alcohols
severely dysregulates action potential-dependent neurotransmission, while
spontaneous neurotransmission persists. Synaptic LLPS maintains synaptic
vesicle pool clustering and recycling as well as the precise organization of
active zone RIM1/2 and Muncl3 nanoclusters, thus supporting fast evoked
Ca®-dependent release. These results indicate although LLPS is necessary
within the nanodomain of the synapse, the disruption of this nano-
organization largely spares spontaneous neurotransmission. Therefore,
properties of in vitro micron sized liquid condensates translate to the nano-
structure of the synapse in a functionally specific manner regulating action
potential-evoked release.

The synapse, a highly ordered and dynamic subcellular system,
maintains autonomy, organization, and high-fidelity neurotransmis-
sion without a bounding membrane. Unlike other cellular sub-
structures (i.e., the nucleus, mitochondria, endoplasmic reticulum),
the synapse does not possess an enclosing membrane to aid in com-
partmentalization. Despite this, the synapse is still able to orchestrate
numerous, distinct functional pathways fundamental in larger-scale
brain circuits and higher order processing. Over the past decade, a
growing amount of research has revealed how liquid-liquid phase
separation (LLPS) mediates protein interactions throughout the cell
and furthermore, at the synapse'”. However, whether the phase
separation properties of synaptic proteins maintain or even contribute
to the temporal and spatial specificity of neurotransmission remains to
be elucidated.

LLPS is a process by which liquid condensates enriched in spe-
cific protein-protein or protein-nucleic acid complexes separate
from a de-enriched dilute phase, creating distinct phases within the
cytosol®. Intrinsically disordered regions (IDRs) of proteins lack a
stably folded secondary and tertiary structure and therefore do not

from site specific stoichiometric interactions, however, specific
physicochemical principles mediate their multivalent interactions,
including but not limited to hydrophobic, electrostatic, cation-,
-1, and weakly polar interactions, to create enriched pockets of
proteins that are spatially distinct from the cytosol®™. Multi-
component complexes formed by macromolecules with both folded
domains and IDRs results in the coupling of transition properties
with associative site specific interactions (percolation) and segrega-
tive transitions (phase separation)®*". Since one third of the eukar-
yotic genome contains proteins with IDRs, it follows that numerous
synaptic proteins have liquid-like properties and phase separate
in vitro®. However, how the abundance of in vitro micron-sized
synaptic condensate evidence reconciles with the nanometer level
organization of the synapse is unclear.

The benchmarks for establishing protein phase separation
include analyzing droplet properties, assessing fluorescence recovery
after photobleaching, and the application of the aliphatic alcohol, 1,6-
hexanediol (1,6-HD) to dissolve liquid condensates'. To translate the
abundance of in vitro data demonstrating the phase separation
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capabilities of numerous synaptic proteins to a functional role of LLPS
in synaptic signaling, we utilized aliphatic alcohols in a neuronal cul-
ture system to determine the relationship between liquid condensates
and the nanoscale organization of the synapse.

Initially we took an unbiased approach utilizing aliphatic alcohols
to target hydrophobic LLPS interactions at the synapse; revealing
phase separation mediated functional specificity is vital in regulating
different modes of neurotransmission. Subsequently we delineated
pre-synaptic structural deficits mediating evoked release susceptibility
and spontaneous neurotransmission resilience to LLPS perturbation in
synaptic vesicle pool clustering/recycling and active zone organiza-
tion. Here, we show RIM1 LLPS is vital in regulating the efficacy and
integrity of fast evoked calcium dependent release whereby active
zone nano-cluster liquid condensates facilitate evoked release inde-
pendent of spontaneous release. Ultimately revealing how the
dynamic equilibrium of proteins in the liquid state is fundamental in
mediating phase separation’s utility within the nanoscale micro-
environment of the synapse.

Results

Sub-nuclear membrane-less condensates mediated by hydrophobic
interactions are well reported to phase separate’*". Therefore, to
establish our ability to disrupt phase separation in hippocampal neu-
rons with 3% 1,6-HD we examined a well-defined nuclear structure that
phase separates, nuclear speckles. Consistent with the literature, upon
1,6-HD treatment, the number of nuclear speckles present within the
nucleus were reduced (Fig. 1a-d)". Throughout this study, we take
advantage of 1,6-HD and other aliphatic alcohols to differentiate
between liquid condensates and solid-like complexes to specifically
manipulate LLPS assemblies independent of structured domain
interactions™.

LLPS is necessary for action potential-dependent
neurotransmission

The synapse is a directional network vital for information flow, where
LLPS is involved in protein organization at every level of neuro-
transmission: synaptic vesicle pool clustering>®?, active zone
scaffolding”®, active zone assembly®, synaptic vesicle
endocytosis®?*, and inhibitory and excitatory post-synaptic density
scaffolding”?°. Despite compelling evidence that synaptic proteins
phase separate, it has been challenging to determine if the liquid
condensate properties of these proteins are necessary, and ultimately
essential to the function of the synapse.

To address this, action potential-dependent (evoked) neuro-
transmission was monitored during 3% 1,6-HD wash-on to quantify the
evoked response over time by regular stimulation at 0.1 Hz (Fig. 1e).
Strikingly, excitatory and inhibitory evoked neurotransmission rapidly
diminished within one minute of 1,6-HD application (to 10% for evoked
inhibitory postsynaptic currents (elPSCs) and 15% for evoked excita-
tory postsynaptic currents (eEPSCs) of their initial amplitude). Upon
1,6-HD washout, the evoked signal quickly recovered to the strength of
the initial response (Fig. 1e-h). To validate these results with 1,6-HD, we
also employed 1,5-pentanediol (1,5-PD) and 2,5-hexanediol (2,5-HD)
due to the rank order of their liquid condensate melting activity; 1, 6-
HD >1,5-PD > 2,5-HD". Treatment with 1,5-PD similarly resulted in the
robust dysregulation of evoked neurotransmission as eEPSCs diminish
to less than 50% and eIPSCs to ~30%, albeit at a longer time course
(Fig. 1i-1). This loss of evoked current is specific to identified in vitro
modulators of LLPS, i.e., linear carbon chains with terminal groups, as
it is mimicked by 3% 1,6-hexanedithiol (1, 6-HDT) and 3% 1,7-HD, as well
as 4, 4-dianilino-1, I'-binaphthyl-5, 5’-disulfonic acid (bis-ANS), a che-
mically unique modulator of LLPS but not 2,5-hexanediol (2,5-HD)
(Fig. Im-p, Supplementary Fig. 1a-h)>***°, In addition to the reduced
evoked amplitude, 1,6-HD and 1,5-PD treatment slowed the rise time of
elPSCs relative to 2,5-HD treatment (Fig. 1q-s, Supplementary Fig. 1i-1),

suggesting a sub-synaptic structural property might be disrupted
upon melting of liquid condensates. With application of aliphatic
alcohols, 1,6-HD, 1,5-PD, and 2,5-HD, there is a moderate decline in
membrane resistance; however, this effect appears independent of the
documented neurotransmission deficits (Supplementary Fig. 2a-d)™.

While the segregation of evoked and spontaneous neuro-
transmission has been repeatedly demonstrated, the majority of pro-
teins necessary for release and post-synaptic signaling overlap® %, To
ascertain whether disruption of LLPS has a universal effect on all
modes of neurotransmission, we quantified spontaneous neuro-
transmission following acute 3% 1,6-HD or 3% 1,5-PD wash-on and
subsequent wash-off. Surprisingly, spontaneous neurotransmission
was generally resistant to 1,6-HD application, as mEPSC frequency was
maintained, while amplitudes were decreased; mIPSC frequency was
reduced by -50%, while amplitudes were unchanged (Fig. 2a-c, f-h,
Supplementary Fig. 3f, g). Similarly, application of 1,5-PD and 1,7-HD
resulted in an augmentation of mEPSC frequency and decrease in
mEPSC amplitude (Fig. 2k-m, Supplementary Fig. 3a-e). Unlike evoked
neurotransmission, spontaneous neurotransmission showed no
change in kinetics reflected in rise and decay times of individual events
(Fig. 2d, e, i,j, n, 0), illustrating the preservation of spontaneous release
events and kinetics despite disruption of phase separation.

Notably, recently identified in vitro liquid like properties of
synapsin are consistent with the observed inhibitory and excitatory
spontaneous neurotransmission phenotype. For instance, the diver-
gent effect of aliphatic alcohols on inhibitory vs. excitatory sponta-
neous release resembles the synapsin triple knockout synaptic
phenotype®’, where liquid-like properties are suggested to mediate
synaptic vesicle pool clustering®?. In sum, following global LLPS
disruption spontaneous neurotransmission is reasonably maintained
compared to the near negligible amount of remaining evoked current
with altered kinetics.

Spontaneous neurotransmission persists despite melting of
synaptic condensates

Until this point 1,6-HD was applied only acutely due to its rapid effect
on evoked fusion properties and the potential deleterious effects of
prolonged 1,6-HD treatment in an in vivo system'. However, to
ascertain if spontaneous neurotransmission is truly resistant to this
robust disruption of LLPS, or if a longer application of 1,6-HD would
impair the structure and protein organization necessary to maintain
spontaneous release, we recorded from individual cells throughout a
40-minute treatment. Consistent with the acute wash-on experiments,
mEPSCs persisted throughout the duration of the recording (Fig. 3a,b,
Supplementary Fig. 3h).

Due to their stochastic nature, spontaneous release events are
relatively rare at individual synapses compared to stimulated evoked
release®. To examine if spontaneous neurotransmission is differently
dependent on LLPS for synaptic organization, or if its resilience to
melting is a consequence of its low frequency, we utilized different
fusion machinery molecular manipulations to augment mEPSCs
(Fig. 3¢)*°. Relative to control (empty vector expression), Synapto-
tagmin 1 knockdown (Sytl KD) and expression of Synaptosomal-
Associated Protein 25kDa (SNAP25) L50S variant increased mEPSC
frequency by -4 times, moreover, SNAP25 D166Y variant increased
mEPSC frequency by ~40 times, with SNAP25 D116Y baseline fre-
quencies reaching above 50 Hz (Fig. 3d-e, Supplementary Fig. 3i)*°.

Regardless of baseline mEPSC frequency, in the presence of 3%
1,6-HD, mEPSCs were maintained with a slightly augmented frequency
and decreased amplitude (Fig. 3f-n). Interestingly, mEPSC frequency
reached the highest average release rate under 1,6-HD conditions, with
a mean of 62.67 Hz for SNAP25 D166Y, potentially nearing a threshold
for the rate of spontaneous release (Fig. 3m). Despite global disruption
to LLPS with 1,6-HD, an extremely high degree of spontaneous exo-
cytosis and subsequent vesicle recycling is maintained, suggesting that
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Fig. 1| Action potential-dependent neurotransmission is disrupted following
LLPS manipulation. a Nuclear speckle staining (images are maximum intensity
projections from z-stacks). b, Number of nuclear speckles per 10 um? of DAPI,
cnuclear speckle area and (d) nuclear speckle fluorescence intensity (control n =15,
1minn=21,10 min n =14 ROIs). e Representative traces of eEPSCs during 3% 1,6-HD
wash on, first trace in black. f eEPSC amplitude during treatment (n =10 cells).

g Representative traces of elPSCs during 3% 1,6-HD wash on, first trace in black.

h eIPSC amplitude during treatment (n =10 cells). i Representative traces of eEPSCs
during 3% 1,5-PD wash on, first trace in black. j eEPSC amplitude during treatment
(n=10 cells). k Representative traces of elPSCs during 3% 1,5-PD wash on, first trace
in black. 1 eIPSC amplitude during treatment (n =12 cells). m Representative traces
of eEPSCs during 3% 2,5-HD wash on, first trace in black. n eEPSC amplitude during
treatment (n =10 cells). 0 Example traces of elPSCs during 3% 2,5-HD wash on, first
trace in black. p eIPSC amplitude during treatment (n =11 cells).  Sample traces of
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elPSC kinetics following 3% aliphatic alcohol treatment, first stimulation in black.
r Analysis of eIPSC rise times (20-80%) with 3% aliphatic alcohol treatment during
wash-on for ten stimulations, followed by a 20 stimulation wash-off period (sti-
mulation events not included are in Supplementary Fig. 1j-1, to compare same
treatment length) (1,6-HD n=10, 1,5-PD n=12, 2,5-HD n=11 cells). s Comparison of
elPSC rise times for stimulation #6-10 (period when see robust amplitude effect)
during 3% aliphatic alcohol treatment (1,6-HD n =50, 1,5-PD n=60, 2,5-HD

n =55 stimulation events). Values are mean + SEM. Significance reported as:
*p<0.05, *p <0.01, **p < 0.001, and ***p < 0.0001. Statistical analyzes conducted
were one-way Kruskal-Wallis test with Dunn’s multiple comparisons test (b, s), one-
way ANOVA with Dunnett’s multiple comparison test (c, d), one-way Friedman test
with Dunn’s multiple comparisons test comparing amplitude to the 1* stimulation
every ten stimulations (f, h, j, 1, n, p). Source data are provided as a source data file.
Exact p-values reported in Supplementary Data 1.

the SNARE machinery is intact to support augmented spontaneous
neurotransmission. To further probe vesicle recycling dynamics, we
inhibited the vacuolar-ATPase with folimycin and prevented vesicle
refilling (Fig. 3c); resulting in a significant decrease in mEPSC

frequency and amplitude that is not recapitulated by comparable 1,6-
HD treatment (Fig. 30-q). Ultimately demonstrating that vesicle recy-
cling is necessary to maintain high frequency spontaneous relese*-*
but liquid condensates are not. These results suggest that a
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Fig. 2 | Spontaneous neurotransmission persists despite LLPS disruption.

a Example traces of mEPSCs at baseline, 2 min 3% 1,6-HD treatment, and during
wash off. b Analysis of mEPSC frequency normalized to baseline, ¢ mEPSC ampli-
tude normalized to baseline, d mESPC event rise times (10-90), and e mEPSC event
decay times (n =11 cells). f Example traces of mIPSCs at baseline, 2 min 3% 1,6-HD
treatment, and during wash off. g Analysis of mIPSC frequency normalized to
baseline, h mIPSC amplitude normalized to baseline, i mIPSC event rise times
(10-90), and j mIPSC event decay times (n = 8 cells). k Example traces of mEPSCs at

baseline, 2 min 3% 1,5-PD treatment, and during wash off. I Analysis of mEPSC
frequency normalized to baseline, m mEPSC amplitude normalized to baseline,
n, mESPC event rise times (10-90), and o, mEPSC event decay times (n=11 cells).
Values are mean + SEM. Significance reported as: *p < 0.05, **p < 0.01, **p < 0.001,
and ***p < 0.000L1. Statistical analyzes conducted were one-way Friedman test with
Dunn’s multiple comparisons test (b, ¢, g, h, j, I-n) and one-way ANOVA with
Tukey’s multiple comparison test (d, e, i, 0). Source data are provided as a source
data file. Exact p-values reported in Supplementary Data 1.

fundamental mechanism driving evoked neurotransmission is sup-
ported via phase separation, but it is not necessary for spontaneous
quantal release.

Disrupting LLPS disorders synaptic vesicle pool clustering and

dynamics

Phase separation complexes are implicated throughout the synaptic
vesicle cycling pathway, providing an explanation to the seemingly
contradictory phenotype of tightly clustered synaptic vesicle (SV)
pools that are also highly dynamic>*. To examine the readily relea-
sable pool (RRP), hypertonic sucrose was perfused and both the
excitatory and inhibitory RRP response were recorded (Fig. 4a, b).
Upon LLPS disruption, there was a reduction in the amplitude of the
excitatory but not the inhibitory RRP (Fig. 4b-e). Despite having no
physical boundaries to define synaptic vesicle pool organization, pri-
mary central synapses have an almost stereotyped SV pool cluster
shape, a spherical cluster near the active zone (Fig. 4a). With high
resolution dASTORM imaging, we observed an effect on both the glu-
tamate and GABA containing synaptic vesicle pools, marked by their
respective vesicular transporters, with a reduction in volume and a loss
of spherical shape following one minute 3% 1,6-HD treatment, with a
more robust effect on the GABA synaptic vesicle pool (Fig. 4f-i, I-n,
raw example images Supplementary Fig. 4a, b). This data is consistent
with previously reported LLPS mediated interactions between synap-
sin and synaptophysin in SV pool clustering®?°. To examine if these
changes in vesicle pool organization have a functional effect on SV

pool replenishment and recycling, neurons were stimulated at 10 Hz
for 250 stimulations following one minute 1,6-HD perfusion. Excitatory
evoked responses exhibited an increase in release probability and
faster rate of depression upon repetitive prolonged stimulation
(Fig. 4j, k), whereas inhibitory evoked responses displayed a decreased
release probability with a slower rate of depression relative to control
(Fig. 40, p).

Surprisingly, the in vitro identification of proteins that phase
separate, including synapsin, synaptophysin, piccolo, dynamin splice
isoform dynixA, Epsl5 and fchol/2, corresponds with the deficits in
vesicle pool organization, recycling, and endocytosis observed here,
providing compelling evidence for the functional relevance of
LLPS'820252644  This synaptic vesicle pool phenotype implicates
synapsin phase separation as the main driver of the marginal changes
in mPSC frequency and amplitude upon disruption to LLPS*’. However,
the described alterations in SV pool dynamics do not sufficiently
resolve the difference in fusion competence between evoked and
spontaneous release reflected in changes in both the RRP size and
ePSC kinetics.

Calcium-dependent release relies on nanoscale active zone LLPS
complexes

To elucidate the structural correlate to this functional deficit, we dis-
sected putative pre- and post-synaptic components of our electro-
physiological observations. First, we demonstrated that the 1,6-HD
treatment effect is not use-dependent, as evoked response amplitudes
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diminish independent of stimulation during 3% 1,6-HD application
(Supplementary Fig. 5a). To delineate a post-synaptic mechanism 3%
1,6-HD was included in the patch pipette internal solution. Under this
condition elPSC amplitudes and rise time kinetics were unchanged
relative to control (Fig. 5a-c, Supplementary Fig. 5b). Furthermore,
when the 1,6-HD concentration was increased to 10%, or neurons were
dialyzed for up to 45 minutes, there was no difference between 1,6-HD
and controls (Fig. 5¢, Supplementary Fig. 5b, c). These results suggest a
primarily pre-synaptic mechanism is driving the alternations in evoked
release kinetics, vesicle recycling, and RRP size.

Evoked and spontaneous neurotransmission have differential Ca*
dependencies, with the nanoscale coupling of clustered voltage gated
Ca” channels (VGCCs) at synaptic vesicle release sites fundamental in
the ultra-fast nature of action potential-dependent release*. Upon
perfusion of a high concentration potassium external solution, 3% 1,6-
HD drastically reduced the amount of Ca?-dependent release
(Fig. 5d, e). Likewise, when a Ca®* indicator tagged to synaptic vesicles,
Syb2-GCaMP8s, was used to detect Ca®* currents, the peak Ca®

response to high potassium perfusion at individual boutons was also
reduced (Fig. 5f-h., Supplementary Fig. 6a, b). This seems to be a direct
effect of LLPS disruption on Ca*" channel organization, and not
proximity of the vesicle to VGCCs, as the results are nearly identical
when using soluble GCaMPS8f (Supplementary Fig. 6¢-f). When action
potential dynamics are quantified during 1,6-HD treatment, action
potentials cannot be evoked, despite large current injections (Sup-
plementary Fig. 7a-c). The inability to generate action potentials is
most likely due the inhibition of sodium conductance through voltage
gated sodium channels by 1,6-HD***’. Independent of action poten-
tials, the direct synaptic measurement of the Ca*' signal with GCaMP
and subsequent electrophysiological measure of Ca*-dependent
vesicle fusion upon high concentration potassium perfusion estab-
lishes that the strength of the pre-synaptic Ca?* signal at the active zone
relies on a LLPS mediated mechanism.

To further investigate whether the loss of evoked release integrity
is due to the structural organization of Ca®* signals within the pre-
synapse we conducted elPSCs recordings in an elevated Ca®* bath
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amplitude of 0.5 M sucrose response (n =10 cells). f Representative image of
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at an individual bouton. h Cumulative frequency histogram of VGIuT cluster
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synapses with inlaid bar graph of ROI averages (control n=12, 1,6-HD n =10 ROIs).
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used for PPR) (control n=6, 1,6-HD n =4 cells). 1 Single cluster of dASTORM VGAT
single molecule localizations representing the GABA containing SV pool at an
individual bouton. m Cumulative frequency histogram of VGAT cluster volume of
all synapses with an inlaid bar graph of ROI averages (control n=12,1,6-HD n=11
ROIs). n Cumulative frequency histogram of VGAT cluster sphericity of all synapses
with an inlaid bar graph of ROl averages (control n=12,1,6-HD n =11 ROIs). 0 eIPSC
PPR and (p) eIPSC amplitude during repetitive stimulation (only evoked currents
large enough to differentiate from stimulation artifact and baseline activity inclu-
ded in analysis, 1* and 2" stim data from Fig. 4p used for PPR) (control n=8,1,6-HD
n=7 cells). Values are mean + SEM. Significance reported as: *p <0.05, *p <0.01,
***p <0.001, and ***p < 0.0001. Statistical analyzes conducted were two-tailed
Mann-Whitney test (c), two-tailed unpaired t test (e, h, i, j, m-0), and Kolmogorov-
Smirnov test (h, i, k, m, n, p). Source data are provided as a source data file. Exact p-
values reported in Supplementary Data 1.

solution. In 8 mM Ca®* the decrease in elPSC amplitudes upon 1,6-HD
treatment is not as robust or as fast compared to physiological 2 mM
Ca* (Fig. 5i-j). However, in 8 mM Ca®* eIPSCs still slow with 1,6-HD
treatment (Fig. 5k), suggesting the tight clustering of VGCCs is dis-
rupted as reflected in eIPSC kinetics but the greater Ca" influx partially
counteracts some of the structural disorganization caused when liquid
condensates are melted, as reflected in the elPSC amplitude. While we
cannot rule out a direct effect of aliphatic alcohols on VGCCs, multiple
experimental results associated with evoked neurotransmitter release
cannot be solely accounted for by a simple reduction in the Ca** cur-
rent. For instance, the increase in the rise time of evoked events, the
decrease in hypertonic sucrose evoked glutamate release and
responses to 10 Hz repetitive stimulation, all indicate additional pre-
synaptic targets of 1,6-HD. Furthermore, spontaneous release is par-
tially Ca®* dependent relying on a distinct population of VGCCs*~°,
suggesting an organizational as opposed to functional impact of 1,6-
HD on VGCCs. Taken together, regardless of altered ion channel

conduction, dysregulated evoked fusion kinetics and properties sug-
gest the molecular machinery necessary for fast release relies on LLPS.

Active zone scaffolding and organization are fundamental in
action potential-dependent neurotransmission, mediating steps from
synaptic vesicle priming to subsequent fusion by tightly controlling
Ca”" signals. VGCCs are tethered and clustered within the active zone
via their direct binding to RIM (N- and P/Q-type VGCCs) and RIM-
binding proteins (RIM-BPs) (L- and N-type VGCCs)*'*>. Consequently,
the in vitro phase separation of RIM1/2 and RIM-BP on membrane
bilayers induces VGCC clustering”**. Furthermore, additional active
zone scaffolding proteins, Muncl3 and Liprin-a3, form liquid con-
densates together with RIM, suggesting that the phase separation of
active zone scaffolds is potentially necessary for the clustering of
VGCCs near primed vesicles to enable fast synchronous release”*°58,

To probe this premise, we conducted super resolution imaging of
active zone scaffolds. Volume and sphericity measurements of both
Munc13 and RIM1/2 synaptic clusters show modest changes in synaptic

Nature Communications | (2024)15:10103


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54423-7

45 mM K*

1,6-HD included in pipette solution d  Control
a b (ﬁt;me) € 125 g
s 8 25%107
o E 1,00 @
- £ S
V V 20 W E 2x107 — Control |¥
£ % 076 — 16-HD ¥
10 15 E=O 2 sr07 1,6-HD [
é L 050 ——3% 1,6-HD s
o EY ——10% 1,6-HD O 1107
= c >
20 25 O = o5 —e— control 2 a0
=}
0 T T T T 1 g 0T T T T T 1
05 n%lb ) 1 s : ] 3 [§) 0 10 20 30 40 50
me Time (min) Time (s)
<
<y
o
¢ Syb2-GCaMP8s ©
Baseline 3% 1,6-HD 2 93 M K+
In . m
T125 Taae werw ! ] P2 . s k N
2 < ’ 1,6-HD Wash off P
gtoo £20 SE (@mMCa®) g 12 B s
@ o 3= *
o ° =2 i =~ H
€ 75 S5 e ettt 2 9 :
3 = 1. 0 .
£ 2 £ EX
: 2 e g g
4 s 10 O'e i Q6 .
X 3 P 5051 ¢ it 4
% |— a 05 = *;,, !* e2mMCa”|t @ 3
s 0 T o a 10F [ . 0 lnnnuul_, 8mMCa®li o o
/ S 100's - . °
| { RS 5 1,6-HD ¢ 0 10 2 30 40 ’ L5 L
o & N RS SR ) SRS
S QO Stim # (0.1Hz) S N DN
Hom S
50 AU q,<°® ‘b“\@
M 300+ n 107
Munc13 Control 5} xx § Y
® . s, 8
S E,0d ¢ b 12
; 4 . S 5 =
o . € g 64 ¢ * o 1,6-HD
Sa . . 20 o e BT N 0 e\
c o - et [7} N
™ E - - G4l . =
T o100 = = 53 - - 208
5° g 2 Soedl———— Nos) .\
= S 0 50 100 150 200 250 0 50 100 150 200 250
0- < o- Radius (nm) Radius (nm)
>
O &
RIM1/2 SRR SN

Control

(nm)

lameter

RIM1/2 nano-cluster o
d te

300 nm

Fig. 5 | Necessity of liquid condensates in active zone nanostructure for
calcium-dependent release. a Experimental set-up for 1,6-HD included in patch
pipette internal solution (Created in BioRender. Guzikowski, N. (2023)). b Example
traces of eIPSCs. ¢ Analysis of eIPSC amplitude when aliphatic alcohols are included
in the internal solution (control n=8, 3% n=>5, 10% n =4 cells, stats performed at
minute interval). d Examples traces of whole cell voltage clamp during 45 mM K*
perfusion. e Cumulative charge transfer during 45 mM K" perfusion following 1 min
control or 3% 1,6-HD pre-treatment (with TTX, APV, Bicuculline) (control n=8, 1,6-
HD n =9 cells). f Example images of axons transfected with Syb2-GCaMP8s. Arrows
denote pre-synaptic boutons identified with 90 mM K". Insets below represent
fluorescence intensity peaks at individual boutons. g Peak fluorescence response
(n=687 boutons). h Example fluorescence trace (ROI average of all boutons).

i Paired comparison of elPSC amplitude (n =12 cells, same recordings used in
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synapse (Control n=132, 1,6-HD n =121 synapses). s, Normalized pair correlation
function (g(r)) of an individual synapse. Values are mean + SEM. Significance
reported as: *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Statistical ana-
lyzes conducted were one-way ANOVA with Tukey’s multiple comparison test (c)
Simple linear regression (e) one-way Friedman test with Dunn’s

multiple comparisons test (g) two-tailed paired t-test (i) two-tailed Mann-Whitney
test (j, m, n, q, r) two-tailed unpaired t-test (j), Nonlinear fit (one phase decay)
comparison of fit—extra sum-of-squares F test (j) and one-way Kruskal-Wallis test
with Dunn’s multiple comparisons test (k). Source data are provided as a source
data file. Exact p-values reported in Supplementary Data 1.

cluster organization upon one minute 3% 1,6-HD treatment (Supple-
mentary Fig. 8a—f, raw example images in Supplementary Fig. 4c, d).
However, more interestingly, within a single active zone RIM1/2 and
Muncl3 showed a heterogenous molecular organization whereby an
increased density of single molecules relative to overall cluster density
created subsynaptic nanoclusters (Fig. 51, p). The location of RIM1/2

nanoclusters can predict evoked fusion location and corresponds in
size to post-synaptic density scaffolding and receptor clusters®® .
When we disrupted LLPS complexes acutely, Muncl3 and RIM1/2
nanocluster size decreased by ~20 nm, equivalent to synaptic vesicle-
VGCC coupling distance®*°%; altering the alignment and positioning of

active zone machinery necessary for synaptic vesicle priming and
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evoked calcium-dependent release. a Example image of RIM1 western blot.

b RIM1 protein expression normalized to GDI loading control and scramble (ctrl) (A
and B RIMI-KD constructs combined for all further experiments) (ctrl n=7, RIM1-
KD-A n =4, RIM1-KD-B n = 4 samples, quantitative comparisons were made between
samples on different gels/blots.). ¢ Synapse staining (images are maximum inten-
sity projections from z-stacks). d Fluorescence intensity of synaptic puncta (colo-
calization of RIM1/2 and synapsinl) (ctrl n=12, RIMla OE n =12 ROIs).

e Representative traces of basal elPSCs. f elPSC amplitude (ctrl n =32, RIM1 KD
n=25, RIMla OE n=10 cells). g Representative traces of elPSCs during 3% 1,6-HD
wash on, first trace in black. h eIPSC amplitude during treatment (comparing
nonlinear fit during drug wash on and average amplitudes compared between
groups at every 10" stim, ctrl n=17, RIM1KD n =9, RIMla OE n=10 cells). i Sample
traces of elPSC kinetics following 3% 1,6-HD treatment, first stimulation in black.
j Analysis of eIPSC rise times (20-80%) (1** 10 stim of treatment or baseline per cell
included) (ctrl n=170, RIM1 KD n =90, RIMla OE =100 stimulation events).

k Representative traces of eI[PSCs during treatment, first trace in black. I eIPSC

amplitude during treatment (comparing nonlinear fit during drug wash on and
average amplitudes compared between groups at every 10™ stim, ctrl n=9, RIM1
KD n =9 cells). m Analysis of eIPSC rise times (20-80%) (1* 10 stim of treatment or
baseline per cell included) (ctrl n =90, RIM1 KD n =90 stimulation events).

n Summary figure of hypothesized pre-synaptic organization; vesicle pool organi-
zation relies on LLPS for adequate exocytosis and endocytosis dynamics, evoked
release is located within active zone nano-cluster liquid condensates, necessary for
VGCC clustering, whereas spontaneous release is located outside liquid RIM1 nano-
clusters (Created in BioRender. Guzikowski, N. (2023)). Values are mean + SEM.
Significance reported as: *p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001. Sta-
tistical analyzes conducted were one-way ANOVA with Dunnett’s/Tukey’s multiple
comparison test (b, f), two-tailed Unpaired t test (d, I), one-way Kruskal-Wallis test
with Dunn’s multiple comparisons test (m, h, j), Nonlinear fit (one phase decay)
comparison of fit - extra sum-of-squares F test (h, ), and two-tailed Mann Whitney
test (I). Source data are provided as a source data file. Exact p-values reported in
Supplementary Data 1.

subsequent evoked Ca*-dependent fusion (Fig. 51-s)****¢>*, Interest-
ingly, the functional phenotype observed here upon LLPS disruption in
ePSC kinetics, RRP size, release probability, and reduced pre-synaptic
Ca*" signal closely mimics that of RIM1/2 deletion®**’.

To further test whether the phase separation of RIML/2 is driving
the main functional deficits observed, we perform a molecular knock
down of RIM1 (primary isoform expressed) (Fig. 6a, b, Supplementary
Fig. 9a, b) and RIMla overexpression (OE) in primary hippocampal
cultures (Fig. 6¢,d). Upon RIM1 knockdown, we see a robust phenotype
consistent with a RIM1/2 ¢DKO of decreased elPSC amplitude and

increased rise time (Fig. 6e,f, j)***°, with no change in the frequency or
kinetics of mEPSCs (Supplementary Fig. 9c-e). In the RIMla OE we
observe no basal effects on elPSC amplitude or rise time (Fig. 6e,f, j).

To directly ascertain if synaptic nano-organization mediated by
RIM1 phase separation is driving the differential dependence of evoked
vs. spontaneous release on LLPS, we treated control, RIM1 KD, and
RIM1a OE neurons with 3% 1,6-HD. Upon 3% 1, 6-HD treatment we see
an expected decrease in elPSC amplitude, yet it is more robust in the
RIM1 KD background and decays at a slower rate in the RIMla OE
background (Fig. 6g, h). Furthermore, in the RIM1 KD system the
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slowing of eIPSCs with 1,6-HD is occluded, to the extent that Ctrl +1,6-
HD, RIM1 KD, and RIM1 KD +1,6-HD have equivalent rise times
(Fig. 6i,j), suggesting the liquid-like nature of RIMI is maintaining
active zone organization, maintaining the fidelity of evoked release.
Interestingly the exogenous increase of RIMla at the pre-synapse
prevents the 1,6-HD induced slowing of evoked release kinetics
(Fig. 6i,j), displaying a resilience to LLPS perturbation due to a
potential change in the properties of the condensed phase*’®”., These
results are paralleled by 1,5-PD treatment, where elPSC amplitude
decays to a greater degree in the RIM1 KD background compared to
control, and the effect of 1,5-PD treatment on release kinetics is
occluded in the RIM1 KD background (Fig. 6k-m).

The combination of results in RIM1 KD and RIMla OE neurons
reveals the dynamic and specific protein-protein interactions at play
that mediate the liquid-like nature of the active zone. In RIM1 KD
neurons, interactions with all binding partners (Rab3, Muncl3,
VGCCs, ELKS, PIP2, RIM-BP, and Liprin) are disrupted, in addition to
the phase separation behavior of RIM1?% Therefore, it is expected
that the RIM1-KD electrophysiological phenotype is more severe than
1,6-HD or 1,5-PD treatment alone. Whereas in the RIMla OE neurons,
we hypothesize excess RIMI at the synapse is disrupting the equili-
brium of active zone condensation, which potentially exists under a
delicate balance transitioning between a one-phase, two-phase, gel-
like or solid-like state’. Furthermore, interactions driven by IDRs can
be disrupted in protein rich environments shifting the equilibrium
from liquid like condensates to gel or solid like complexes*’”. The
occlusion of augmented eIPSC rise times in the RIM1 KD neurons and
the prevention of the slowing of evoked events in the RIMla OE
neurons suggests that the main driver of the efficacy and integrity of
evoked release is the nanoscale phase separation of RIMI at the
active zone (Fig. 6n).

Discussion

Eukaryotic cells rely on intracellular membranes to separate intra-
organelle space from the cytosol, ultimately facilitating specialization
via compartmentalization. However, despite being the epitome of a
highly specialized, ordered, and compartmentalized structure, the
synapse lacks a bounding membrane. The nano-scale regulation of
numerous, distinct signaling pathways supports the functional diver-
sity of a single synapse, vital in all aspects of human life. LLPS is
emerging as a key chemical paradigm to explain synaptic protein
interactions due to its dynamic nature, however, whether it is vital, or
even necessary, for synaptic signaling remains unknown.

Our data demonstrate that upon acute LLPS disruption, Ca*
mediated action potential-dependent release is dysregulated, while,
remarkably, spontaneous neurotransmission, despite its partial reli-
ance on Ca?* signaling, is relatively unaffected*®. Given that proteins
involved in every step of neurotransmission (synaptic vesicle pool
clustering®'®%°, active zone scaffolding??, active zone assembly*,
synaptic vesicle endocytosis®*, and inhibitory and excitatory post-
synaptic density scaffolding”?’) have phase separation properties,
these results suggest liquid condensates have spatial and functional
specificity. While it is difficult to disrupt global neuronal phase
separation and reduce the functional phenotype to one protein com-
plex, our data suggests that most of the characterized synaptic deficit
in action potential-dependent neurotransmission is due to the phase
separation of active zone nanoclusters. Thus, establishing that within
the single micron of the synapse, an immense degree of spatial and
functional specificity is supported via the phase separation of RIM1 and
subsequent tethering of VGCCs in nanoclusters at the active zone,
essential in regulating the efficacy and integrity of fast evoked Ca?*
dependent release (Fig. 6n). Importantly, our results demonstrate that
despite their large micrometer sized organization in vitro, synaptic
condensates operate within the nanometer level organization of the
synapse to direct evoked release.

Despite 1,6-HD’s documented deleterious effects on a broad
spectrum of cellular processes, we see our functional effect is not
specific to just one aliphatic alcohol (and therefore individual aliphatic
alcohol hydrophobicity)'®"’2. Furthermore, despite global LLPS dis-
ruption, we detect disruption of only the evoked mode of neuro-
transmission while spontaneous transmission is largely left intact,
supporting the specificity of aliphatic alcohol manipulation rather than
a conglomerate of off-target effects. Taken together with the fact that
both modes of release occur within the single micron of the synapse,
nanoscale alternations that selectively dysregulate evoked neuro-
transmission highlight the specificity of 1,6-HD action. Lastly, the use
of PFA to fix cells has been documented to alter the appearance of
phase separation behavior in cells”, therefore, the degree to which
nanoscale active zone organization mediated by phase separation is
preserved following fixation is unknown. All in all, chemical LLPS
manipulation with aliphatic alcohols in combination with both the
knock down and overexpression of RIM1 demonstrates how the phase
separation property of RIM1 contributes to the complex dynamics of
evoked release timing and efficacy.

While the detailed functional deficits in neurotransmission can be
attributed to pre-synaptic protein complexes, this does not exclude
the potential utility of post-synaptic liquid condensates in other sig-
naling pathways. Beyond the observations described here in basal
neurotransmission, the dynamic nature of liquid condensates could be
essential in different forms of plasticity, where vesicle cycling, phos-
phorylation cascades, post-synaptic receptor insertion and inter-
nalization are employed. Furthermore, certain protein complexes,
including both the excitatory and inhibitory postsynaptic density,
might be more resilient to 1,6-HD LLPS perturbation due 1,6-HD’s
specificity towards hydrophobic LLPS interactions', redundant
structured domain interactions or the developmental regulation of
their liquid properties®. Further demarcation of the functional speci-
ficity of LLPS complexes will be instrumental in elucidating the nano-
environment of the synapse, essential to both uncovering mechanisms
underlying neurological diseases and their treatment’*”.

The specificity of our manipulation to LLPS mediated complexes,
independent of targeted structured protein domain interactions,
protein trafficking, and genetic perturbations, establishes the nano-
specificity and physiological relevance of LLPS. The conservation of
fundamental principles from liquid condensate biology to the nano-
organization of the synapse demonstrates how a multitude of protein
interactions work in synchrony to compartmentalize the synapse into
distinct signaling zones. Taken together, the organization of the pre-
synaptic milieu, including both synaptic vesicle pools and active zone
scaffolding complexes, is fluid in nature, where dynamic liquid con-
densates are essential for efficient and precise neurotransmission.

Methods

Primary hippocampal culture

Primary hippocampal cultures were prepared from P1/2 rat pups fol-
lowing standard protocols’®”’. Postnatal day 1-2 wildtype rat pups
were used for all experiments regardless of sex. On average, 2-4
postnatal rat pups were used for each set of cultures with neurons
combined across animals. To generate dissociated hippocampal cul-
tures, postnatal pups undergo rapid decapitation at the head/neck
junction with surgical scissors. Briefly, hippocampi were dissected
from each hemisphere in 20% FBS containing Hank’s balanced salt
solution. The tissue was then treated with 10 mg/mL of trypsin and
0.5 mg/mL DNase solution for 10 minutes at 37 °C. Following trypsi-
nization, tissue was mechanically dissociated with 0.5 mg/mL DNase
and spun down at 250 RCF for ten minutes to isolate a cell pellet.
Neurons were resuspended in plating media and plated 1 pup per 10
coverslips coated 50:1 MEM:Matrigel, No. O glass coverslips for elec-
trophysiology and confocal imaging, and No. 1.5 MatTek glass bottom
dishes for dSTORM. Neurons were incubated for the first 24 hrs in
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plating media containing MEM (no phenol red), 5 g/D-glucose, 0.2 g/L
NaHCO3, 0.1g/L transferrin, 10% FBS, 2 mM L-glutamine and 20 mg/L
insulin. 24 hours later, media was changed to growth media with 5%
FBS, 0.5 mM L-glutamine, no insulin, and the addition of
B27 supplement and 4 mM cytosine arabinoside. On DIV 4, growth
media was changed to contain 2 mM cytosine arabinoside. Neurons
were maintained in incubators until DIV 14-18 at 5% CO, 37 °C.

All experiments involving animals were conducted in accordance
with Institutional Animal Care and Use Committee (Protocol ID:
M1800103-02) guidelines and procedures at Vanderbilt University.

Drug treatments

Drug treatments used in experiments include 1,6-hexanediol (Sigma
Aldrich 240117), 2,5-hexanediol (Sigma Aldrich H11904), 1,6-hex-
anedithiol (Sigma Aldrich H12005), 1,7-Heptanediol (Millapore Sigma
H2201), 1,5-Pentanediol (Thermo Scientific AC129951000) at 3% mass
to volume ratio (unless otherwise stated), bis-ANS (4,4’-Dianilino-1,1"-
Binaphthyl-5,5-Disulfonic Acid, Dipotassium Salt) (Thermo Fisher
Scientific B153) at 100 uM, and folimycin at 67 nM (abcam ab144227).
Aliphatic alcohol treatment lengths are denoted in figures or figure
captions for electrophysiology experiments. Aliphatic alcohol treat-
ment was lminute for all dSTORM and live GCaMP imaging
experiments.

Immunocytochemistry

Immunocytochemistry was performed on DIV14-18 hippocampal cul-
tures following standard protocols’. Briefly, samples were treated
with 1,6-HD, then rapidly fixed with 4% PFA 4% sucrose solution for
20 minutes at RT (first 2 minutes of fixation contained 1,6-HD in fixa-
tion buffer). Cells were permeabilized with 0.2% Triton-X for 30 min-
utes at RT, and subsequently blocked with a 2% BSA 1% goat serum 1%
donkey serum blocking solution. Samples were then incubated in
primary antibody overnight at 4 °C at the following concentrations:
anti-SC35 (1:500 abcam ab11826, lot: GR3410532-1), anti-VGIuT (1:500
Synaptic Systems 135 304, lot: 1-52)), anti-VGAT (1:500 Synaptic Sys-
tems 131 004, lot: 3-47), anti-Muncl3 (1:250 Synaptic Systems 126 103,
lot: 2-35), anti-RIM1/2 (1:500 Synaptic Systems 140 205, lot: 1-5), anti-
MAP2 (1:1000 Synaptic Systems 188 004 lot:6-49, 1:500 Synaptic Sys-
tems 188 011), anti-Gephyrin (1:150 Synaptic Systems 147 021), anti-
PSD95 (1:200 Synaptic Systems 124 011, lot 1-23), anti-Synapsinl (1:500
Synaptic Systems 106 103, lot 1-17). The following day the samples were
incubated in respective secondary antibodies AF647 or CF568 (for
dSTORM) and AF568 or AF488 (for confocal) for 90 minutes at RT
(AF647 anti-rabbit: Invitrogen A31573, lot: 2359136; CF568 anti-rabbit:
Biotium 20803, lot: 21C1022; CF568 anti-guinea pig Biotium 20492,
lot:19C0617; AF647 anti-guinea pig: Invitrogen A21450, lot: 2231672;
AF568 anti-mouse: Invitrogen A11004, lot: 2090670; AF488 anti-
guinea pig: Invitrogen A11073, lot: 2160428). For nuclear speckle
staining, coverslips were then incubated with DAPI (1:1000 Roche
10236276001) for five minutes. For confocal microscopy, No. O glass
coverslips were then mounted on glass slides with aqua-polymont and
stored for up to one week at 4°C in the dark until imaging. For
dSTORM microscopy, samples went through a 20 minute post-staining
fixation with the 4% PFA 4% sucrose solution and were stored in sample
storage buffer for up to one month at 4 °C in the dark until imaging.

Confocal microscopy

For confocal microscopy imaging, z-stacks were collected with a Nikon
Alr resonant scanning Eclipse Ti2 HD25 confocal microscope with a
60x (Nikon #MRDO01605, CFI60 Plan 765 Apochromat Lambda, N.A.
1.4) objective. NIS-Elements AR v4.5 acquisition software was used for
microscope operation and the creation of image maximum intensity
projections for analysis. For confocal microscopy synapse imaging,
z-stacks were collected with a Zeiss LSM 710 microscope with a 63x
objective. Zeiss ZEN microscopy software was used for microscope

operation, acquisition and creation of image maximum intensity pro-
jections for analysis. Laser strength and acquisition parameters were
consistent throughout entire experiments. Nuclear speckle and
synaptic puncta density, size, and fluorescence intensity were analyzed
using ImageJ and Intellicount’.

dSTORM microscopy

To conduct dSTORM imaging, a Vutara VXL Comprehensive Work-
station (microscope and software) was used for image acquisition,
single molecule localization, and analysis. Imaging was conducted with
405 nm, 555nm, and 640 nm excitation lasers with biplane illumina-
tion, a 60x objective (1.3 NA, silicone oil), and a sSCMOS (scientific
Complementary metal-oxide-semiconductor) detector. Samples
were imaged in dSTORM imaging buffer which included Cysteamine
(MEA), Glucose Oxidase and Catalase for a maximum of two hours at
room temp’®”’,

Sequential imaging of the 640 channel then the 555 channel was
conducted taking 20,000 images per channel. Two color imaging was
performed with the protein of interest always imaged in the far-red
channel with AF647, as it is an excellent fluorophore for dSTORM.
Images were taken at 50 frames per seconds (20 ms exposure time) of
single z-planes at 2 um thickness and field of view 50 um x 50 um. For
fluorophore localization, 3D measured point spread functions col-
lected during microscope calibration with B-Spline PSF Interpolation
method PSF fitting of localizations was used.

The following combinations of antibodies were imaged together:

647: RIM1/2 (Synaptic Systems 140 205) with 568: Muncl3

(Synaptic Systems 126 103)

647: Muncl3 (Synaptic Systems 126 103) with 568: VGIuT (Synaptic

Systems 135 304)

647: VGAT (Synaptic Systems 131 004) with 568: Gephyrin

(Synaptic Systems 147 021)

647: VGIUT (Synaptic Systems 135 304) with 568: PSD95 (Synaptic

Systems 124 011)

The Vutara VXL Comprehensive Workstation software was used
for all dSTORM analysis conducted. To define synaptic clusters of
individual proteins DBScan, Density-Based Spatial Clustering of
Application with Noise, was used with the following parameters:
maximum particle distance of 0.1 um, minimum particle count of 30,
and surface hull o shape radius of 0.15 um. Following the classification
of VGIUT, VGAT, Muncl3, and RIM1/2 single molecule localizations into
individual clusters, cluster volume and sphericity were calculated. To
define Muncl3 and RIM1/2 nanoclusters pair correlation functions
were generated for individual clusters. Ten synaptic clusters from each
ROI imaged were selected at random for analysis. Pair correlation
functions were normalized to theoretical fits to account for cluster
density and shape differences to ultimately provide a measure of sub-
synaptic clustering®®®'. The Vutara VXL Comprehensive Workstation
software was used to create example dSTORM images displaying sin-
gle molecule localizations.

Electrophysiology - whole cell patch clamp

Whole cell patch clamp electrophysiology was performed with a
CV203BU head stage, Axopatch 200B amplifier, Digidata 1320 digiti-
zer, and 8 Clampex 8.0 software (Molecular Devices). Whole cell patch
clamp recordings were filtered at 1 kHz and sampled at 100 ps. 3-6 MQ
borosilicate glass patch pipettes were used for all recordings and cells
were held at 70 mV for voltage clamp experiments. For patch clamp
experiments external bath solution contained 150 mM NaCl, 4 mM KClI,
10 mM D-glucose, 10 mM HEPES, 1.25 mM MgCl,, and 2 mM CaCl, at pH
7.4 and 320 mOsM. For 8 mM Ca?*" bath solution NaCl concentration
was slightly decreased to maintain solution osmolarity. To isolate
mIPSCs TTX (1 uM), APV (50 uM), and CNQX (10 uM) were included in
the bath solutions. To isolate mEPSCs TTX (1 uM), APV (50 uM), and
bicuculline (20 uM) were added to the bath. To isolate elPSCs APV
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(50 uM) and CNQX (10 uM) were added to the bath. To isolate eEPSCs
APV (50 pM) and bicuculline (20 uM) were added to the bath. A parallel
bipolar electrode provided field stimulation (35mA) for evoked
recordings. Evoked recordings were conducted at a gain of 1x, result-
ing in quantization of amplitudes such that some amplitude mea-
surements in source data are identical despite being collected from
different traces and having distinct kinetic characteristics (e.g. rise and
decay times). For current clamp recordings no additional drugs were
included in the bath. Current clamp step protocol consisted of 45
Steps at A10 pA from 100 pA to 340 pA.

For voltage clamp experiments internal pipette solution con-
tained 115mM Cs-MeSO3;, 10 mM CsCl, 5mM NaCl, 10 mM HEPES,
0.6 MM EGTA, 20 mM tetraethylammonium-Cl, 4 mM Mg-ATP, 0.3 mM
Na;GTP, and 10 mM QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)-
triethylammonium bromide] at pH 7.35 and 300 mOsm. For current
clamp experiments internal solution contained 110 mM K-Gluconate,
20mM KCI, 10mM NaCl, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM
Nas;GTP, and 0.6 mM EGTA at pH 7.3 and 284 mOsm.

Lentiviral infection/transfection

Lentivirus was made by transfecting HEK 293 cells with three packaging
plasmids pCMV-VSV-G, pMDLg/pRRE, and pRSV-Rev at 0.5 pg each, and
the plasmid of interest pFUW at 1pg, Syt 1 KD at 1ug, SNAP25 L50S at
1ug, or SNAP25 D166Y at 1 ug with FUGENE 6. For RIM1 KD experiments
shRNA sequences RIM1-KD-A at 1pug, RIMI-KD-B at 1pg, or a random
control sequence at 1ug were used with the above packaging
plasmids. RIMI1-KD-A and RIM1-KD-B constructs were combined in the
same FUGENE/DNA mix. shRNA plasmid DNA sequences; XXE-rRIMI1-
KD-A: 4383 gggcgatatccaaatcgggatggaggata, XXE-rRIM1-KD-B: 4674
gggtgtggetcaaatcttgttggaagaac, random control: gcactaccagagctaact
cagatagtact. For RIMlx overexpression experiments 1.5 ug of DNA was
used. HEK media was changed to neuronal growth media 24 hours post-
transfection and then lentivirus collected 48 hours later. Lentivirus was
spun down at 690 RCF for 15 minutes and then 200 pl of pFUW, Syt1 KD,
SNAP25 L50S, SNAP25 D166Y, RIMI-KD, RIMla or random control
sequence lentivirus was added to neuronal media on DIV4.

Live imaging and analysis

Calcium-phosphate transfection was used to sparsely transfect hip-
pocampal cultures with Syb2-GCaMP8s and soluble GCaMPS8f. Per well
of a 24-well plate a precipitate was formed by combining 1 pg of Syb2-
GCaMp8s or GCaMPS8f plasmid DNA, 2 pl of 2M CacCl,, 13 pl ddH,0
with 15 pl of 2 x N-2- Hydroxyethylpiperazine-N'-2-Ethanesulfonic Acid
(HEPES) dropwise (brief vortex in between each drop). The solution
was incubated at RT for 15 minutes and then 30 pl added to each well of
a 24-well plate where growth media was removed and replaced with
1 mL MEM. Neurons were incubated with precipitate for 30 minutes in
the incubator and then washed twice with 1 mL of MEM and then the
original growth media replaced back into the well.

Live imaging was conducted on DIV15-16, seven days post trans-
fection. A Nikon Eclipse TE2000-U microscope with a 60x Plan Apo
objective, a Lambda-DG4 (Sutter instruments) with a GFP filter, and
EMCCD camera. Acquisition rate was 10 Hz, no binning. Fluorescence
activity was recorded throughout the length of experiment protocol.

External bath solution contained 150 mM NaCl, 4 mM KCI, 10 mM
D-glucose, 10 mM HEPES, 1.25 mM MgCl,, 2 mM CaCl,, at pH 7.4 and
APV (50pM) and CNQX (10pM) to prevent recurrent activity.
90 mM K" solution perfusion was used to help isolate ROIs during
analysis.

Fluorescence intensity over time was analyzed by the selection of
pre-synaptic ROIs using a using a custom-made macro for FIJI. High
potassium induced fluorescence peaks were isolated using a custom
Matlab (Mathworks) script based on our lab’s previous imaging
analysis®?. The script was used to detect and analyze fluorescent peaks
representing presynaptic Ca*" transients in synaptic ROIs.

Western blot
Protein was collected from primary hippocampal cultures infected with
scramble control, RIMI-KD-A, and RIM1-KD-B plasmids in lysis buffer
containing Lamelli buffer (2x), 2-Mercaptoethanol, and protease and
phosphatase inhibitors (phosSTOP and cOmplete tablets, mini (Roche)).

Samples were sonicated for 40 minutes then heated at 40 °C for
ten minutes. Samples were loaded into a 7% SDS-PAGE gel and run for
~3 hrs at 60 volts. Protein was then transferred with a Trans-Blot Turbo
Transfer System to a nitrocellulose membrane. Samples were blocked
in 5% milk in Tris-Buffered saline (TBS) for 1 hr. Membranes were then
incubated overnight in rabbit anti-RIM1 (Synaptic systems 140 003,
1:5000) and mouse anti-GDI (loading control) (Synaptic systems
130 011, 1:5000) diluted in 5% milk at 4 °C overnight.

The following day membranes were then washed 3 x in TBS for
10 minutes. Membranes were then incubated in secondary antibody
goat anti-rabbit (LICOR 926-32211) and goat anti-mouse (LiCOR 926-
32210) diluted in 5% milk for 1hr. Following secondary antibody
incubation membranes were washed 3 x in TBS for 10 min. Membranes
were imaged with the Odyssey Clix imaging system (Li-Cor). Band
intensities were calculated using image J and normalized to their
respective loading control and then scramble control.

Statistical analysis

mPSC frequencies, amplitudes, and kinetics were analyzed using Mini
Analysis software (Synaptosoft), ePSCs and action potentials were
analyzed with Clampfit 10.3 (Molecular Devices). GraphPad Prsim 9
was used to conduct all analysis. First a Shapiro-Wilk test for normality
was run to select the appropriate parametric or nonparametric sta-
tistical analysis to compare groups. When comparing two groups a
paired or unpaired t-test or nonparametric Mann Whitney test was
conducted. When comparing three or more groups a one-way ANOVA
or nonparametric Kruskal-Wallis test or Friedman test with Tukey,
Dunnett, or Dunn’s post hoc multiple comparisons tests was con-
ducted as appropriate. A Kolmogorov-Smirnov test was used to com-
pare cumulative probability histograms. p<0.05 was considered
statistically significant. Data presented as mean * standard error of
mean (SEM). Please refer to Supplemental Data 1 for individual tests
run for each figure panel.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Any reagents or plasmids are available upon request from the corre-
sponding author. Source data are provided with this paper.

Code availability
Custom Matlab script is already published in Wang et al.*.
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