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Abstract

Synaptotagmin 1 is a presynaptic calcium sensor, regulating SNARE-mediated vesicle exocytosis of
transmitter. Increasing evidence indicate roles of SNARE proteins in postsynaptic glutamate recep-
tor trafficking. However, a possible postsynaptic expression of synaptotagmin 1 has not been
demonstrated previously. Here, we used postembedding immunogold electron microscopy to
determine the subsynaptic localization of synaptotagmin 1 in rat hippocampal CA1 Schaffer collat-
eral synapses. We report for the first time that synaptotagmin 1 is present in rat hippocampal
postsynaptic spines, both on cytoplasmic vesicles and at the postsynaptic density. We further
investigated whether postsynaptic synaptotagmin 1 is regulated during synaptic plasticity. In a rat
model of chronic temporal lobe epilepsy, we found that presynaptic and postsynaptic concentra-
tions of the protein are reduced compared to control animals. This downregulation may possibly
be an adaptive measure to decrease both presynaptic and postsynaptic calcium sensitivity in exci-
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totoxic conditions.
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1 | INTRODUCTION

Postsynaptic dendritic spines on the brain’s principal neurons are bio-
logical nodes for receiving, integrating, and diverging information trans-
mitted from presynaptic terminals (Pozo and Goda, 2010). A crucial
function is also the ability to change these computing properties
with time, known as synaptic plasticity (Kessels and Malinow, 2009;
Sprengel, 2006). Synaptotagmins constitute a family of membrane-
trafficking proteins that can act as calcium sensors (Sudhof, 2002).
Calcium sensors play important roles in regulating synaptic plasticity in
a multitude of different physiological and pathological conditions
(Burgoyne and Haynes, 2015). Modifying the synaptic expression of
calcium sensors could be a possible mechanism to reduce the effects
of postsynaptic calcium overload in excitotoxic diseases (Kerrigan,
Daniel, Regan, & Cho, 2012; Rao et al., 2015). In brains, following sei-

zure activity, the concentration of synaptotagmin 1 is reduced both at

calcium sensor, electron microscopy, epilepsy, hippocampus, synaptic plasticity

mRNA and protein levels (Tocco, Bi, Vician, Lim, Herschman, & Baudry,
1996; Zhang et al., 2014). The synaptotagmin 1 hypothalamic knock-
down ensures almost complete prevention of seizure-induced damage
of hippocampal neurons (Kobayashi, Ohno, Iwakuma, Kaneda, & Saji,
2002). In glutamatergic presynaptic terminals, the calcium sensor synap-
totagmin 1 regulates SNARE-mediated exocytosis of neurotransmitter-
containing vesicles at the active zone (AZ) (Hussain and Davanger
2011; Sudhof, 2013). Increasing evidence supports a role of SNARE
proteins in facilitating vesicular insertion of glutamate receptors in the
plasma membrane of the postsynaptic spine (Hussain and Davanger,
2015; Hussain, Ringsevjen, Egbenya, Skjervold, & Davanger, 2016;
Jurado, 2014; Jurado et al. 2013). However, a possible postsynaptic
expression of synaptotagmin 1 remains unclear. The aim of this study
was to determine the ultrastructural localization of synaptotagmin 1 in
hippocampal synapses, and to evaluate functional dynamics of the

protein by analyzing changes in synaptic synaptotagmin 1
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concentrations after chronic temporal lobe epilepsy. We hypothe-
sized, firstly, that synaptotagmin 1 is present in postsynaptic spines,
and, secondly, that the postsynaptic concentrations of this calcium
sensor during epilepsy may be reduced to adapt to the increased cal-
cium loads in epilepsy.

2 | MATERIAL AND METHODS

2.1 | Antibodies

2.1.1 | Primary antibodies

Anti-synaptotagmin 1 was raised in rabbit, immunized with recombi-
nant synaptotagmin 1 protein fixed in 1.25% glutaraldehyde (GA) and
mixed with Freund’s adjuvant. The synaptotagmin 1 construct (pGEX-
KG vector) was a generous gift from Richard Scheller. Crude antiserum
was affinity-purified with recombinant synaptotagmin 1 protein pre-
fixed with GA (affi-gel column). In-house anti-synaptotagmin 1 was
used at 1:5,000 for western blotting (WB), 1:10-1:50 for electron
microscopy (EM), 1:50 for light microscopy (LM), and 1:100 for immu-
nofluorescence (IF). Anti-synaptotagmin 1 (Millipore, MA, Cat#AB5600)
was used at 1:20-1:200 for EM. Anti-TUJ 1 (Covance, CA, Cat#MMS-
435P) was used at 1:100 for IF. Anti-PSD-95 (Novus Biologics, ON,
Canada, Cat#NB300-556) was used at 1:100 for IF.

2.1.2 | Secondary antibodies

Goat anti-rabbit alkaline phosphatase (Sigma, MO, Cat#A3687) was
used at 1:10,000 for WB. Donkey anti-rabbit Cy3 (Jackson Immuno,
MD, Cat#711-165-152) and donkey anti-mouse A488 (Invitrogen, CA,
Cat#A21202) were used at 1:1,000 for IF. IgG coupled to 10 nm colloi-
dal gold (British BioCell International, Cardiff, UK, Cat#R14007) and
(Abcam, Cambridge, UK, Cat#ab27234) were used at 1:20 for EM.
Biotinylated goat anti-rabbit (Abcam, Cambridge, UK, Cat#Ab64256)
was used at 1:100 together with a streptavidin biotinylated horse-
radish peroxidase complex (GE Healthcare, Buckinghamshire, UK,
Cat#RPN1051V) at 1:100 for LM.

2.2 | Animals

Wistar male rats weighing 250-300 g (n = 3) were used for basic
EM experiments, PVG male rats weighing 200-250 g (n=10) for
WB and PVG male rats weighing 200-250 g (n = 5) for LM and 1-4
day-old Wistar rats (n = 6) for primary hippocampal cultures. The
animals used in epilepsy experiments were male juvenile Sprague-
Dawley rats (120-180 g), treated in the animal facility at Baylor
College of Medicine, TX. For EM studies, these consisted of 3 rats
in the control group and 3 rats in the kainate-treated group. For
WAB, 7 control rats and 8 kainate-treated rats were used. Animals in
the control group were injected with only normal saline while the
animals in chronic temporal lobe epilepsy group were injected with
kainate. Intraperitoneal kainate administration (18 mg/kg i.p.) was
used to induce status epilepticus in the Sprague-Dawley rats.
Behavioral seizures and status epilepticus were monitored using

the Racine Scale. A continual limbic seizure with a score of 4 or 5
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was defined as status epilepticus. Following 1 hr of status epilepti-
cus, seizures were terminated using intraperitoneal administration
of pentobarbital (20 mg/kg). Eight weeks after the seizure induc-
tion, the rats were sacrificed; their hippocampi were quickly dis-
sected and frozen immediately. All experiments involving the
induction of status epilepticus were done in conformity to the
Guidelines of the National Institute of Health for the Care and Use
of Laboratory Animals and were accordingly approved by the Insti-
tutional Committee on Animal Care, Baylor College of Medicine.
Every effort was made to minimize the suffering and number of
animals used.

Generation of synaptotagmin 1 knockout (KO) embryos (Geppert
et al,, 1994). Since the KO animals were not viable, the heterozygous
animals were crossed to generate KO mice. The mother was killed by
cervical dislocation around embryonic day 18 (plus/minus 1 day), fol-
lowed by Cesarian section to recover KOs, heterozygous and wild type
(WT) animals. Embryos were killed by decapitation. Left and right hip-
pocampi were dissected from pups of embryonic day 18 (E18)
synaptotagmin-1-null mutant (—/—) mice and control littermates (+/+)
of either sex in HBSS (Sigma), buffered with 7 mM HEPES, and col-
lected in fixative solution [0.1% GA, 4.0% formaldehyde (FA) in sodium
phosphate]. The mice were kept in an AAALAC-accredited stable at
the Panum Institute, University of Copenhagen and all required per-
missions were obtained from the Danish Animal Health Inspectorate.
The Institutional Animal Care and Use Committee (IACUC) oversaw

procedures.

2.3 | Subcellular fractionation

Preparation of brain homogenate, synaptosome and vesicle membrane
fractions: Ten rats were decapitated, the brains were dissected out and
submerged in ice cold Hepes-buffered sucrose (0.32 M sucrose, 4 mM
Hepes, pH 7.4) containing a protease inhibitor cocktail (Promega,
Winconsin). The tissue was homogenized in Hepes buffer with a glass-
Teflon homogenizer (900 rpm, 10-15 strokes) and centrifuged (800-
1,000g, 10 min, 4 °C). The postnuclear supernatant, S1, was centrifuged
(10,000g, 15 min), and the pellet containing crude synaptosomes was
resuspended in 10 volumes of Hepes-buffered sucrose and centrifuged
(10,000g, 15 min) to yield washed crude synaptosomal fraction. The
synaptosomal fraction was resuspended in 10 mM sucrose, layered
onto 1.2 M sucrose and centrifuged (161,000g, 25 min). The gradient
interphase was collected and diluted in Hepes-buffered sucrose layered
on 0.8 M sucrose and centrifuged again (161,000g, 25 min) to get a
pellet containing pure synaptosomes. To extract synaptic vesicles, the
pure synaptosome pellet was lysed by hypo-osmotic shock in nine vol-
umes of ice-cold H,O plus protease/phosphatase inhibitors and three
strokes with a glass-Teflon homogenizer, this solution was adjusted to
4 mM Hepes and mixed at 4°C for 30 min to ensure complete lysis.
The lysate was centrifuged (161,000g, 25 min), before the resulting
supernatant again was centrifuged (165,000g for 2 hr) and then resus-
pended in 50 mM Hepes, 2 mM EDTA plus protease/phosphatase
inhibitors.
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2.4 | Immunoblotting

The homogenates were run on 4-20% SDS-acrylamide, electroblotted
onto PVDF membrane (Hoefer Scientific Instruments, San Francisco, CA)
and immunostained with primary antibodies and alkaline phosphatase
linked secondary antibodies. The signal was detected by fluorescence
using ECF substrate (Amersham Biosciences, UK). The fluorescence sig-
nals were visualized by a fluorescence digital camera detection system
(Typhoon scanner). Hippocampi from rats in kainate-treated and control

groups were used to make crude synaptosomes as described above.

2.5 | Bright field microscopic studies

Free floating vibratome sections from rat brain (50 um) were treated
with 1 M ethanolamine-HCL (pH 7.4), blocked with 3% (v/v) normal
calf serum in 0.1 M sodium phosphate buffer (NaPi), pH 7.4, and
incubated with primary antibodies, overnight at room temperature,
followed by incubation with secondary antibodies for 1 hr at room
temperature and development with the biotin-streptavidin-peroxidase

system and 3,3-diaminobenzidine.

2.6 | Preparation of hippocampal neuronal cultures

Primary hippocampal cultures containing both neurons and glial cells of
1-4 day-old rats (Wistar) were prepared as previously described
(Vik-Mo et al., 2003). Briefly, cultures were prepared from 1 to 4 day-
old rats. They were maintained in cell medium (Gibcos MEM with the
addition of 30 mg/100 mL glutamine; 2.5 mg/100 mL insulin; 5-10%
fetal calf serum; 2 mL/100 mL B27 and 2-10 uL/100 mL ARA-C) in
5% CO,, 95% air incubator at 37 °C. The cells were fixed in 4.0% FA by
the following procedure: freshly prepared fixative (2.0% FA in 0.1 M
sodium phosphate buffer) was heated to 37 °C before adding it to the
culture medium (equal volumes). After 30 min, this mixture was substi-
tuted with 0.4% FA in 0.1 M sodium phosphate buffer ON. The cells
were stored in 0.4 FA in 0,1 M sodium phosphate buffer. The sections
were labeled with primary antibodies in 2% (v/v) normal calf serum
and 1% bovine serum albumin in NaPi (ON/RT). The sections were
rinsed in NaPi, incubated for 2 hr with secondary antibodies at RT and
rinsed again in NaPi. The cultures were mounted with fluoromount
mounting media (Southern Biotech), and examined with an Axioplan 2
equipped with a LSM 5 Pascal scanner head (Carl Zeiss, Heidelberg,

Germany).

2.7 | Quantitative postembedding
immunocytochemistry

2.7.1 | Perfusion fixation

For EM studies, the rats were deeply anesthetized with Equithesin
(0.4 mL/100 g body weight) followed by intracardiac perfusion with
10-15 s flush of 4.0% Dextran-T70 in sodium phosphate buffer (pH
7.4) followed by a mixture of 4.0% FA (freshly prepared) and 0.1% GA
in the same buffer.

2.7.2 | EM samples

Small (0.5-1.0 mm) blocks from CA1 were freeze substituted, sec-
tioned, and immunolabeled as described previously (Mathiisen et al.,
2006). The sections were examined with Philips Fei Tecnai 12 electron

microscopes at 60 kV.

2.7.3 | EM quantification and statistical analysis

Electron micrographs were obtained at random from the middle layer
of stratum radiatum of the CA1 region of the hippocampus. Synapto-
tagmin 1 immunolabeling was quantified as number of gold particles/
pm of plasma membrane length and as number of gold particles/pm?
for region of interests in the intracellular compartments, in asymmetric
synapses. Specific plasma membrane and cytoplasmic compartments
were defined as regions of interest (ROls) and used for quantifications.
The ROIs were: the postsynaptic density (PSD); the AZ; the lateral or
perisynaptic membranes, that is, on each side of the PSD (Pol) or the
AZ (Prel); the postsynaptic cytoplasm (PoCy); the presynaptic cyto-
plasm (PreCy); the dendritic membrane (DM); the dendritic cytoplasm
(DCy). The synaptic lateral membranes were defined for convenience
of measurement as equal to the length of the PSD, on both sides of
the PSD or AZ, for all synapses. Only synaptic profiles with clearly visi-
ble synaptic membranes and PSD were selected for quantitative analy-
sis. An in-house extension to analySIS connected with SPSS (SPSS,
Chicago, IL) was used to evaluate the gold particle labeling of the spe-
cific plasma membrane and cytoplasmic compartments. The software
calculated area particle density (number per unit area) over cytoplasmic
compartments and linear particle density (number per unit length of
curve) over membrane domains. In the latter case, it measured the dis-
tance from each particle center to the membrane and included only
those particles that were within an operator-defined distance of +/-
21 nm (negative signifying an intracellular location) from the curve seg-
ment. Data for particles were collected in ASCII files as flat tables and
exported to SPSS for further statistical and graphical analysis.

3 | RESULTS

3.1 | Hippocampus contains the highest concentration
of synaptotagmin 1 in the brain

To test the first hypothesis, we examined synaptotagmin 1 expression
in different brain fractions and regions using synaptotagmin 1 specific
antibody. Consistent with the synaptic localization of the protein, we
observed strong immunoreactivity in brain fractions enriched with syn-
aptosome and synaptic vesicles (Figure 1a). Quantitative WB showed
that the hippocampus contained the highest amount of this protein in
the brain (Figure 1b,c), the lowest concentration was observed in the
spinal cord. The cortex, thalamus, and cerebellum showed intermediate
levels of synaptotagmin 1. To use the antibodies also for postembed-
ding immunogold EM, we compared the sensitivity on embedded tissue
of KO and WT animals. Quantitative analysis of gold particle densities
over presynaptic terminals from the hippocampus CA1 region showed
almost 5 times lower labeling intensity in KO mice compared with WT
group (WT: 40.1 = 3.9, KO: 8.7 = 1.6, n = 20 synaptic profiles in both
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FIGURE 1 Specificity of in-house synaptotagmin 1 antibody and regional expression of synaptotagmin 1 in the brain. (a) Western blot of
subcellular fractions from WT rat brain labeled with synaptotagmin 1 antibody. Abbreviations: BH, brain homogenate; S, synaptosomes; SV,
synaptic vesicles. (b) Western blot of homogenates from different brain regions stained with synaptotagmin 1 antibody, that is, cortex (Cx),
thalamus (Th), hippocampus (Hc), brain stem (Bs), cerebellum (Cb), and spinal cord (SpC). (c) Quantitation of band intensities seen above. (d)
Quantitative analysis of synaptotagmin 1 immunogold labeling over presynaptic terminal cytoplasm at synapses in the hippocampus of syn-
aptotagmin 1 KO and WT mice. Asterisk denotes statistical significant difference (p <.001). EM image samples also shown. (e) Vibratome
sections of rat brain immunostained for synaptotagmin 1. (E1-E3) Staining of neurons in the hippocampus, cerebellum, cerebral cortex, and
thalamus. (E4, E6) CA1. (E5, E7) CA3. Error bars denote SEM. Scale bars: (d) 100 nm. (E1) 2,000 um. (E2) 1,000 pum. (E3) 500 um. (E4 and
E5) 20 um. (E6 and E7) 10 um. [Color figure can be viewed at wileyonlinelibrary.com]

groups, p <.001, Mann-Whitney U test; Figure 1d). The remaining
staining in KO synapses is regarded as background levels over synaptic
areas very rich in protein. The embryonic hippocampi did not show
structurally defined spines, so the antibody specificity was only tested
through the use of presynaptic terminals. At the cellular level, LM
showed strong immunostaining of synaptotagmin 1 in the hippocam-
pus, cortex, striatum, and thalamus (Figure 1e). CA1 and CA3 of the
hippocampus displayed characteristic punctate staining, as would be
expected of a synaptic protein (Figure 1e). On the basis of these analy-
ses, we chose the CA1 region of the hippocampus for an ultra-high
resolution investigation of synaptotagmin 1 in excitatory synapses
(Schaffer collateral axons from CA3 pyramidal neurons terminating on
CA1 pyramidal apical dendrites).

3.2 | Synaptotagmin 1 is expressed
in postsynaptic spines

Ultrastructural examination by immunogold EM revealed presynaptic
localization of synaptotagmin 1, predominantly on presynaptic vesicles
in the CA1 Schaffer collateral terminals (Figure 2a). Some gold particles
were located over the AZ and the presynaptic lateral membranes.
However, confirming our hypothesis, synaptotagmin 1 was also exp-
ressed in the postsynaptic spines. A large share of the postsynaptic
gold particles was associated with vesicles (Figure 2b). Some gold par-
ticles were associated with the PSD and the postsynaptic lateral mem-
brane, indicating that postsynaptic vesicles have fused with the plasma

membrane. In dendrites, synaptotagmin 1 was located on DM and on
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FIGURE 2 Synaptotagmin 1 immunoreactivity in hippocampal synapses. (a) Electron micrographs displaying synaptotagmin 1 immunogold
labeling of synapses in the rat hippocampus. Gold particles are located over both presynaptic and postsynaptic plasma membrane. Many
gold particles are associated with presynaptic and postsynaptic vesicles. Abbreviations: PSD, the postsynaptic density; AZ, the active zone;
PoCy, the postsynaptic cytoplasm; PreCy, the presynaptic cytoplasm. (b) Selected postsynaptic vesicles labeled for synaptotagmin 1
(arrowheads) at higher magnification. (c) Electron micrograph showing immunogold labeling of synaptotagmin 1 in dendrite. Note gold
particles on small vesicles in cytoplasm and close to plasma membrane. Abbreviations: DM, dendritic membrane; DCy, dendritic cytoplasm.
(d-i) IF labeling of dissociated hippocampal cultures: Double labeling with beta-tubulin (d) and synaptotagmin 1 (e) demonstrates character-
istic synaptic punctate staining of synaptotagmin 1 (red) along the dendrite (green) (f). Double labeling with postsynaptic marker PSD-95
(green; g) and synaptotagmin 1 (red; h) shows colocalization (yellow) of the proteins in postsynaptic spines (i). Scale bars: (a, c) 100 nm. (f, i)

5 um. [Color figure can be viewed at wileyonlinelibrary.com]

DCy vesicles (Figure 2c). To confirm postsynaptic localization of synap-
totagmin 1, we performed double IF labeling of dissociated hippocam-
pal cultures. Immunolabeling of synaptotagmin 1 showed punctate
staining of synaptic terminals along neuronal dendrites (Figure 2d-f).
Colocalization of the protein with the postsynaptic marker PSD-95
verified the expression of synaptotagmin 1 in postsynaptic sites (Figure
2g-i).

To determine the relative concentration of synaptotagmin 1 in dif-
ferent compartments of the synapse, we quantified the mean number
of immunogold particles over different cytoplasmic and membrane
ROIs (Figure 3a). Analysis of cytoplasmic immunogold labeling showed
that the highest concentration of synaptotagmin 1 was in the presyn-
aptic terminal, peaking at about 50-100 nm from the presynaptic AZ
(Figure 3b), consistent with a lineup of primed vesicles ready for

exocytosis. The protein was significantly expressed also in the postsy-
naptic spine cytoplasm, however, at about 74% of the presynaptic lev-
els, but still about 40% higher than the concentration in DCy (Figure
3c), which points to a high capacity for exocytosis also in spines. Some
or most of the dendritic synaptotagmin 1 protein may be there only in
transit to the spines. Analysis of plasma membrane labeling (Figure 3d)
revealed that the postsynaptic synaptotagmin 1 plasma membrane con-
centrations were about 80% of the corresponding presynaptic mem-
branes. The dendritic plasma membranes, however, expressed only
about 50% of the synaptotagmin 1 concentrations found at the PSD,
again pointing to the spines as specialized sites for exocytosis. The
protein was not concentrated at the AZ or PSD relative to the corre-
sponding perisynaptic membranes, so we were not able to determine

whether exocytosis occurs through the PSD or at the perisynaptic
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FIGURE 3 Quantitative EM of synaptotagmin 1 immunogold labeling at the synapse. (a) Schematic drawing showing ROl used for
quantification: The PSD; the AZ; the lateral or perisynaptic membranes, that is, on each side of the PSD (Pol) or the AZ (PreL); the PoCy;
the PreCy; the DM; the DCy. (b) Transverse histogram depicting the mean numbers of gold particles at every 50 nm from the center of
synaptic cleft, negative values are postsynaptic, positive values are presynaptic. (c) Mean immunogold labeling over cytoplasmic ROI. (d)
Mean immunogold labeling over plasma membrane ROI. Error bars denote SEM.

membrane. In fact, our results indicate that both alternatives may be

possible.

3.3 | Synaptotagmin 1 is downregulated in chronic
temporal lobe epilepsy

Because of its role as a synaptic calcium sensor, we hypothesized that
synaptotagmin 1 would be dynamically regulated during synaptic plas-
ticity. Calcium plays a key role in the pathophysiology of epilepsy.
Thus, in synapses on neurons that have survived chronic epilepsy, we
expected to find an adaptive downregulation of synaptotagmin 1. To
address this question, we investigated protein levels and subcellular
localization of synaptotagmin 1 using a model of kainate-induced status
epilepticus and acquired temporal lobe epilepsy. Compared with the
control animals, hippocampal synaptosomes of kainate-treated rats
exhibited decreased synaptotagmin 1 immunoreactivity (Figure 4a).

Mean fluorescence intensity of synaptosomes from control rats was

15.1 (a.u.) while intensity in kainate-treated rats was 11.6 (a.u.). The T-
test between the groups gave a p-value of .002 (n =7 hippocampi in
the control group and n = 8 hippocampi in the epilepsy group).

To further determine this overall downregulation of synaptotagmin
1 within presynaptic and postsynaptic ROIs of a hippocampal synapse,
we conducted quantitative EM of CA1 Schaffer collateral synapses
from kainate-treated and control rats (Figure 4b). Quantitative analysis
of immunogold labeling over presynaptic terminal cytoplasm revealed
significant reduction of synaptotagmin 1 in epileptic animals (ctrl:
33.8+ 20, epilepsy: 31.3+2.7, n=130 synaptic profiles in both
groups, p-value: .029, Mann-Whitney U test; Figure 4c). Quantification
of gold particles over postsynaptic spine cytoplasm showed a trend of
reduction of the protein in kainate-treated rats, however this reduction
did not reach statistical significance (ctrl: 40.4 = 3.0, epilepsy: 39.4 +
3.4, n= 130 synaptic profiles in both groups, p-value: .105, Mann-
Whitney U test, Figure 4c). The plasma membrane density of synapto-
tagmin 1 was significantly reduced in epileptic animals at both the
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FIGURE 4 Synaptotagmin 1 is downregulated in chronic temporal lobe epilepsy. (a) Quantitative western blot analysis of hippocampal
synaptosomes from kainate-treated rats and control rats immunolabeled with anti-synaptotagmin 1. Beta-tubulin was used as loading con-
trol. Asterisk denotes statistical significant difference (p-value: .002). (b) Electron micrographs showing synaptotagmin 1 immunogold label-
ing of CA1 hippocampal synapse from control and epilepsy rats. (c) Mean immunogold labeling over cytoplasmic and plasma membrane ROI
in hippocampal CA1 area synapses from kainite-treated and control rats. Error bars show SEM. Asterisks denote statistical significant differ-
ence. PreCy (p-value: .029). AZ and PSD (p value <.001). Scale bars: (b) 100 nm.

presynaptic AZ (ctrl: 12.7 = 1.0, epilepsy: 8.9 + 1.2, n= 130 synaptic
profiles in both groups, p <.001, Mann-Whitney U test) and the PSD
(ctrl: 12.2 = 1.0, epilepsy: 7.7 + 1.0, n = 130 synaptic profiles in both
groups, p < .001, Mann-Whitney U test, Figure 4c).

4 | DISCUSSION

Our two main conclusions are (1) Synaptotagmin 1 is present in postsy-
naptic spines in glutamatergic synapses at high concentrations only
slightly less than in presynaptic terminals. (2) Synaptotagmin 1 is down
regulated in surviving hippocampal synapses in chronic epilepsy. In

view of recent reports that SNARE proteins facilitate insertion of

glutamate receptors in postsynaptic spines (Hussain and Davanger,
2015; Hussain et al., 2016; Jurado, 2014; Jurado et al., 2013; Maher,
Maher, Mackinnon, Bai, Chapman, & Kelly, 2005), it seems likely that a
main function of postsynaptic synaptotagmin 1 is to regulate the exo-
cytotic insertion of one or more types of these receptors.

The presynaptic and postsynaptic vesicle labeling patterns shown
in the present study were very similar to what we recently reported for
the vesicle SNARE protein VAMP2 (Hussain and Davanger, 2015). The
VAMP?2 positive vesicles were shown to be necessary for insertion of
AMPA receptors into the synaptic plasma membrane. Because synap-
totagmin 1 is necessary for the completion of presynaptic SNARE-
mediated exocytosis, our findings strongly indicate that this calcium
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sensor also may be a regulating step in insertion of AMPA receptors in
the postsynaptic spine membrane.

We assume that postsynaptic spines will need more than one set
of SNARE complexes to be able to differentially regulate plasma mem-
brane insertion of different types of glutamate receptors. The classical
presynaptic SNARE complex consisting of VAMP2, syntaxin 1, and
SNAP-25 may thus be supplemented with other SNARE complexes in
postsynaptic spines. In line with this, different SNARE complexes may
be regulated by different synaptotagmin homologs, even within the
same spines. Of the synaptotagmins, synaptotagmin 1 is by far the one
with the strongest expression in the brain (Mittelsteadt et al., 2009).
However, two other synaptotagmins, that is, synaptotagmin 2 and syn-
aptotagmin 4, have calculated molecular weights close to synaptotag-
min 1. Potentially, our synaptotagmin 1 antibody could then cross-
react with synaptotagmin 2 or 4 without giving more than a single
band on western blots. A comparative BLAST analysis of the mRNA
sequence of synaptotagmin 1 versus 2 gave 80% total similarity and
46% overlap, and for synaptotagmin 1 versus 4 we found no significant
similarity. Thus, crossreactivity with synaptotagmin 4 is unlikely. Both
synaptotagmin 2 and 4 are expressed in the hippocampus at levels that
are much lower than synaptotagmin 1 (Mittelsteadt et al., 2009). Our
KO control of immunogold EM labeling showed a five-fold decrease in
labeling intensity compared to the WT. The KO labeling thus most
likely represents only background levels, but we cannot in principle
exclude minor crossreactivity with synaptotagmin 2. Such a crossreac-
tivity, though, is not by far sufficient to give the significant levels of
spine labeling compared to presynaptic terminals, given the low expres-
sion levels of synaptotagmin 2 (and 4) in the hippocampus. Lastly, the
relative expression levels we have observed of synaptotagmin 1 in the
cortex, hippocampus, and cerebellum, closely mimic the mRNA expres-
sion pattern that has been described for synaptotagmin 1 (Mittelsteadt
et al., 2009), but it is strikingly different from the patterns of both syn-
aptotagmins 2 and 4.

Further studies will be needed to investigate which of the many
different AMPA and/or NMDA receptors that are dependent on syn-
aptotagmin 1 for plasma membrane insertion in spines. The postsynap-
tic and presynaptic pools of this molecule are anatomically and
biochemically sequestered in strictly isolated compartments and may
thus have different molecular tasks in the two locations. It is likely,
however, that given the various types of receptors that need to be dif-
ferentially trafficked and inserted in the postsynaptic spine, there will
be a number of distinct SNARE complexes and synaptotagmins work-
ing in parallel within a single postsynaptic spine.

A few previous studies have found support for a downregulation
of synaptotagmin 1 after epilepsy. These studies have been conducted
under the assumption that synaptotagmin 1 has a function in presynap-
tic terminals only. Thus, Tocco et al. (1996) found that synaptotagmin
1 mRNA was decreased in adult rat brains, particularly in dentate gran-
ule cells, after kainic acid induced seizures. Similar observations have
been made in spontaneously epileptic rats (Hanaya et al., 2012) and
rats with spontaneous recurrent seizures after kainic acid treatment

(Zhang et al., 2014). The reduction in synaptotagmin 1 expression has
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been interpreted as either a cause of epileptogenesis and seizures, or
an adaptation to these.

Our study is the first, however, to show that synaptotagmin 1 is
reduced not only in presynaptic terminals or in neurons in general, but
specifically in postsynaptic spines in surviving, anatomically healthy,
glutamatergic terminals. Although synaptotagmin 1 primarily is a vesicle
protein, it exerts its function in initiating synaptic vesicle fusion only of
the vesicles that are already docked to the plasma membrane. The
reduced concentration at both the AZ and PSD in epilepsy, points to a
reduced capacity for vesicle fusion with the plasma membrane both
pre- and postsynaptically.

In this study, we wanted to investigate the status of synaptotag-
min 1 in surviving, healthy neurons in chronic epilepsy, eight weeks
after the first seizure. It would be highly relevant, however, also to elu-
cidate the role of synaptotagmin 1 in the initial stages of epilepsy,
immediately after induction. Such a study could shed light on possible
adverse or adaptive regulations of this Ca®*-sensor, also, during
epileptogenesis.

One study (Xiao et al, 2009) has shown that synaptotagmin 1
expression is increased in the anterior temporal lobe from refractory epi-
lepsy patients, compared to non-refractory epilepsy patients and normal
trauma patients. The difference in synaptotagmin 1 between the refrac-
tory and non-refractory patients indicates that higher levels of synapto-
tagmin 1 are detrimental in epilepsy compared to more moderate levels,
well in line with our results. This is perfectly understandable from a pre-
synaptic perspective. A reduction in the molecular machinery responsible
for vesicular exocytosis of excitotoxic glutamate into synapses makes
sense as an adaptive or protective measure to counteract the detrimental
effects of hyperactive glutamatergic neurons in epilepsy. Our results add
a postsynaptic perspective to this: By reducing also the postsynaptic con-
centration of synaptotagmin 1, the Ca®*-dependent insertion of gluta-
mate receptors may be decreased. We hypothesize then, that
experimental knock down of synaptotagmin 1 will increase the survival
of hippocampal neurons after seizures by both presynaptic and postsy-
naptic mechanisms. We have previously found evidence for VAMP2 and
syntaxin 1 regulating glutamate receptor insertion in postsynaptic spines
(Hussain and Davanger, 2015; Hussain et al., 2016). These are the
SNARE partners synaptotagmin 1 is known to interact with in presynap-
tic terminals, indicating that the classical SNARE complex of VAMP2,
syntaxin 1 and SNAP-25 is functionally active also in postsynaptic spines
and may be regulated by synaptotagmin 1.

Synaptotagmin 1 KOs, however, have shown normal mEPSC
amplitudes (Geppert et al., 1994; Liu, Dean, Arthur, Dong, & Chapman,
2009), which have been taken to mean that there are no major postsy-
naptic changes in AMPA receptor concentrations. However, synapto-
tagmin 1 KO leads to strong increases in mEPSC frequency in larger
cultures or in brain slices (Broadie, Bellen, DiAntonio, Littleton, &
Schwarz, 1994; Chicka, Hui, Liu, & Chapman, 2008; Kochubey and
Schneggenburger, 2011; Littleton, Stern, Perin, & Bellen, 1994; Pang,
Sun, Rizo, Maximov, & Sudhof, 2006).

Synaptotagmin 1 KO (but not point mutations) has also been

shown to massively increase spontaneous release (Xu et al., 2009). This
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increased spontaneous release remains calcium dependent, but it is
activated at lower calcium concentrations than synaptotagmin-driven
spontaneous release. This was interpreted as evidence that in addition
to serving as a calcium sensor for spontaneous and evoked release,
synaptotagmin 1 also clamps a second, more sensitive calcium sensor
for spontaneous release. However, homozygote synaptotagmin 1 KO
animals die soon after birth, so these mechanisms have been studied in
immature brain slices or cultured cells, which may probably, partly, use
molecular mechanisms that are different from those of the intact,
mature, adult brain. Most likely, the reduction in synaptotagmin 1 in
chronic epilepsy that we have observed has specific effects on plastic-
ity that may be difficult to study in vitro.

In conclusion, we demonstrate for the first time, the postsynaptic
localization of synaptotagmin 1, at concentrations moderately lower
than, but comparable to presynaptic concentrations. It is present in sig-
nificant concentrations also at the PSD, pointing to the likelihood of
insertion of glutamate receptors directly into the synaptic plasma mem-
brane. Finally, synaptotagmin 1 is reduced in postsynaptic spines after
eight weeks of kainite-induced epilepsy, pointing to a possible adaptive

mechanism against calcium overload in excitotoxic conditions.
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