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ABSTRACT
Target cell type-dependent differences in presynaptic release probability (P;) and short-term

plasticity are intriguing features of cortical microcircuits that increase the computational
power of neuronal networks. Here we tested the hypothesis that different voltage-gated Ca®*
channel densities in presynaptic active zones (AZs) underlie different P,. Two-photon Ca®*
imaging, triple immunofluorescent labeling and three-dimensional electron microscopic (EM)
reconstruction of rat CA3 pyramidal cell axon terminals revealed approximately 1.7 — 1.9-
times higher Ca*“inflow per AZ area in high P boutons synapsing onto parvalbumin positive
interneurons than in low P, boutons synapsing onto mGluR1a positive interneurons. EM
replica immunogold labeling, however, demonstrated only 1.15-times larger Cav2.1 and
Cav2.2 subunit densities in high P, AZs. Our results indicate target cell type-specific
modulation of voltage-gated Ca** channel function or different subunit composition as
possible mechanisms underlying the functional differences. In addition, high P, synapses are
also characterized by a higher density of docked vesicles, suggesting that a concerted action of

these mechanisms underlies the functional differences.

Significance Statement

Target cell type-dependent variability in presynaptic properties is an intriguing feature of
cortical synapses. When a single cortical pyramidal cell establishes a synapse onto a
somatostatin-expressing interneuron (IN), the synapse releases glutamate with low
probability, whereas the next bouton of the same axon has high release probability when its
postsynaptic target is a parvalbumin-expressing IN. Here we used combined molecular,
imaging and anatomical approaches to investigate the mechanisms underlying these

differences. Our functional experiments implied a ~2-fold larger Ca>* channel density in high
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release probability boutons whereas freeze-fracture immunolocalization demonstrated only a
15% difference in Ca®" channel subunit densities. Our results point toward a postsynaptic
target cell type-dependent regulation of Ca>* channel function or different subunit

composition as the underlying mechanism.

Introduction

Target cell type-dependent differences in the probability of glutamate release (P;) and the
consequent differences in short-term plasticity are well-established phenomena of cortical
microcircuits. Two decades ago, Thomson (1997) reported that neocortical pyramidal cell
(PC) to PC connections showed paired-pulse depression, whereas PC to certain interneuron
(IN) synapses displayed robust short-term facilitation. Later, a similar phenomenon was found
in the hippocampus (Ali et al., 1998; Ali and Thomson, 1998; Scanziani et al., 1998;
Losonczy et al., 2002), where combined functional and molecular neuroanatomical
approaches led to the identification of the postsynaptic IN types. Somatostatin and
metabotropic glutamate receptor 1a- (mGluR 1a) expressing, oriens-lacunosum moleculare
(O-LM) and oriens-bistratified (O-Bi) INs of the CA1 area receive facilitating EPSCs with
low initial P;, whereas synaptic inputs onto fast-spiking (FS) parvalbumin- (PV) expressing
INs (e.g. basket, axo-axonic, bistratified cells) display short-term depression and have high
initial P; (Atwood and Karunanithi, 2002; Losonczy et al., 2002; Biro et al., 2005; Koester and
Johnston, 2005; Mercer et al., 2012). Simultaneous recordings between a presynaptic PC and
two distinct types of IN revealed that the axon of a single PC can transmit different aspects of
information coded in a complex spike train to distinct postsynaptic cell types (Markram et al.,
1998Db, 1998a; Reyes et al., 1998; Pouille and Scanziani, 2004; Koester and Johnston, 2005).

It has also been demonstrated that distinct types of short-term plasticity enable neuronal
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networks to perform complex computations (Pouille and Scanziani, 2004), but almost nothing

is known about the mechanisms underlying these functional differences.

A candidate protein bestowing different P, and short-term plasticity to axon terminals was
mGluR7, a metabotropic glutamate receptor that shows postsynaptic target cell type-
dependent differences in its presynaptic density (Shigemoto et al., 1996). However, a group
IIT mGluR-specific antagonist failed to abolish the differences in short-term plasticity of
synapses expressing or lacking mGluR7 (Losonczy et al., 2003). More recently, Sylwestrak
and Ghosh (2012) identified the extracellular leucine-rich repeat fibronectin containing
protein 1 (Elfnl) as a key molecule in bestowing short-term facilitation. This protein is
selectively expressed postsynaptically in O-LM cell somata and dendrites, and imposes
facilitating neurotransmitter release to the presynaptic axon terminals. Although, to date, there
is no data available regarding the mechanisms underlying the low initial P, of these facilitating
synapses, Rozov et al. (2001) put forward an elegant hypothesis based on their experiments
involving fast and slow Ca”" buffers. They postulated that the low initial P, of facilitating
cortical PC synapses can be explained by a larger coupling distance between voltage-gated
Ca”" channels and Ca”" sensors on the docked vesicles compared to the high P, PC synapses
on FS INs. Assuming similar Ca®" sensors and docked vesicle distributions, this would

suggest a lower average Ca’" channel density within the AZs of low P, synapses.

Here we tested this hypothesis with two independent methods. 1) Using two-photon Ca**
imaging in hippocampal CA3 PC axon terminals, post hoc immunohistochemical
identification of their postsynaptic target cells, followed by three-dimensional (3D) EM
reconstructions of the imaged boutons we estimated the amount of Ca®" entering the bouton
(peak concentration x the bouton volume) and divided it by the AZ area. We refer to this as
our ‘functional Ca*" channel density’ estimate. 2) We also measured the densities and

distribution of Cav2.1 and Cav2.2 voltage-gated Ca>" channel subunits in presynaptic AZs
4
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using SDS-digested freeze-fracture replica immunogold labeling (SDS-FRL) and we refer to it
as ‘Ca’’ channel density’. Finally, we assessed the densities of docked vesicles in boutons

with different postsynaptic target cell types using EM tomography.

Materials and Methods

Sice preparation and electrophysiological recordings. Male Wistar rats (14 — 17 days old, n
= 97) were sacrificed by decapitation in accordance with the Hungarian Act of Animal Care
and Experimentation (1998, XXVIII, section 243/1998) and with the ethical guidelines of the
Institute of Experimental Medicine Protection of Research Subjects Committee. The animals
were housed in the vivarium of the Institute of Experimental Medicine in a normal 12 hour /
12 hour light / dark cycle. Young experimental animals were kept in a cage with their mother
and were used before weaning. Acute hippocampal slices were prepared as published
previously (Holderith et al., 2012). Briefly: after decapitation, the brain was quickly removed
and placed into an ice-cold cutting solution containing (in mM): sucrose, 205.2; KCI, 2.5;
NaHCOs3, 26; CaCl,, 0.5; MgCl,, 5; NaH,PO4, 1.25; glucose, 10; saturated with 95 % O, and
5 % COs,. 300 pm thick horizontal slices were cut from the ventral part of the hippocampus
using a Leica Vibratome (Leica VT1200S; Leica Microsystems, Vienna, Austria), incubated
in an interface-type holding chamber in ACSF containing in mM: NaCl, 126; KCI, 2.5;
NaHCOs3, 26; CaCl,, 2; MgCl,, 2; NaH,PO4, 1.25; glucose, 10 saturated with 95% O, and 5%
CO, (pH=7.2—7.4) at 36 °C, then kept at 22 — 24 °C. Recordings were carried out in the

same ACSF at 22 — 24 °C up to 6 hours after slicing.

Cells were visualized using a Femto2D microscope equipped with oblique illumination and a
water immersion lens (25X, NA = 1.05, Olympus, Japan or 25X, NA = 1.1, Nikon, Japan).

Whole-cell voltage- or current-clamp recordings were performed from CA3 PCs or INs

5
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located in the strata oriens and pyramidale using MultiClamp 700A and B amplifiers
(Molecular Devices). Recorded traces were filtered at 3 - 4 kHz and digitized on-line at 20
kHz. Patch pipettes (resistance 3 — 6 MQ) were pulled from thick-walled borosilicate glass
capillaries with an inner filament. Intracellular solution contained in mM: K-gluconate, 110;
KCl, 5; creatine phosphate, 10; HEPES, 10; ATP, 2; GTP, 0.4; biocytin, 5 (pH = 7.3; 290 —
300 mOsm). For voltage-clamp recordings of evoked EPSCs in INs, the intracellular solution
contained picrotoxin (0.6 - 0.8 mM). For current-clamp recordings and Ca>" imaging in PC
axons, 100 or 300 uM Fluo5F (Molecular Probes) and 20 uM Alexa594 (Molecular Probes)

was added to the intracellular solution.

The firing pattern of the INs was determined with a series of 500 ms long hyper- and
depolarizing current pulses with amplitudes of 125 - 500 pA. A cell was considered fast
spiking if the average firing frequency exceeded 70 Hz. For extracellular stimulation, a
unipolar stimulating electrode was placed in the stratum oriens at least 100 pm away from the
soma. Interneurons were held at -70 mV and 5 stimuli (0.2 — 0.3 ms duration, 20 - 200 pA) at
40 or 50 Hz with 30 second inter-stimulus interval (15 — 70 repetitions) were applied. Data
from 40 and 50 Hz stimulations were pooled (Fig. 11). To be able to assess the Elfn1/2
expression in mGluR 1o cells with different short-term plasticity, cells with inputs exhibiting
short-term depression (~10% in the random mGluR 1o population) were selectively searched
for (Fig. 13, K). Series resistance was monitored and was < 20 MQ. Pyramidal cells were held
at -70 mV (with a maximum of —100 pA DC current) and single APs at 0.05 —0.016 Hz were
evoked with 2 — 4 ms-long depolarizing current pulses (1 — 1.2 nA). Peak amplitude and full
width at half maximal amplitude of the APs were monitored and cells were rejected if any of

these parameters changed more than 10%.

Two-photon [Ca®'] imaging. Experiments were performed with a Femto2D (Femtonics Ltd.,

Budapest, Hungary) laser scanning microscope equipped with a MaiTai femtosecond pulsing

6
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laser tuned to 810 nm (described in Holderith et al., 2012). Electrophysiological data and
image acquisition was controlled with a software written in MATLAB (MES, Femtonics Ltd.,
Budapest, Hungary). Cells were filled for 2 hours with a Ca**-insensitive (20 uM Alexa594)
and a Ca”'-sensitive fluorophore (100 or 300 uM FluoSF). Boutons were selected at 150 — 300
pum distances from the soma on the second and third order collaterals of the main axon in the
stratum oriens at 35 — 80 pum slice depth. They were imaged in line scan mode (scan duration
500 or 1200 ms at 1 kHz, 1 - 3 per minute repetition, 2 - 3 scans averaged for each bouton)
with a laser intensity of 2 - 6 mW at the back aperture of the objective lens. Single AP-evoked
changes in fluorescence were quantified during the recording as AG/R(t) = (Fgreen(t) — Frest, green)
/ (Fred — Ldark, rea) Where Fgreen(yy represents the green fluorescence signal as a function of time,
Frestgreen 1S the green fluorescence before stimulation, and Iga req is the dark current in the red
channel. To normalize data across batches of dyes, Gya/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. AG/R
measurements from boutons were divided by Gmax/R, yielding the reported values of G/Gyax-
The effects of 50 pM CdCl, and 1 M @-CTX MVIIC (diluted in 1 mg/ml BSA; Tocris and
Alomone Labs) were tested by comparing the peak amplitudes of presynaptic [Ca®'] transients
in individual boutons averaged from 2-3 consecutive scans in control conditions and after 10

(for CdCly) or 30 min (for @-CTX MVIIC) of wash-in of the drug.

Tissue processing. Following recordings, the slices were fixed in a solution containing 4 %
paraformaldehyde (PFA), 0.2% picric acid in 0.1 M phosphate buffer (PB; pH = 7.4) at 4 °C
for either 12 - 36 hours (PV or mGluR 1o immunolabeling) or 1-3 hours (for Elfn1/2 labeling).
Slices containing filled PCs were incubated in 10 and 20% sucrose as cryoprotectant,

repeatedly freeze-thawed above liquid nitrogen, embedded in agarose (2%) and re-sectioned
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at 70 — 90 pm thickness. Slices containing filled INs were immunolabelled without re-

sectioning.

For quantification of colocalization of mGluR 1o and Elfn1/2 six, and for mGluR1a and PV
three 14 — 17 days old male Wistar rats were deeply anaesthetized and were transcardially
perfused with ice cold fixative containing 2 or 4% PFA and 0.2% picric acid in 0.1 M PB for
25 minutes. The brains were then quickly removed from the skull and placed in 0.1 M PB. For
serial EM reconstructions and EM tomography the fixative contained 2% PFA and 1%
glutaraldehyde (GA) in 0.1 M sodium acetate buffer (pH = 6) for 2 minutes, followed by 45
minutes of perfusion with 2% PFA and 1% GA in 0.1 M borate buffer (pH =9) in six 14 — 17
days old male Wistar rats. The brains were left in the skull overnight then removed and placed

in 0.1 M PB. 60 pum thick sections were cut from the ventral hippocampus.

Light microscopy. Sections / slices were washed in 0.1M PB and blocked in normal goat
serum (NGS, 10%) for 1 hour made up in Tris-buffered saline (TBS; pH 7.4), incubated in the
following primary antibodies: mouse anti-PV (1:1000, SWANT; RRID:AB_10000343);
rabbit anti-PV (1:1000 Synaptic Systems; RRID:AB_1210396), guinea pig anti-mGluR1a
(1:1000, Frontier Institute Co. Ltd; Mansouri et al., 2015; RRID:AB_2531897) or rabbit anti-
Elfn1/2 (1:500, Sigma; RRID:AB_1079280) diluted in TBS containing 2% NGS. After
several washes the following secondary antibodies were applied: Alexa488- or Cy5-
conjugated goat anti-mouse or goat anti-rabbit, and Cy3-conjugated donkey anti-guinea pig
IgGs. Biocytin was visualized with Alexa488- (Molecular Probes) or Cy5- (Jackson
Laboratories) conjugated streptavidin (1:500). Sections were mounted in Vectashield. Image
stacks were acquired with an Olympus FV1000 confocal microscope with 20x and 60x (oil
immersion) objectives. Contacts between PC boutons and IN dendrites were considered as

putative synapses if they had no apparent gap between them in the focal plane.
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Electron microscopy. For standard transmission EM and EM tomography, biotinylated goat
anti-mouse, goat anti-rabbit and goat anti-guinea pig secondary antibodies were used (Vector
Laboratories, 1:50). Reactions and biocytin in the filled cells (after fluorescent examination)
were visualized using an avidin-biotin-horseradish peroxidase complex (Vector Laboratories)
and 3-3’- diaminobenzidine tetrahydrochloride (DAB) as chromogen. Sections were treated
with 1% OsOy, stained in 1% uranyl acetate, dehydrated in a graded series of ethanol and
embedded in epoxy resin (Durcupan). Representative cells were reconstructed using the
Neurolucida system (Micro-BrightField Europe, Magdeburg, Germany) attached to a Zeiss
Axioscope2 microscope using 40x or 100x oil-immersion objectives. Imaged axon segments
were re-embedded and sectioned at 60 nm. Digital images from serial EM sections were taken
from the identified imaged boutons or randomly selected PV™ or mGluR 1" dendrites in the
stratum oriens at magnifications of 7500x or 10000x with a Jeol1011 EM. Boutons were 3D
reconstructed, and their volumes and the area of the AZ (equal to the corresponding PSD)
were measured using the Reconstruct software (http://synapses.clm.utexas.edu/). In the case
of multiple AZ boutons (12% in PV and 9% in mGluR 1o targeting population), the total AZ

area was calculated by summing the individual AZ areas (Fig. 3E).

EM tomography. 200 nm thick sections were cut and proteinA-conjugated 10 nm gold
particles (Cytodiagnostic) were applied on both sides as fiducial markers. Immunolabelled
dendritic segments (n = 3 age-matched rats) were randomly selected in the stratum oriens.
Single-axis tilt series of perpendicularly oriented synapses were acquired using a Tecnai G2
Spirit BioTWIN transmission EM operating at 120 kV and equipped with an Eagle 4K HS
digital camera (Fei Europe Nanoport, Eindhoven, The Netherlands). Tilt series were recorded
between £ 65° (with 2° increments between = 45° and with 1° increments between £45-65°)
at 30 000x magnification using Fei Xplore3D. Tomographic volumes were reconstructed

using the IMOD package (Kremer et al., 1996; Imig et al., 2014), and exported without
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binning as z-stacks for analysis (320 images per subvolume resulting an 0.6 nm virtual pixel
size in Z dimension). AZ area and vesicle distance from the presynaptic membrane were
measured with the Reconstruct software. A vesicle was considered to be docked if the outer
part of the lipid bilayer was in direct contact with the inner part of the AZ membrane bilayer.
A vesicle was considered to be pre-docked if the distance between these lipid bilayers did not
exceed 5 nm. The ‘membrane-proximal’ population was pooled from docked and pre-docked

populations.

D S-digested freeze-fracture replica-labeling (SDS-FRL). Eight male Wistar rats (P15-17)
were deeply anaesthetized and transcardially perfused with a fixative containing 2% PFA and
0.2% picric acid in 0.1 M PB for 15 minutes. The brains were then quickly removed from the
skull and placed in 0.1 M PB. Horizontal sections of 80 pm thickness were cut from the
forebrain with a vibratome and were cryoprotected in 30% glycerol. Small blocks from the
ventral CA3 area were frozen with a high-pressure freezing machine (HPM100; Leica
Microsystems), fractured with a freeze-fracture machine (BAF060; Leica Microsystems), and
processed for SDS-FRL as described previously (Kerti et al., 2012). Tissue debris was
digested from the replicas in a TBS solution containing 2.5% SDS and 20% sucrose at 80°C
overnight. The replicas were then washed and blocked with 5% BSA in TBS for 1 hour
followed by an incubation in a solution of the following primary antibodies: rabbit anti-
Cav2.1 (1:500 or 1:600, Synaptic Systems, Cat No. 152 203; RRID:AB_2619841; this Ab
provides identical labeling to that of a guinea pig anti-Cav2.1, the specificity of which was
proven in Holderith et al., 2012) rabbit anti-Cav2.2 (1:400, Synaptic Systems; Cat No.: 152
303; RRID:AB_2619844; specificity of the reaction with this Ab is verified in Lenkey et al.,
2015), rabbit anti-Kv3.1b (1:200-1:250, Alomone; RRID:AB_2040166), guinea pig anti-
mGluR 1a (1:100, Frontier Institute Co. Ltd; RRID:AB_2531897). Replicas then were washed

and incubated in a solution containing the following secondary antibodies: goat anti-rabbit

10
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1gGs coupled to 5 or 10 nm gold particles (1:75 or 1:100; British Biocell) and goat anti-guinea
pig IgGs coupled to 15 nm gold particles (1:75 or 1:100; British Biocell). Replicas were
rinsed in TBS and distilled water before they were picked up on copper parallel bar grids and
examined with a Jeol1011 EM. All antibodies used in this study recognized intracellular
epitopes on their target proteins and consequently were visualized by gold particles on the P-

face. The nonspecific background labeling was measured on surrounding E-face structures.

To quantify the Cav2.1 and the Cav2.2 subunit densities in the AZs of axon terminals
targeting Kv3.1b" or mGluR 1o dendrites, all experiments were performed with the ‘mirror
replica method’ (Hagiwara et al., 2005). With this method, replicas are generated from both
matching sides of the fractured tissue surface, allowing the examination of the corresponding
E- and P-faces of exactly the same membranes. The AZs were delineated on the P-face based
on the underlying high density of intramembrane particles. Gold particles inside the synaptic
area and up to 30 nm away from its edge were counted. Axon terminals containing Cav
subunit labeling without an elevated density of intramembrane particles were discarded from
the analysis because this is a characteristic feature of inhibitory terminals (Lenkey et al.,
2015). All AZs, fractured partially or in their completeness, were quantified. When the
synaptic area was not flat, the replica was tilted. To eliminate reaction-to-reaction variability
in the Cav subunit labeling, synaptic, extrasynaptic bouton, and background Cav densities
were normalized to the mean of the Cav densities measured in the AZs targeting mGluR 1o

profiles in each reaction.

Analysis of the sub-AZ distribution of immunoreactive Cav2.1 and Cav2.2 subunits. To
investigate whether the within-AZ distribution of gold particles labeling the Cav2.1 or Cav2.2
subunits is different from random distributions, we computed two measures with an in-house
developed software. First, we calculated the mean of the nearest neighbor distances of all gold

particles within an AZ (NND) and that of random distributed gold particles within the same
11
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AZ (same number of gold particles, 1000 repetitions). The NNDs were then statistically
compared with Wilcoxon signed-rank test. In our second approach, we computed a two-
dimensional spatial autocorrelation function (g(r)) for our experimental data and for their
random controls based on the methods of Veatch et al. (2012). The g(r) reports the probability
of finding a second gold particle at a given r distance away from a given gold (Veatch et al,
2012). For randomly distributed gold particles g(r) = 1, whereas spatial inhomogeneities result
in g(r) values > 1 at short distances. In our experiments, we computed the g(r) for 0 <r < 80
nm, then their mean (g(r)) was calculated and compared to those obtained from random

distributions using the Wilcoxon signed-rank test.

Quantification of MGluR1a and EIfn1/2, and mGluR1a and PV colocalization. Colocalization
of immunolabelled somata and dendrites was assessed in image stacks acquired with an
Olympus FV1000 confocal microscope with 20x (somata) or 60x (dendrites) objectives in
randomly selected areas of the CA3 stratum oriens for Elfn1/2, and dorsal and ventral CA1
and CA3 areas for PV. Image stacks were acquired at 20X magnification and cells were
quantified in ROIs of 200x600x60 um in the Fluoview software. Image stacks at 60X
magnification were imported into the Neurolucida software, and the total length of single and

double labeled dendrites were measured in ROIs of 70x70x36 um.

Data analysis and statistical tests. Analysis of electrophysiological and two-photon imaging
data was performed using specialized Matlab-based software (MES, Femtonics Ltd. Budapest,
Hungary). Data were plotted using OriginPro. Normality of data was assessed using Shapiro-
Wilks test; statistical significance was assessed with t-test (independent two-sample with
unequal variances, Table 1) when the distribution was not statistically different from normal.
For non-normal distributions and when the sample size was small, either Mann Whitney U-

test (MW U-test; two unpaired groups, Fig. 2J, 3D, E, Fig. 40-Q, Fig. 7G, H), or Wilcoxon

12
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signed-rank test (two paired groups, Fig. 5 P, R, 6 K, L), or Kruskal-Wallis test (multiple
unpaired groups) with MW U-test with Bonferroni adjustment (21 (3 groups), 50 (5 groups),
6J (5 groups)) were used. For the comparison of the short-term plasticity of evoked EPSCs,
two-way repeated measures ANOVA with Bonferroni post hoc test was used (Fig. 1). Power
analysis were performed and predicted a power of 0.8 for every dataset in Fig. 2 and 3 and
0.75 for data in Fig. 7. Data are presented as mean + standard deviation (SD) for normally
distributed data or median and interquartile ranges (IQR) for non-normal distributions. Results

were considered significant when p < 0.05. In all figures, *p < 0.05; **p < 0.01; ***p <0.001.

Results

Distinct short-term plasticity of EPSCs in different IN types of the hippocampal CA3

region

We chose CA3 PC local axon collaterals as the subject of our study because they are
amenable to presynaptic [Ca®'] measurements (Holderith et al., 2012) and establish synaptic
contacts onto both FS, PV positive (PV") and mGluR 1a positive (mGluR1e") INs. First we
characterized the short-term plasticity of EPSCs recorded from PV" and mGluR 1o INs in the
CA3 region of young Wistar rats. Whole-cell voltage-clamp recordings were performed from
the somata of GABAergic INs located in the stratum oriens with biocytin-containing
intracellular solutions and five EPSCs were evoked by extracellular stimulation of PC axons
(Fig. 1). The cells were characterized based on their firing patterns (Fig. 1C, G), post hoc
determined dendritic and axonal arbors (Fig. 1A, E) and their PV or mGluR1a
immunoreactivity (Fig. 1B, F). EPSCs evoked by a train of stimuli at 40 or 50 Hz in PV" INs
showed short-term depression (EPSC™™ / EPSC': 0.48 + 0.16, n = 10; Fig. 1D, I). In contrast,

five stimuli elicited facilitating EPSCs in mGluR 1o INs (EPSC™" / EPSC'*' =3.0 £ 1.9, n =

13
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31; Fig. 1H, ). Although the mGluR 1o cells showed marked heterogeneity based on their
dendritic and axonal arbors, firing patterns and short-term plasticity, their excitatory inputs
showed a different short-term plasticity pattern when compared to those recorded from PV"
cells (Fig. 11). These results clearly demonstrate robust differences in the short-term plasticity
of evoked EPSCs in PV"and mGluR 1o INs in the CA3 area similar to those observed in the
CA1 area and the neocortex, offering the use of these molecules in this brain region as
markers to label the postsynaptic compartments of functionally distinct presynaptic axon
terminals. Because 75% of mGluR 1o cells also contain low amounts of PV in the dorsal
hippocampal CA1 area (Ferraguti et al., 2004), we performed colocalization of these two
molecules in the dorsal and ventral CA1 and CA3 areas. Our results confirmed those of
Ferraguti et al. (2004) revealing 66 = 4% and 65 =+ 21% colocalization in the dorsal CA1 and
CA3 areas, respectively. However, we found that less than 4% of the mGluR 1" cells are
immunopositive for PV in the ventral CA3 area. This low prevalence of colocalization was
observed in perfusion fixed brain sections (2.4 = 1.7%, n = 3 rats) as well as in immersion

fixed hippocampal in vitro slices (3.3 £3.5%, n = 4 rats).

As Elfn] has been demonstrated to play a critical role in the short-term facilitation of EPSCs
in mGluR1a" O-LM cells of the CA1 region (Sylwestrak and Ghosh, 2012), we performed
double immunolocalization for mGluR 1a and Elfn1/2 in the stratum oriens of the CA3 area of
perfusion fixed rats. We found that almost all (99 = 4%) Elfn1/2 immunopositive (Elfn1/2")
dendrites also contained mGluR 1o and that, conversely, 90 £ 5% of the mGluR 1o" dendrites
were also Elfn1/2" (~6000 um dendrite / animal, n = 3 animals). When we tested the short-
term plasticity of EPSCs in Elfnl/2 and mGluR 1o double labelled INs, they showed a robust
short-term facilitation, the degree of which was significantly larger than that detected in
mGluR 1o, but Elfn1/2 negative, cells (Fig. 1J, K). These results reveal a previously unseen

diversity among mGluR 1a" INs and provide an explanation for the variance in the short-term
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plasticity of their inputs. Elfn1/2 seems to be an ideal molecular marker for postsynaptic INs
that receive strongly facilitating inputs, but its post hoc visualization requires very mild
fixation (see Methods) that is incompatible with post hoc recovery of axonal arbor and EM
analysis. However, because 90% of mGluR 1o IN dendrites are also Elfnl/2", we decided to

use mGluR 1a as our molecular marker for facilitating synapses.
Target cell type-dependent differences in Ca’" inflow at the AZ

First we opted for a combined functional and morphological approach to estimate the
‘functional Ca>* channel density” in the presynaptic AZs of CA3 PCs (Holderith et al., 2012).
This approach requires the measurements of [Ca®*] in local axon terminals of PCs using two-
photon microscopy with an intracellularly applied Ca®* sensitive dye (300 uM Fluo5F; Fig. 2).
Single action potential (AP)-evoked [Ca2+] transients showed sizeable variability in their peak
amplitudes (coefficient of variation (CV) = 0.37, n= 692 boutons in 30 cells). To specifically
examine [Ca2+] in axon terminals with identified postsynaptic target cell types, we fixed the
slices following the in vitro imaging experiments and then visualized the intracellular biocytin
and immunolabelled the tissue for mGluR 1a and PV for confocal microscopy analysis (Fig.
2D-G). In most experiments we imaged 15-30 boutons, out of which few had apparently PV"
or mGluR lo." dendrites as postsynaptic targets. From the total of 692 imaged boutons, we
found 26 and 61 as potential presynaptic elements to PV and mGluR1a" INs, respectively.
Our post hoc analysis revealed that the peak amplitude of the [Ca”’] transient was 1.25-times
larger in PV" dendrite-targeting boutons compared to their mGluR 1o." dendrite-targeting
counterparts (PV: median: 0.134 G/Gnax, interquartile ranges (IQR): 0.105 — 0.168 G/Gax,
=26; mGluR1a: median: 0.107 G/Gppax, IQR: 0.081 — 0.138 G/Gpax, n = 61, unidentified
target: median: 0.114 G/Gpax, IQR: 0.084 — 0.145 G/Gpax, n = 605,; Fig. 21; Table 1). To
minimize potential errors caused by slightly different dye concentrations in distinct PCs, we

calculated peak amplitude ratios with two other methods. First, we restricted our analyses to
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cells that contained both PV" and mGluR 1o dendrite-targeting boutons and calculated
within-cell ratios, and found a similar 1.28-times higher value in boutons targeting PV*
dendrites (n = 10 cells). Second, we normalized the peak amplitude of the [Ca®'] transients in
each PV" and mGluR 1a* dendrite-innervating bouton to the mean of peak amplitudes
recorded from all boutons of a given cell and again found a 1.21-times larger value in boutons
targeting PV" dendrites. In a separate set of experiments, we performed [Ca2+] imaging with
100 uM FluoSF and calculated the above mentioned peak amplitude ratios. The within-cell
ratio of peak [Ca2+] in boutons innervating PV or mGluR1a" dendrites was 1.32 (n = 11 cell),
whereas the [Ca®'] transients in PV or mGluR 1 a-innervating boutons normalized to the mean
[Ca2+] transients were 1.33 (n = 18) and 1.04 (n = 35), respectively, yielding a ratio of 1.27

(Table 1).

Because Sylwestrak and Ghosh (2012) reported the presence of kainate receptors in axon
terminals innervating mGluR 1™ O-LM cells that could potentially contribute to the
presynaptic [Ca*'], we examined the effect of a non-selective voltage-gated Ca*" channel
blocker. We found that 50 uM Cd*" caused a similar reduction in the peak [Ca®'] in

mGluR 10" dendrite-innervating boutons (89 £ 10 % block n = 8) compared to that of
unidentified targets (87 + 10% block, n =36 in n = 4 cells), ruling out a significant cell type-
dependent differential contribution of kainate receptors to single AP-evoked presynaptic
[Ca®"] transients. To assess the contribution of the N/P/Q-type Ca”" channels to the [Ca®']
transients we applied 0-CTX MVIIC (a selective N- and P/Q-type Ca”" channel blocker) in a
concentration (1 uM) that almost completely abolishes the evoked EPSCs in both PV* (96 +
3% block, n = 4 cells) and mGluR1a" (93 + 7% block, n = 6) INs in the str. oriens of the CA3
area. The toxin reduced the peak amplitude of the presynaptic [Ca2+] transients by 45 + 10%

(n =12 in PV-innervating boutons) and 46 + 18% (n = 19 mGluR 1 a-innervating boutons),
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demonstrating a similar contribution of these channels to the [Ca®'] transients in the two

bouton populations.

A larger [Ca®'] transient might be the consequence of lower Ca®* buffering, a smaller bouton
volume, or a larger amount of Ca>" entering the bouton. To assess potential differences in
Ca*" buffering in these boutons, which were often only a few microns away from each other
(inter-bouton distance: 6.4 + 3.5 um) on the same axon branch, first we fitted the decay of the
grand total averaged [Ca”'] transients with single exponentials and found very similar time
constants (PV: 352 ms vs. mGluR 1a: 413 ms). However, the high fluorescent dye
concentration (300 uM) used in these experiments might dominate the decay, masking
potential differences in the fixed buffer concentration. To circumvent this problem, we
recorded [Ca®'] transients with 100 pM Fluo5F and analyzed their decay times (Fig. 2J). The
[Ca®"] transients recorded with lower dye concentrations displayed a substantially faster decay
(300 uM: 463 ms vs. 100 uM: 210 ms, fitted to the first 260 ms of the averaged traces). When
the decay time constants of [Ca®'] transients were compared in boutons innervating PV " and
mGluR 10" dendrites, no significant difference was found (PV: median: 277 ms, IQR: 212 —
403 ms, n = 18; mGluR 1a:: median: 259 ms, IQR: 207 — 322 ms, n =35; p=0.61, MW U-test;
Fig. 2J), arguing against a robust difference in Ca>* buffering. To test potential differences in
bouton volumes, we carried out 3D EM reconstructions of PV' or mGluR 1o dendritic
segments together with their presynaptic axon terminals in the stratum oriens of perfusion
fixed tissue (Fig. 3). Both PV" and mGluR 1o dendrites were densely innervated by axon
terminals, the majority of which formed asymmetrical (excitatory) synapses onto dendritic
shafts (Fig. 3A, B). These boutons mainly originate from CA3 PCs located either in the ipsi-
or contralateral hemisphere. Three-dimensional reconstructions (Fig. 3C) revealed no
significant difference in the volume of the boutons innervating these IN types (PV: median:

0.20 um’, IQR: 0.136 — 0.25 um’, n = 67; mGluR la: median: 0.20 um®, IQR: 0.125 — 0.291
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pm’, n = 87; p=0.65, MW U-test; Fig. 3D), demonstrating that distinct bouton volumes are
not the main cause of the observed differences in peak [Ca®']. Because previous studies from
our laboratory revealed that presynaptic Cav2.1 and Cav2.2 Ca®* channel subunits are
confined to the AZ of hippocampal glutamatergic and GABAergic axon terminals (Holderith
et al., 2012; Lenkey et al., 2015), we measured the total AZ areas in the 3D reconstructed
boutons and found significantly smaller AZs in PV" dendrite-innervating boutons (PV:
median: 0.06 pm?, IQR: 0.04 — 0.08 um?, n = 67; mGluR 1a: median: 0.08 um?, IQR: 0.05 —
0.11 ],Lmz, n=87;p=0.0001, MW U-test; Fig. 3E). Finally, we calculated the total Ca®" that
enters upon an AP by multiplying the peak [Ca®"] with the medians of the volume of
randomly selected and 3D reconstructed boutons. Assuming that this Ca’’ enters through Ca*"
channels located in the AZs, we normalized this data to the median AZ area. This way we can
calculate the total amount of Ca”" that enters the boutons through a unit AZ area (termed as

‘functional Ca®" channel density’) in PV" and mGluR1a" dendrite-targeting boutons and

found it to be 1.7-times larger in PV" dendrite-innervating boutons.

To provide a more direct measure of the ‘functional Ca>* channel density’ in these AZs, we
randomly selected a subset of our in vitro two-photon imaged boutons with LM
immunofluorescent identification of their postsynaptic target cells (n=12 PV and n =18
mGIluR o' -targeting boutons from 9 PCs) and performed serial section EM of the imaged
boutons (Fig. 4A-M). This method provides a more accurate ‘functional Ca>* channel density’
estimate, but it has the disadvantage of being so labor intensive that a smaller data set was
obtained. The peak amplitude of the [Ca®'] transient in EM-verified PV dendrite-targeting
boutons was 1.32-times larger compared to that recorded in mGluR 1o dendrite-targeting
boutons (PV: 0.18 + 0.06 G/Gpax, median: 0.17 G/Gpax, n = 10; mGluR1a: 0.13 +0.03
G/Gnax, median: 0.13 G/Gyax, n =13, p=0.02, MW U-test). We could faithfully measure the

AZ area in 7 and 10 boutons targeting PV and mGluR 1o dendrites, respectively. In this
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subset, the peak [Ca®'] in PV dendrite-targeting boutons was 1.34-times larger compared to
that in mGluR 1o." dendrite-targeting ones (PV: 0.17 £ 0.05 G/Gpax, median: 0.17 G/Gpax, n =
7; mGluR1a: 0.13 £ 0.02 G/Gpax, median: 0.13 G/Gpax, n = 10, p = 0.045, MW U-test) similar
to the difference observed for the population data (c.f. Fig. 21, 4N-O). EM analysis of these
boutons revealed that they established synapses onto dendritic shafts that received many
convergent asymmetrical synapses (implying that they were IN dendrites). None of these
boutons had any ultrastructural sign of photodamage; they had only a single AZ and appeared
qualitatively similar to those reconstructed from perfusion-fixed tissue. When the AZ area to
bouton volume ratio was calculated for this subset of boutons (PV: 0.32 + 0.08 1/um, median:
0.31 1/um, n = 7; mGluR1a: 0.47 + 0.13 1/um, median: 0.50 1/um, n = 10; p = 0.04, MW U-
test, Fig. 4P), a similar significant difference was observed compared to the larger population
obtained from the perfusion-fixed tissue with better ultrastructural preservation (PV: 0.32 +
0.13 1/pm, median: 0.29 1/um, n = 59; mGluR1a: 0.42 £ 0.18 1/pm, median: 0.40 1/um, n =
79; p <0.001, MW U-test, single AZ boutons only). Finally, we calculated the total amount of
Ca®" per AZ area for these imaged and EM analyzed boutons and obtained a 1.9-times larger
value for the PV dendrite-innervating axon terminals (PV: 0.54 + 0.12, median: 0.56, n = 7;
mGluR 1a: 0.28 £ 0.06, median: 0.27, n = 10; p = 0.002, MW U-test; Fig. 4Q). These two
combined functional—-structural approaches indicated 1.7- and 1.9-times differences in the
‘functional Ca>" channel density” in the AZs of these two bouton populations. Finally, our EM
analysis revealed a similar accuracy in predicting synaptic contacts with confocal microscopy
between biocytin filled axon terminals and PV" (10 out of 12 boutons) or mGluR1a"” (13 out

of 18 boutons) dendrites.

Cav2.1 and Cav2.2 subunit densities in presynaptic AZs as determined with replica

immunolabeling
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In the next set of experiments, we performed SDS-FRL to obtain an independent measure of
presynaptic Ca>* channel densities. In order to quantitatively compare the immunogold
labeling for Ca** channel subunits in presynaptic AZs that synapse onto distinct IN types, the
postsynaptic targets of the axon terminals need to be identified. This requires the use of the so
called face-matched mirror replica technique (Hagiwara et al., 2005) and the molecular
identification of the target IN types, because the type of IN from small fractured membrane
segments cannot be determined based on morphological features. Following rapid freezing
under high pressure, we randomly fractured tissue sections from the CA3 area and created
carbon-platinum-carbon replicas of both fractured surfaces (Figs. 5, 6). One replica was
immunoreacted to identify IN dendrites and its mirror surface was labeled for a Ca*’ channel
subunit, and all subcellular structures (dendrites, AZs) were identified in both replicas.
Metabotropic GluR1a is a transmembrane protein that is expressed in the somato-dendritic
plasma membrane of hippocampal INs and specific antibodies are available that can be used
for replica labeling (Mansouri et al., 2015). PV is a cytoplasmic protein that cannot be
detected with SDS-FRL, therefore we identified somato-dendritic regions of PV" INs based
on the presence of immunogold labeling for the Kv3.1b voltage-gated K™ channel subunit (Du
et al., 1996). Both mGluR1a and Kv3.1b antibodies recognize intracellular epitopes,
therefore, label the protoplasmic-face (P-face) of dendritic plasma membranes (Figs. 5, 6).
Many membrane segments are attached to these IN dendrites that represent the extracellular-
face (E-face) of presynaptic axon terminals. As our antibodies against Ca®" channel subunits
recognize intracellular epitopes (label on the P-face), they cannot be used to localize these
channels in these attached axonal E-face membranes. The P-faces of these dendrite-attached
presynaptic membranes are present in the ‘mirror replicas’ (Figs. 5, 6). Because the release of
glutamate from these axon terminals are mainly mediated by P/Q- and N-type Ca>" channels

(see above), we localized both Cav2.1 and Cav2.2 subunits. The dendrite-attached P-face
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membrane segments were often labelled for the Cav2.1 subunit and the gold particles were
concentrated over areas that had an elevated density of intra-membrane particles,
corresponding to the AZs (Fig. SA-N). The normalized density of gold particles within the
AZs was significantly larger than that found in the surrounding E-face plasma membranes
(defined as background), while the Cav2.1 subunit density in extrasynaptic bouton membranes
was similar to that of the background (Fig. 50). We performed these experiments in five
animals and analyzed a total of 112 and 172 AZs attached to Kv3.1b" and mGluR1a"
dendrites, respectively, in the stratum oriens of the CA3 area. Quantitative comparison of the
two AZ populations revealed an overall 1.15-times higher density in Kv3.1b" dendrite-

targeting AZs (Fig. 50; for non-normalized gold densities see Table 1)

Next, we conducted the same investigation for the other major Ca®>* channel subunit (Cav2.2;
Fig. 6). Presynaptic P-face plasma membranes attached to Kv3.1b" (n = 52) or mGluRla' (n =
114) dendrites were also heavily labeled for the Cav2.2 subunit (Fig. 6A-1). Gold particles
were confined to the AZs, where their densities were significantly higher than the background
(Fig. 6J). Cav2.2 subunit densities also showed a 1.20-fold higher values in Kv3.1b"
compared to mGluR1o" dendrite-targeting AZs, but the difference did not reach significance
(Fig. 6J; for non-normalized gold densities see Table 1). Finally, we investigated whether the
sub-AZ distribution of the gold particles labeling the Cav subunits is compatible with a
random process. To test this, we computed two measures (nearest neighbor distance (NND),
and a two-dimensional spatial autocorrelation function (ACF), see Methods) and compared
the real anti-Cav2.1 immunogold distribution data in 43 Kv3.1b" and 72 mGluR 1o dendrite-
targeting AZs (fractured in their completeness) to those of random gold distributions. Both
NND and ACF analysis revealed that the actual data was significantly different from random
distributions (Fig. SP, R). A similar result was obtained for the Cav2.2 subunit in 21 (Kv3.1b)

and 40 (mGluR1a) AZs (Fig. 6K, L). The significantly lower mean NNDs in both Kv3.1b"
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and mGluR 1o dendrite-innervating AZs demonstrate spatial inhomogeneities of gold

particles.
Difference in docked vesicle density in PV and mGluR1a" dendrite-innervating boutons

Not only the Ca®" channel density influences the distance between the presynaptic Ca**
channels and the Ca*" sensors on the synaptic vesicles, but the density of vesicles docked at
the AZ is also a key parameter. The best currently known method to analyze the distribution
of synaptic vesicles around the AZ at high resolution is EM tomography (Siksou et al., 2007;
Imig et al., 2014). We therefore carried out EM tomography on 200 nm thick resin embedded,
perfusion fixed tissue immunoreacted for PV or mGluR 1a (Fig. 7) and estimated the densities
of vesicles associated with these two AZ populations. Examining the tomographic sub-
volumes at a resolution of 0.6 nm allowed the selection of the Z directional planes where each
vesicle is closest to the presynaptic AZ membrane, from which the measurements were
performed. We defined a vesicle as docked if it directly contacted the AZ membrane (Fig. 7B,
E) or as pre-docked if the vesicle to AZ membrane distance was < 5 nm (Fig. 7C, F).
Quantitative comparisons revealed a 1.5- and 1.4-times higher density of docked (Fig. 7G)
and membrane-proximal (docked and pre-docked vesicles pooled together; Fig. 7H, Table 1.)

vesicles in AZs contacting PV" INs, compared to mGluR1a" INs, respectively.

Discussion

In the present manuscript, we performed two series of experiments to estimate the densities of
Ca’" channels in presynaptic AZs of CA3 PCs contacting two distinct types of IN. First, we
carried out a combined functional and morphological investigation to estimate what we call

“functional Ca*" channel density” and found an almost 2-fold higher density in the AZs
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innervating PV" compared to mGluR 1a" INs. This is the consequence of a larger presynaptic
[Ca®"] transient, a smaller AZ area and a similar volume of boutons innervating PV* INs. We
also determined the densities of immunogold particles labeling the Cav2.1 and Cav2.2 Ca*"
channel subunits using SDS-FRL and found that PV" dendrite-innervating terminals exhibited
only a 1.15-times higher Ca®" channel subunit density. Finally, a 1.5-times higher density of

docked vesicles in PV" dendrite-innervating AZs was revealed by EM tomography.

Target cell type-dependent differential modulation of Ca’" channel function

Our Ca*" imaging experiments are consistent with the results of Koester and Johnston (2005)
who have performed simultaneous paired whole-cell recordings and imaged [Ca”'] transients
in presynaptic boutons mediating either facilitating or depressing EPSPs in the neocortex.
They also observed a larger presynaptic [Ca2+] transient in depressing PC to multipolar cell
synapses compared to those mediating facilitating EPSPs in bitufted cells. However, the
difference in the recorded cortical boutons was more robust than that found in our present
study in CA3 PCs. Koester and Johnston (2005) did not provide ultrastructural information
regarding the bouton volume or AZ size, so the basis for the difference in [Ca®"] between the
depressing and facilitating synapses could not be determined. Our data thus extend the current
knowledge by demonstrating that the larger [Ca®'] in high P,, FS PV" IN-innervating boutons
is not the consequence of a smaller bouton volume, but is caused by a larger amount of Ca*"
entering the bouton upon an AP. By determining the size of the AZs (where Ca** channels are
concentrated) we can predict the [Ca®'] in the vicinity of the release sites. Assuming similar
Ca”" channel properties in different P, boutons, our data predict a 1.7 — 1.9-times higher
density of Ca*" channels in high P, AZs. However, quantitative evaluation of several hundreds

of AZs with SDS-FRL for both Cav2.1 (P/Q) and Cav2.2 (N-type) Ca’" channel subunits in
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AZs that remained physically attached to Kv3.1b" (PV") or mGluR 10" somato-dendritic
membranes revealed only a ~15% higher Cav subunit density in the Kv3.1b" dendrite-

innervating AZs.

A potential explanation for the discrepancy between our ‘functional channel density’ and
SDS-FRL Cav subunit density estimates is a preferential enrichment of Cav2.3 (R-type)/Cavl
(L-type)/Cav3 (T-type) subunits in PV" dendrite-innervating boutons (Parajuli et al., 2012;
Carbone et al., 2014). However, our experiments with 1 uM @-CTX MVIIC (a concentration
that almost fully block the evoked EPSCs in both IN types) revealed an almost identical block
of [Ca®'] transients in boutons targeting these distinct IN types, arguing against differential
contribution of R-, T-, and L-type Ca>" channels to the [Ca’'] transients. Another possible
explanation for this discrepancy is a differential fixed Ca®" buffer concentration in these two
bouton populations. However, the similar decay of the [Ca®'] transients (recorded with either
300 or 100 uM Fluo5F) in these bouton populations argues against this possibility. We
suggest that differential target cell type-dependent regulation of Ca”" channel function is the

most likely mechanism underlying the differences.

There are a number of ways to regulate Ca®* channel function. Association with different
subunits promotes different voltage-dependent activation and inactivation (reviewed by
Buraei and Yang, 2010). Interactions with SNARE proteins such as syntaxin and SNAP25 at
the so called *synprint* motif reduce the channel open probability, whereas additional co-
expression of synaptotagmin reverses this effect (Zhong et al., 1999). This suggests a
regulatory switch by which presynaptic Ca®" channels bound to Ca** sensors are functionally
enabled, whereas Ca®" channels decoupled from Ca®" sensors are disabled (Eggermann et al.,
2012). The AZ protein Munc13, which is involved in vesicle priming processes, has also been

found to alter Ca®" inflow by modulating the kinetic properties of Ca®" channels without
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changing their density (Calloway et al., 2015). Probably the most widely studied modulation
of Ca** channel function is its regulation by presynaptic G-protein-coupled receptors (e.g.
mGluRs, Al adenosine-, 02 noradrenergic, GABAg or endocannabinoid receptors; Bean,
1989; Dittman and Regehr, 1996; Takahashi et al., 1996; Leao and Von Gersdorff, 2002;
Brown et al., 2004; Szabo et al., 2014; Kupferschmidt and Lovinger, 2015). P/Q- and N-type
Ca”" channel function is reduced via direct binding of G-protein B/y-subunits to Ca®" channel
f subunits. In a recent study, Anderson et al. (2015) demonstrated that presynaptic 3
neurexins can transsynaptically reduce tonic endocannabinoid production and increase the P,
of CAl PC axons by alleviating presynaptic [Ca*'] from CB1-mediated inhibition. Another
way of modulating Ca®" channel function is phosphorylation: CDKS5 (kinase) / calcineurin
(phosphatase) equilibrium has been shown to set the phosphorylation state of the a1 subunit of
N-type Ca®" channels, which influences the voltage dependence of the open probability of the
channel (Su et al., 2012; Kim and Ryan, 2013). Whatever the mechanisms are, they must be
able to modulate the function of presynaptic Ca®" channels in a postsynaptic target cell type-

dependent manner.

The amount of Ca®* entering through presynaptic voltage-gated Ca>" channels is very
sensitive to the shape/waveform of the AP (Geiger and Jonas, 2000), and therefore a
postsynaptic target cell type-dependent difference in the AP waveform could also explain our
results. It remains to be seen whether the AP waveform in boutons (Rowan et al., 2014) that
are segregated by only a few microns along the same axon could be sufficiently different to

account for the ~30% difference in the [Ca”'] transient observed in our experiments.

The larger amount of Ca*" together with a higher docked vesicle density in high P, boutons,
indicates a higher [Ca”] at the Ca*" sensors. Rozov et al. (2001) tested the transmission
between cortical PCs and two distinct IN types (multipolar and bitufted) with fast and slow

Ca”" buffers. The more robust effect of EGTA (slow buffer) on neurotransmitter release from
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PC to bitufted compared to multipolar cells predicted a larger physical distance between the
Ca”" channels and Ca”" sensors (larger coupling distance) in the low P, synapse. Our
‘functional Ca”" channel density” estimate is consistent with this prediction and supports the
hypothesis that the mechanisms underlying the low initial P, and the subsequent short-term
facilitation is a large Ca”" channel to Ca®" sensor distance (Neher, 1998; Atwood and

Karunanithi, 2002; Eggermann et al., 2012).

Another level of complexity might arise from the potential target cell type-dependent
differences in the sub-AZ distribution of Ca®" channels (Holderith et al., 2012; Nakamura et
al., 2015). Our NND and ACF analysis revealed that Cav2.1 and Cav2.2 subunits show
within-AZ distributions that are significantly different from random distributions. Note,
however, that the fact that the distribution of gold particles in both AZ populations differ from
random does not mean that the sub-AZ distribution of Cav channels is identical in both AZ

populations.

Target cell type-dependent molecular differences in presynaptic axon terminals

So far, the only known protein with a dramatic difference in its density between low- and
high-P, synapses of a single PC axon is mGluR7 (Shigemoto et al., 1996), making it an ideal
candidate through which a low initial P, and a consequent short-term facilitation could be
achieved. The pharmacological blockade of group III mGluRs (including mGluR7) increases
the amplitude of evoked EPSCs, but does not change the facilitating phenotype of EPSCs
recorded from CA1 mGluR 1o INs (Losonczy et al., 2003), suggesting a tonic, mGluR-
mediated reduction of transmitter release from these axon terminals. Similarly, knocking
down Elfnl from somatostatin-positive INs also led to an increase in the amplitude of the 1*

EPSC of a train and a reduction in the degree of short-term facilitation, consistent with the
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results of pharmacological block of mGluR7. Indeed, it has recently been shown that the
postsynaptically located Elfnl has a key role in the selective recruitment of mGluR7 to the
presynaptic AZs of PC axons that contact somatostatin/mGluR 1¢.” INs (Tomioka et al., 2014).
However, the short-term plasticity of the mGluR 1o dendrite-targeting boutons in mGluR7
antagonist or following Elfn1 knock-down is still facilitating, very different from that
observed in PV" IN-targeting boutons, suggesting that other mechanisms must be involved.
These might include the regulation of Ca®* channel function mentioned above or the selective
presence of molecules that might impose facilitation on synapses (e.g. NMDA receptors,
Buchanan et al., 2012; kainate receptors, Sylwestrak and Ghosh, 2012; synaptotagmin-7,
Jackman et al., 2016). Additional factors could contribute to differences in initial P, by
changing the sensitivity of the release machinery to [Ca®"]. Proteins like Rab3A-D and
Munc13-3 increase (Schluter et al., 2004; Schluter et al., 2006; Ishiyama et al., 2014) whereas
others such as mover decrease (Korber et al., 2015) P, without affecting the readily releasable
pool. Unc13 isoforms have been implicated in the preferential targeting of vesicles to docking
sites that are formed at varying distances from the Ca®" channels (Bohme et al., 2016). Any of
these mechanisms may also contribute to the differences in initial P, in addition to the above

described differences in [Ca*'].
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817  Tablel: Properties of [Ca®'] transients, bouton volumes, AZ areas and Cav
818  immunoreactivities in PV" and mGluR 1o dendrite-innervating axon terminals.

PV" dendrite-targeting boutons mGluR1o" dendrite-targeting boutons

Mean SD |Median| n [#animal|l Mean [ SD |Medianl n |#animal Test p

Peak amplitude of [Caz‘] transient (300 M
Fluo5F) (G/Gmax)

0.14 | 0.05 0.13 | 26* 15 0.11 | 0.04 | 0.11 | 61* 23 MW U-test| 0.012

Normalized peak amplitude of [ca™]

1 1.20 0.41 112 | 26* 15 1.00 | 0.28 | 0.98 | 61* 23 t-test 0.024
transient (300 UM Fluo5F)

Peak amplitude of [Caz‘] transient (100 M
FIUOSF) (G/Gmax)

0.21 0.10 0.22 | 14* 9 0.17 | 011 | 0.14 | 21* 13 MW U-test| 0.100

Normalized peak amplitude of [Cau]

1 133 0.51 136 | 18* 12 1.04 [ 0.25 | 1.03 | 35* 18 t-test 0.037
transient (100 uM Fluo5E)

Bouton volume in perfused tissue (ums) 0.20 | 0.10 0.20 | 67* 3 0.25 | 0.18 | 0.20 | 87* 3 MW U-test| 0.650
Bouton volume in vitro slices (},Lm3) 0.31 0.12 0.26 7 5 020 | 0.12 | 0.18 10 4
Total AZ area in perfused tissue (umz) 0.06 0.03 0.06 | 67* 3 0.09 | 0.05 | 0.08 | 87* 3 MW U-test| 0.000
AZ area in vitro slices (pmz) 0.10 | 0.04 0.09 7 5 0.09 | 0.03 | 0.09 10 4
Cav2.1subunit density in AZs (gold/um?)’ | 373 47 370 | 112 5 321 | 46 | 325 | 172 5
Cav2.2 subunit density in AZs (gold/um?)® | 151 30 139 | 52 4 130 | 39 | 130 | 114 4

Cav2.1subunit density in extrasynaptic
22 2.14 2.46 2.21 93 5 283 | 2.64 | 2.23 174 5
membranes (gold/um?)

Cav2.2 subunit density in extrasynaptic
22 2.69 3.15 2.35 48 4 1.02 | 1.26 | 0.75 113 4
membranes (gold/um®)

Background Cav2.1 subunit density

22 2.27 193 2.94 132 5 2.27 1.93 2.94 132 5
(gold/um?)
Background Cav2.2 subunit density
2.2 0.66 0.33 0.62 | 104 4 0.66 | 0.33 | 0.62 104 4
(gold/um?)
Cav2.1NND distance (nm) 24.7 4.0 233 43 5 24.3 4.6 23.1 72 5
Cav2.2 NND distance (nm) 32.1 7.2 30.3 21 4 32.0 83 28.7 40 4
Docked vesicle density (Vesicle/umz) 331 211 35.5 | 47* 3 219 | 17.5 | 22.2 | 49* 3 MW U-test| 0.010
Membrane proximal vesicle density
X 2 64.9 42.0 59.1 | 47* 3 473 26.6 | 49.9 | 49* 3 MW U-test| 0.037
819 (vesicle/um®)
820
. . . . . 1 2+ .
821 * indicates the ‘n’ used for the statistical comparisons. : [Ca”'] transients were
. 2t . - 2
822 normalized to the mean of all measured [Ca”'] transients of the given cell. =: Values
823 calculated from the medians of 5 (Cav2.1) and 4 (Cav2.2) rats.
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Figure Legends

Figure 1. Short-term plasticity of CA3 pyramidal cell synapses contacting PV or mGluR 1o
interneurons. A, Neurolucida reconstruction of an in vitro recorded basket cell in stratum
pyramidale (str. pyr.) of the CA3 region of the hippocampus (soma and dendrites orange, axon
black). B, Confocal image of the biocytin filled interneuron (IN, left) showing
immunoreactivity for PV (right). Arrows indicate PV immunoreactivity of the biocytin filled
boutons. C, Membrane potential responses upon de- and hyperpolarizing current injections.
The depolarizing suprathreshold response shows fast spiking (FS) characteristics. D,
Excitatory postsynaptic currents (EPSC, average of 20 traces) evoked by extracellular
stimulation in the stratum oriens (str. ori.) display short-term depression. E, Neurolucida
reconstruction of an in vitro recorded and biocytin filled oriens-bistratified IN (soma and
dendrites blue, axon black) in the str. ori. F, The biocytin filled cell (left) is intensely labeled
for mGluR1a (right). G, Membrane potential responses to hyper- and depolarizing current
pulses. Firing pattern shows moderate spike frequency adaptation and amplitude
accommodation. Note the prominent sag and the slow membrane time constant in response to
the hyperpolarizing current step. H, Extracellular stimulation-evoked EPSCs display short-
term facilitation (average of 20 traces). |, The short-term plasticity of evoked EPSCs onto PV
and mGluR la positive INs differs significantly (p < 0.01 for cell type, p = 0.2 for stimulus
number and p = 0.01 for cell type and stimulus number interaction, two-way repeated
measures ANOVA, Bonferroni post hoc test). (J) A biocytin filled IN is intensely labeled for
mGluR 1o and Elfnl/2. K, Peak amplitudes of evoked EPSCs onto mGluR1a and Elfn1/2
double positive INs are significantly larger (p < 0.05 for cell type, p = 0.31 for stimulus
number and p = 0.17 for cell type and stimulus number interaction, two-way repeated

measures ANOVA, Bonferroni post hoc test) than those recorded from mGluR 1o positive, but
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Elfn1/2 negative cells. str. luc., stratum lucidum; str. rad., stratum radiatum; str. 1-m, stratum

lacunosum-moleculare. Data are presented as mean + SD.

Figure 2. Larger [Ca”'] transients in PV" than in mGluR 1a” dendrite-contacting boutons. A,
Two-photon (2P) image stack of a CA3 PC basal dendritic tree and axonal arbor filled with 20
uM Alexa Fluor 594 (Alexa594, red), 300 uM Fluo5F and biocytin. Boxed area is shown at
higher magnification in panel C. Cartoon at the upper left corner illustrates the position of the
cell in the CA3 area. B, Neurolucida reconstruction of the cell shown in panel A. Boxed areas
correspond to panels A and C. C-D, High magnification two-photon (C) and confocal (D)
images of the scanned axon collaterals following fixation and visualization of the biocytin.
Numbers indicate the boutons that have been line scanned. Inset in C shows bouton #1 at a
higher magnification. The line indicates the position of the line scan. E-G, Some of the
imaged boutons are in contact with PV (E-F, boutons #6 and #12) or mGluR1a (G, boutons
#15 and #16) immunolabeled dendrites (biocytin: white, PV: orange, mGluR1a: cyan). H,
Single action potential-evoked [Ca”'] transients (n = 16 transients from 16 boutons, each trace
is the average of 2 scans) recorded in the axon terminals shown in panel C. Orange and cyan
traces are transients from PV+ and mGluR la" dendrite-contacting boutons, respectively. Inset
shows the same traces after Gauss filtering on an extended time scale. I, The peak [Ca®']
transient amplitudes are significantly larger (Kruskal-Wallis test: p =0.01, MW U post hoc
test, p = 0.01 between unidentified and PV and p = 0.01 between PV and mGluR1a) in PV"
(orange) than in mGluR 1o dendrite-contacting (cyan) or all other boutons (grey, n = 605
boutons from 30 cells). Black symbols correspond to individual data points obtained from the
cell shown in panels A-G. J, Averaged [Ca2+] transients, recorded with 100 uM Fluo5SF, in
PV" (orange) or mGluR 1" (cyan) dendrite-targeting boutons. Mono-exponential fits show

similar decay kinetics. Inset shows the individual decay time constant values in 18 PV" and 35
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mGluR 10" dendrite-innervating boutons. The two populations are not significantly different
(p=0.61, MW U-test). Circles indicate individual boutons, the boxes represent interquartile

ranges with the horizontal bars showing the medians.

Figure 3. Three dimensional reconstructions of PC axon terminals targeting PV or
mGluR1a" dendrites. A, B, Electron micrograph of a PV (orange, A) and an mGluR 1o
(cyan, B) dendrite (labeled with pre-embedding peroxidase reaction, dark precipitate)
receiving several excitatory inputs from presynaptic boutons (b). Arrowheads demarcate the
postsynaptic densities. C, Representative dendritic segments are reconstructed in 3D. Boutons
are white and postsynaptic dendrites are orange (PV") or cyan (mGluR1a"). D, E, Bouton
volume is not (p = 0.65 MW U-test, D), but the total active zone area is significantly (p =
0.0001 MW U-test, E) different between PV" and mGluR1a" dendrite-targeting terminals.
Circles indicate individual boutons, the boxes represent interquartile ranges with the

horizontal bars showing the medians.

Fig. 4. Combined functional and morphological analyses of individual boutons show
differences in the amount of Ca®" in PC axon terminals innervating PV or mGluR1a" INs. A,
Neurolucida reconstruction of a CA3 PC filled with 20 uM Alexa 594, 300 uM FluoSF and
biocytin. B, Low magnification 2P microscopic image stack of the basal dendritic tree and the
axonal arbor of the cell. C, Low magnification confocal image stack of the same cell. Boxed
areas on panels A-C indicate the axon collaterals where 21 boutons were imaged. D-I, High
magnification views of the two imaged axon collaterals (2P images: D and G, corresponding
confocal images: E and H, corresponding transmission LM images: F and I). Inset in panel E
shows the same axonal arbor at a lower magnification. Arrows indicate those boutons that

contacted either mGluR 1o (#1-2 and #4) or PV (#3) immunopositive dendrites. J,
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Immunofluorescent labeling for mGluR 1o (cyan), PV (orange) and biocytin (white) of the
imaged area. Arrows point to boutons that form putative synapses on the labeled dendrites. K,
Correlated electron micrographs of the boutons shown in panel J. Arrowheads demarcate the
edges of the morphologically identified postsynaptic densities. L, Three-dimensional
reconstructions of the boutons shown in panels J and K. Light blue indicates the active zone,
dark grey deciphers mitochondria. M, Individual [Ca®'] transients (average of 2 scans)
recorded in the same boutons. N, O, Calcium transients in boutons with EM reconstructed
AZs (N: individual transients: semitransparent, mean: bold; PV: orange, n = 7, mGluR 1a:
cyan, n = 10). The peak amplitude of the [Ca®"] transients is 1.3 times larger in PV (orange),
compared to mGluR 1a (cyan) targeting boutons (p = 0.045 MW U-test, black circles
correspond to data points obtained from the cell shown in panels A-M). Grey symbols indicate
average [Ca’'] transients of the two bouton populations that were verified with confocal
microscopy only (values are from Figure 21). P, The active zone area normalized to the
bouton volume was significantly (p = 0.04 MW U-test) larger in mGluR1a" (n = 10) than in
PV' (n = 7) dendrite-targeting boutons similar to the population averages (grey symbols, p <
0.0001 MW U-test). Q, Calculated total Ca*" per AZ area is twice as large in PV* (n = 7) as in
mGluR1o" (n = 10) dendrite-targeting boutons (p = 0.002, MW U-test). Data are presented as

mean + SD.

Figure 5. The density of Cav2.1 subunits is 1.15-times larger in the AZs of Kv3.1b"
compared to mGluR 10" dendrite-targeting boutons. A, B, Corresponding EM protoplasmic-
(PF) and exoplasmic-face (EF) images of a Kv3.1b" (expressed in PV cells) cell receiving
several excitatory inputs (orange on panel B). C, D, Higher magnification images of the boxed
areas in A and B show a perisomatic EF membrane with attached PF fragments of axon

terminals (bpr) containing AZs (orange in D). Active zones are indicated by the loose cluster
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of intramembrane particles. E, Higher magnification view of the boxed areas in D. F-H,
Another example of an intensely Cav2.1 labelled AZ attached to a Kv3.1b" dendrite. I, J, PF
and EF images of an mGluR 1o immunoreactive dendrite contacted by axon terminals with
AZs (cyan in J). K, A higher magnification image of the boxed area in J. L-N, Another
mGluR 1o dendrite-attached AZ with intense Cav2.1 labeling. O, Normalized densities of
gold particles labeling the Cav2.1 subunit within presynaptic AZ (syn.), extrasynaptic bouton
membranes (extrasyn.) and surrounding EF membranes (background: bg., grey) obtained from
5 rats. Post hoc MW U-tests with Bonferroni correction after Kruskal-Wallis test (p <
0.0001) demonstrated a significant difference between the synaptic and background labeling
(p < 0.0001) and between the synaptic compartments of Kv3.1b" and mGluR 1o dendrite
targeting boutons (p < 0.001). Circles indicate individual measurements of AZs, the boxes
represent interquartile ranges with the horizontal bars showing the medians. P, The nearest
neighbor distance (NND) was calculated for each gold particle within an AZ and the mean
value (NND) is plotted against the NND of randomly placed gold particles (repeated 1000
times) for each AZ contacting Kv3.1b" (n = 43) or mGluR 1o (n = 72) dendrites. Wilcoxon
signed-rank test revealed significant difference (p < 0.0001) between the data and the random
distributions for both AZ populations. R, Comparison of the mean two dimensional spatial
autocorrelation functions ( g(r) ) measured in individual Kv3.1b" (n = 43) or mGluR la" (n =
72) dendrite-targeting AZs to their simulated random controls (repeated 1000 times).
Wilcoxon signed-rank test revealed significant differences (p <0.0001) between the data and

the random distributions for both AZ populations.

Figure 6. The densities of Cav2.2 subunit in AZs of PC boutons targeting Kv3.1b" and
mGluR 1o dendrites. A, B, A Kv3.1b" dendrite (dendritepr in A) is contacted by boutons

whose PF (bpr) membranes show strong Cav2.2 subunit reactivity in their AZs (orange in B).
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C, D, High magnification images of the boxed areas shown in A, B. E, F, PF bouton
membranes contacting an mGluR1a" dendrite (dendritepr in E) contain Cav2.2 subunit
immunolabeled AZs (cyan in F). G-I, Enlarged views of the boxed areas in E, F. J,
Normalized densities of gold particles labeling the Cav2.2 subunit within presynaptic AZs
(syn.) and extrasynaptic membranes (extrasyn.) of boutons contacting Kv3.1b" or mGluR lo"
profiles and in surrounding EF membranes (background: bg., grey). Post hoc MW U-tests
with Bonferroni correction after Kruskal-Wallis test (p < 0.0001) demonstrated a significant
difference between the synaptic and background labeling (p < 0.0001). Circles indicate
individual measurements of AZs, the boxes represent interquartile ranges with the horizontal
bars showing the medians. K, Comparison of NNDs measured in 21 Kv3.1b" and 40
mGluR 1o dendrite-contacting AZs to their random controls (repeated 1000 times). Wilcoxon
signed-rank test revealed significant difference (p < 0.0001) between the data and the random
distributions for both AZ populations. L, The g(r) of individual Kv3.1b" (n = 21) or
mGluR1a" (n = 40) dendrite-targeting AZs is plotted against the g(r) of their random
controls (repeated 1000 times). Wilcoxon signed-rank test revealed significant differences (p
<0.0001) between the data and the random distributions for both AZ populations.

Figure 7. EM tomography of the AZs of PC axon terminals synapsing onto PV" or mGluR Io."
dendrites. A, D, Electron tomographic subvolumes (0.6 nm thick) of representative boutons
(b) establishing asymmetric synaptic contacts (arrowheads demarcate the edges of the
synapses) on a PV" (orange, A) and a mGluR 1o (cyan, D) dendrite (labeled with pre-
embedding peroxidase reaction). B-C and E-F, Higher magnification views show docked (B
and E, area boxed on A and D, respectively) and predocked vesicles (C, F from the same
tomographic subvolumes). G, H, Docked (G, p = 0.01, MW U-test) and membrane proximal

(H, p=10.037, MW U-test, docked + pre-docked vesicles) vesicles have significantly different
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973 densities (PV": n =47; mGluR1a": n = 49 subvolumes) in the two AZ populations. Circles
974  indicate individual AZ subvolumes; boxes represent interquartile ranges with the horizontal

975  bars showing the medians.
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PV* dendrite-targeting boutons

mGluR10."” dend.-targeting boutons

# #
Mean | SD | Median n animal | Mean | SD | Median n animal Test p

Peak amplitude of [Ca®"] transient (300 " N MW U-
UM FIUO5F) (G/Ga) 0.14 | 0.05 0.13 26 15 0.11 | 0.04 0.11 61 23 test 0.012
Normalized peak amplitude of [Caz*] " .
ransient (300 uM FIUOSF)' 1.20 | 0.41 1.12 26 15 1.00 | 0.28 0.98 61 23 t-test 0.024
Peak amplitude of [Ca2+] transient (100 . . MW U-
UM FIUO5F) (G/Gynay) 0.21 | 0.10 0.22 14 9 0.17 | 0.1 0.14 21 13 test 0.100
Normalized peak amplitude of [Ca®"] . .
transient (100 uM Fluo5F)' 1.33 | 0.51 1.36 18 12 1.04 | 0.25 1.03 35 18 t-test 0.037
Bouton volume in perfused tissue (um®) | 0.20 | 010 | 020 | 67| 3 | 025 |018| 020 |87 | 3 M| 0650
Bouton volume in vitro slices (um?®) 0.31 | 0.12 0.26 7 5 0.20 | 0.12 0.18 10 4
Total AZ area in perfused tissue (um?) 006 |003| 006 |677| 3 | 009 |005| 008 |87*| 3 MW U | 0.000
AZ area in vitro slices (umz) 0.10 | 0.04 0.09 7 5 0.09 | 0.03 0.09 10 4
Cav2.1 density in AZs (gold/um?)® 373 47 370 112 5 321 46 325 172 5
Cav2.2 density in AZs (gold/um?)® 151 30 139 52 4 130 39 130 114 4
Cav2.1 extrasynaptic density (gold/um?)® 214 | 2.46 2.21 93 5 2.88 | 2.64 2.23 174 5
Cav2.2 extrasynaptic density (gold/um?)? 269 | 3.15 2.35 48 4 1.02 | 1.26 0.75 113 4
Background Cav2.1 density (gold/um?)* 227 | 1.93 2.94 132 5 227 | 1.93 2.94 132 5
Background Cav2.2 density (gold/umz)2 0.66 | 0.33 0.62 104 4 0.66 | 0.33 0.62 104 4
Cav2.1 NND distance (nm) 247 | 4.0 23.3 43 5 243 | 46 23.1 72 5
Cav2.2 NND distance (nm) 321 7.2 30.3 21 4 32.0 | 83 28.7 40 4
Docked vesicle density (vesicle/umz) 33.1 | 211 35.5 47* 3 219 | 175 222 49 3 MtVeVStJ- 0.010
Membrane proximal vesicle density 649 [ 420 | 591 |47¢| 3 | 473 | 266 | 499 |aor| 3 | MVU- 14037
(vesicle/um®) test




