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1. INTRODUCTION

This thesis starts with a broad overview of the hippocampus, including its structure and
neural circuits. It then focuses on the neuron types found in the CAl region of the
hippocampus, the area of focus for this research. Finally, the introduction will delve into
synaptic transmission and its molecular mechanisms, providing the necessary background
for the investigation into the functional differences between a strong and weak

glutamatergic synapse formed by CA1 pyramidal cells (PCs).

1.1. The Hippocampal Formation

The hippocampal formation, located within the medial temporal lobe of the brain, is a
complex network composed of millions of neurons. Information flows unidirectionally
through its distinct subfields, which include the dentate gyrus (DG), hippocampus proper,
subiculum, presubiculum, parasubiculum, and entorhinal cortex (EC) (1). This basic
cellular organization and fiber pathway is largely conserved across mammalian species
(1). Research has established the hippocampal formation's crucial role in various
cognitive functions, including spatial memory (2), episodic memory (3), cognitive map

formation (1) and attentional control (4).

1.1.1. Anatomical Structure

The hippocampus's characteristic shape comes from the layered structure of the DG and

cornu ammonis (CA; Figure 1). The
DG has three layers: a sparsely
populated molecular layer, a densely
packed granule cell layer (containing
the principal cells), and the
polymorphic cell layer (hilus)

Figure 1: Coronal section through the dorsal
enclosed by the V or U-shaped hippocampus, immunostained for parvalbumin.

0, CA1l stratum oriens; p, stratum pyramidale; r, stratum

granule cell layer (5). The CA, as

radiatum; Im, stratum lacunosum-moleculare; m, dentate
seen in Figure 1, is a continuous layer  molecular layer (stratum moleculare); g, granule cell layer;

of PCs. is divided into CA1. CA2. and h, hilus proper; 1, stratum lucidum; CA3a-c, subregions of

) ) the CA3 field. Adopted from (7).
CA3, with CAl having the most

densely packed PCs. The pyramidal cell layer (stratum pyramidale) is surrounded by



stratum (str.) oriens, a less dense layer containing inhibitory interneurons (INs) and the
basal dendrites of the PCs. The alveus, a thin fiber layer, lies outside the str. oriens. On
the other side of the PC layer is the str. radiatum, containing the PCs' apical dendrites and
where the interconnections between CA3 PCs and CA3 to CAl (Schaffer collaterals)
occur (Figure 2). The most superficial portion of the hippocampus is known as the str.
lacunosum-moleculare, where fibers from the EC innervate the distal dendrites of CA1l
PCs (Figure 2) (5). In CA3 only (not CA1 or CA2), the str. lucidum is present (Figure I).
This is where mossy fibers from granule cells innervate CA3 PCs (1). Various inhibitory

INs are found in all layers (strata) (6-8).

1.1.2. Circuitry

Input from the neocortex enters the
hippocampus primarily through the
EC, specifically its layers II and III
(Figure 2), which are thus
considered the initial stage of

hippocampal processing of sensory

information. Layer II of the EC

projects via the perforant pathway Figure 2: This diagram illustrates the primary excitatory

to both the DG and CA3, while circuitry within the hippocampus.
The entorhinal cortex serves as the main source of input, with

layer III projects to the subiculum layer 1I (green) projecting to both the dentate gyrus (DG)

and CA1. The former initiates the granule cells (purple) and the distal apical dendrites of CA3
(pink) and CA2 (dark teal) pyramidal neurons. The DG

trisynaptic loop which starts with:  granule cells then relay this information to CA3 via the mossy

fibers. CA3 pyramidal neurons, in turn, connect to both CA2

and CA1l (blue) pyramidal neurons through the Schaffer

mossy fibers to CA3 PCs; (2) CA3  collaterals. CAl also receives direct input from layer III of
the entorhinal cortex (yellow). Adopted from (9).

(1) DG granule cells project via

PCs project via Schaffer collaterals
to CA1 PCs; and (3) CA1 PCs project to the subiculum and deep layers of the EC,
completing the loop (Figure 2). This unidirectional flow distinguishes the hippocampal
circuit from the reciprocal connectivity observed in the neocortex (1, 7). The CA1 region
of the hippocampus is one of the most extensively studied and relatively simple cortical

areas, offering valuable insights into neuronal and synaptic diversity.



1.2.  Excitatory and Inhibitory Neurons of Hippocampal CA1

1.2.1. CA1 Pyramidal Cells

Within the CA1 region, PCs exhibit heterogeneity, notably a clear subdivision between
deep and superficial CA1 PCs exist along the radial axis (perpendicular to the CA1 PC
layer), an observation made by early anatomists (10). Beyond this positional distinction,
CA1 PCs display differences in neurogenesis timing, molecular composition, structure,

and physiological properties (11):

1. Superficial layer PCs, located near the str. radiatum, are characterized by their
dense packing and distinct expression of neurochemical markers, such as
calbindin and zinc (8, 12, 13). Notably, these PCs also exhibit a larger somatic A-
current, which contributes to a depolarizing sag (13).

2. Deeper PCs, located closer to the str. oriens, do not express calbindin (8, 12, 13),
possess larger soma, and originate earlier during embryonic neurogenesis

compared to superficial CA1 PCs (14).

The radial heterogeneity described is further compounded by spatial gradients that occur

along the dorsoventral (15) and proximodistal (16) axes of the hippocampus.

CA1 PCs innervate a variety of target cells, including local INs, subicular pyramidal cells
(17), and numerous extrahippocampal regions such as the hypothalamus, thalamus,

amygdala, prefrontal cortex, retrosplenial cortex, and septum (18-20).

In rats, a single CA1 PC receives approximately 30,000 excitatory and 1,700 inhibitory
synaptic inputs. The quantity, relative proportion, strength and spatial distribution of these
inputs influence synaptic integration and ultimately determine the output of the PCs,
namely the generation of action potentials (21). These CA1 PCs are modulated by a
diverse population of GABAergic INs that provide both general inhibition and precise

temporal control of PCs activity.

1.2.2. Interneuron Diversity

Within the hippocampus, diverse GABAergic INs are distributed across all layers. In the
CA1 region alone, at least 21 distinct IN subtypes exist (Figure 3), each targeting specific
subcellular compartments of the PCs and exerting inhibitory control within discrete

temporal windows (8).



These INs are classified based on a combination of anatomical features (including soma
location and dendritic/axonal arborization), the subcellular domains of PCs they
innervate, their molecular expression profiles, and their intrinsic electrophysiological

properties (22). The most well-known examples of CA1 INs are:

Basket cells

Bistratified cells

e Axo-axonic or Chandelier cells

IN selective INs

Oriens-lacunosum moleculare cells

Basket cells are named for their characteristic axonal arborization, which forms basket-
like structures of synaptic boutons around the soma and proximal dendrites of PCs (23,
24). These cells are categorized as either parvalbumin-expressing (PVBCs; Figure 3 (type
2)) or cholecystokinin-expressing basket cells (CCKBCs; Figure 3 (type 3 & 4)). PVBCs
constitute approximately 14% (around 5,530 cells) of CA1 INs, representing 1.5% of all
CA1 neurons (25). Notably, PVBCs predominantly target CA1 PCs (99% of their output
synapses), with a single basket cell capable of inhibiting between 1,500 and 2,500 PCs in
this region (7, 25, 26).

Cholecystokinin-expressing basket cells (Figure 3 (type 3 & 4)) constitute approximately
9% (around 3,600 cells) of all CA1 hippocampal INs, representing 1% of the total CA1
neuronal population (25). Sharing similar anatomical characteristics with PVBCs,
CCKBCs exhibit a preference for perisomatic axonal arborizations, targeting the soma
and proximal dendrites of PCs (27). However, they are estimated to contact roughly half
the number of PCs compared to PVBCs, approximately 1,250 (25, 28). While PVBC
somata are typically located within or adjacent to the str. pyramidale (str. oriens and str.
radiatum), CCKBC somata are predominantly found in the str. radiatum, with a notable
concentration at the str. lacunosum-moleculare border and fewer present in the str.
pyramidale and str. oriens (23, 28-30). CCKBCs are molecularly classified into at least
two distinct subtypes: those characterized by the coexpression of vasoactive intestinal
peptide (VIP; Figure 3 (type 3)) and those identified by the coexpression of vesicular
glutamate transporter 3 (Figure 3 (type 4)) (31, 32).
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Dentate Subiculum,

gyrrs retrosplenial cortex

CA3
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Amygdala CA3
Subiculum 7 dentate Septum
gyrus Subiculum
GABAergic interneurons in the hippocampal CA1 area
1 Axo-axonic =8 Bistratified =@ Apical dendritic innervating =44= Cholinergic =19~ Interneuron-specific- |
2 Basket PV - vy =10~ Perforant path-associated ==45== Trilaminar ==20~ Interneuron-specific- Il
3 Basket CCK/VIP  ==@p= O-LM =dp= Neurogliaform -4~ Back-projection 21~ Interneuron-specific- Il
4 Basket CCK/ —@— Schaffer collateral- 2 Radiatum-retrohippocampal s Oriens-retrohippocampal
VGLUT3 associated projection projection

—43= Large calbindin —d8— Double projection

Figure 3: Pyramidal cells are accompanied by at least 21 classes of interneuron in the hippocampal
CA1 area.

The main terminations of five glutamatergic inputs are indicated on the left. The somata and dendrites of
interneurons innervating pyramidal cells (blue) are orange, and those innervating mainly other
interneurons are pink. Axons are purple; the main synaptic terminations are yellow. Note the association
of the output synapses of different interneuron types with the perisomatic region (left) and either the
Schaffer collateral/commissural or the entorhinal pathway termination zones (right), respectively. VIP,
vasoactive intestinal polypeptide; VGLUT, vesicular glutamate transporter; O-LM, oriens-lacunosum
moleculare. Adopted from (8).

Bistratified cells are characterized by their axonal projections (Figure 3 (type 5)), which
extend both above and below the str. pyramidale, innervating the basal and apical
dendrites of PC in the str. oriens and str. radiatum, respectively (24, 33). These INs
comprise approximately 6% (around 2,200 cells) of the CA1 INs population (25). The
majority of bistratified IN somata (almost 70%) are located within the str. pyramidale,
with approximately one quarter residing in the str. oriens and a small percentage found in
the str. radiatum (24). Individual bistratified INs innervate approximately 1,600 PCs,
forming 5-10 synapses with each target cell (24). Representing approximately 25% of
parvalbumin (PV)-expressing hippocampal INs (34), bistratified cells differ from PVBCs
by their potential co-expression of somatostatin (SST) and neuropeptide Y (NPY) (33—
35).

11



Axo-axonic cells (AACs; Figure 3 (type 1)), also known as chandelier cells due to their
distinctive axonal arborizations resembling candlesticks, constitute approximately 4%
(around 1,500 cells) of CA1 hippocampal INs (25). Their dense axonal arborization
within the str. pyramidale and superficial str. oriens exclusively targets the axon initial
segment (AIS) of up to approximately 1,200 PCs (36-38). The primary axonal branches
of AACs run horizontally along the str. pyramidale border, emitting vertical collaterals
that form 2-15 boutons innervating the AIS of PCs (37). This unique AIS targeting is
thought to provide highly effective inhibition of AP initiation in PCs (39, 40).

Parvalbumin expression is a key molecular marker for hippocampal AACs (34, 41).

Within the CA1 str. pyramidale, PV-containing cells consist of approximately 60% basket
cells, 25% bistratified cells, and 15% AACs (34). Parvalbumin-positive INs (PV+ INs)
are frequently categorized as "fast-spiking" cells (FSINs) because of their capacity to
maintain high-frequency action potential (AP) firing with minimal spike-frequency
adaptation or accommodation (42, 43). This rapid firing is primarily attributed to their
perisomatic expression of Kv3 type voltage-gated K channels, which facilitate rapid
repolarization (43, 44). This fast-spiking phenotype enables these INs to exert precise and
potent inhibitory control, playing a critical role in modulating neuronal excitability and

network oscillations within the hippocampus (7).

While cholecystokinin (CCK) is expressed in CCKBCs, it is also present in a diverse
population of dendrite-targeting INs that primarily innervate principal cell dendrites.
These INs constitute 3-5% (approximately 1,500 cells) of CAl INs (25), residing
predominantly in the str. radiatum, with some concentration near the str. radiatum/str.
lacunosum-moleculare border (27, 29, 30, 45). Among these are Schaffer collateral-
associated cells (Figure 3 (type 8)), whose axonal projections overlap with the CA3
Schaffer collateral input to the CA1 region. Schaffer collateral-associated cells exhibit
extensive arborization in the str. radiatum and, to a lesser extent, in the str. oriens,
targeting the oblique and basal dendrites of PCs (23, 27, 29). In contrast, apical dendrite-
innervating INs (Figure 3 (type 9)) selectively innervate the main apical shaft of PCs,
avoiding the oblique and basal dendrites (30). Perforant path-associated cells (Figure 3
(tvpe 10)) represent another distinct group, with axons that overlap with the EC input
within the str. lacunosum-moleculare, specifically targeting the distal apical tufts of CA1

PCs (30, 45).
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While the majority of the aforementioned INs primarily target PCs, a separate class,
known as "interneuron-selective interneurons" (Figure 3 (type 19-21)), predominantly
innervates the dendrites and soma of other, dendrite-targeting INs (24, 46), thereby
establishing a disinhibitory circuit (47). These interneuron-selective interneurons

commonly express the calcium-binding proteins calretinin or VIP (46).

The oriens-lacunosum moleculare (O-LM) IN (Figure 3 (type 7)), first described by
Lacaille et al. (1987), is characterized by a distinctive anatomical organization (48). In
the CA1 region, O-LM cell somata and dendrites are confined to the str. oriens and alveus,
while their axons ascend with minimal branching through the str. pyramidale and str.
radiatum, terminating in a prominent arborization within the str. lacunosum-moleculare.
Approximately 7% of the O-LM IN axon remains in the str. oriens, with over 90%
extending into the str. lacunosum-moleculare, forming symmetrical synapses with the
distal apical dendrites of PCs (26, 49). O-LM INs constitute about 4.5% (approximately
1,650 cells) of the total hippocampal CA1 IN population (25). This unique morphology
positions O-LM INs to function within a classic feedback inhibitory circuit. The specific
location of their somata and horizontal dendrites dictates that they primarily receive
excitatory input from CA1 PCs, subsequently distributing inhibitory signals back to the
distal apical dendritic tufts of these same PCs in the str. lacunosum-moleculare. This
arrangement effectively modulates excitatory input from the EC and nucleus reuniens to
CA1 PCs (50-53). Each O-LM IN is estimated to contact around 1,450 PCs, forming an
average of approximately 10 synapses per connection (25, 26). Mature O-LM INs express
SST, although SST expression is not exclusive to O-LM INs; some bistratified INs also
express SST, and O-LMs only represent about 40% of SST-expressing INs. O-LM cells
are further identified by the expression of metabotropic glutamate receptor la
(mGluR1a), and somato-dendritic labeling for the extracellular leucine-rich repeat
fibronectin containing 1 protein (Elfnl) (35, 54-56). Selective targeting of O-LM INs has
been achieved using a driver line based on nicotinic acetylcholine receptor a2 subunit

promoter activity (Chrna2-Cre mice) (53, 57).

1.3. Hippocampal CA1 Local Network

The ultimate activity of CA1 PCs is governed by the balance and temporal integration of

the excitatory and inhibitory inputs they receive. CA1 PC dendrites, which extend across
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multiple strata from the str. oriens to the str. lacunosum-moleculare, receive both
excitatory and inhibitory inputs. The following sections will discuss some of these inputs,

their innervation patterns along the CA1 PC dendritic tree, and the underlying circuitry.

1.3.1. Excitatory Input to CA1 PCs

CA1 pyramidal cells receive excitatory input primarily from two sources: the Schaffer
collaterals/commissural fibers originating from CA3 PCs (58) and the entorhinal fibers
projecting from layer III pyramidal cells of the EC (Figure 2) (59). It was also found that
CA1 PCs innervate each other, but this is less prominent (60). The Schaffer collaterals
and commissural fibers from CA3 PCs innervate CA1 PC dendrites within the str. oriens
and str. radiatum, with up to 92% of in vivo-labeled CA3 PC axons predominantly
targeting dendritic spines of CA1 PC (61). While the majority of perforant pathway
entorhinal fibers terminate in the str. lacunosum-moleculare, a smaller subset reaches this
region via the alveus and str. oriens, forming the alvear pathway (62). Within the str.
lacunosum-moleculare, entorhinal cortical boutons target primarily PC dendritic spines
and shafts, comprising up to 90% of the connections (61). Furthermore, CA1 PCs receive
additional input via synapses on their distal apical dendrites from the nucleus reuniens of

the thalamus and the basolateral nucleus of the amygdala (63—66).

1.3.2. Inhibitory Input to CA1 PCs

As previously noted, CA1 PCs are subject to a diverse array of GABAergic INs that
provide inhibitory control across all PC compartments, from basal dendrites to distal
apical tufts. These INs orchestrate temporal regulation of PC activity through dynamic
timing of synaptic interactions, contributing to distinct brain states and cognitive

processes (8).

Some of these INs are excited by extrinsic sources, resulting in feedforward inhibition of
CA1l PCs. Others receive excitatory input from local CA1 PCs, forming feedback
inhibitory circuits. Importantly, some IN subtypes can participate in both feedforward and
feedback inhibition, receiving input from both extrinsic sources and local CA1 PCs. This
flexibility enhances the dynamic range of inhibition and enables the hippocampus to

respond to diverse inputs and behavioral demands.
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1.3.2.1. Feedforward Inhibitory Input

Parvalbumin-positive and somatostatin-positive INs are the most abundant and
functionally significant IN subtypes in the cerebral cortex, including the hippocampus (7,
67, 68). CA1 PCs and PV+ INs share excitatory input from sources such as CA3 PCs, the
EC, the medial septum, and the subiculum. Although CA1 SST+ INs also receive inputs
from these sources, tracing data indicate that SST+ cells receive predominantly excitatory
connections within CA1 and limited input from CA3 or EC (69-71). Activation of CA1
PCs and these INs results in feedforward inhibition of CA1 PCs (72, 73). PV+ INs receive
significantly stronger excitatory input from CA3 PCs, the EC, and the medial septum
compared to SST+ INs (71). Thus, compared with SST+ cells, PV+ inhibitory cells are a
primary mediator of feedforward inhibition from longer-distance input sources. This
feedforward inhibition narrows the time window within which excitatory inputs summate
to reach the threshold for spike generation. In rat hippocampal CA1 PCs, this window has
been shown to be very narrow (less than 2 ms), caused by the short delay with which

disynaptic feedforward inhibition follows monosynaptic excitation (72).

1.3.2.2. Feedback Inhibitory Input

Recurrent collaterals from CA1 PCs preferentially innervate INs within the str. oriens and
alveus, forming 54% of their local synaptic connections with these INs (61). Conversely,
INs are estimated to make approximately 92% of their GABAergic synapses onto PCs
(25). This reciprocal connectivity establishes a feedback inhibitory circuit that regulates
PC firing and prevents excessive excitation. Chronic silencing of CA1 PC transmission
using Cre-dependent expression of tetanus toxin light chain has been shown to
significantly reduce this feedback inhibition, consequently impacting the power, duration,

and intrinsic frequency of ripple oscillations (74).

Both PV+ and SST+ INs receive excitatory input from CA1 PCs. Therefore, in addition
to mediating feedforward inhibition, PV+ INs also provide feedback inhibition to PCs.
As previously mentioned, PV+ IN subtypes (PVBC, bistratified, and AAC) target distinct
PC subcellular domains. These diverse IN classes are also known to fire APs in precise
temporal patterns during hippocampal network oscillations, thereby inhibiting different

PC domains in an oscillatory phase-locked manner (33, 75-78). PV+ INs exert a potent
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and rapid inhibitory influence on PC firing, and the high-frequency firing capacity of PV+
FSINs enables rapid and efficient PC inhibition.

Somatostatin-positive INs tend to target the dendrites of PCs. For instance, O-LM INs
innervate the apical dendrites of CA1 PCs in the str. lacunosum-moleculare, in close
proximity to EC input (51). Consequently, these INs modulate synaptic integration in the
apical dendrites through feedback inhibition. Given that local CA1 PC collaterals provide
the majority of input to O-LM INs (at least 75%) (51), this form of inhibition requires
sufficient activity in the Schaffer collaterals to activate CA1 PCs, which then excite O-
LM INs. This, in turn, can limit the effectiveness of EC afferents in driving the same

population of PCs (51, 53).

PV+ and SST+ INs function synergistically to regulate the balance of excitation and
inhibition within the CA1 network, shaping the timing, precision, and synchrony of
neuronal activity (50, 74).

Signal transduction between these neurons primarily occurs through chemical synapses,
highlighting their importance in neuronal information processing. This thesis will focus
on the synaptic transmission and mainly the connections between CA1 PCs and FSING,

as well as those between PCs and O-LM INs.

1.4. Synaptic Transmission

Synaptic transmission mediates signal transduction between neurons. The foundational
mechanisms and time course of this process were initially described approximately 70
years ago by Bernard Katz and his colleagues. Their "quantal hypothesis of
neurotransmission" proposed that neurotransmitter is released in discrete, all-or-none
units, termed quanta (79). This hypothesis posited that neurotransmitter is released in
multiples of a fundamental packet, or quantum, which was subsequently identified as

corresponding to the release of individual synaptic vesicles (SVs).

Upon arrival of an AP at the nerve terminal, voltage-gated Ca*" channels (VGCC) open,
leading to a localized, transient increase in intracellular Ca®>" concentration at the active
zone (exceeding 1000-fold), creating what are termed [Ca®'] nanodomains (80). This
elevated [Ca?'] triggers the fusion of SVs at the AZ within a few hundred microseconds

(81), releasing neurotransmitters into the synaptic cleft. The released neurotransmitter
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molecules bind to ionotropic postsynaptic receptors (e.g. AMPA, NMDA and kainite
receptors in the central nervous system [CNS] for Glutamate or GABAA receptors for
GABA), increasing their opening probability and generating excitatory or inhibitory
postsynaptic currents (EPSCs or IPSCs, respectively). The amplitude of the postsynaptic
current is determined by the number of presynaptic vesicles released, the amount of
neurotransmitter per vesicle, the number and conductance of postsynaptic ionotropic

receptors, and the open probability of the receptors.

1.5.  Synaptic Strength and Short-Term Plasticity

Synaptic efficacy, intuitively defined as the capacity of a presynaptic input to influence
postsynaptic output (82), reflects the strength of communication between neurons. It is
primarily determined by the probability and amount of neurotransmitter released from the
presynaptic neuron, and the number of postsynaptic receptors activated. Synaptic efficacy
can be considered a function of these two factors (79, 83—85). These synaptic parameters
are subject to activity-dependent dynamic changes, a phenomenon known as synaptic
plasticity, which can manifest across different timescales, including short-term and long-
term plasticity. Short-term plasticity (STP), initially described by Del Castillo and Katz
at the neuromuscular junction, is a use-dependent plastic process exhibiting either
facilitation or depression (79). Several forms of STP have been identified in the central

nervous system (86):

1. Short-term depression (STD) occurs when two closely timed presynaptic stimuli
elicit a smaller second postsynaptic response, with this depression lasting from
hundreds of milliseconds to seconds.

2. Short-term facilitation (STF), conversely, involves a larger second response to a
closely following stimulus, with effects also lasting hundreds of milliseconds to
seconds.

3. Post-tetanic potentiation (PTP)/Augmentation refers to the sustained
enhancement of synaptic transmission following high-frequency presynaptic

stimulation, with effects lasting from tens of seconds to minutes.
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1.5.1. Postsynaptic Target Cell Type-Dependent Differences in Short-Term
Plasticity

Three decades ago, it was demonstrated that a single motor neuronal axon can form
synapses of varying strength and exhibit distinct STP patterns depending on the specific
postsynaptic muscle target (87). Similar postsynaptic target cell type-dependent
differences in STP have also been observed in the rodent CNS (52, 88-92). For example,
in the cerebellum, granule cell parallel fibers show sustained facilitation when synapsing
onto Purkinje or stellate cells, but when synapsing onto basket cells, it displays STD

following initial paired-pulse facilitation (Figure 4B) (93).

Similarly, in the neocortex and hippocampus, PCs form strong synapses with high

probability of SV release (Pv) and STD when innervating PV-expressing FSINs. In

A Neocortex B Cerebellum C Hippocampus CA1

N

Figure 4: Target-cell specific STP remaps spiking across the somato-dendritic axis in local
circuits.

(A) In cortical circuits, pyramidal cell (PC) inputs to basket cells (BCs) exhibit short-term depression,
while those to Martinotti cells (MCs) are facilitating (95). Consequently, high-frequency PC firing
(251, 252) activates MCs later than BCs. BCs then innervate PCs perisomatically (Buchanan et al.,
2012), whereas MCs primarily contact the apical dendrite (253).

(B) In the cerebellum, parallel fiber (PF) synapses onto Purkinje cells (PuC) and stellate cells (SC)
both facilitate. Conversely, PF connections to BCs depress. This differential STP causes high-
frequency PF activity to activate SCs later than BCs, resulting in early-onset somatic inhibition and
late-onset dendritic inhibition of PuCs (93).

(C) Within the hippocampus, CA1 PCs connect to two distinct IN types with contrasting STP. Onset-
transient BCs receive depressing input and target PCs perisomatically, while late-transient O-LM INs
(Martinotti-like cells [MLC]) receive facilitating input and target dendrites. Therefore, during 50 Hz
firing, the inhibition of PCs shifts from somatic to dendritic compartments (50). All synaptic traces
presented were simulated based on data from (50, 93, 254). This figure was adopted from (255).

contrast, when the same PC axons innervate SST-expressing IN, such as Martinotti cells
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in the neocortex and the mGluR 1a-expressing O-LM IN cells in the hippocampus, they
form weak synapses with low Pv and STF (Figure 44 & C) (52, 88-92, 94, 95). This
differential target cell type-dependent Pv and STP at hippocampal PC — O-LM IN and PC
— FSIN synapses will be investigated in this study.

1.5.2. Functional Roles of STP in Hippocampal Networks

Functional synaptic heterogeneity expands the computational capabilities of neuronal
networks, enabling neurons to communicate through multiple forms of synaptic plasticity
and Pv. This allows individual neurons to transmit a diverse array of signals within the
network (96, 97). For example, the differential STP and excitatory input from CA1 PCs
onto distinct IN subtypes facilitates a rapid shift in recurrent inhibition from the soma to
the apical dendrites of these PCs (Figure 4C). This shift is achieved through the sequential
recruitment of two inhibitory circuits: one involving "onset-transient" INs, such as FSINs,
which respond to the onset of AP trains due to the depressing input from CA1 PCs and
inhibit the somatic and perisomatic regions of these PCs; the other involving "late-
persistent" INs, such as O-LM INs, which are activated in proportion to the AP firing rate
due to the facilitating input received from CA1 PCs and thus shifting the inhibition to the
distal apical dendrites (50). The molecular mechanisms underlying differences in Pv and
STP necessitate a deeper understanding of the SV exocytosis process, which will be

addressed in the following section.

1.6.  Exocytosis of Synaptic Vesicles

Synaptic signaling between nerve cells is initiated by the presynaptic exocytosis of
neurotransmitter-containing SVs, a process mediated by the sequential steps of SV
tethering, SV priming and concurrent membrane attachment (docking) at the AZ, and
Ca*"-triggered SV fusion. Over the past three decades, key proteins regulating SV
exocytosis have been identified. These proteins govern the functional processes of SV
docking/priming and the fusion of these SVs with the plasma membrane (PM) upon Ca**
influx (98).

1.6.1. The Molecular Bases of Synaptic Vesicles Docking/Priming

Over 2,000 proteins contribute to synapse formation and function (99). While the precise

number of proteins involved in SV exocytosis remains unknown, many of the complex
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molecular interactions underlying SV docking/priming and subsequent Ca**-triggered
fusion have been identified. Neuronal SNARE (soluble NSF attachment protein receptor)
proteins are crucial for exocytosis, including syntaxin-1, SNAP-25 (synaptosomal-
associated protein 25), and synaptobrevin-2/VAMP2 (vesicle-associated membrane
protein 2; Figure 5). These SNARE proteins are considered the engine of membrane
fusion (100). Synaptobrevin-2 and syntaxin-1 each possess a transmembrane region that
anchors them to the SV membrane and the presynaptic AZ membrane, respectively (100,
101). The assembly of these three SNARE molecules forms a trans-ternary SNARE
complex, which "zips" together, bringing the SV and AZ plasma membranes into close
proximity (98). For precise and efficient fusion, this SNARE assembly is regulated by
four key proteins: Munc18 and Muncl3, which ensure proper SV priming (102); and
synaptotagmin-1 (103, 104) and complexin (105, 106), which control the synchronized
SV fusion triggered by Ca** (Figure 5).

Knocking out either Munc18 or Munc13 abolished SV priming and SV release (107-111)
demonstrating their essential roles in SV exocytosis. These molecules collaborate to
facilitate proper SNARE complex assembly. Munc18, by capturing free syntaxin-1 (102,
112, 113), prepares the environment for Munc13 to catalyze the transition from a closed
Syntaxin-Munc18 conformation to a tripartite Munc18-1/syntaxin-1/Muncl3 complex
(102, 114, 115). Subsequently, Munc13 directly interacts with and recruits synaptobrevin-
2 and SNAP-25, forming a functional trans-ternary SNARE complex (102, 116, 117),
promoting the eventual formation of the SNARE-synaptotagmin-complexin complex
(118, 119). This complex renders the SV fusion-competent and capable of synchronous
release (Figure 5). Beyond its priming function, Munc13 also prevents SV de-priming by
mitigating the NSF and a-SNAP-mediated inhibition of fusion (113, 120, 121).
Furthermore, Munc13 is a component of a protein complex involving RIM (Rab
interacting molecule) protein. In this complex, RIM coordinates three distinct functions:
1) binding to vesicular Rab proteins, mediating vesicle docking; 2) binding to the central
priming factor Munc13, activating priming; and 3) binding to the Ca?" channel, both
directly and indirectly through RIM-BP (RIM binding proteins), positioning Ca**

channels in close proximity to the docked vesicle (98).
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Figure 5: Model of the molecular steps mediated synaptic vesicle exocytosis.

Synaptic vesicles are docked at the active zone of a presynaptic terminal with unassembled SNARE
complexes (top) and are then primed for release by partial SNARE-complex assembly that is catalyzed by
Muncl18, Munc13, and RIM (step 1). At least in inhibitory synapses, this priming process might be further
modulated by ELKS2. The primed vesicles form the substrate for two main pathways of Ca*'-triggered
neurotransmitter release: asynchronous release (steps 2 and 3), in which full assembly of SNARE
complexes leads to fusion-pore opening followed by complete fusion (step 3); and synchronous release
(steps 4, 5, and 6), in which ‘superpriming’ by binding of complexins to assembled SNARE complexes
(step 4) activates and freezes SNARE complexes in a metastable state (referred to as priming stage II). This
stage is then substrate for fast Ca?*-triggering of release when Ca?*-binding to synaptotagmin-1 induces its
binding to phospholipids and to SNARE complexes, with the latter reaction displacing complexin and
resulting in fusion-pore opening (step 5) and full fusion (step 6). Both the synchronous and the
asynchronous release pathway can mediate spontaneous ‘mini’ release, depending on the local Ca?'-
microdomain. Synaptotagmin and complexin clamp (block, in red) the unidentified slow Ca?*-sensor that
mediates the asynchronous release; this clamping is relieved when Ca?* binds to synaptotagmin-1, allowing
competition between synaptotagmin-1 and the asynchronous Ca?-sensor during high-frequency
stimulation. Adopted from (122).

1.6.1.1. Munc13s as a Regulatory Hub in SV Priming

Mammals possess three homologous Muncl3 genes (123). Of these, Munc13-1 and
Munc13-2 are expressed in hippocampal PCs (124). While Munc13-1 has a single variant,
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Muncl13-2 exists as two principal splice variants in CAl PCs: the brain-specific
bMunc13-2 and the ubiquitously expressed ubMunc13-2 (111, 123, 125-128). The C-
terminal and central regions of Munc13-1, bMunc13-2, and ubMunc13-2 share conserved
structures, including the C,C, MUN, C;B, and C; domains. These domains are
functionally essential for SV priming activity and exhibit structural similarities to vesicle
tethering factors (128—130). Notably, only Munc13-1 and ubMunc13-2 possess an
additional N-terminal C2A domain, which binds RIM (131, 132).

The multi-domain architecture of Munc13s allows their functions to be finely modulated
by various proteins and second messengers, such as [Ca®'], diacylglycerol (DAG),
Phosphatidylinositol phosphates (PIPs), and calmodulin. For instance, the C2A domain of
Munc13-1 forms homodimers that inhibit its docking and priming functions; this
inhibition is relieved upon RIM binding (131, 133). Conversely, the MUN domain of
Muncl3-1 plays a pivotal role in vesicle priming by significantly accelerating the
transition from the closed syntaxin-1-Munc18-1 complex to the SNARE complex. This
is achieved by facilitating syntaxin-1 opening, a process reliant on weak interactions
between the MUN domain and the syntaxin-1 SNARE motif (115). When the SV is
tethered to the plasma membrane, the central Munc13-1 domains (C; and C2B) anchor to
the plasma membrane, while the C>C domain interacts with the SV membrane (134). In
its inactive state, the C;-C,B domains provide basal inhibition to Munc13, preventing SV
fusion. This inhibition renders Munc13 activity susceptible to Ca®*", DAG, or PIP-
dependent control, thereby modulating synaptic strength (135, 136). The activity of the
Ci domain can be enhanced by DAG binding (produced by phospholipase C [PLC] upon
increased intracellular [Ca?*]) or by phorbol esters like Phorbol 12,13-dibutyrate (PDBU),
which consequently boost neurotransmitter release (137-140). Furthermore, Munc13-1
priming activity is also modulated by Ca** binding to the C>B domain, which increases
its affinity for PIP and PIP2. Significantly, mutations that increase Ca**-dependent PIP2

binding have been shown to potentiate neurotransmitter release (141).

1.6.2. Docking & Priming of SVs is a Dynamic Process

As previously established, the priming process involves the tethering and docking of SVs
to specialized release sites, as well as the assembly of macromolecular complexes that

mediate Ca®"-dependent triggering of exocytosis (100). Docking, priming, and SNARE
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complex assembly are dynamic and reversible processes (120, 142, 143), and that even at
rest the docked and primed SV states may be labile and very dynamic (144). Biochemical
studies have shown that the ternary SNARE complex can transition between "loose" and
"tight" trans conformations (145, 146). A recent study combining fast freezing after a
release-stimulating pulse with high-pressure electron microscopy ("zap and freeze"),
examined the dynamics of docking (147). Shortly (5 ms) after an AP, the docked SV pool
is depleted by fusion, with a concurrent increase in the number of SVs within the 10 nm
range. Within 14 ms, new vesicles are recruited, fully replenishing the docked pool.
However, this docking within 14 ms is transient; vesicles either undock or fuse within
100 ms. These findings demonstrate that SV recruitment to release sites is rapid and
reversible, and show, for the first time, that Ca?" elevation elicits docking within
milliseconds. The same study suggests further changes in docking probability at later
times following the AP, indicating a multi-step pathway with complex kinetics for
incoming SVs (147). Another study shows that synaptotagmin-1 supports this transient,
Ca?-dependent, tight SV attachment to the PM following an AP within 10-50 ms (148).

These studies, along with recent electron microscopy data on the different tethering and
docking/priming states of SVs and their molecular underpinnings (108, 149, 150), suggest
a dynamic, Ca*"-dependent interchange between two primed SV states. Specifically, they
propose that docked SVs fluctuate between a loosely docked and primed state (LS), where
SNARE complexes are only partially zippered, and a tightly docked and primed state
(TS), where zippering has progressed further, rendering the SVs fusion-competent (144,
151).

1.6.3. The Molecular Bases of Synaptic Vesicle Fusion

Calcium is essential for triggering synchronous SV fusion and neurotransmitter release.
Although the trans-SNARE complex assembles independently of Ca?*, other factors
confer the Ca®" sensitivity necessary for SV fusion. The speed, temporal precision, and
efficacy of Ca**-dependent SV fusion are mediated by proteins like synaptotagmin-1 and
complexins (Figure 5) (152—156). Synaptotagmin-1, a protein with two C2 domains,
serves as the primary Ca®" sensor for synchronous neurotransmitter release (119, 152).
C2 domains are generally recognized as Ca®*-dependent or -independent membrane-

targeting modules (157-159). Synaptotagminl knockout significantly reduces
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synchronous SV release (160). Current research and existing data support a "release-of-
inhibition" model for the initiation of Ca*'-triggered SV fusion. In a Ca*"-independent
manner, synaptotagmin-1 interacts with the partially zippered SNARE complex, the
plasma membrane, phospholipids, and other components to establish a primed, pre-fusion
SV state. However, fusion is inhibited until Ca** arrives and binds to synaptotagmin-1's
C2 domains, perturbing the lipid bilayer, facilitating membrane bridging, and ultimately
activating fusion (159, 161-163).

The second group of fusion regulators are the complexins, a family of small (Molecular
weight = 15-18 kDa) cytosolic proteins that bind tightly and in a 1:1 stoichiometry to
assembled SNARE complexes (155, 164, 165). Mammals encode four complexin
paralogs (Complexin 1-4) through four distinct genes. Complexins 1 and 2 are
predominantly expressed in the CNS, while complexin 3 is weakly expressed in some

brain regions, including the cerebral cortex and hippocampus.

In synapses expressing complexin 1/2, knockout of either paralog does not result in
obvious functional deficits, suggesting functional redundancy (156, 166). However,
double knockout of complexins 1/2, as well as triple knockout of complexins 1/2/3, alters
synaptic function. For instance, the amplitude of AP-evoked EPSCs recorded from
hippocampal autapses is reduced by over 65% compared to wild-type autapses (166).
Complexins do not bind Ca®*, and their interaction with the trans-SNARE complex is
Ca?*-independent. Working in concert with the Ca*'-sensing protein, synaptotagmin-1,
complexins contribute to the Ca**-dependent control of SV fusion. It has been proposed
that complexins function post-priming by stabilizing the trans-SNARE complex to
maintain SVs in a fusion-competent state (156, 167), or by acting as a fusion clamp,
arresting the frans-SNARE complex and preventing premature fusion prior to
synaptotagmin-1 activation by Ca®" (168-171). The fusion-clamp model posits that
complexins hinder fusion at rest, and synaptotagmin-1 is required to relieve the clamping
activity upon Ca?" arrival (169). One undisputed role of complexins is their facilitation of

fast, AP-evoked synchronous neurotransmitter release (162).

1.6.4. The Role of Voltage-Gated Ca?* Channels in SV Fusion

Calcium ions are essential for triggering neurotransmitter release. Voltage-gated Ca®"

channels in the plasma membrane are the primary source of Ca** at nerve terminals. Like
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other voltage-gated ion channels, the opening probability of VGCCs changes in response
to membrane potential fluctuations, allowing Ca®" influx down a steep electrochemical
gradient upon AP arrival. VGCCs are composed of a pore-forming a1 subunit and several
auxiliary subunits (B, a2, and 9). These subunits exhibit multiple isoforms and splice

variants, generating a diverse array of possible subunit combinations (172).

1.6.4.1.  Types of Voltage-Gated Ca** Channels

Voltage-gated Ca?" channels are classified into five groups (L, P/Q, N, R, and T-type)
based on their pharmacological/biophysical properties, their tissue distribution and the
sequence of their al subunits, which form the ion-conducting pore (172). The T-type
channel is exclusive in being a low-voltage-activated (LVA) channel, with an activation
threshold of approximately -70 mV. The other four types are high-voltage-activated
(HVA) channels, with a threshold around -20 mV (173). The current nomenclature, based
on the primary amino acid sequence of al subunit and the order of discovery, classifies

VGCCs into Cavl.1-1.4, Cay2.1-2.3, and Cav3.1-3.3 (174).

Numerous studies have investigated the VGCCs involved in SV release at presynaptic
nerve terminals. These studies typically use specific Ca*" channel blockers to assess the
impact on postsynaptic responses. Results indicate that P/Q-type and N-type channels
play a major role in neurotransmitter release at many synapses, including excitatory
synapses in the hippocampus (175-178) and inhibitory synapses in the cerebellum and
spinal cord (176). At some synapses, a single VGCC type mediates Ca?" influx at
presynaptic terminals. For example, at the rat calyx of Held synapse, Cay2.1 (P/Q-type)
almost exclusively mediates release by postnatal day 10 (179). Other synapses, such as
the glutamatergic synapses in the hippocampus utilize both Cay2.1 and Cav2.2 (P/Q- and
N-type) to trigger neurotransmitter release (176, 178).

Given the predominant role of VGCCs in synaptic transmission, precise regulation of
presynaptic VGCC activity is crucial for timely and accurate neurotransmitter release.
This regulation is achieved through a variety of factors, including auxiliary subunits,
membrane potential, G protein-coupled receptors, calmodulin, Ca**-binding proteins,
protein kinases, various interacting proteins, alternative splicing, and genetic variations.
For example, the unique long and coiled C-tail of the al subunit can interact with

numerous proteins, as demonstrated by proteomic screening (180). For instance, RIM has
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been shown to interact with the VGCC (181). The association of RIM with Cay?2 increases
channel activity and promotes synaptic transmission (182). Furthermore, RIM can bind
to the B subunit and enhance its positive regulation of channel function (182). It is
conceivable that SV fusion is influenced by the type of VGCCs present in the AZ, their
regulation, their density within the AZ, and the distance between the VGCCs and the SV

release sites (RSs).

Given the complexity of SV exocytosis underlying synaptic transmission, numerous
models have been developed to simplify and describe this process. One such model, the
sequential two-step priming model, which is used in this study, will be discussed in the

following section.

1.6.5. The Sequential Two-Step Priming Model

A recently published two-step priming model posits two sequential docking/priming
states. This model can be referred to as the Loose state/Tight state (LS/TS) docking model
(Figure 6) (144, 151). The LS docking state describes an intermediate docked state where
the vesicle is positioned at a small distance (5-10 nm) from the PM. Only upon

transitioning to the TS, in close contact with the PM, does the vesicle become fusion-

competent.
+“—>
ES
empty site site occupied with site occupied with AP-triggered
ready for docking loosely-docked SV tightly-docked SV SV fusion

Figure 6: Basic sequential model for priming and fusion.
SVs dock to an empty release site (ES) and undergo two priming steps to sequentially transition to the LS
and TS states. Only SVs in state TS are fusion competent. Adopted from (151).

The LS/TS docking model (similar to an alternative replacement site/docking site model

(183) proposes that vesicles exist in a dynamic equilibrium between these two sequential
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states at rest, prior to exocytosis. Forward priming rates are Ca*"-sensitive, increasing
with intracellular [Ca?*]. Furthermore, only SVs within the TS pool can fuse upon AP
arrival. This model has successfully reproduced STP and its diversity observed at calyx
of Held synapses (151). Electron microscopy (EM) studies provide support for the
existence of morphologically distinct docking states of SVs (108, 149, 184). According
to this model, Pv is a function of SV fusion probability (Pfusion) and the probability (Prs)
that an SV is in the TS (Pv = Pfision * Pr15).
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2. OBJECTIVES

This study aims to address the question: What mechanisms regulate postsynaptic target
cell type-dependent Pv and STP? Despite intensive research over the past two decades,
the molecular mechanisms underlying differences in Pv and STP remain incompletely
understood, and a unified picture has yet to emerge (91, 185, 186). In the current study,
we focus on two distinct synapses: the hippocampal CA1 PC — FSIN connection, which
exhibits high Pv and STD, and the PC — O-LM IN connection, which displays low Pv and
STF, to investigate how PCs regulate Pv in a target cell-type-dependent manner. The
following subsections will outline the potential mechanisms that will be explored as key

objectives of this study.

2.1. Distinct Localization of Molecules in Post- and Presynaptic

Compartments in a Target Cell Type-Dependent Manner

The first molecule identified with postsynaptic target cell type-dependent localization in
the presynaptic AZ of PCs was mGluR7. It was found to be selectively enriched in
hippocampal PC AZs that innervate SST/mGluR1a-expressing INs (187), and its
constitutive activity contributes to the low postsynaptic response amplitude at this
synapse (188). Interestingly, mGluR7 is recruited to the AZ by Elfn1, which is selectively
expressed by SST/mGluR 1o+ INs and located in the excitatory postsynaptic densities
where Elfnl trans-synaptically binds and activates mGluR7 (56, 189, 190). Ectopic
expression of Elfnl in PV+ INs in the hippocampus altered the STP from depression to

moderate facilitation through an unknown mechanism (56).

Although presynaptic neurotransmitter receptors can strongly influence neurotransmitter
release and STP, synapses still exhibit diverse functional properties even in the presence
of numerous presynaptic receptor blockers. This diversity likely stems from the
heterogeneous molecular components of the AZ matrix that mediate SV docking,
priming, and release (191). Among these components are members of the Munc13 protein
family, and Munc13-containing supramolecular complexes. Munc13-1 and Munc13-2,
are expressed in hippocampal PCs (124). Experiments in cultured autaptic neurons
suggest that Munc13-1 and Munc13-2 confer different STP to synapses. In 90% of axon

terminals of cultured PCs, Munc13-1-primed vesicles have high Pv, and the synapses
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display STD, while in 10% of boutons, the presence of Munc13-2, in the absence of
Munc13-1, confers low Pv and STF (124). As this correlation appears to hold in other
synapses (192, 193), the following concept has emerged: high-Pv synapses that show
STD are equipped with Munc13-1, which enables tight docking of readily releasable SVs,
whereas low-Pv synapses that display STF employ Munc13-2, and vesicles are loosely
docked, requiring an increase in intracellular [Ca?*] to become release-competent (144).
Munc13-2 immunolabeling in the hippocampus has shown an uneven distribution of the
protein, with strong staining in the str. oriens of the CA1 area (125), where most of the
dendrites of mGluR 1a+ INs are located. This raises the question of whether the low Pv
of CA1 PC to mGluR 1o+ IN synapses could result from the presence of Munc13-2 as a
priming factor. Therefore, the localization and the role of Munc13-2 in the low-Pv

synapse of the PC — O-LM IN connection has been investigated in this study.

A second potential factor influencing differential Pv, which will be examined, is the
variation in effective Ca** concentration that triggers the final step of exocytosis: SV

fusion.

2.2. Different Effective [Ca*] Reaching Docked SVs.

Given the steep dependence of SV release on [Ca?'] (194), the most apparent difference
between PC — FSIN and PC — O-LM IN connections was hypothesized to be a significant
difference in the "effective" [Ca®*] that SVs “see” at their RSs. This difference could arise
from either a greater number (conductance) of VGCCs or a shorter distance between these
channels and the Ca** sensor responsible for SV fusion. Both potential possibilities will

be addressed.

2.2.1. Differential Presynaptic Action Potential-Evoked [Ca%*] Influx
Nearly two decades ago, Koester & Johnston (2005) reported smaller presynaptic [Ca']
transients in cortical PC axon terminals innervating bitufted (SST-expressing) INs
compared to multipolar FSINs. A more recent study in CA3 hippocampus corroborated
these findings in the hippocampus (186), but the difference in presynaptic [Ca®"] was only
30% between the high-Pv parvalbumin-targeting boutons and the low-Pv mGluR1a-

targeting boutons. Therefore, it is essential to investigate this potential factor in our study.

Even if this relatively small difference will be consistent with CA3, variations in the
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coupling distance between Ca?" channels and SVs (91, 195, 196) could still explain the
significant Pv disparity observed between PC — FSIN and PC — O-LM IN connections.

2.2.2. Differential Coupling Distances Between Presynaptic VGCCs and the

Ca?* Sensors of SV Fusion

Examining the effects of fast and slow Ca®" buffers on release (91), concluded that a
longer coupling distance between presynaptic VGCCs and the Ca®* sensor on SVs might
contribute to the low Pv observed at PC — SST IN synapses in juvenile neocortex. The
simplest explanation for this result is a lower presynaptic VGCC density at the low-Pv
synapses. A previous study from our laboratory tested this hypothesis and found only a
15% difference in VGCC density (186). However, it became clear that coupling distance
cannot be predicted from VGCC density alone, as docked SVs and VGCCs are not
randomly distributed within AZs. Indeed, distinct, non-random nanoscale topologies of
SVs and VGCCs have been proposed at different synapses. A recent study (196) provided
compelling evidence that synaptic strength cannot be predicted from the magnitude of
presynaptic Ca?" influx and VGCC density. Cerebellar parallel fiber synapses exhibit low
Pv and paired-pulse facilitation, whereas molecular layer INs synapses have higher Pv
and display STD. Interestingly, AP-evoked Ca’' influx and VGCC density are
significantly higher at the weak parallel fiber synapses. However, examination of the
nanoscale arrangements of RSs and VGCCs revealed a larger coupling distance at the
weak synapse. At parallel fiber AZs, VGCCs are excluded from an approximately 50 nm
area surrounding RSs, whereas, in the strong IN synapses, a much smaller number of
VGCCs are clustered immediately adjacent to the RSs (15-20 nm) (196). Because these
results clearly demonstrate the need to understand the nano-topologies of RSs and
VGCCs to predict synaptic strength, we investigated this aspect for PC — FSIN and PC —
O-LM IN synapses using high-resolution EM SDS-digested freeze-fracture replica
immunolabeling (SDS-FRL) in the hippocampal CA1 area of adult mice.

2.3. Differential Occupancy of RSs by SVs

An alternative explanation for the low Pv observed at PC — O-LM IN synapses is the low
occupancy of RSs by SVs. Pv can be conceptualized as a function of the probability that
an RS (or docking site) is occupied by an SV (Po,c) and the probability with which a
docked vesicle is released (Pfusion) upon AP arrival (Pv = Poce * Pfusion) (151, 197-199).
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While dissecting the individual contributions of these two factors is challenging, Malagon
et al., 2020 analyzed release at cerebellar parallel fiber-MLIN simple synapses and found
that Pocc under physiological [Ca®]e (1.5 mM) is only 0.2, primarily accounting for the
low Pv at these synapses. Therefore, another possible mechanism underlying the low Pv
at PC — O-LM IN synapses is a low P,.c, which we also investigate here using a combined

in vitro physiological and pharmacological approach, together with EM tomography.

2.4. Differential Priming State of Docked SVs

It has been shown (200-202) that heterogeneity of docked SVs with respect to their
priming states at rest can explain distinct Pv. Similarly, the dynamics between different
states during repetitive synaptic activity can cause pronounced differences in STP (144,
200-208). This concept is captured by a recently published sequential, two-step priming
model (explained previously in section 1.6.5.) that assumes two sequential states of

docking/priming prior to exocytosis, namely TS and LS (151).

According to this model, Pv is a function of Pfsion and the probability (Prs) that an SV is
in the TS (Pv = Pjusion * Prs). If we assume that SVs at O-LM IN-innervating synapses are
primarily in the LS state at rest, while a large fraction of SVs are already in the TS in
FSIN-innervating synapses, then differences in Prs, rather than Ppision, might be the
primary reason for the observed Pv differences at these two synapse types. This
hypothesis was tested by applying a set of simple and complex presynaptic stimulation
protocols to PC — FSIN and O-LM IN connections. Subsequently, mathematical modeling
of the resulting EPSCs was performed using the sequential two-step priming model (151)

to investigate the key differences between these two connection types.
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3. METHODS

3.1. Animals

For electrophysiological recording, two hundred and three adult (P48-90) male and
female  transgenic mice were used (Chrna2-Cre) OE25Gsat/Mmucd,
(RRID:MMRRC 036502-UCD, on C57BL/6J background (53) crossed with reporter line
Ai9 or Ail4 (Gt(ROSA)26Sor CAG/LSL_tdTomato). For  Elfnl-KO
electrophysiological ~ recording, 15 adult (P50-70) male C57BL/6N-
Elfn1™-1KOMEVieg/N[bppMmucd ~ (RRID:MMRRC_047527-UCD, on  C57BL/6N
background (189) and 5 heterozygous littermate control mice were used. For Munc13-2
conditional KO recording, 35 adult (P50-70) C57BL/6N-
Uncl3p™!1aKOMPWisiNfppMmucd ~ (RRID:MMRRC _050292-UCD, on C57BL/6N
background) were used. Seven C57BL/6J male mice (P49-63) were used for SDS-FRL
experiments. Six C57BL/6J male mice (P32-39) and two young adult male Wistar rats
(P30, 42) were used for immunofluorescent experiments. The animals were housed in the
vivarium of the Institute of Experimental Medicine in a normal 12 h/12h light/dark cycle
and had access to water and food ad libitum. All the experiments were carried out in
accordance with the Hungarian Act of Animal Care and Experimentation 40/2013 (I1.14)
and with the ethical guidelines of the Institute of Experimental Medicine Protection of

Research Subjects Committee.

3.2.  Virus Injection

Mice were anesthetized with a mixture of ketamine, xylazine, pipolphene (0.625, 6.25,
1.25 mg/mL respectively, 10 pL/g body weight). We injected either pAAV-Efla-
mCherry-IRES-Cre (a gift from Karl Deisseroth; 1.8 x 103 vg/mL, Addgene viral prep #
55632-AAVS8; RRID:Addgene 55632; Fenno et al., 2014) or pENN.AAV.CamKII
0.4.Cre.SV40 (a gift from James M. Wilson; Addgene viral prep # 105558-AAv92;
RRID:Addgene 105558) at 1:10 dilution (2.8 x 10'* vg/mL, Penn Vector Core) into the
dorsal hippocampus. Injections consisted of 200 nL at coordinates from the Bregma in
mm: antero posterior/dorso ventral/lateral: 2.1/1.1/1.3 and/or 2.2/1.5/1.2). After two
weeks, the mice were either perfused or in vitro acute slices were prepared from the dorsal

hippocampus as below.
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3.3.  Slice Preparation

Mice were stably anesthetized with a ketamine, xylazine, pypolphene cocktail (0.625,
6.25, 1.25 mg/mL respectively, 10 uL/g body weight) then decapitated, the brain was
quickly removed and placed into an ice-cold cutting solution containing the following (in
mM): sucrose, 205.2; KCl, 2.5; NaHCO3, 26; CaCly, 0.5; MgCla, 5; NaH,POs4, 1.25; and
glucose, 10, saturated with 95% O and 5% CO». Then, 250 or 300 pm thick coronal slices
were cut from the dorsal part of the hippocampus using a Vibratome (Leica VT1200S)
and were incubated in a submerged-type holding chamber in artificial cerebrospinal fluid
(ACSF) containing the following (in mM): NaCl, 126; KCl, 2.5; NaHCO3, 26; CaCly, 2;
MgCl, 2; NaH2POs, 1.25; and glucose, 10, saturated with 95% O2 and 5% CO,, pH="7.2
to 7.4, at 36 °C for 30 min, and were then kept at 22 to 24 °C.

3.4.  Electrophysiological Recordings

All whole-cell patch-clamp paired recordings were conducted at 32-33 °C, up to 6 h after
slicing. The ACSF was supplemented with 2 puM AM251 to block presynaptic CB1
receptors and 0.35 mM yDGG to prevent AMPA receptor saturation. Cells were visualized
using infrared differential interference contrast (DIC) imaging on a Nikon Eclipse FNI
microscope equipped with a 40X water immersion objective (NA = 0.8). CA1 PCs were
identified based on their position and morphology. O-LM INs in the str. oriens of the CA1
region were identified by tdTomato fluorescence in Chrna2-Cre-tdTomato animals, or by
their somatic morphology and characteristic membrane voltage responses to de- or
hyperpolarizing current injections (600 ms, from -250 to 800 pA with 100 pA steps).
Following recordings, these cells were further characterized post hoc by their dendritic
and axonal arborization and mGluR 1o immunoreactivity. FSINs were identified by their
position, somatic morphology, and membrane voltage responses to de- or hyperpolarizing

current injections (600 ms, from -250 to 800 pA with 100 pA steps).

Patch pipettes (4 to 6 MQ resistance) were pulled from thick-walled borosilicate glass
capillaries with an inner filament. The intracellular solution for INs contained (in mM):
K-gluconate, 130; KCl, 5; MgCl,, 2; EGTA, 0.05; creatine phosphate, 10; HEPES, 10;
ATP, 2; GTP, 1; and biocytin, 7, pH = 7.3; 290 to 300 mOsm. For presynaptic PCs, the
intracellular solution was either similar to the IN solution but supplemented with 10 mM

glutamate or contained (in mM): K-gluconate, 97.4; KCl, 43.5; MgCl,, 1.7; NaCl, 1.8;
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EGTA, 0.05; creatine phosphate, 10; HEPES, 10; ATP, 2; GTP, 0.4; biocytin, 7 and 10
mM glutamate, pH = 7.25; 290 to 305 mOsm.

Paired whole-cell recordings were performed with PCs held in current-clamp mode at -
65 mV (with a maximum of £100 pA DC current). Postsynaptic INs were held at -65 mV
in voltage-clamp mode (with a maximum of £200 pA DC current) with access resistance
maintained below 20 MQ using a dual-channel amplifier (MultiClamp 700B; Axon
Instruments). Action potentials were evoked in PCs with 1.5 ms long depolarizing current
pulses (2.3 nA). Three to five APs at 40 Hz were evoked with 9 seconds inter-trace
intervals and evoked EPSCs were recorded for PC — FSINs and PC — O-LM INs pairs.
For modeling, PC — FSIN connections were recorded using six different stimulation
protocols : 1) 15 APs at 5 Hz; 2) 15 APs at 100 Hz followed by a 6-AP recovery test train
after 110 ms at 100 Hz; 3) 6 APs at 100 Hz followed by a 6-AP recovery test train at 100
Hz after 110 ms; 4) 6 APs at 100 Hz followed by a 6-AP recovery test train at 100 Hz
after a 1.5 s recovery test period; 5) a 6-AP preconditioning train at 20 Hz followed by a
15-AP train at 100 Hz then a 6-AP recovery test train at 100 Hz after 110 ms; and 6) a 6-
AP preconditioning train at 20 Hz followed by a 15-AP train at 100 Hz then a 6-AP
recovery test train at 100 Hz after a 1.5 s recovery test period. For PC — O-LM IN pairs,
only protocols 5 and 6 were recorded. Ten minutes were recorded for each protocol and
60 second inter-trace intervals were maintained, except for protocols 3 and 4 where a 30
second inter-trace interval was utilized. INs with an increase in access resistance

exceeding 25% during the recording period were excluded from analysis.

Data were filtered at 3-4 kHz (Bessel filter), digitized online at 50 kHz, and then recorded
and analyzed using Clampfit 10.7 (Molecular Devices). Peak amplitudes, 10-90% rise

times, and areas under the curves were calculated in Clampfit.

3.5. Pharmacological Manipulation

To determine the effects of pharmacological agents on postsynaptic EPSC amplitudes,
eEPSCs were recorded from PC — FSIN and PC — O-LM IN pairs. Each experiment
involved a 10-minute baseline recording, a 10-minute drug wash-in period, followed by

subsequent 10-minute recordings to assess the drug effect.
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The stability of postsynaptic responses was evaluated during 30-minute whole-cell
recordings in control ACSF. For FSIN postsynaptic cells, eEPSC amplitude remained
stable, with the relative amplitude in the final 10 minutes of recordings being 0.99 + 0.39
compared to the initial 10 minutes. In contrast, when the postsynaptic IN was an O-LM
cell, the same protocol unexpectedly resulted in a 48% eEPSC rundown (normalized
amplitude: 0.52 £ 0.51, n = 28 pairs; Supplementary Figure S2C in Aldahabi et al., 2022).
To counteract this rundown, a limited number of paired recordings were performed using
the perforated patch configuration for the presynaptic PC (see below). In these specific
experiments, the relative EPSC amplitude at the end of the recordings was 0.94 + 0.25 (n
= 6), which did not significantly differ from the initial 10 minutes (Supplementary Figure
S2C & S2D in Aldahabi et al., 2022). However, given the exceptionally low yield of
finding connected PC — O-LM IN pairs and maintaining their stability without membrane
rupture, most of pharmacological experiments were conducted in dual whole-cell mode.
Drug effects were subsequently corrected post hoc based on the average rundown

observed during comparable time periods in ACSF control recordings.

3.6. Perforated Patch-Clamp Recordings

Perforated patch-clamp recordings were carried out from the presynaptic PCs to avoid
rundown. The intracellular solution was supplemented with 100 pg/mL Gramicidin
(freshly dissolved in DMSO on the recording day and used only for 2 h when dissolved
in the intracellular solution) and 12 uM Alexa Fluor 594. Pipette resistance was 18-25
MQ and the pipette tip was back-filled with Gramicidin-free intracellular solution then
with Gramicidin-containing intracellular solution. The spontaneous membrane rupture
was regularly checked and if fluorescence was detected in the soma of the PC, the
recording was discarded (e.g. Supplementary Figure S2C in Aldahabi et al., 2022). An
average of 10-20 min was needed to achieve an access resistance of <150 MQ and to start

the paired recording protocols.

3.7. Two-Photon Laser Scanning Microscopy

These experiments have been performed by Dr Noemi Holderith in our laboratory. For
detailed methods of Ca®*-imaging see (186, 210). Briefly, Rrecordings were performed
in ACSF supplemented with 2 uM AM251 to block presynaptic CB1 receptors at 29—

30°C up to 6 h after slicing. Cells were filled for 90 min with intracellular solution with
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a Ca®*-insensitive (25 uM Alexa Fluor 594) and a Ca*"-sensitive fluorophore (200 pM
FluoSF). Boutons were selected at 50-300 pm distances from the soma, imaged in line
scan mode at 1 kHz, with a laser intensity of 2-6 mW at the back aperture of the objective
lens. Each bouton (on average 16+ 8 per cell) was scanned once for baseline
measurement, and once after washing in the control or drug solution for 10 min.
Fluorescence changes upon 5 APs at 40 Hz were recorded. Only the peak amplitude of
the [Ca®"] transient obtained for the first AP was quantified during the recording
as G/Ry=(Fgreen(t)-Frest, green)/ (Fred-ldark, red) Where Fgreen(r) represents the green fluorescence
signal as a function of time, Frest, green 1S the green fluorescence before stimulation,
and lqark, red 18 the dark current in the red channel. To normalize data across batches of
dyes, Gmax/R values were measured by imaging a sealed (tip melted and closed by
heating) pipette filled with intracellular solution containing 10 mM CaCl: for each cell at
the same position where the boutons were imaged. G/R measurements from boutons were

divided by Gmax/R, yielding the reported values of G/Gmax.

3.8.  Tissue Processing After Paired Whole-Cell Patch-Clamp Recordings

After recordings, the slices were fixed in a solution containing 4% formaldehyde, 0.2%
picric acid in 0.1 M phosphate buffer, pH = 7.4, at 4 °C for 12 h. Slices were embedded
in agarose (2%) and re-sectioned at 120—-150 pm thickness. Biocytin was visualized with
Cy3-conjugated streptavidin (1:1000) diluted in TBS containing 0.2% Triton X-100.
Sections were mounted in Vectashield. Image stacks were acquired with an Olympus
FV1000 confocal microscope with a 20X or a 60X (oil-immersion) objectives. Recorded

INs were classified based on the dendritic and axonal arbors.

3.9. Multiplexed Postembedding Immunolabeling

These experiments have been performed by Dr Noemi Holderith in our laboratory. For

detailed methods see (211, 212)

3.10. EM Tomography

These experiments have been performed by Dr Noemi Holderith. For detailed methods

see (210).
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3.11. SDS-Digested Freeze-Fracture Replica Labelling

These experiments have been performed by Dr Andrea Lorincz. For detailed method see

(210).

3.12. Modelling Short-Term Plasticity.

The sequential two-step priming model (151) was implemented in Berkeley Madonna
[version 10.4]. Michaelis—Menten-like saturation for k/ 0 in response to [Ca*'] was
implemented, but the Ca®" dependence of Pjision, as described in (151), was omitted. In
addition to the LS and TS states, a "Labile Tight State" (TSL) was incorporated, as it
contributes to release at high frequencies, consistent with Lin et al. 2022. Euler’s
integration method was used as the numerical procedure for solving the differential
equations. The model parameters were optimized to fit the experimental data using the
software's built-in algorithm. Unless otherwise stated, the resting [Ca®"] was constrained
to 50 nM, and the increment of effective [Ca?'] following each AP was constrained to 110
nM according to Lin et al. 2022, and these parameters were kept constant during fitting.
Parameter values are presented in SI Appendix, Table S1, Aldahabi et al., 2024. To
quantify the “goodness of fit,” the root-mean-square deviation (RMSD) was calculated
for each fit. EPSC amplitudes were converted to quantal content, the number of released
SVs, by dividing the peak amplitudes by the estimated quantal size. For the PC — FSIN
synapse (mean peak amplitude 160 pA), the estimated quantal size is 32 pA (213),
resulting in an initial release of 5 quanta. The quantal content of the PC — O-LM IN
connection was estimated to be one tenth of the PC — FSIN connection, therefore, traces

were scaled for an initial release of 0.5 quanta.

3.13. Parameter Optimization for the PC — O-LM IN Connections

First, we searched for a single parameter that would change the model from STD to STF.
Results showed that only three parameters were capable of converting the model from
STD to STF: b2, the backward rate constant of the second priming step, k2 0, the resting
value of its forward rate constant, and Pjusion (sSe€ SI Appendix, Table S1, Aldahabi et al.,
2024). While the model regimes exhibit STF, none of them describe adequately the data.
Hence, we continued our search for model parameters that converted STD to STF, but
this time changing two parameters simultaneously. Results showed that, while the two-

parameter optimization was better than the one-parameter optimization, there were still
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great mismatches between the model and data. For example, the solution involving k2 0
and the steepness of its Ca>* dependence, 52, had a reasonably good fit of the first release
and the preconditioning EPSC amplitude train, but vastly underestimated the EPSC
recovery; the Pjsiontb2 solution produced an acceptable EPSC recovery but started with
an initial SV release of zero. Allowing the simultaneous optimization of three parameters
revealed parameter constellation that qualitatively described the dynamics of SV release
at the PC — O-LM IN synapse. As shown in Figure 224, when k2 0, s2, and Pjysion Were
simultaneously optimized, the model qualitatively described the initial small facilitation
and depression, followed by the large facilitation and depression during the high-
frequency EPSC train. Furthermore, the recovery was also reasonably well described,
reflected in a robust reduction of the RMSD value. Finally, we allowed all parameters to
be optimized (with the exception of resting [Ca?'] and AP-induced [Ca**] increments),
which resulted in a further improvement of the goodness of fit (RMSD = 0.00027; Figure
22B). Notably, the largest improvement involved the first EPSC response of the recovery

train. All data are given as mean + SD.
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4. RESULTS

4.1. Differential Synaptic Strength and STP Patterns from CA1 PC — FSIN vs
PC - O-LM IN

Whole-cell patch-clamp pair recordings were performed between PCs and either FSINs
or O-LM INs in CA1 hippocampus. Transgenic mice expressing tdTomato in O-LM INs
(Chrna2-Cre-tdTomato) were used to readily identify O-LM INs. Morphological
identification of 45 patched tdTomato INs located in the str. oriens was performed. Forty-
three INs were identified as O-LM IN, while two were bistratified INs, demonstrating
that this Chrna2 animal line exhibits over 95% specificity in labeling O-LM INs. FSINs,
conversely, were identified based on their location in the str. pyramidale or str. oriens,

their somata size, and their firing pattern.

For the 1% AP, PCs frequently failed to evoke EPSCs in O-LM INs, with a high failure
rate of 82 + 12% resulting in a small mean eEPSCs peak amplitude of 9.4 + 9.6 pA,
(Figure 74 & D, n =96 pairs). A continuous increase in eEPSCs amplitude was observed
in response to the second and third APs at 40 Hz, showing STF with paired-pulse ratio
(2" eEPSC/1% eEPSC; PPR) of 2.26 + 1.07 (n = 79; Figure 74 & D-G). In contrast, the
PC — FSIN connection exhibited a first eEPSCs amplitude of 142.9 + 145.9 pA (n = 70;
Figure 7B, D & F) and showed STD with a PPR of 0.92 £ 0.31 (n = 70, Figure 7B & D-
G), resulting in a ~15-fold difference in the 1% eEPSCs amplitude between PC — FSIN
and PC — O-LM IN (Figure 7C, D & F). A previous study from our laboratory (213)
demonstrated that the Pv of PC — FSIN synapses in 2 mM [Ca*‘]e is 0.42, while it is 0.04
+ 0.04 in PC — O-LM cell synapses (M. Aldahabi, N. Holderith and Z. Nusser,
unpublished data), indicating that the primary reason for the ~15-fold difference in the
eEPSC amplitude is a robust, ~10-fold difference in the initial Pv of the synapses.

This postsynaptic target cell type-dependent specificity in synaptic Pv must be regulated
by differential types or regulatory mechanisms of molecules. We investigated whether the
low Pv observed at CA1 PC to mGluR 10+ O-LM IN synapses could be attributed to the
presence of Munc13-2 as a priming factor. Therefore, we examined the localization of

Munc13-2 at the low-Pv PC — O-LM IN synapses.
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Figure 7: Distinct EPSC amplitudes and short-term plasticity of CA1 PC — FSINs vs. PC — O-LM
cell synapses

(A and B) Averaged postsynaptic responses evoked by three action potentials (at 40 Hz) in presynaptic
PCs are shown in O-LM cells (A, thin traces: 17 individual pairs; thick trace: the average of 96 pairs) and
FSINs (B, thin traces: 16 individual pairs, thick trace: the average of 70 pairs). The amplitude of the first
eEPSCs and the short-term plasticity of the responses show large variability within groups but are
considerably different between O-LM cells and FSINs.

(C) Superimposed PC — O-LM IN (cyan, average of 96 pairs) and PC — FSIN (orange, average of 70
pairs) eEPSCs demonstrate the dramatic difference in the amplitude (the first EPSC is ~15 times larger in
FSINs) and short-term plasticity.

(D) The amplitudes (mean + SD) of the eEPSCs in O-LM IN (n = 96 pairs) and FSINs (n = 70 pairs) are
shown for the three consecutive APs.

(E) Same as in (D), but normalized amplitude values are shown for demonstration of the difference in the
short-term plasticity of the responses.

(F and G) Cumulative probability plots of the peak amplitude of the first eEPSC (F) and the paired-pulse
ratio (G) in O-LM cells (cyan) and FSINs (orange). Mean + SD, coefficient of variations (CV), and
number of pairs are shown in the figure. For 17 PC — O-LM IN pairs, first eEPSC was 0 pA, precluding
the calculation of PPR (G). This figure was adopted from Aldahabi et al. (2022)

4.2. Muncl3-2 Selectively Localizes to Synapses Targeting mGluR1o+-

Dendrites

Immunostaining of Munc13-2 in the dorsal hippocampus of mice (n = 3) and rats (n = 2)

revealed punctate labeling of neuronal processes in the str. oriens and the alveus of the
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CA1 hippocampus. Double immunolabeling of Munc13-2 and mGluR1a showed that
most of the Muncl3-2 puncta decorate mGluRla dendrites, and the majority of
mGluR 1o+ dendrites are decorated by Munc13-2 puncta (Figure 84 & B). Given that
mGIuR7 is present in glutamatergic synapses targeting mGluR 1a-positive dendrites
(187), similar to Munc13-2, we performed colocalization of these two molecules. Most
of Munc13-2 puncta were positive for mGIluR7 and vice versa (See Supplementary Figure
IC & 1D in Holderith et al. 2022). This suggests that Muncl3-2 is present in

glutamatergic synapses.

Postembedding multiplexed immunolabeling of several synaptic proteins was performed
to further investigate the composition of these Muncl13-2 immunopositive synapses.
Qualitative assessment of the confocal images revealed that these Munc13-2 puncta were
immunopositive for several synaptic markers such as PSD95, AMPA receptors, Bassoon,
Cay2.1 VGCC subunit and Rim 1/2 (Figure 8D). The fluorescent intensities for each of
these proteins were quantified in circular ROIs around the Munc13-2 positive puncta. We
found that all Munc13-2 puncta contained PSD95 immunosignal, indicating that these are
glutamatergic synapses (Figure 8E). Munc13-2 density values displayed large variability
among individual synapses and did not correlate with the Muncl3-1 density values
(Figure 8F), suggesting that their amounts in the synaptic AZ are individually regulated.
Interestingly, the PSD95 normalized densities of Munc13-1, AMPA receptors, Bassoon,
Cav2.1, and Rim1/2 were significantly higher in synapses on mGluR1la+ dendrites
compared to randomly selected surrounding synapses. Specifically, the normalized
densities were: Muncl3-1: 1.27 + 0.58; AMPAR: 1.46 + 0.50; Bassoon: 1.47 + 0.85;
Cay2.1: 1.38 £ 0.57; and Rim1/2: 1.22 + 0.6 (Figure 8G; n = 194 mGluR 1 a targeting and
n = 160 random synapses from 2 mice). To assess the selectivity of Munc-13-2 expression
in synapses targeting mGluR1lo-+ dendrites, the immunosignal of Muncl3-2 was
compared between these synapses and random synapses in the surrounding neuropil in
two mice (n = 101 and n = 60 mGluR 1o+ dendrite-targeting synapses, and n = 1,000 and
n =500 random synapses). This revealed that only 4% of the Munc13-2 immunoreactivity

is present in the surrounding randomly sampled synapse (Figure SH).

Munc13-2 did not colocalize with vesicular inhibitory amino acid transporter (VIAAT;
Figure 81 & J; n =152 Munc13-2, and n = 222 VIAAT positive puncta in 2 mice) or with
vesicular glutamate transporter-2 (vGluT2; Figure 8K & L; n =43 Munc13-2 and n =33
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vGluT2 positive puncta in 1 mouse). This indicates that most of the Munc13-2 labeled
puncta are present on the axon terminals of local (CA1 and/or CA3) PCs.

(The immunolabeling results were contributed by Noemi Holderith).
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Figure 8: Munc13-2 immunolabeling is enriched on mGluR1a immunopositive dendrites.

(A) Double immunolabeling for Munc13-2 (left, cyan) and mGluR1a (right, red) in the dorsal
hippocampal CA1 region of the mouse (cartoon indicates the location of the region) shows similar
distribution in the stratum oriens. Maximum intensity projection of six confocal images separated by 1
pm.

(B) A dendritic segment of an mGluR 10 immunopositive IN (white boxes on A) is shown at a higher

magnification, which is decorated by Munc13-2 immunopositive puncta. Maximum intensity projection
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of three confocal images separated by 1 um.

(C) 500 nm thick epoxy resin embedded section with preembedding immunolabeling for Munc13-2
(cyan) and mGluR1a (red) shows that Munc13-2 immunopositive puncta preferentially located on the
small diameter of mGluR1a+ (distal) dendrites (dd), and mainly avoid the soma (s) and a proximal
dendrite (pd) in the hippocampus of the mouse. Boxed area is enlarged on panel (D).

(D) Multiplexed postembedding immunolabeling carried out on the section shown in panel (G). Munc13-
2 immunopositive puncta marked by circles (representing ROIs for quantification) along the mGluR1a
immunolabeled dendrite are immunopositive for Munc13-1, PSD95, AMPA receptors, Bassoon, Cav2.1,
and Rim1/2 (all pseudo colored to green). Note that the intensity of Munc13-2 immunolabeling varies
substantially. Alignment of sections after each round was based on mGluR1a immunolabeling (red).
Numbers represent the labeling rounds during the multiplexed labeling.

(E) All of the Munc13-2 immunopositive puncta contain PSD95 immunosignal. Their amount shows
positive correlations (Spearman correlation r = 0.48 [n =40] and 0.55 [n = 80] in mouse #1 and mouse
#2, respectively).

(F) Correlations between the density of the Munc13-2 and Munc13-1 in individual AZs (each data point
represents an AZ, n = 114 in mouse #1 and n = 80 in mouse #2; Spearman correlation r = 0.16 and 0.34).
(G) mGluR1a IN targeting synapses have significantly larger (*) Munc13-1, AMPA receptors, Bassoon,
Cav2.1 and Rim1/2 densities than those found in randomly selected glutamatergic synapses in the str.
oriens (p=1.5 x103,5.5 x 10%, 1.5 x 10, 6.6 x 1076, 1.3 x 10, respectively, Mann-Whitney U-test
[MWU test]). Box plots represent median and 25/75 percentiles, squares represent the mean value,
whiskers represent SD. All immunolabelings were normalized to PSD95 intensity on panels (F, G).

(H) The Munc13-2 content of randomly selected synapses is only 4 £ 7% and 4 &+ 10% (in two mice; p =
0 for both MWU test) of that of synapses on mGluR1a+ dendrites.

(I-L) Munc13-2 immunolabeling (cyan) does not colocalize either with vesicular inhibitory amino acid
transporter (VIAAT, red) (I, J, n = 152 Munc13-2 and 222 VIAAT positive profiles in 2 mice) or with
vesicular glutamate transporter-2 (vGluT2, red) (K, L), n =43 Munc13-2 and 33 vGIuT2 positive profiles
in 1 mouse). Single confocal images (I, K). str. oriens, stratum oriens. This figure was adopted from
Holderith et al. (2022)

4.3. Munc13-2 Puncta Disappear in the Stratum Oriens of Elfn1 Knock out
Mice

It has been shown that Elfnl is selectively expressed in the SST/mGluR 10+ hippocampal
INs (56) and recruits mGluR7 in the presynaptic AZ (189, 190). Knocking down Elfnl is
known to decrease STF (56). Here, we tested the effect of Elfnl knockout on the selective
expression of Munc13-2 in the presynaptic AZs targeting mGluR1a+ INs. After Elfnl
knockout, Elfn1/2 immunolabeling was clearly absent in the CA1 str. oriens and alveus
(Figure 94 & E; 97.7% =+ 0.53% decrease in KO compared to the control littermate).
Consistent with previous literature, Elfnl KO resulted in reduced mGIuR7

immunolabeling compared to heterozygous littermate controls (Figure 9C & G).
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We found that Elfnl knocking out results in the absence of Munc13-2 immunolabeling
(3.7% £ 1.7% of control littermates; n = 5 KO mice and n = 4 control mice) compared to
controls, where punctate Munc13-2 decorates mGluR 1o+ dendrites (Figure 9D & H). The
lack of both mGIluR7 and Munc13-2 after Elfnl knockout raises the question of whether
the decrease in the facilitation and the increase in Pv in Elfnl KO mice (56) is due to the
absence of mGluR7 or Munc13-2 or both.

(The immunolabeling results were contributed by Noemi Holderith).

A Elfn1/2 D Munc13-2..

CTRL littermate CTRL littermate CTRL littermate  20HM
Elfn1/2 mGIuR 10 G mGIuR7 Munc13-2

CTRL littermate

Elfn1 KO CZD Elfn1 KO Elfn1 KO .. Elfn1 KO

Figure 9: Munc13-2 and mGluR7 are missing in Elfnl knock-out mice.

(A-D) Immunolabeling for Elfn1/2 (A), mGluR1a (B), mGIluR7 (C) and Munc13-2 (D) in the dorsal CAl
region of a littermate control mouse shows intense labeling of IN dendrites in the str. oriens.

(E—H) same as (A-D) in an Elfnl KO mouse. No specific immunolabeling is detected for Elfn1/2 (E),
mGluR7 (G) and Munc13-2 (H). Cartoons indicate the location of the region. Maximum intensity
projection of 20 confocal images separated by 1 pm. str. oriens, stratum oriens. This figure was adopted
from Holderith et al. (2022).
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4.4. Conditional Knock out of Munc13-2 Does not Affect mGluR7 Expression

To investigate the role of Muncl3-2 in synapses innervating mGluRlo+ dendrites,
Muncl13-2 was conditionally knocked out in hippocampal CA1l PCs. First, the
immunolabeling of mGluR 1o and mGluR 7 was assessed after Munc13-2 knockout. Later,
the effect on evoked EPSCs at these synapses was also investigated. Cre-recombinase-
expressing AAV was injected into the dorsal hippocampus. Two weeks later, Cre
expression was visualized by Cre immunolabeling (Figure 10). In the central part of the
injected area, most PCs were Cre positive, and the mGluR1a+ dendrite-associated
specific immunosignal for Munc13-2 decreased by 92% + 10% in the str. oriens/alveus
(n = 3 mice; Figure 10F). Despite the lack of Munc13-2, the expression pattern of
mGluR1a, Elfnl, mGluR7 and Muncl3-1 did not change compared to non-injected
contralateral control hemisphere (101 £ 18%, 104 + 5%, 104 + 4%, 99 + 1% of controls,
respectively; Figure 10G-J and Supplementary Figure 2G in Holderith et al. 2022).

(The immunolabeling results were contributed by Noemi Holderith)

A. Cre-Munc13-2 B Cre - mGIluR1a C Cre - Elfn1 Cre - mGIuR7
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Figure 10: Conditional knock-out of Munc13-2 does not change the expression and distribution of
Elfnl and mGluR7.

(A-E) Double immunolabeling for Cre and either Munc13-2 (A) or mGluR1a (B), or Elfnl (C) or
mGIuR7 (D) or Munc13-1 (E) in the dorsal CA1 area of the non-injected hemisphere.

(F—J) Same as in (A—E), but the images are from the hemisphere that has been injected with AAV
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expressing Cre-recombinase. Immunolabeled Cre (green) is visible in most CA1 PC nuclei (green). Note
the lack of immunolabeling for Munc13-2 in the outer part of the stratum oriens, demonstrating the
efficient removal of the protein, while there is no detectable change in the immunolabeling for mGluR1a,
Elfnl, mGluR7, and Munc13-1. Maximum intensity projection of 4 confocal images separated by 1 um.
str. pyr, stratum pyramidale; str. oriens, stratum oriens. This figure was adopted from Holderith et al.
(2022).

4.5. Knocking out Elfn-1 Increases eEPSCs at PC — O-LM IN Connections,
while Munc13-2 Has no Obvious Role in Regulating Pv at These Synapses

To study the effect of Elfnl knockout on PC — O-LM IN connections, paired whole-cell
patch-clamp recordings were performed. Putative O-LM INs were selected based on
somata location, size and their firing pattern in response to DC current injections. Post-
hoc anatomical analysis of the filled INs revealed that 10 out of 14 INs had O-LM IN
morphology (Figure 114), while the remaining four had truncated axons but were
mGluR1a immunopositive (Figure 11G), all 14 INs were included in the study. The
amplitude of the first eEPSC in Elfn1-KO mice was significantly larger (29 + 28.9 pA, n
= 14; Figure 11C & D) than in wild-type controls (9.6 + 9.4 pA, n = 80; Figure 11C & D
and Figure 74, D & F). This 3-fold increase in the first eEPSC amplitude was
accompanied by a decreased PPR (1.46 + 0.41, n = 14; Figure 11E) compared to wild-
type controls (2.19 + 0.78, n = 66; in 14 pairs, the first eEEPSC peak amplitude was 0 pA,
precluding PPR calculation; Figure 11E and Figure 74 & D-G).

As discussed previously, the increase in eEPSCs after Elfn-1 knockout could result from
the loss of mGluR7 and/or Munc13-2. To determine if Muncl13-2 plays a role, we
performed paired recordings from PC — O-LM/mGluRla+ IN connections where
Munc13-2 gene was conditionally knocked out using Cre- and mCherry-expressing
AAVs. The morphology of the INs and their immunopositivity for mGluR1a, as well as
the Cre immunopositivity of the presynaptic PCs, were verified post hoc (Figure 11F &
G). The first eEPSCs were small (6.7 = 7.9 pA, n = 20 pairs), which was not significantly
different from that in control (Figure 11C & D). These connections exhibited STF with a
PPR of 2.3 + 1.64 (n = 13; for 7 cell pairs, the amplitude of the first eEPSC peak was 0
pA, precluding PPR calculation; Figure 11E), which was not significantly larger than the
PPR recorded for controls. This demonstrates that knocking out Munc13-2 has no obvious

effect on eEPSCs at PC — O-LM IN synapses.
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Figure 11: Removal of Munc13-2 does not change the peak amplitude and short-term plasticity of
unitary EPSCs between CA1 PCs and mGluR1a expressing INs.

(A) In vitro whole-cell patch-clamp recorded and biocytin filled CA1 PC and O-LM IN. The axonal arbor
of the IN is visible in the stratum lacunosum-moleculare. Cartoon depicts the location of the cells within
the hippocampus.

(B) DIC image of the O-LM IN shown in panel (A) (left) and fluorescent tdTomato signal of the same cell
(right).

(C) Unitary EPSCs (lower traces) evoked by a train of 3 APs at 40 Hz in a presynaptic CA1 PC (upper
traces) recorded in postsynaptic O-LM INs in the dorsal CA1 region of the hippocampus. Black traces are
from a control, magenta traces from an Elfnl knock-out, cyan traces from a Munc13-2 conditional knock-
out, dark blue traces from a Munc13-2 conditional knock-out littermate control.

(D) The first EPSC is significantly larger (*) in the Elfnl knock-out mouse than in any of the controls or
in the Munc13-2 conditional knock-out mice (p = 5.44 x 107, Kruskal-Wallis ANOVA, post hoc Dunn’s
test: p=0.003, 0.00024, 0.041, ctrl vs. Elfn KO, Elfn KO vs. Munc13-2 KO, Elfn KO vs. Munc13-2 ctrl,
respectively) while there is no change in the peak amplitude in the Munc13-2 conditional knock-out
mouse compared to any of the controls (Kruskal-Wallis ANOVA, post hoc Dunn’s test p = 0.49 and 1, ctrl
vs. Munc13-2 KO, control vs. Munc13-2 control).

(E) The short-term facilitation is significantly less pronounced in the Elfn1 knock-out mouse (p = 0.0065,
Kruskal-Wallis ANOVA, post hoc Dunn’s test: p = 0.0034, ctrl vs. Elfn knock-out) while there is no
change in the short-term plasticity in the Munc13-2 conditional knock-out mouse compared to any of the
controls (Kruskal-Wallis ANOVA, post hoc Dunn’s test, p = 1, ctrl vs. Munc13-2 KO, Munc13-2 KO vs.
Munc13-2 control).

(F) In vitro recorded and biocytin filled PC (blue) expressing Cre-recombinase (green) that is localized to
the PC nucleus. Single confocal image.

(G) A biocytin filled IN with truncated axon (left) expresses mGluR 1 a (right red). Maximum intensity
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projection of four confocal images separated by 1 pm. Box plots represent median and 25/75 percentiles,
square represent the mean value, whiskers represent SD. str. ori., stratum oriens, str. pyr., stratum
pyramidale, str. rad., stratum radiatum, str. lac.-mol., stratum lacunosum-moleculare. This figure was
adopted from Holderith et al. (2022).

These findings suggest that although Muncl3-2 is preferentially localized to
glutamatergic synapses innervating O-LM IN dendrites, it does not seem to be a key
determinant of the lower Pv observed at these synapses compared to PC — FSIN synapses.
Therefore, the investigation shifted to explore VGCC density and the resulting [Ca®']
influx involved in SV fusion at the PC AZs targeting O-LM INs and FSINs.

4.6. Larger Densities of VGCCs Surround Release Sites in FSIN versus O-LM
IN-Targeting AZs

To investigate whether differences in VGCC densities around RSs contribute to the
distinct Pvs observed at FSIN versus O-LM IN synapses, we performed freeze-fracture
replica immunolabeling for the Cav2.1 subunit (P/Q-type VGCC) and Muncl3-1, as a
marker for RSs in the AZs (214, 215). While Cay2.2 (N-type) is another prominent VGCC
subunit in CA1 PC synapses, unfortunately, it cannot be efficiently localized using EM
SDS-FRL. Therefore, the role of Cay2.2 was probed by recording from PC — FSIN and
PC —O-LM IN pairs after blocking Cay2.2 with 1 uM w®-Conotoxin GVIA. In PC — FSIN
connections, the first eEEPSC peak amplitude was reduced by 20% by w-Conotoxin (BSA
control: 126.7 + 101.4 pA, n = 17; o-conotoxin: 103.7 £ 120.7 pA, n = 18; Figure 12 B-
(), while the PPR remained similar (control: 0.92 + 0.31; BSA control: 1.00 + 0.34; »-
conotoxin: 1.02 £ 0.37). The PC — O-LM IN eEPSC peak amplitude in w-Conotoxin was
5.7+ 0.4 pA (n=5; Figure 124 & C), still showing more than an 18-fold larger EPSC in
PC — FSIN connections. This indicates that the two synapse types still exhibit different
Pys even when Ca*' influx is primarily mediated by the P/Q-type (Cay2.1) subunit.
Furthermore, it suggests that the proximity between Cay2.2 subunits and SVs cannot

explain the higher Pv observed at PC — FSIN synapses.
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Figure 12: Distinct EPSC amplitudes and short-term plasticity of CA1 PC — FSINs vs. PC — O-LM
cell synapses even in the presence of 1 pM @-conotoxin to block N-type Ca?* channels.

(A and B) Averaged postsynaptic responses evoked by three action potentials (at 40 Hz) in presynaptic
PCs are shown in O-LM cells (A, thin traces: 5 individual pairs; thick trace: the average of 5 pairs) and
FSINs (B, thin traces: 16 individual pairs; thick trace: the average of 18 pairs). The amplitude of the first
e¢EPSCs and the short-term plasticity of the responses show large variability within groups but are
considerably different between O-LM cells and FSINSs.

(C) The amplitudes (mean = SD) of the eEPSCs in O-LM IN (n = 5 pairs) and FSINs (n = 18 pairs) are
shown for the three consecutive APs. This figure was adopted from Aldahabi et al. (2022).

The distribution of Munc13-1 and Cay2.1 was investigated in AZs targeting FSINs or O-
LM INs using SDS-FRL. The mirror replica method was used in which extracellular and
protoplasmic plasma membrane faces (EF & PF) of the same structure can be identified
and labeled in replica pairs (Figure 13). In one replica, gold particles labeling voltage-
gated potassium channels Kv3.1b was used to mark FSIN postsynaptic membranes or
mGluR 1a for O-LM INs membranes. In the corresponding replica, Munc13-1 and Cay2.1
proteins were localized in AZs fractured from axon terminals targeting FSIN (Figure 13A4-

D) and O-LM IN somato-dendritic membranes (Figure 13E-K).

The enrichment of intramembrane proteins in the AZs of the PF plasma membrane
enabled the demarcation of the AZs. The area of AZs targeting mGluR1a somato-
dendritic regions (0.10 + 0.048 um?, n = 118) was 43% larger than that of AZs targeting
Kv3.1b-positive regions (0.07 = 0.035 um? n = 159; Figure 14A). Further analysis of
Munc13-1 gold particles revealed similar Munc13-1 densities in both AZ populations
(Figure 14B). Clustering of Muncl3-1 molecules at individual AZs was observed
(Ripley's analysis), with 66% and 81% of AZs contacting Kv3.1b- and mGluR 1a-positive
dendrites, respectively, exhibiting gold particle distributions significantly different from

random (Figure 14C & 13K).
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Figure 13: Freeze-fracture replica immunolabeling of Munc13-1 and Cav2.1 in excitatory synapses
on Kv3.1b+ and mGluR1a+ INs

(A) Low magnification image of the protoplasmic membrane face (PF) of a Kv3.1b+ dendrite (dendritepr)
targeted by three excitatory boutons (bgr) with fully exposed AZs (highlighted in orange).

(B) The mirror replica of that shown in (A) immunolabeled for Munc13.1 and Cay2.1. Gold particles are
concentrated in the AZs (orange) on the PF membrane of the boutons (bpr).

(C and D) High magnification images of the boxed areas in (B) showing a small (C) and a large (D) AZ.
Gold particles are highlighted in blue (Munc13-1) and purple (Cay2.1).

(E-J) Low (E, F, H, I) and high (G, J) magnification replica images immunolabeled for mGluR1a,
Munc13-1, and Cav2.1. (E) and (F), (H) and (I) are mirror replica images of the same dendrites. AZ areas
are shown in cyan; gold particles are highlighted in blue (Munc13-1) and purple (Cay2.1).

(K) Delineated AZs on Kv3.1b+ (orange) and mGluR 10+ (cyan) dendrites (original images shown in C,
D, G and J) showing gold particles labeling Cay2.1 (purple) in relation to Munc13-1 clusters (blue).
Clustering was performed with DBSCAN. This figure was adopted from Aldahabi et al. (2022).
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Figure 14: Quantitative analysis of Munc13-1 and Cav2.1 immunolabeling in AZs synapsing on
Kv3.1b+ and mGluR1o+ INs

(A) The AZs are significantly (p = 7E-9, MWU test) larger on mGluR 1o+ INs (0.10 £ 0.048 um?, n=
118) than on Kv3.1b+ cells (0.07 £ 0.035 pm?, n = 159).

(B) The normalized density of Munc13-1 immunolabeling is similar (p = 0.081, MWU test) in both
synapse populations.

(O) Ripley analysis of individual synapses demonstrates that Munc13-1 gold particles are clustered (p <
0.05, maximum absolute deviation [MAD] test) in 66% and 81% of the AZs on Kv3.1b+ (n = 159) and
mGluR1a+ (n = 118) dendrites, respectively.

(D) The number of Munc13-1 clusters is significantly (p = 4E-6, MWU test) larger in mGluR1a+ (7.9 +
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4.3, n=96) than in Kv3.1b+ (5.4 £ 2.5, n = 105) dendrites contacting AZs.

(E) The Munc13-1 cluster density does not differ in the two AZ populations (p = 0.24, MWU test).

(F) The density of gold particles labeling Cay2.1 is significantly (p = 1.6E-3, MWU test) larger in AZs
contacting Kv3.1b+ dendrites.

(G) Cumulative probability plots of the mean NNDs of gold particles labeling Cav2.1 (data, solid lines)
and those of randomly placed particles (dashed lines). The mean NNDs of the data are significantly (p <
0.001, WSR test with HBC) different from randomly distributed gold particles within the same AZ
population, but they are comparable between the two AZ populations (p = 0.695, MWU test with HBC).
(H) The mean NNDs between Cav2.1 gold particles and the edges of Munc13-1 clusters are significantly
shorter (p < 0.0001 for both synapse populations, MWU test with HBC) than those between the Munc13-
1 clusters in both synapse populations (orange: Kv3.1b+, cyan: mGluR1a+). This figure was adopted
from Aldahabi et al. (2022).

Cluster counts showed an average of 5.4 = 2.5 (n =105 AZs) and 7.9 £ 4.3 (n = 96 AZs)
clusters per AZ on Kv3.1b- and mGluR 1 a-positive structures, respectively (Figure 14D).
This difference in cluster numbers is fully explained by the difference in AZ area, as the
Munc13-1 cluster densities in these AZ populations are comparable (Figure [4E).
Nevertheless, the distribution of Cav2.1 VGCCs surrounding these presumed RSs

remains to be investigated.

Analysis of Cav2.1 subunit density revealed a slight, but statistically significant, increase
in Cay2.1 density at AZs targeting Kv3.1b-positive INs (normalized density: 1.2 + 0.46,
n = 123) compared to mGluR1a-targeting AZs (normalized density: 1.0 + 0.3, n = 69;
Figure 14F), consistent with prior observations in the CA3 region of juvenile rats (186).
This difference in Cay2.1 density may contribute to a higher [Ca®'] influx and,
consequently, a higher Pv at these synapses. To further investigate Cav2.1 distribution
and its proximity to RSs, we measured the mean nearest neighbor distances (NNDs)
between Cav2.1 gold particles and either Cay2.1 or Munc13-1 clusters in both AZ types.
The NND cumulative distribution plots (Figure 14G, orange & cyan solid lines)
demonstrated that the overall distribution of Cay2.1 subunits was similar between the two
AZ populations. Similarly, the distances of Cay2.1 relative to Munc13-1 clusters also
showed similar distributions (Figure 14H, orange & cyan solid lines) in both AZ
populations. This indicates a consistent distribution of Cay2.1 subunits around RSs in
both AZs, with a slightly higher overall density of Cav2.1 subunits in AZs targeting FSIN
dendrites.

(The EM  SDS-FRL results were contributed by Andrea Lorincz).
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4.7. Differential [Ca?'] Influx is not the Primary Driver of Synaptic Strength

Differences

To assess the impact of the higher Cay2.1 channel density observed at FSIN-targeting
synapses compared to OLM-targeting synapses, two-photon [Ca®'] imaging was
conducted in local axon collaterals of CA1 PCs within acute in vitro slices. The goal was
to determine whether a reduced [Ca*'] influx at boutons targeting O-LM INs contributes
to the lower Pv measured at PC — O-LM IN synapses. Fluo5F was introduced
intracellularly, and AP-evoked [Ca?'] transients were recorded (Figure 15 A-C).
Subsequent identification of the postsynaptic target of the imaged boutons enabled
classification as PV+- or mGluR1o+- targeting boutons (Figure 15 I-K). Comparison of
the [Ca'] transients between the two synapse types revealed a 38% larger [Ca”*] transient
in boutons targeting PV+ dendrites compared to those targeting mGluR 1 a+ dendrites (PV:
0.22 + 0.08 G/Gmax, n = 16 boutons; mGluR1a: 0.16 £ 0.06 G/Gmax, n = 25 boutons;
Figure 15 L & M). To investigate this further, we modulated the lower [Ca**] transient
observed at PC — O-LM IN boutons using 4-aminopyridine (4-AP), a voltage-gated K"
channel blocker known to strongly increase AP-evoked [Ca®"] (216). Application of 5 uM
4-AP increased the [Ca®'] transient at mGluR la-targeting boutons from 0.16 + 0.06
G/Gimax t0 0.24 £ 0.06 G/Gmax (n = 12), effectively matching the [Ca**] transient observed
at PV-targeting boutons (Figure 15 L & M).

(The two-photon [Ca’'] imaging results were contributed by Noemi Holderith).
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Figure 15: Effects of PDBU and 4-AP on the amplitudes of [Ca®'] transients recorded from CA1 PC
boutons targeting PV+ or mGluR1a+ INs

(A) Two-photon (2P) image stack of a CA1 PC (Cell #3) basal dendritic tree and axonal arbor filled with
20 uM Alexa Fluor 594 (white), 200 pM FluoSF, and biocytin. Boxed area indicates the part of the
imaged axonal arbor and is shown at higher magnification in (B).

(B) High magnification 2P image of the scanned axon collateral. Numbers indicate scanned boutons.

(C) Averaged [Ca?'] transients evoked by 5 action potentials at 40 Hz in local axon collaterals of a CA1
PC (Cell #1, trace is average of 17 boutons, black). Each bouton was scanned at the beginning of the
imaging period (Baseline, black) and 30 min later (CTRL, gray) without perfusing any drug.

(D-F) Same as (C) for Cells #2—4 but, after a control imaging period (Baseline), 1 pM PDBU (D), 5 uM
4-AP (E), or both (F) were applied (average trace from 9, 12, and 21 boutons, respectively).

(G) Peak amplitudes of [Ca?*] transients for the first action potential do not change in CTRL and in
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PDBU but increase significantly following the application of 4-AP and 4-AP + PDBU (WSR test, p =
0.10, 0.35, 0.003, 0.036, respectively). Data points represent individual cells (CTRL: n = 11; PDBU: n =
7; 4-AP: n=12; 4-AP + PDBU: n = 6). Red dots indicate the cells shown in (C—F).

(H) KW test with post hoc Dunn’s test demonstrates that 4-AP (p = 0.0009) and 4-AP + PDBU (p =
0.0003) have significant effects on the peak amplitudes of [Ca?'] transients compared to control, while
PDBU does not change the transients significantly (p = 1). Data points represent individual cells (CTRL:
n=11; PDBU: n=7; 4-AP: n=12; 4-AP + PDBU: n = 6). Red dots indicate the cells shown in (C—F).
(I) Maximum intensity projection of a confocal image z stack showing the imaged boutons after fixation
and the visualization of biocytin. Each imaged bouton can be unequivocally identified.

(J and K) Some of the imaged boutons are in direct contact with mGluR 1o+ (J, #5, 6, 10) or PV+ (K, #1,
3) dendrites.

(L) Averaged [Ca®'] transients evoked by 5 action potentials at 40 Hz in boutons #5, 6, and 10 targeting
mGluR1a+ (cyan CTRL, dark cyan 4-AP) and in boutons #1 and 3 targeting PV+ dendrites (CTRL, light
orange, 4-AP, dark orange). [Ca?'] transients are smaller in boutons targeting mGIuR 1 o+ dendrites.

(M) Peak amplitudes of averaged [Ca?'] transients in response to the first action potential in boutons with
identified postsynaptic partners (cyan mGluR1a+, orange PV+) in CTRL and in the presence of drugs
(CTRL: p=0.87 and 0.50, n = 6 and 5 cells; PDBU: p = 0.42, n = 4 cells only for mGluR1o+; 4-AP: p =
0.0012 and 0.06, n = 12 and 11 cells; 4-AP + PDBU: p =0.031 and 0.032, n =5 and 4 cells for
mGluR1a+ and PV+ INs, respectively, paired t test). Red and blue dots indicate data from Cell #3.
Horizontal lines in the boxplots: 25th, 50th, and 75th percentiles, rectangle: mean, whiskers: SD. This
figure was adopted from Aldahabi et al. (2022).

To assess the effect of increased [Ca?‘] influx on SV release, evoked EPSCs were
measured using whole-cell paired recordings of both connection types following 4-AP
wash-in (Figures 16 & 17). Five uM 4-AP increased eEPSCs by only 50% at PC — FSIN
synapses (from 139.2 + 150.7 pA to 175.1 £ 141.7 pA, n = 12 pairs; Figure 16C). In
contrast, eEEPSCs at PC — O-LM INs increased 2.7-fold (from 11.0 + 13.0 pA, median 5.2
pAto 21.6 £ 16.6 pA, median 16.8 pA, both rundown corrected (see Methods), n = 11
pairs; Figures 17 B & E), but the eEPSC amplitude remained more than 5-fold smaller
than PC — FSIN connections (142.9 + 145.9 pA). This indicates that the difference in
[Ca?"] transients does not fully explain the difference in Pv between these two synapses.
This result argues against the hypothesis that Pjsion 1s the primary cause of the difference
in Pv. The differential impact of 4-AP on PC — O-LM IN versus PC — FSIN connections
suggests a greater capacity for increased [Ca’'] influx to enhance Prusion at O-LM
synapses, indicating a comparatively lower baseline Pfision at O-LM than at FSIN
synapses.

(The electrophysiology data in Figure 16 were contributed by Flora Balint).
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Figure 16: Synaptic responses between CA1 PCs and FSINs have moderate sensitivity to PDBU and

4-AP

(A) Confocal maximum intensity projection image of a biocytin-filled, synaptically connected PC — FSIN

pair in the hippocampal CA1 region (top). Membrane potential responses of the IN to depolarizing and
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hyperpolarizing current pulses are shown demonstrating the FS firing characteristic of the cell (bottom).
$.0., stratum oriens; s.p., stratum pyramidale; s.r., stratum radiatum; s.Im., stratum lacunosum-moleculare.
(B) Individual (thin traces) and their averaged (thick trace) unitary EPSCs evoked by three action potentials
at 40 Hz are shown from the beginning (gray) and end (purple) of the recording period from the same pair
(left). Superimposed averaged traces of the first eEPSCs at the beginning (black) and end (purple) of the
recording (top, right). The amplitude of the first eEPSCs is unchanged at the beginning and end of a 30-
min-long recording period without any drug application (bottom right; baseline: mean of 60 traces, 0—
10 min; control (CTRL): mean of 60 traces, 20—30 min; p = 0.51, WSR test, n = 15 pairs in 15 mice).
(C-E) Same as (B), but either 5 uM 4-AP (red, C), the phorbol ester analog PDBU (1 uM, blue, D), or both
(green, E) were applied to the slice after a 10-min baseline (black) recording period. All treatments
significantly increased the amplitude of the first eEPSC (50% + 59%, 77% + 115% and 70% + 61%, n =
12, 8, and 8 pairs; in 11, 8, and 8 mice, p = 0.025, 0.04, and 0.02 WSR test, respectively).

Horizontal lines in the boxplots: 25th, 50th, and 75th percentiles, rectangle: mean, whiskers: SD. This
figure was adopted from Aldahabi et al. (2022).

4.8. Differential Synaptic Vesicle Priming States Impact Release Probability

More Prominently

4.8.1. Similar Docked Vesicles Densities in AZs Innervating FSIN and O-LM IN

Given that the fusion probability of SVs is not the primary factor responsible for the low
Pv at PC — O-LM IN synapses, the other potential contributing factor to the difference in
Pv is the low occupancy of RSs by SVs. This possibility was investigated using EM
tomography to identify whether an SV is in direct contact with the intracellular membrane
leaflet of the plasma membrane. These INs were filled with biocytin and subsequently
processed for EM imaging. Tilt image series were acquired for tomography, and the AZs
innervating FSIN or O-LM INs were identified (Figure 18 A & B). Similar docked SV
densities were found in AZs innervating FSIN (136 + 35 SV/um? n = 68 AZs in 3 mice)
and O-LM cells (145 = 41 SV/um?, n = 63 AZs in 3 mice; Figure 18C). The distribution
of vesicles within 100 nm from the AZs was also compared, revealing similar distribution
profiles in both synapse populations. No difference was detected in spatial densities either
(Figures 17 D & E). Our EM data clearly demonstrates that RSs are similarly occupied
by SVs at PC — FSIN and PC — O-LM cell synapses.

(The EM tomography results were contributed by Noemi Holderith).
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Figure 17: Robust PDBU sensitivity of unitary EPSCs in O-LM INs.

(A) Confocal maximum intensity projection image of a biocytin-filled, synaptically connected PC — O-LM
IN pair in the hippocampal CA1 region (top). Note the extensive axonal arbor of the O-LM IN in the stratum
lacunosum moleculare (s.Im.). Bottom left: epifluorescent image of a tdTomato-positive IN, acquired prior
to patching. Bottom right: DIC image of the same IN, with the patch pipette.
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(B) Individual (thin traces) and the averaged (thick traces) unitary EPSCs evoked by three action potentials
at 40 Hz are shown for the baseline (gray) and after 4-AP wash-in (red) of the recording period from the
same pair (left). Superimposed averaged traces of the first eEPSCs at the beginning (black) and end (dark
red) of the recording are on the top, right. The amplitude of the first eEPSCs is not significantly different
at the beginning of the recording and after the application of 5 uM 4-AP (bottom right; baseline: mean of
60 traces, 0—10 min; 4-AP: mean of 60 traces, 20-30 min; p = 0.17, WSR test, n = 11 pairs in 9 mice).
Presynaptic PCs were recorded in whole-cell configuration.

(C) Same as (B) but showing the effect of 1 uM PDBU on eEPSCs in O-LM cells. PDBU significantly
increased the amplitude of first eEPSCs of the train (n = 9 pairs in 9 mice; p =0.013 WSR test). Presynaptic
PCs were recorded in perforated patch configuration.

(D) Same as (B) but demonstrating the effect of simultaneous application of PDBU and 4-AP (n = 12 pairs,
in 11 mice, p = 0.009, WSR test). Presynaptic PCs were recorded in whole-cell configuration.

(E) Summary of the effects of different drugs on the amplitude of first eEPSCs recorded from O-LM cells
and FSINs. Plots show normalized drug effects, corrected to the rundowns measured in control recordings
for O-LM, but not for FSIN or for O-LM* (see Figure 16B and Supplementary Figure 2A & 2D in Aldahabi
et al. (2022)). All data, apart from O-LM?*, were obtained with presynaptic PCs recorded in the whole-cell
configuration. Data indicated with O-LM* were obtained with PCs recorded in the perforated patch
configuration. Statistical comparison between FS and O-LM was assessed with MWU test (p = 0.007 in 4-
AP, p=0.16 in PDBU [FS vs. O-LM], p = 0.024 in PDBU [FS vs. O-LM*], p =0.015 in 4-AP + PDBU).
Horizontal lines in the boxplots: 25th, 50th, and 75th percentiles, rectangle: mean, whiskers: SD. This
figure was adopted from Aldahabi et al. (2022).

4.8.2. Differential Effect of PDBU Indicates Distinct Priming in PC — FSIN vs
PC — O-LM IN Synapses

Given that EM data clearly demonstrate similar SV occupancy at RSs in PC — FSIN and
PC — O-LM cell synapses, we aimed to selectively manipulate SV priming at both synapse
types. We applied the phorbol ester analog PDBU (1 uM), which increases the activity of
the SV priming molecule Muncl13 (137). Consistent with the high Pv at PC — FSIN
synapses, PDBU increased eEPSCs by only 77% =+ 115% (Figure 16D) and reduced the
PPR from 0.97 £ 0.40 to 0.72 £ 0.37 (n = 8). Conversely, PDBU increased eEPSCs at PC
— O-LM IN synapses by 4.4 + 3.1-fold (from 11.4 + 7.5 pA to 43.9 + 40.2 pA, n = 9;
Figure 17 C & E, data from perforated patch-clamp recordings). This 4.4-fold increase
induced by PDBU, in conjunction with the previously reported 2.5-fold increase by 4-AP,
predicts an ~11-fold increase in eEPSCs amplitude when both drugs are applied
concurrently. Experimental validation of this prediction revealed an 11.9 £ 12.2-fold
increase (n = 12; Figure 17D & E; whole-cell recording and rundown corrected). This
additive effect of 4-AP and PDBU suggests distinct mechanisms of action for each drug,

with selective effects on Pfision and Pocc, respectively. These findings indicate that SVs
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exist in different priming states at PC — FSIN compared to PC — O-LM IN synapses, as

evidenced by our pharmacological experiments.
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Figure 18: EM tomography reveals similar densities of docked vesicles in AZs innervating O-LM and
FSINs.

(A and B) Electron tomographic subvolumes (0.6 nm thick) of representative excitatory synapses on an
FSIN (A, orange) and O-LM IN (B, cyan) dendrite. Arrowheads demarcate the edges of the synapses;
arrows point to docked vesicles.

(C) Docked vesicles have similar densities in AZs innervating FSIN and O-LM cell dendrites (p = 0.16,
MWU test, n = 68 FSIN and 63 O-LM cell targeting synapses in 4 mice). Densities were calculated from
200-nm-thick sections. Filled circles represent means within individual cells. Horizontal lines in the
boxplots: 25th, 50th, and 75th percentiles, rectangle: mean, whiskers: SD.

(D) Spatial distribution of vesicles within 100 nm of the AZ membrane. Inset shows the spatial distribution
within the first 30 nm (n = 20 FSIN and 30 O-LM cell targeting synapses in 3 mice). Data are shown as
mean + SD.

(E) Number (mean + SD) of vesicles within bins of 5 and 10 nm distance from the AZ normalized to AZ
area (n =20 FSIN and 30 O-LM cell targeting synapses in 3 mice). This figure was adopted from
Aldahabi et al. (2022).

4.9. Modeling Both Synapses by a Two-Step Priming Model Highlights Their

Differences

The sole evidence for differential priming states of SVs at PC — FSIN versus PC — O-LM

IN synapses comes from the differential effects of PDBU on these two connection types.
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Therefore, based on the recently published sequential two-step priming model, which
proposes two sequential docking/priming states prior to exocytosis, we hypothesized that
a difference in the proportion of SVs in TS could underlies the observed differences in Pv
between these two connections (Section 2.1.4.). To test this hypothesis, we performed
paired whole-cell recordings and applied a series of simple and complex presynaptic
stimulation protocols, followed by mathematical modeling of the resulting EPSCs using

the sequential two-step priming model.

4.9.1. Short-Term Plasticity Characterization at PC — FSIN Connections

To investigate the dynamic release properties at PC — FSIN connections, we used various
stimulation protocols to assess STP, recovery from facilitation/depression, and the effect
of low-frequency conditioning on subsequent high-frequency trains. For frequency-
dependent release, trains of presynaptic stimulation were delivered at 5, 20, and 100 Hz,
and the resulting postsynaptic responses were recorded (Figure 19 A-C). Interestingly,
PPR2/1 was frequency-independent (PPR2/1 at 5 Hz: 0.70 = 0.18, at 20 Hz: 0.74 + 0.3, and
at 100 Hz: 0.74 + 0.35). However, the amplitudes of eEPSCs at steady state toward the
end of the stimulus trains exhibited frequency-dependent depression (Figure 19D,
normalized eEPSC amplitude from grand total averaged trace (GTA) at 5 Hz: 0.48, at 20
Hz: 0.37, and at 100 Hz: 0.14). Recovery at 110 ms after long high-frequency stimulation
(15 APs at 100 Hz) was also examined, revealing that the first eEPSC amplitude of the
recovery train was 56 £ 23% of the first EPSC of the initial train (Figure 19E). Following
a shorter stimulation train (6 APs at 100 Hz), the recovery was very similar (0.58 + 0.23
of the first EPSC of the initial train; n = 13; Figure 19F). Increasing the recovery time to
1.5 seconds after the short train (6 APs at 100 Hz) showed recovery of the first EPSC to
0.73 £ 0.21 of its original value (n = 13; Figure 19F). Finally, a complex stimulation
protocol was applied, consisting of a 6 APs at 20 Hz preconditioning train, followed by a

15 APs at 100 Hz train, and then a recovery train (6 APs at 100 Hz) after 110 ms and 1.5-
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Figure 19: Short-term depression at PC — FSIN synapses.

(A) Top panel. A train of 15 action potentials (APs) at 5 Hz in hippocampal CA1 PCs (black trace) evokes
EPSCs (orange traces) in FSINs. Averaged EPSC traces are shown from individual pairs (light orange)
and superimposed is the grand total average trace (GTA) of 12 recorded pairs (dark orange). Bottom
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panel. Evoked EPSC mean peak amplitudes are plotted as a function of time.

(B) Same as (A) but 6 APs at 20 Hz (n = 20 for generating the GTA).

(C) Same as (A) but 15 APs at 100 Hz (n = 21 for generating the GTA).

(D) Normalized eEPSCs peak amplitudes from the GTA traces at 5, 20, and 100 Hz showing frequency
dependence of steady-state depression.

(E) 15 APs at 100 Hz followed by a short recovery train (6 AP at 100 Hz) after 110 ms. Examples of
averaged eEPSC traces are shown from individual pairs (light orange, light green) as well as the GTA
trace (dark orange and dark green, n = 21 pairs). eEPSC mean peak amplitudes are plotted vs. time
(Right).

(F) Top panel. Same as (E, Left) but in this protocol a short train (6 AP at 100 Hz) is followed by a short
recovery train (6 AP, at 100 Hz) after 110 ms (n = 13, Top, green) or 1.5 s (the same 13 pairs, Middle,
red). Bottom panel. EPSCs mean peak amplitudes are plotted vs. time (n = 13 pairs). In each pair,
protocols with the two different recovery times were applied. The first 6 EPSC amplitude values are
calculated from 20 traces in each pair, whereas the recovery 6 EPSC amplitudes from 10 and 10 traces.
(G) Complex protocols composed of a preconditioning train (6 APs at 20 Hz) followed by a high-
frequency long train (15 APs at 100 Hz) then a recovery short train after either 110 ms (6 APs at 100 Hz,
n =10, Top, green) or 1.5 s (n = 10, Middle, red). eEPSC mean peak amplitudes are plotted vs. time
(Bottom). In the plot, the preconditioning and the 15 APs data were pooled together from the two
protocols with different recovery times (n = 20 pairs). This figure was adopted from Aldahabi et al.
(2024).

second recovery periods. The 20 Hz and 100 Hz trains induced moderate and robust
depression, respectively. Recovery was dependent on the time, with recovery of 0.51 +
0.20 of the first EPSC amplitude observed after 110 ms, which fully recovered after 1.5
seconds (1.16 £ 0.51; Figure 19G).

4.9.2. Modeling PC — FSIN Synapses with a Sequential Two-Step Priming
Model

To understand the status of SVs at their release sites and their fusion at PC — FSIN
synapses, we modeled our data using the sequential two-step priming model (151) (Figure
204). Several model parameters were adopted from Lin et al. (2022), including a resting
[Ca?*] of 50 nM and an increment of effective [Ca*"] of 110 nM following each AP. All
other parameters were fitted (see Methods and Table S1 from Aldahabi et al. 2024).

The model parameters were initially fit using data from five protocols: three simple trains
at 100, 20, and 5 Hz, a long train followed by a short train (15 APs + 6 APs at 100 Hz),
and two short trains in sequence (6 APs + 6 APs at 100 Hz; Figure 20B), note the goodness
of the model fit. Using the same model parameters, data from the two remaining complex

protocols were predicted (Figure 20C). Subsequently, the reverse approach was
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employed: model parameter fitting was performed using the complex protocols and the 5
Hz train (Figure 20D), and the results of the remaining four protocols were predicted
(Figure 20FE). Because both approaches yielded qualitatively and quantitatively
comparable good fits (see the RMSD values in Figure 20B - E), the parameter values
from each method were averaged and used for the final data simulation of all seven
protocols (Figure 20 F-G). Our model fitting/parameter optimization at PC — FSIN
synapses resulted in a Pjsion value of 0.6 and a TS fraction (=TS/(TS+LS)) of 0.44,
resulting in a Pv of 0.26. All model parameters, along with an explanation of terms, are

provided in Aldahabi et al. (2024), SI Appendix, Table S1.
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Figure 20: A sequential two-step priming model reproduces short-term depression patterns at PC —
FSIN synapses.
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(A) Left: Schematic illustration of the sequential two-step priming model. Synaptic vesicles (SVs) can dock
in empty docking sites (ES) and go through two sequential priming steps. In the first step, SVs are in a
loosely docked state (LS) and are fusion incompetent from which they enter tightly docked states (TS or
TSL) and become fusion competent. SVs from the TS and TSL states can fuse with the active zone
membrane. Right: Kinetic scheme of state transitions between four states. A labile tightly docked state
(TSL) needed to be introduced to describe robust facilitation at PC — O-LM IN synapses. bl, k1, b2, and
k2_0 are rate constants, whereas « denotes the fraction of SVs that are transferred from the LS state to TSL
after each action potential. The b3 is the decay time constant with which TSL returns to LS. b3 is
approximately 50 times smaller than 1/b2. The model is adopted from ref. (151).

(B) The sequential two-step priming and fusion model was fitted to PC — FSINs data obtained from five
different protocols (shown in Fig. 19 A-F). RMSD, Root-mean-square deviation.

(C) Experimental data of two complex protocols (Fig. 19G) and model prediction using the model
parameters obtained in (B).

(D) Same as (B) but the model fitting was performed on the two complex protocols and the 5 Hz train.
(E) Experimental data and model predictions using the model parameters obtained in (D).

(F) Experimental data and model predictions for the five simple protocols using the mean of the model
parameters obtained in (B) and (D).

(G) Same as (F) but for the two complex protocols.

(H) Experimental data of one complex protocol superimposed onto model predictions from (C), (D), and
(G). All experimental data shown are from the GTA traces. The X-axis indicates the time in seconds. This
figure was adopted from Aldahabi et al. (2024).

4.9.3. Short-Term Plasticity at PC — O-LM IN Synapses

To compare the PC — FSIN model parameters derived above with those of PC — O-LM
IN synapses, we performed paired whole-cell patch-clamp recordings from PCs and O-
LM INs using only the complex stimulation protocols. These protocols proved sufficient
for model fitting and parameter optimization, as demonstrated previously (Figure 20).
Consistent with prior results, the amplitude of the first eEPSC in the train was small (14.2
+ 11.9 pA, n = 50 pairs; Figure 214-C). Evoked EPSCs slightly facilitated during the 20
Hz preconditioning train, with further facilitation observed during the subsequent 100 Hz
train stimulation (Figure 21A4-C). The normalized eEPSC amplitude of the recovery train
after 110 ms was 1.50 = 1.66 (normalized to the first EPSC of the preconditioning train,
n = 26), and there was a full recovery after 1.5 seconds (0.95 £ 1.66, n = 18; Figure 21C).
To compare the eEPSCs at FSIN and O-LM IN, the GTA traces were shown superimposed
(Figure 21D). Notably, the >10-fold difference in the first eEPSC amplitude diminishes,
and roughly the same eEPSC amplitude is evoked after the 9" AP in both synapse types.
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4.9.4. Modeling Synaptic Transmission at PC — O-LM IN Connections Suggests
Very Low Occupancy of Release Sites by Well-Primed SVs

The subsequent goal was to identify the key model parameters responsible for the
functional differences between PC — FSIN and PC — O-LM IN connections. We began
with the PC — FSIN model and systematically varied the parameters individually to
determine if we could reproduce the PC — O-LM IN data. We allowed for changes in one,
then two, and then three parameters simultaneously. Varying only one or two parameters
was insufficient to reproduce the PC — O-LM IN data; changing at least three parameters
was necessary. When k2 0, s2, and Pfision Were simultaneously optimized, the model
qualitatively captured the small initial facilitation during the low-frequency (20 Hz) train
and the large facilitation and depression during the high-frequency (100 Hz) EPSC train

(Figure 224). The parameters k2 (0 and s2 determine the feedforward rate constant from
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LS to TS at rest and its Ca>" sensitivity, respectively (Figure 204). Finally, we allowed
all model parameters to be fit to achieve the best possible fit to the PC — O-LM IN data,
which resulted in a slight improvement in the overall fit (Figure 22B & check SI
Appendix, Table S1 from Aldahabi et al., 2024).

We then examined the effects of changing these three model parameters. The greater than
10-fold reduction in k2 0 and s2 (k2_0: from 0.24 to 0.022 sec! and s2: from 0.25 to
0.012; see SI Appendix, Table S1, Aldahabi et al. 2024), resulted in a substantial 6.5-fold
decrease in the proportion of well-primed SVs (TS fraction = 0.07 vs. 0.44 for FSIN),
while the reduction in Pfsion Was only 40% (from 0.6 to 0.36; see SI Appendix, Table S1,
Aldahabi et al. 2024). These results demonstrate that the sequential two-step priming
model can accurately reproduces the experimental data from both PC — FSIN and PC —
O-LM IN synapses. Moreover, these findings show that modifying only three parameters
in the depressing PC — FSIN model is sufficient to convert it into a facilitating synapse

(Figure 22C).

Our results indicate that the main difference underlying the distinct Pv of these synaptic
connections lies in a robust difference in the fraction of well-primed SVs (TS fraction)

rather than the fusion probability of such SVs (Pision).
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Figure 22: Changing model parameters related to the second SV priming step plus Pfusion are
sufficient to change PC — FSIN-like release to PC — O-LM-like release dynamics.

(A) All parameters of the two-step SV priming model were obtained from the best fit to the PC — FSIN
data (Figure 20 F & G), and three parameters were fitted to the PC — O-LM IN experimental data.
Qualitatively, all three illustrated simulations describe the STP pattern, but fitting k2 0, s2, and Pjision (Pf)
reproduces the data with the smallest error (red).

(B) The best O-LM IN fit (blue), k2_0, 52, and Pjusion fit [as shown in panel (A); red] and fit in which £2 0
and s2 were constrained to scale together with one scaling factor (light red) are shown.

(C) Experimental data and best model fit for PC — FSIN (Figure 20G) and the k2 0, 52 and Pision fit for
PC - O-LM IN (A) are superimposed for direct comparison using the same complex protocol. The Inset
shows the episode of 100 Hz stimulation at better resolution. This figure was adopted from Aldahabi et al.
(2024).
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5. DISCUSSION

My study demonstrates that the differential presynaptic expression of Munc13-2 at CA1
PC — mGluR10+/O-LM IN synapses does not significantly impact Pv at PC — O-LM
connections. Synapses lacking Munc13-2 exhibited functional properties comparable to
control synapses containing Munc13-2. Therefore, Munc13-2 does not appear to be a
primary factor contributing to the lower Pv observed at these synapses compared to PC-

FSIN synapses.

Next, using high-resolution immunolocalization of Muncl3-1 and Cay2.1 revealed
similar distances between VGCCs and RSs at PC — FSIN and PC — O-LM IN synapses,
suggesting that the large difference in Pv is unlikely to be due to a large difference in
Pjision. This is supported by the less than 2-fold difference in the effect of the K™ channel
blocker 4-AP on eEPSCs recorded from these two IN types. However, application of the
phorbol ester analog PDBU resulted in an ~80% increase in eEPSC amplitude at PC —
FSIN connections, contrasted by an ~4.5-fold increase in postsynaptic responses at PC —
O-LM IN connections, suggesting incomplete SV docking/priming at AZs innervating O-
LM cells. High-resolution EM analysis demonstrated similar docked SV densities at these
two synapse populations, suggesting that SV priming might differ despite similar

morphological docking.

To investigate the impact of different priming states and fusion on these two synapses, a
combined experimental and modeling approach was used. A recent sequential two-step
priming model (151) was employed to simulate experimental data from paired recordings
between CA1 PC and FSINs or O-LM cells using several presynaptic activity protocols.
This model accurately described all data obtained from both IN types. Our results indicate
that the main difference underlying the distinct Pv of these synaptic connections lies in a
robust difference in the fraction of well-primed SVs (TS fraction) rather than the fusion

probability of such SVs (Pfision).

5.1.  Distinct Localization of Presynaptic Munc13-2 and mGluR?7 in an Elfnl

Postsynaptic-Dependent Manner

The subcellular distribution of presynaptic proteins crucial for SV docking/priming was

examined to determine if any exhibited postsynaptic cell type-dependent distribution in
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PC axons. Muncl3-2 displayed punctate labeling in the str. oriens of the dorsal
hippocampal CAL1 area, and colocalization experiments revealed selective enrichment in
the AZs of local CA1 PC boutons innervating mGluR1a+ INs. This represents the third
instance, following mGluR7 (187) and mGIluR8 (217), where such specific presynaptic
molecules localized in postsynaptic target cell type-specific manner in the cortical

networks, suggesting this phenomenon may be more prevalent than previously thought.

Munc13s are essential SV priming factors, indispensable for SV fusion (107, 111, 218).
They form a tripartite complex with RIMs and RIM-binding proteins, collaborating to
recruit VGCCs and SVs to the AZ (126, 219-224). Of the three isoforms expressed in the
CNS (Muncl13-1 to Munc13-3), Munc13-1 has the broadest distribution, while Munc13-
2 and 3 exhibit more restricted and largely non-overlapping expression patterns (225).
Several studies have investigated Munc13 function in heterologous expression systems
or neuronal cultures (124, 140, 226). For instance, Rosenmund et al. (2002) showed that,
in cultured hippocampal neurons, Munc13-1 likely contributes to tight vesicle docking
and confers high Pv, whereas SVs in Munc13-2-containing AZs are loosely docked and
exhibit low Pv. However, surprisingly, conditional removal of Munc13-2 from CA1 PCs
(within an intact neuronal network) had no apparent effect on the Pv of CA1 PC to
mGluR1a+ IN synapses. Similar results were observed at mouse photoreceptor ribbon
synapses, where Munc13-2 is the sole Munc13 isoform present (193), although these
synapses differ from conventional synapses in many respects. A similar lack of effect was
also found at Schaffer collateral inputs onto CA1 PCs (127) and in the calyx of Held (227)
in Munc13-2 KO animals. It should be noted, however, that the amount of bMunc13-2 is
low in Schaffer collateral to CA1 PC synapses in control animals; therefore, the lack of
effect in the KO is not entirely surprising. Furthermore, in the same Muncl13-2 KO
animals, an apparent reduction of Pv was found at hippocampal mossy fiber synapses
onto CA3 PCs (127). Munc13-2 knockdown with shRNA from glutamatergic input onto
amygdala PCs increases Pv (228), indicating a complex role of Munc13-2 in SV priming,

likely dependent on its interacting partners within the AZ protein complex.

While shRNA-mediated Elfnl knockdown did not induce STD of EPSCs on SST+ INs,
it did reduce paired-pulse facilitation, suggesting an alteration in synaptic Pv (56), which
was subsequently linked to the absence of presynaptic mGIluR7 (189, 190). Our results
demonstrate that Munc13-2 enrichment at CA1 PC to mGluR 1o+ IN synapses is Elfnl-
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dependent. Elfnl removal results in the loss of both mGluR7 and Munc13-2, a threefold
increase in peak eEPSC amplitude at PC to mGluR 10+/0O-LM IN synapses, and decreased
STF. To differentiate whether this functional effect is caused by the absence of
constitutive mGIuR7 activity or the absence of Munc13-2, we conditionally removed
Munc13-2 (both bMunc13-2 and ubMunc13-2 isoforms) from these synapses. This was
accomplished by injecting Cre-recombinase-expressing AAVs into the dorsal
hippocampal CA1 of transgenic mice with Munc13-2 exons 15-17 flanked by loxP sites.
Because Munc13-2 removal did not affect eEPSC amplitudes or PPRs, we conclude that
the functional effects of Elfnl removal from SST/mGluRla+ INs are solely a
consequence of mGIuR7 loss. This is consistent with results from pharmacological
blockade of group III mGluRs, which produces a similar effect on EPSC amplitudes
(188). In summary, despite the high concentration of Munc13-2 at hippocampal CA1 PC
to mGluR1a+/0O-LM IN synapses, it does not appear to play a role in establishing the
unusually low Pv observed at these connections. This suggests that Munc13-1 may be
capable of "differential priming" of SVs, or that other, as-yet-unidentified molecules may

prevent the release of tightly docked vesicles.

5.2. [Ca?'] Influx Is Not the Primary Determinant of Pv

Our data indicate that most RSs are occupied by docked SVs, suggesting a high Pocc,
consistent with Sakamoto et al. (2018), who reported nearly identical numbers of RSs and
readily releasable SVs in cultured hippocampal neurons (215). Our findings also align
with observations from crayfish neuromuscular junctions, where low-Py tonic synapses
exhibit even higher docked vesicle density than high-output phasic synapses,
demonstrating that Pv cannot be predicted solely from the number of docked vesicles
(229). Furthermore, our results are consistent with Millar et al. (2005), who showed that
artificially imposing similar intra-bouton [Ca®*] levels at tonic and phasic neuromuscular
junctions does not normalize release; the output of low-Pv tonic synapses remains lower
despite a greater number of docked vesicles (230), suggesting that most SVs at tonic

synapses are molecularly incompetent for release.

Since the discovery of the Ca**-dependence of neurotransmitter release (79), one of the
most obvious explanations of different presynaptic strengths is the distinct amount of Ca**

entry into the presynaptic terminals upon an AP. EM immunolocalization studies have
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established that presynaptic VGCCs are exclusively located in AZs at central synapses
(195, 231-234), where their numbers vary considerably, suggesting that VGCC number
could be a key determinant of Pv. This idea was supported by Cayv2.1 VGCC subunit
overexpression in the Calyx of Held, which increased Pv (235), and by the results
showing a correlation between VGCC number, Ca?’ influx, and Pv at individual RSs at
the Drosophila NMJ (236-238). However, a recent study challenged this simple view.
Cerebellar parallel fiber to Purkinje cell synapses have high VGCC density and large AP-
evoked [Ca®'] transients, yet exhibit low Pv, while cerebellar MLIN synapses have higher
Pv despite 5-fold fewer VGCCs and smaller AP-evoked Ca®* transients (196).

The similar coupling distances between RSs and VGCCs at PC — FSIN and PC — O-LM
IN synapses, the moderate difference in AP-evoked peak [Ca®'] transients, and the effect
of 4-AP all suggest a small difference in Pjsion at these synapses, which is clearly

insufficient to explain the 10-fold difference in Pv.

5.3. The Priming State of SVs Has a Greater Impact on Pv
It is reasonable to hypothesize that the energy barrier for vesicle fusion for a given [Ca®']
increase differs between these synapses, implying distinct molecular mechanisms of
vesicle tethering, docking, or priming. Because our high-resolution EM experiments
revealed similar docked vesicle densities at both synapse types, we can exclude
dramatically different tethering and docking as a major contributing factor, leaving
molecular priming as the most probable explanation (205, 239). It is now widely accepted
that Munc13 molecules are the master regulators of SV priming at central synapses
[reviewed in (240). Our results, which show a dramatic difference in the effect of PDBU
on eEPSCs at PC — FSIN vs. PC — O-LM IN synapses, suggest that Munc13 molecules

are the key determinants of the functional differences between these synapses. This could

be achieved through a differential regulation of Munc13-1.

5.4. Munc13-1 as a Prominent Molecule Regulating Pv

Having excluded distinct Muncl3 isoforms as the primary cause of the observed
functional differences, we must consider postsynaptic target cell-type-dependent
differential regulation of Munc13-1. RIM is a candidate for differential Munc13-1

regulation, as Munc13-1 homodimerization via its C2A domain is inhibited by RIM
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binding (131, 133). However, RIM1/2 density at PC synapses targeting mGluR 1o+ INs
was even higher than in surrounding synapses (Figure 8G), indicating that low Pv cannot
be attributed to unrelieved Munc13 autoinhibition by RIM at PC — O-LM IN low Pv

synapses.

Munc13-1 activity is modulated by various second messengers, including Ca*", DAG,
PIP, or calmodulin. For instance, DAG or its analog PDBU binding to the C; domain
enhances Munc13-1 activity (137, 138). Indeed, a single point mutation in this domain,
rendering Munc13-1 constitutively active and phorbol ester-insensitive, results in
increased SV release (140). Similarly, Ca?" binding to the C.B domain increases Munc13-
1's affinity for PIP and PIP2, thereby increasing its priming activity (141). Although Ca®*
binding enhances Munc13-1 binding to PIP- and PIP2-enriched membranes, the
concentration of these molecules in the presynaptic plasma membrane is also crucial; a
2-fold decrease in PIP or PIP2 concentration abolishes Ca?-induced phospholipid
binding of the C;B domain (141). These findings collectively suggest that differential
concentrations of DAG and PIP/PIP2 in presynaptic plasma membranes, or variations in
resting [Ca?'] levels (241), might underlie the postsynaptic target cell-type-dependent

differences in Munc13-1 priming efficacy.

5.5. Three Model Parameters Sufficient to Transform PC — FSIN into PC -
O-LM IN Model

To transform the sequential two-step priming model from PC — FSIN transmission to PC
— O-LM -type synapses, only three parameters required modification: Pyusion, k2 0, and
s2. While Pyusion only needed a moderate decrease (40%), the parameters associated with
the second priming step (its resting rate constant, k2 0, and its Ca*>" dependence, s2)
needed to be decreased by more than 10-fold, resulting in a greater than six-fold reduction
in TS fraction. All other model parameters could retain identical values for both synapse
types. Furthermore, when &2 0 and s2 were fit simultaneously with a joint scaling factor
(Figure 22B), the RMSD value was only slightly larger than that obtained by fitting them
separately (0.00057 vs. 0.00054). Thus, changing only two parameters (Pfusion and the
scaling factor) was also sufficient to convert the model from PC — FSIN synapses into an

adequate model for PC — O-LM IN synapses.
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5.6. Modeling Captures Slightly Lower Prusion at PC — O-LM IN Connections

Prision 1s regulated by the number/density, conductance, and open probability of VGCCs
in the AZ. Additionally, Pyision depends on the Ca®* sensitivity of Ca®>" sensors on SVs and
the distance between VGCCs and these sensors (160, 196, 242). Our modeling predicted
a less than twofold difference in Pision between PC — FSIN (0.6) and PC — O-LM IN
(0.36) synapses. This difference in Pyision may be explained by the 40% larger AP-evoked
[Ca?"] transients measured at PC — FSIN boutons (Figure 15L). Indeed, 5 uM 4-AP, which
increased Ca?" influx by ~40% at PC — O-LM IN connections, resulted in a twofold
increase in EPSC amplitude and Pyision (Figure 17E, and see Figure 5 in Aldahabi et al.
(2024)). What could account for the 40% larger presynaptic [Ca®’] influx at PC — FSIN
connections? EM freeze-fracture replica immunolabeling revealed a 20% greater density
of Cav2.1 in AZs innervating PV-positive dendrites (Figure 14F). The remaining ~20%
difference may arise from a smaller conductance or lower open probability of VGCCs at
PC — O-LM IN synapses, possibly through an mGluR-mediated mechanism (243). The
coupling distance between VGCCs and Ca** sensors is not significantly different between
these two connection types. The Ca*" sensor for fusion is very likely synaptotagmin-1 at
both synapses, suggesting similar Ca®" sensitivity of fusion. Taken together, these data
support the presence of a ~20% greater Cay2.1 VGCC density and a 40% larger [Ca*']
transient in PC boutons innervating FSINs, which could fully explain the less than

twofold difference in Pjsion between these synapses.

5.7. Modeling Shows Larger Proportion of Well-Primed SVs at PC — FSIN
Compared to PC — O-LM IN Connections

In contrast to the modest difference in Pjision, our modeling reveals a substantial difference
between PC — FSIN and PC — O-LM IN synapses in the fraction of SVs in a well-primed
state at rest (0.07 vs. 0.44). The concept of a small fraction of docked, well-primed SVs
explaining low Pv was proposed previously and supported by experimental evidence
(200, 202, 244). Furthermore, it has been suggested that dynamic changes in the fraction
of well-primed SVs during repetitive presynaptic activity could underlie STP (144, 151,
203-208). A recent study by Lin et al. (2022) demonstrated that differences in resting TS
fraction underlie Pv heterogeneity among individual calyx of Held synapses (151). They

also showed that Pjsion diversity is not required to explain STP heterogeneity at this
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synapse. The fact that the proportion of well-primed SVs exhibits large synapse-to-
synapse heterogeneity suggests that it may be a consequence of specific modulation at a
given synapse by long-term plastic mechanisms. Indeed, it has been shown that
presynaptic long-term potentiation (LTP) induction increases the fraction of well-primed
SVs at neocortical L5 PC synapses (245). Similarly, at cerebellar parallel fiber to Purkinje
cell synapses, LTP is associated with an increase in the readily releasable pool of SVs

(246).

5.8. STF at PC — O-LM IN Synapses

Our modeling also provides an explanation for STF at PC — O-LM IN synapses. Our
model predicts that the majority of SVs at this synapse are in the LS state at rest (0.93),
resulting in a low TS fraction (0.07) and, consequently, low Pv (~0.025). During high-
frequency repetitive stimulation, SVs transition from the LS to the TS state more rapidly
due to the Ca®" sensitivity (s2) of the forward rate constant k2, leading to STF at
frequencies above 10 Hz. However, this mechanism alone is insufficient to explain the
full extent of STF at high frequencies. Consistent with Lin et al. (2022), we propose that
approximately 20% of SVs in the LS state transition to a labile TS state (TSL) following
each AP, from which release can occur with a probability of Pfision. Unlike the TS state,
this TSL state is labile, returning to the LS state within ~40 ms (b3, Figure 20A4), which
1s >25 times faster than the backward rate constant from the TS state (52). Therefore, TSL
does not contribute to STF at low stimulus frequencies (when the interstimulus interval
is >40 ms) but plays a significant role in STF at high (e.g., at gamma frequency)
stimulation. This proposed model explanation could be biologically mediated by
synaptotagmin-7, which is known to transiently facilitate SV priming following repetitive
stimulation, lasting for ~100 ms (247-249). Intriguingly, our model, without
incorporating a Ca®*-dependent increase in Pjision, can fully explain one of the most robust

known STF phenomena in cortical networks.

5.9. What Are the Structural Correlates of SVs in LS and TS?

We interpret the two states of our model in terms of tight and loose docking in view of
recent cryo-EM studies. These studies suggest that SVs closer than 5 nm to the plasma
membrane might constitute well-primed SV, corresponding to the TS state in our model,

while those 5 to 10 nm from the AZ membrane could form the LS pool (149). Compared
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to cryo-EM, chemical fixation of brain tissue results in shorter SV-AZ membrane
distances probably as a consequence of membrane perturbation from heavy metal staining
and dehydration. Therefore, it is possible that, following chemical fixation, SVs in direct
contact with the AZ membrane correspond to SVs in the TS state, and those with a short
distance from the AZ (1 to 5 nm) correspond to SVs in the LS state (108, 144, 149, 184).
These EM studies, along with our current modelling, suggest a large difference in the
number of SVs in direct contact with the AZ plasma membrane between PC — FSIN and
PC — O-LM IN synapses. However, we found with EM tomography similar docked SV
densities at FSIN- and O-LM cell-targeting PC AZs (~135 SV/um?; Figure 18).
Therefore, it remains an open question whether the model's postulated functional states
reflect these two morphologically defined states or represent other differences in the
release machinery's state. Intriguingly, Munc13-1, a priming protein with Ca**- and DAG-
dependent regulatory sites, has been proposed to exist in two conformations with different
orientations relative to the plasma membrane (250). Our results might suggest that
physical docking does not necessarily equate to molecular maturation/priming of SVs.
Future experiments combining well-designed genetic modifications and EM techniques

will be necessary to resolve these discrepancies.
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6. CONCLUSIONS

This study aimed to determine the mechanisms underlying postsynaptic target cell type-

dependent Pv and STP at PC — FSIN versus PC — O-LM IN connections.

We determined that CA1 PC — FSIN connections exhibit STD and a Pv more than ten
times greater than PC — mGluR 1 a-expressing O-LM IN connections, which display STF.

We investigated several potential mechanisms underlying this Pv difference and found:

e Presynaptic Munc13-2 localization at low-Pv PC — O-LM IN synapses does not
significantly influence Pv, as conditional knockout of Munc13-2 gene resulted in
eEPSCs peak amplitudes and STP patterns comparable to wild-type controls.

e The distribution of Cay2.1 subunits around RSs was similar in both FSIN and O-
LM-targeting AZs, with only a slightly higher (16% larger) overall density in AZs
targeting FSIN dendrites.

e Presynaptic AP-evoked [Ca®'] influx was approximately 40% greater at PC —
FSIN connections compared to PC — O-LM IN connections.

e This difference in [Ca®"] influx does not primarily determine synaptic strength
differences, as matching [Ca?'] influx with 4-AP only resulted in a 2.7-fold
increase in eEPSCs at PC — O-LM IN connections.

e PDBU application resulted in a ~4.5-fold augmentation at PC — O-LM IN
synapses, compared to only 1.7-fold at PC — FSIN synapses, indicating distinct
priming states.

e Modelling synaptic transmission at both connections suggest that the primary
difference in Pv is due to a very low occupancy of release sites by well-primed
SVs at PC — O-LM IN synapses, rather than a difference in the fusion probability
(Pfusion) of these SVs.
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7. SUMMARY

The variability in neurotransmitter release from a single presynaptic neuron, depending
on its postsynaptic target, is a hallmark of cortical network complexity. We found that
CAl PC — FSIN connections exhibit 10 times larger Pv than the PC — mGluR1o-
expressing O-LM IN connections. The differential distribution of proteins at presynaptic
AZs is crucial for establishing these distinct Pv and STP patterns. O-LM INs express
Elfnl1, which trans-synaptically recruits mGluR7 to PC axon AZs. We further demonstrate
that Elfnl also selectively recruits Muncl3-2, a protein involved in SV priming and
docking, to PC AZs targeting mGluR1a+ INs. To determine the roles of Elfnl and
Munc13-2 at the low-Pv PC — O-LM IN connections, we performed knockout
experiments. In Elfnl KO, eEPSCs in O-LM INs showed a 3-fold increase in amplitude
and reduced STF, potentially due to the loss of mGIluR7, Munc13-2, or both. Conditional
genetic deletion of Munc13-2 gene from CA1 PCs resulted in Munc13-2 loss from AZs,
but did not affect mGIuR7 levels, eEPSC amplitude, or the characteristic STF at PC — O-
LM IN connections. These results indicate that Munc13-2 is not essential for the low Pv
at PC — O-LM IN synapses and that Munc13-1 alone can mediate both low and high Pv
at PC — O-LM and PC — FSIN synapses, respectively.

Freeze-fracture immunolabeling revealed that differences in Ca®" channel and RS
nanotopology or coupling distance do not explain the distinct Pv. Although [Ca*']
transients are 40% larger in FSIN-innervating boutons, matching [Ca?‘] entry in both
bouton populations still resulted in 7-fold smaller eEPSCs in O-LM cells, suggesting that
Pjusion 1s not the primary factor limiting Pv. However, PDBU application resulted in a
~2.5-fold larger augmentation at PC — O-LM IN synapses compared to PC — FSIN
synapses, indicating incomplete vesicle docking or priming. Similar docked vesicle

densities ruled out distinct RS occupancies, demonstrating that incompletely primed, yet

docked, vesicles limit PC — O-LM IN synapse output.

We used a modelling approach to determine whether the primary difference lies in AP-
evoked fusion or upstream vesicle priming processes. We fit a sequential two-step SV
priming model to eEPSC peak amplitudes recorded in response to complex presynaptic
stimulation. At PC — FSIN connections, Pjision Was 0.6, and 44% of docked SVs were
fusion-competent. At PC — O-LM IN synapses, Pfsion Was only 40% lower (0.36), while
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the fraction of well-primed SVs was 6.5-fold smaller. These results demonstrate that the
low transmission fidelity at PC — O-LM IN synapses can be explained by a low occupancy

of release sites by well-primed SVs.
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