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Abstract

Epilepsy is a neurological disorder defined by the presence of seizure activity, manifest both behaviorally and as
abnormal activity in neuronal networks. An established model to study the disorder in rodents is the systemic
injection of kainic acid, an excitatory neurotoxin that at low doses quickly induces behavioral and electrophysiological
seizures. Although the CAS3 region of the hippocampus has been suggested to be crucial for kainic acid-induced
seizure, because of its strong expression of kainate glutamate receptors and its high degree of recurrent connectivity,
the precise role of excitatory transmission in CA3 in the generation of seizure and the accompanying increase in
neuronal oscillations remains largely untested. Here we use transgenic mice in which CA3 pyramidal cell synaptic
transmission can be inducibly silenced in the adult to demonstrate CA3 excitatory output is required for both the

generation of epileptiform oscillatory activity and the progression of behavioral seizures.
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ignificance Statement

The prevalence of epilepsy as a clinical concern has inspired the investigation of the mechanisms of seizure
generation in animal models. A common model in the mouse is the injection of the neurotoxin kainic acid
(KA). However, given the ability of KA to alter the activity of many cell types and circuits, it remains unclear
how KA leads to seizure. Here we demonstrate that synaptic transmission from CA3 pyramidal cells in the
hippocampus is necessary for KA-induced seizure activity, both behaviorally and physiologically. This
establishes CA3 as the key locus for KA-induced pathophysiology and will aid in designing better models
Kand interventions to understand and control seizures.
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Introduction
Temporal lobe epilepsy (TLE), a neurological disorder
defined by the presences of severe seizures, remains a
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major clinical health issue worldwide. Animal models of
TLE have been extremely useful in identifying the basic
cellular mechanisms of epileptogenesis and have pro-
vided an assay system to test the effectiveness of inter-
ventions that may halt the onset or progression of
seizures (Ben-Ari and Cossart, 2000; Leite et al., 2002). A
particularly useful protocol employs the excitatory neuro-
toxin kainic acid (KA) to induce both acute seizures and in
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a subset of animals, progression to status epilepticus
(Ben-Ari, 1985). Although strong evidence exists for a
critical role of the CAS region of the hippocampus in the
induction of KA-seizures, because of its high expression
of GIuR6 receptors at the mossy fiber input synapses and
strong recurrent connections, the precise circuit mecha-
nisms of KA-induced pathological activity still are not fully
elucidated (Lothman et al.,, 1991; Khalilov et al., 1999;
Vincent and Mulle, 2009). Some of the uncertainty stems
from the complex pattern of expression of multiple types
of KA receptors on both excitatory and inhibitory neurons
across the hippocampus (Carta et al., 2014), as well the
ability of the drug to block glutamate transporters (Arriza
et al., 1994) and some inward rectifying potassium current
(Jabs et al., 1994; Melyan et al., 2002). Although it has
been suggested that KA leads to excitation of both excit-
atory and inhibitory neurons with the balance ultimately
tipping towards excitation and seizure generation, direct
tests of this model have been lacking (Ben-Ari and Cos-
sart, 2000).

In parallel to the induction of behavioral seizures, KA
also induces strong increases in the amplitude of the
neuronal oscillations in the hippocampus, particularly in
the gamma (80-80 Hz) frequencies, that are thought to
reflect the drug-induced hypersynchrony of the circuit
(Traub et al., 2003). CA3 has been proposed as a likely
origin of these gamma oscillations, as CA3 is involved in
modulating conventional low-amplitude gamma oscilla-
tions during normal basal conditions (Bragin et al., 1995).
However others have suggested that KA-induced gamma
could arise from purely rhythmic inhibition or intrinsic
properties of CA1 pyramidal cells (Whittington et al., 1995;
Whittington et al., 2000; Craig and McBain, 2015). Further,
mice lacking NMDA receptors specifically in CA3 pyrami-
dal cells lacked KA-induced gamma oscillations, although
these mice demonstrated increased sensitivity to KA-
induced seizure, suggesting that a cause and effect rela-
tionship of these two phenomena may be a simplification
of a more complex network interaction (Jinde et al., 2009).

Here we use triple transgenic mice in which the expres-
sion of the tetanus toxin (TeTX) light chain can be induced
in CA3 pyramidal cells (CA3-TeTX mice) in the adult (Na-
kashiba et al., 2008) to address the necessity of CA3
pyramidal cell (PC) synaptic transmission in KA seizure
generation. Our results demonstrate that CA3 PC trans-
mission is necessary for KA-induced seizure activity, both
behaviorally and physiologically. This establishes CA3 as
a key locus for KA-induced pathophysiology and will aid
in designing better models and interventions to under-
stand and control seizures.

Materials and Methods

Animals

All the experiments were performed by operators blind
to the animal’s genotype using male CA3-TeTX mice
(triple-transgenic mice KA1-Cre/+, TetO-TeTX/+, aCamKIl-
loxP-STOP-loxP-tTA/+; background strain C57BL/6) be-
tween 16 and 36 weeks of age and their control male
littermates (double-transgenic mice KA7-Cre/+, TetO-
TeTX/+). TeTX expression was controlled via doxycycline
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(Dox) in the animals’ diet following established protocols
(Nakashiba et al., 2008). We used Dox water (10 pg/ml,
1% sucrose) administered to the dams during the preg-
nancy and fostering periods and Dox food (10 mg/kg;
Bioserve) following weaning to adulthood to keep TeTX in
the repressed state. To induce TeTX expression in the
adult the mice were switched to normal chow for a mini-
mum of 21 d, a period that has been shown to lead to a
complete blockade of CA3 synaptic transmission (Na-
kashiba et al., 2008). Following weaning two to four mice
were housed per cage under the conditions of a 12 h
light/dark cycle and ad libitum access to food and water.
All experimental protocols were approved by the RIKEN
Institutional Animal Care and Use Committee.

Behavioral seizure scoring

All mice were switched to normal food to induce CA3
tetanus toxin expression in the mutants at least 21 d prior
to the behavioral experiments. To induce seizure mice
received an intraperitoneal injection of kainic acid (Sigma-
Aldrich, K0250; 20 mg/kg in saline) and placed into a
clean empty cage. Animals were monitored for 120 min
following injection and seizure behavior was scored ac-
cording to a modified Racine scale by an experimenter
blind to the genotype (Racine, 1972): stage 0, normal
behavior; stage 1, immobility and rigidity; stage 2, head
bobbing; stage 3, forelimb clonus and rearing; stage 4,
continuous rearing and falling; stage 5, clonic-tonic sei-
zure; stage 6, death.

c-fos immunohistochemistry

All mice were switched to normal food to induce CA3
tetanus toxin expression in the mutants at least 21 d prior
to the c-fos induction experiments. Mice were adminis-
tered an intraperitoneal injection of kainic acid (Sigma-
Aldrich, K0250; 20 mg/kg in saline) or saline and 2.5-2.75
h later were transcardially perfused with 4% paraformal-
dehyde (PFA) in 0.1 m sodium phosphate buffer (PB).
Brains were postfixed in 4% PFA and 50-um-thick vi-
bratome sections were prepared. After 3X 10 min PBS
rinses, the sections were blocked in 3% normal donkey
serum with 0.3% Triton-X in PBS for 2 h, and incubated
overnight in primary antibody [rabbit a-c-fos, 1:2000; Cal
Biochem, AB-5 (4-17) PC38] in blocking buffer. After 3
10 min washes in PBS, the sections were incubated with
AlexaFluor 594-conjugated donkey anti-rabbit (1:200) for
2 h at room temperature. Fluorescent images were col-
lected (Leica DM6000B epifluorescent microscope with a
Cya filter and a 5X objective) of sections containing the
dorsal hippocampus (AP —1.58 mm to —1.94 mm from
bregma) to quantify intensity of c-fos expression. Inde-
pendent signal readings for the DG, CA3, and CA1 were
calculated by measuring the cell body signal intensity
(average of 5 randomly chosen areas, 50 X 50 square,
A.U., in ImageJ), and the corresponding background sig-
nal (taken as dendritic region adjacent to cell body region,
average of 3 areas, 50 X 50 square, A.U., in ImageJ). For
each mouse, the normalized difference in signal intensity
for each anatomical zone was calculated by dividing the
difference between the average cell body signal and the
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average background signal divided by the sum of the two
values.

In vivo electrophysiology

Four groups of mice were used for in vivo recording,
CA3-TeTX mutants (n=16) and littermate controls (n=4)
off doxycycline for at least 21 d (OFF DOX) and CA3-TeTX
mutants (n=6) and littermate controls (n=12) always on
doxycycline containing food (ON DOX). No significant
differences were observed in any parameter measured
between the three control groups (controls ON DOX, con-
trols OFF DOX, and CA3-TeTX ON DOX), thus they were
combined to form a single control group. In all mice, the
data was acquired using a 32-channel Digital Lynx 4SX
acquisition system (Neuralynx). Mice were anaesthetized
with urethane (1.3-1.5 g/kg), placed into a small animal
stereotaxic frame and the skull exposed. Recording were
conducted with a 32-channel single-shank silicon linear
probe (NeuroNexus model no. A1-32-10mm-50-413-A32)
lowered into the CA1 region of the right dorsal hippocam-
pus (—1.9 mm bregma, 1.5 mm lateral) such that it
spanned all layers of the structure. The signal was refer-
enced to the most superficial cortical recording site and
grounded to a skull screw. Proximity of the probe to the
hippocampus was calculated by the depth of the probe
via the micromanipulator and verified by the presence of
complex spike bursts and occasional ripple oscillations.
The site with maximum spiking activity was designated as
the pyramidal cell layer and the anatomical location of all
other sites was based on their relative spacing. Recording
consisted of a baseline period (20 min) followed by a test
period (110 min) that followed kainic acid injection
(Sigma-Aldrich, K0250; 20 mg/kg in saline, i.p.). Local
field potential (sampled at 32 kHz and filtered between 0.1
Hz and 6 kHz) and spike timestamps and waveforms
(sampled at 32 kHz and filtered between 600 Hz and 6
kHz) were acquired on all 32 channels of the probe simul-
taneously.

Data analyses

All analyses were conducted on the signal recorded in
the stratum radiatum of CA1. First, the raw local field
potentials were decimated 20 times, down to 1600 Hz by
using custom software written in C. Power spectral den-
sity (PSD) of every LFP channel was calculated across the
recording via the Welch’s averaged modified periodogram
method of spectral estimation (pwelch function, MATLAB,
MathWorks). Parameters for the pwelch function were
chosen as follows: windows size: 2048 samples (1.28 s),
overlap size: 1024 samples (0.64 s), number of FFT points:
4096 (2.56 s). Resulting PSD matrices were used for
calculating average traces of power spectral density
changes over time within each frequency band of interest
(theta: 3-8 Hz; slow gamma: 30-45 Hz; fast gamma:
55-80 Hz). Each trace was normalized by its mean value
within the baseline recording period.

Statistics

All analyses were conducted using GraphPad Prism
v5.04. All time series data was compared between groups
via a repeated-measure two-way ANOVA (genotype X
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time), following by post hoc testing at each time point via
the Bonferroni correction. Student’s t test was used for
pairwise comparisons. All values are reported as mean =
SEM. Statistical analyses are summarized in Table 1,
superscript letters in the Results correspond to the rows
in the table.

Results

In CA3-TeTX mice the removal of Dox from the diet
leads to expression of the tetanus toxin light-chain (TeTX)
in CA3 pyramidal cells. TeTX efficiently cleaves the
VAMP2 protein required for synaptic vesicle release, lead-
ing to a loss of synaptic transmission from CA3 without
altering cellular excitability (Nakashiba et al., 2008). Using
this model, we first asked whether CA3 PC output was
required for the induction of acute behavioral seizure
following systematic injection of KA. KA (20 mg/kg) was
injected intraperitoneally into CA3-TeTX mice (n=9) and
littermate controls (n=9) and behavioral seizure re-
sponses were scored using the modified Racine scale
(Racine, 1972) for 120 min postinjection. We observed a
significant difference in behavior between genotypes
across the durations of the experiment® [two-way
repeated-measure  ANOVA, F 4, (genotype X
time)=8.79, p<0.0001], with control mice showing signif-
icantly more severe seizures beginning 30 min after injec-
tion (Fig. 1A). This decrease in sensitivity to KA-induced
seizure was also reflected in the fraction of mice reaching
stage 3 (Fig. 1B; controls 9/9, CA3-TeTX 1/9), a decrease
in the maximal seizure score® (Fig. 1C; t test, p<<0.0001)
and a significant reduction in the cumulative seizure score
in the CA3-TeTX mice® (Fig. 1D; Welsh’s t test, p<<0.0001).
Having established that a loss of CA3 synaptic transmis-
sion severely attenuates the behavioral response to KA
injection, we next addressed how the individual subfields
of the hippocampus responded following drug adminis-
tration. CA3-TeTX and littermate controls were once again
systemically injected with KA (20 mg/kg, i.p.), and 150—
165 min later the mice were euthanized and the brains
prepared for immunohistochemistry. To examine neuronal
activation we compared c-fos protein expression, a reli-
able indicator of neuronal activity (Labiner et al., 1993),
across each of three hippocampal subfields in four groups
of mice: CA3-TeTX and control mice injected with KA or
CAB-TeTX and control mice injected with saline. In CA1
we found a significant interaction between genotype and
drug® [two-way ANOVA, F(; »4) (genotype X drug)=18.35,
p=0.0003] and a significant decrease in c-fos expression
in KA-injected CA3-TeTX mice compared with controls®
(Bonferroni post hoc test, p<<0.0001) (Fig. 2A,B). A similar
pattern of results was observed in CA3, where once
again there was a significant interaction between geno-
type and drug® [two-way ANOVA, F ,, (genotype X
drug)=14.39, p=0.0011] and a significant decrease in
c-fos expression in KA-injected CA3-TeTX mice® (Bonfer-
roni post hoc test, p<0.0001) (Fig. 2C). In the DG how-
ever, a distinct pattern of results was observed. As
expected, there was a significant effect of the drugf
[two-way ANOVA, F 4 54, (drug)=72.96, p0.0001] but no
significant effect of genotype' (F=0.28, p=0.60) or in-
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Data structure

a Normally distributed
b Normally distributed
c Normally distributed
d Normally distributed

e Normally distributed
f Normally distributed
g Normally distributed
h Normally distributed

Type of test

Two-way repeated-measure ANOVA

Bonferroni multiple comparisons (CA3-TeTX X control)
0

10

20

30

40

120

Unpaired t test

Welch t test

Two-way ANOVA (genotype X drug)

Bonferroni multiple comparisons (KA vs saline)
KA

Saline

Two-way ANOVA (genotype X drug)
Bonferroni multiple comparisons (KA vs saline)
KA

Saline

Two-way ANOVA (genotype X drug)

Two-way repeated-measure ANOVA (genotype)
Two-way repeated-measure ANOVA (drug)
Bonferroni multiple comparisons (KA vs saline)
KA

Saline

Two-way repeated-measure ANOVA (time X control group)
Theta (time X group)

Theta (time)

Theta (group)

Low gamma (time X group)

Low gamma (time)

Low gamma (group)

High gamma (time X group)

High gamma (time)

High gamma (group)

Two-way repeated-measure ANOVA (time X group) theta band
Bonferroni multiple comparisons (CA3-TeTX X control ON DOX)
-20

-15

-10

-5

0

5

10

15

Observed power («=0.05)

<0.0001

>0.05
>0.05
>0.05
<0.01
<0.0001
<0.001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0002
0.003

<0.0001
>0.05
0.0011

<0.001
>0.05
0.0757
0.6035
<0.0001

>0.05
>0.05

0.9996
<0.0001
0.8227
0.7955
<0.0001
0.405
0.9379
<0.0001
0.3334
<0.0001

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p<0.05
p<0.01
p<0.001
p<0.001
p<0.001
p<0.001
p<0.0001
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Data structure Type of test Observed power («=0.05)
80 p<0.0001
85 p<0.0001
90 p<0.0001
95 p<0.0001
100 p<0.0001
105 p<0.0001
Bonferroni multiple comparisons (CA3-TeTX X control OFF

DOX)
-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p>0.05
35 p<0.05
40 p<0.05
45 p<0.01
50 p<0.05
55 p<0.05
60 p<0.01
65 p<0.05
70 p<0.05
75 p>0.05
80 p>0.05
85 p>0.05
90 p<0.01
95 p<0.05
100 p<0.01
105 p<0.01
Bonferroni multiple comparisons (CA3-TeTX X CA3-TeTX ON

DOX)
-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p>0.05
35 p>0.05
40 p>0.05
45 p>0.05
50 p>0.05
55 p>0.05
60 p>0.05
65 p>0.05
70 p>0.05
75 p<0.05
80 p<0.01
85 p<0.01
90 p<0.01
95 p<0.001
100 p<0.001
105 p<0.0001
Bonferroni multiple comparisons (control ON DOX X control

OFF DOX)
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Data structure Type of test
-20
-15
-10
-5

95

100

105

Bonferroni multiple comparisons (control ON DOX X CA3-TeTX
ON DOX)

-20

-15

-10

-5

0

5

10

15

105

Bonferroni multiple comparisons (control OFF DOX X CA3-
TeTX ON DOX)

-20

-15

-10

-5

0

5

10

15

Observed power («=0.05)

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
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Data structure Type of test
20
25
30
35
40
45
50

95
100
105
Normally distributed Two-way repeated-measure ANOVA (time X group) low gamma
band
Bonferroni multiple comparisons (CA3-TeTX X control ON DOX)
-20
-15
-10
-5

95

100

105

Bonferroni multiple comparisons (CA3-TeTX X control OFF
DOX)

-20

-15

-10

-5

0

5

10

15

Observed power («=0.05)

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
<0.0001

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p<0.05
p<0.01
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.0001
p<0.001

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
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Data structure Type of test

55

60

65

70

75

80

85

90

95

100

105
Bonferroni multiple comparisons (CA3-TeTX X CA3-TeTX ON

DOX)

-20

-15

-10

-5

95
100
105
Bonferroni multiple comparisons (control ON DOX X control
OFF DOX)
-20
-15
-10
-5
0
5
10
15
20
25
30
35
40
45
50
55
60

Observed power («=0.05)

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p<0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
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Data structure Type of test Observed power («=0.05)
95 p>0.05
100 p>0.05
105 p>0.05
Bonferroni multiple comparisons (control ON DOX X CA3-TeTX

ON DOX)
-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p>0.05
35 p>0.05
40 p>0.05
45 p>0.05
50 p>0.05
55 p>0.05
60 p>0.05
65 p>0.05
70 p>0.05
75 p>0.05
80 p>0.05
85 p>0.05
90 p>0.05
95 p>0.05
100 p>0.05
105 p>0.05
Bonferroni multiple comparisons (control OFF DOX X CA3-
TeTX ON DOX)
-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p>0.05
35 p>0.05
40 p>0.05
45 p>0.05
50 p>0.05
55 p>0.05
60 p>0.05
65 p>0.05
70 p>0.05
75 p>0.05
80 p>0.05
85 p>0.05
90 p>0.05
95 p>0.05
100 p>0.05
105 p>0.05
Normally distributed Two-way repeated-measure ANOVA (time X group) high <0.0001

gamma band
Bonferroni multiple comparisons (CA3-TeTX X control ON DOX)
-20 p>0.05
-15 p>0.05
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Data structure Type of test Observed power («=0.05)
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p<0.001
35 p<0.01
40 p<0.001
45 p<0.001
50 p<0.001
55 p<0.0001
60 p<0.0001
65 p<0.001
70 p<0.001
75 p<0.001
80 p<0.01
85 p<0.01
90 p<0.01
95 p<0.05
100 p<0.05
105 p<0.05
Bonferroni multiple comparisons (CA3-TeTX X control OFF

DOX)
-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
30 p>0.05
35 p>0.05
40 p>0.05
45 p>0.05
50 p>0.05
55 p>0.05
60 p>0.05
65 p>0.05
70 p>0.05
75 p>0.05
80 p>0.05
85 p>0.05
90 p>0.05
95 p>0.05
100 p>0.05
105 p>0.05
Bonferroni multiple comparisons (CA3-TeTX X CA3-TeTX ON
DOX)

-20 p>0.05
-15 p>0.05
-10 p>0.05
-5 p>0.05
0 p>0.05
5 p>0.05
10 p>0.05
15 p>0.05
20 p>0.05
25 p>0.05
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Data structure Type of test
30
35
40
45
50
55
60
65

105

Bonferroni multiple comparisons (control ON DOX X control
OFF DOX)

-20

-15

-10

-5

0

5

10

15

20

25

30

105
Bonferroni multiple comparisons (control ON DOX X CA3-TeTX
ON DOX)

-20

-15

-10

-5

0

5

10

15

20

25

30

35

Observed power («=0.05)

p>0.05
p>0.05
p<0.01
p<0.01
p<0.01
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
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Data structure Type of test
70
75
80
85
90
95
100
105
Bonferroni multiple comparisons (control OFF DOX X CAS3-
TeTX ON DOX)
-20
-15
-10
-5
0
5
10
15

105
i Normally distributed Two-way repeated-measure ANOVA (time X group)
Bonferroni multiple comparisons (CA3-TeTX X control)
-20
-15
-10
-5
0
5
10
15

Observed power («=0.05)

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05

p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
p>0.05
<0.0001

>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
>0.05
<0.05
<0.01
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
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Data structure Type of test

Observed power («=0.05)

j Normally distributed Two-way repeated-measure ANOVA (time X group) <0.0001
Bonferroni multiple comparisons (CA3-TeTX X control)
-20 >0.05
-15 >0.05
-10 >0.05
-5 >0.05
0 >0.05
5 >0.05
10 >0.05
15 >0.05
20 <0.05
25 <0.01
30 <0.0001
35 <0.0001
40 <0.0001
45 <0.0001
50 <0.0001
55 <0.0001
60 <0.0001
65 <0.0001
70 <0.0001
75 <0.0001
80 <0.0001
85 <0.001

k Normally distributed Two-way repeated-measure ANOVA (time X group) <0.0001
Bonferroni multiple comparisons (CA3-TeTX X control)
-20 >0.05
-15 >0.05
-10 >0.05
-5 >0.05
0 >0.05
5 >0.05
10 >0.05
15 >0.05
20 >0.05
25 <0.05
30 <0.01
35 <0.001
40 <0.0001
45 <0.0001
50 <0.0001
55 <0.0001
60 <0.001
65 <0.001
70 <0.01
75 <0.01
80 <0.01
85 <0.01
90 <0.01
95 <0.01
100 <0.01
105 <0.05

teraction between genotype and drug’ (F=3.49,
p=0.08) (Fig. 2D). These data indicate that although KA
injection can directly activate neurons in the DG in both
groups of mice, the progression of neuronal activity
through the classic trisynaptic hippocampal circuit into
CA1 requires CA3 pyramidal cell synaptic transmission.

Given the inability of KA to reliably induce behavioral
seizure or neuronal activation in the CA fields of the
CA3-TeTX mice we next addressed how CA3 synaptic
silencing influences KA-induced oscillations in CA1. Four

January/February 2016, 3(1) e0003-16.2016

groups of mice were subject to in vivo electrophysiology
following KA administration, CA3-TeTX mice OFF DOX
(mutant, n=16) and three control groups (control mice ON
DOX, n=12; control mice OFF DOX, n=4; CA3-TeTX mice
ON DOX, n=6). The mice were anesthetized with urethane
and acute recordings of hippocampal local field potential
were made using a multisite silicon probe spanning CA1
from stratum oriens to stratum lacunosum-moleculare.
Following a 20 min baseline recording the mice received a
single injection of KA (20 mg/kg, i.p.) and recording con-
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Figure 1. Genetic blockade of CA3 synaptic transmission attenuates acute KA-induced seizures. A, The mean behavioral
seizure score following kainic acid injection was significantly reduced in CA3-TeTX mice. Analysis revealed that (B) the fraction of
CA3-TeTX mice reaching stage 3 seizures (forelimb clonus and rearing) was reduced compared with control mice. The mutant mice
also had (C) a significantly lower maximal seizure score and (D) a lower cumulative seizure score than control mice. #:#:#xp<0.0001,
##%p<<0.001, *¥p<0.01. Control, n=9; CA3-TeTX n=9.

tinued for 110 min. Based on previous work (Fisahn et al.,  the Schaffer collateral projections from CA3 to CA1. We
2004; Sakatani et al., 2007; Jinde et al., 2009), we focused = observed no differences in the power of the any of the
on the amplitude of three common hippocampal oscilla-  frequency bands between the three types of control mice
tions, theta (3-8 Hz) and slow (30-45 Hz) and fast (55-80  at any point before or after drug administration®. Further,
Hz) gamma, recorded in the str. radiatum, which contains ~ when we compared the power of the any of the frequency
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Figure 2. Loss of CA3 output causes a decrease in c-fos expression in the CA3 and CA1 subfields following KA-induced
seizure. A, Examples of c-fos protein expression in the dorsal hippocampus of control (top) and CA3-TeTX (bottom) mice 2.5 h after
injection with kainic acid (left) or saline (right). Quantification of the fluorescent c-fos expression signal finds significantly higher signal
in the (B) CA1 and (C) CAS3 regions of the control mice injected with KA compared with the CA3-TeTX/KA and both saline groups.
However, in the (D) DG, robust c-fos expression was evident in both genotypes following KA injection. ##xp<0.001. Control + KA,
n=7; control + saline, n=6; CA3-TeTX + KA, n=8; CA3-TeTX + saline, n=4.

bands between all four groups of mice, a two-way
repeated-measure ANOVA (group X time) revealed a
highly significant interaction”. Thus, to increase the sta-
tistical power of post hoc comparisons of individual time
bins the three groups of control mice were combined to
form a single control group.

In nearly all control mice, KA injection rapidly lead to an
overall increase in the amplitude of the LFP, with the
appearance of rhythmic epileptic discharges in the str.
radiatum. However, in the majority of the CA3-TeTX mice
the post-KA LFP was indistinguishable from the baseline
period (Fig. 3A). Following KA injection normalized theta
amplitude remained stable in the control mice for between
20 and 30 min and then began a steady increase over the
next 30 min, at which time there was an obvious and
significant difference compared with the CA3-TeTX mice,
which showed no change from baseline conditions' [two-
way repeated-measure ANOVA, Fo5900 (genotype X
time) =17.86, p<0.0001, Bonferroni post hoc test,
p<0.05 from 35 min post-KA; Fig. 3A,B]. The response to
KA injection in both the slow and fast gamma frequencies
was similar. Slow gamma power was significantly larger in
the control mice 35 min following injection and remained
elevated for the duration of the recording’ [two-way

January/February 2016, 3(1) e0003-16.2016

repeated-measure  ANOVA, Fo54990 (genotype X
time)=9.69, p<0.0001, Bonferroni post hoc test, p<<0.05
from 35 min post-KA; Fig. 3A,C], whereas high gamma
was significantly increased 25 min after KA and remained
high until the experiment was completed® [two-way
repeated-measure  ANOVA, Fpsg00 (genotype X
time)=5.884, p<0.0001, Bonferroni post hoc test, p<0.05
from 25 min post-KA; Fig. 3A,D].

Discussion

Here we applied the kainic acid seizure model to CA3-
TeTX mice, which lack CA3 pyramidal cell transmission.
Our results validate the long-standing hypothesis that
KA-mediated excitation of these cells is the key step in the
ability of the drug to trigger seizure (Traub et al., 1996;
Ben-Ari and Cossart, 2000; Vincent and Mulle, 2009). The
CA3-TeTX mice have been a valuable tool in understand-
ing the contribution of CA3 synaptic transmission to learn-
ing and memory (Nakashiba et al., 2008, 2009). Previous
in vitro recordings have shown that the induction of TeTX
expression leads to a drastic reduction in CA3 to CA1
transmission and a complete loss of CA3 generated pop-
ulation spikes in CA1, even at very strong stimulation
intensities (Nakashiba et al., 2008). Although CA3-CA3
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Figure 3. Loss of CA3 output prevents increases in CA1 oscillations induced by KA. A, Example LFP recordings in CA1 stratum
radiatum from a control (blue; top) and CA3-TeTX (red; bottom) mouse 60 min after kainic acid injection. For each genotype the top
panel shows the raw LFP, the second panel the theta band filtered LFP, the third the slow gamma filtered LFP, and the bottom the
fast gamma filtered LFP. Note the scale in the control traces is 10X that of the CA3-TeTX mice. KA injection lead to a significant
increase in power in the (B) theta band and the (C) slow gamma band 35 min postinjection, and in the (D) fast gamma band 25 min
following KA. s###%p<<0.0001, **+p<<0.001, *xp<<0.01, ¥p<<0.05. Control, n=22 (control ON DOX, n=12; control OFF DOX, n=4;

CA3-TeTX ON DOX, n=6); CA3-TeTX, n=16.

recurrent transmission has not been assessed physiolog-
ically in these mice, a loss of VAMP2 staining, an indicator
of TeTX-mediated cleavage, is pronounced in the stratum
radiatum and oriens of both CA1 and CA3 (terminals of
CAS3 pyramidal cell projections), as well as in the inner
molecular layer of the DG, the location of the termination
of projections from hilar mossy cells (MCs). However, no
reduction is seen in terminals of the mossy fibers. These
data suggest that CA3 axons projecting to both CA1 and
CA3 are unable to release neurotransmitter. The loss of
mossy cell transmission has not been directly investi-
gated; however, the reduction of VAMP2 suggests this
circuit may also be affected. Interestingly, a mouse lack-
ing MCs has been shown to have increased excitability in
the DG (Jinde et al., 2012) and a loss of MC transmission
has been linked to temporal lobe epilepsy (Scharfman and
Bernstein, 2015). We find it important to note that these
phenotypes are the opposite of what we see in our current
data, suggesting any effect on MC transmission in the
CA3-TeTX mice should not impact the interpretation of

January/February 2016, 3(1) e0003-16.2016

our results. A further feature of the CA3-TeTX mice is the
relatively slow time line of TeTX induction, on the order of
3 weeks. Although all our experiments were conducted
soon after this time point, it is possible that adaptive
changes in the hippocampal circuit may have occurred as
a consequence of CA3 silencing. However, previous work
found no cell death, nor obvious changes in presynaptic
or postsynaptic markers in the hippocampus at this time
point (Nakashiba et al., 2008), thus, we find it unlikely any
compensatory changes are responsible for the resistance
to KA seizure induction we observed. Despite the caveats
outlined here, we feel our results strongly suggest that the
loss of CA3 output prevents KA-induced seizures, limits
the spread of neuronal excitation from the DG into the CA
fields, and abolishes the ability of KA to generate synchro-
nous oscillatory activity in the hippocampal network.
The repetitive limbic seizures that follow KA administra-
tion have been shown to be offset by interventions that
augment inhibition (Halonen et al., 1995; Jinde et al.,
2009). However, the intervention that resulted in the most
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profound resistance to KA-induced seizure to date has
been the genetic deletion of the GIuR6 kainate receptor
subunit (Mulle et al., 1998). Our behavioral data is highly
similar to the data obtained in the GIUR6 ™/~ mice; a
standard systemic dose of KA (20 mg/kg) failed to induce
detectable seizures in virtually all of the Ca3-TeTX mice.
Together these findings suggest the absolutely necessity
of GluR6-mediated excitation of CA3 pyramidal cell in the
generation of KA-induced seizure, assigning both a re-
ceptor and a network location to the initial step in the
progression to status epilepticus.

On the level of neuronal excitation, KA can induce a
strong depolarization of CA3 pyramidal cells, acting on
GluR6-contained receptors located at the mossy fiber
synapses (Robinson and Deadwyler, 1981). In our CA3-
TeTX mice, we have prevented synaptic vesicle release
from these neurons, without changing their intrinsic excit-
ability. The lack of c-fos expression in CA3 of these mice
following KA injection indicates that KA-mediated excita-
tion alone, in the absence of activation of the CA3 recur-
rent collaterals, is insufficient to trigger activity induced
gene expression. Further, we still observed robust c-fos
expression in the granule cells of the DG in the CA3-TeTX
mice, suggesting these neurons can respond to KA, pos-
sibly through a disinhibitory mechanism. However, it is
interesting to note that KA failed to induce IEG expression
in the DG granule cells of GIuUR6 ™/~ mice (Mulle et al.,
1998), raising the possibility that this receptor is respon-
sible for activation of IEG expression in these neurons in
our model.

Increased and persistent oscillatory activity, particularly
in the gamma bands, is a hallmark of both KA-induced
pathophysiology and seizure onset in human patients
(Uhlhaas and Singer, 2006). Inhibitory interneurons in all
hippocampal subfields are known to be directly excited
by KA via the GIuRS5 receptors (Fisahn et al., 2004) leading
some to suggest that KA-induced gamma oscillations
could emerge as a result of excitation of these neurons
alone (Whittington et al., 1995; Craig and McBain, 2015).
However, our data demonstrate that excitatory transmis-
sion from CA3 PCs is absolutely necessary for this net-
work activity in vivo. CA3 is known to be key in the
generation of gamma oscillations both in vivo and in vitro,
thus, it is perhaps not surprising that silencing of this
network prevents KA-induced gamma in our experiments.
Nonetheless, these data clearly define the necessity of
this circuit in generating population oscillations. This is in
contrast to the surprising observation that mice lacking
NMDA receptors (NRs) specifically in CA3 pyramidal cells
were hypersensitive to KA-induced seizures, despite be-
ing unable to generate KA-induced gamma oscillations in
CA1 (Jinde et al., 2009). In that study, the authors hypoth-
esized that the loss of NRs in CA3 limited the ability of
CAZ3 to trigger GABA release in CA1 following KA. Further,
they showed that pretreatment with an enhancer of pre-
synaptic GABA release rescued the KA-induced gamma
oscillations in the mutants and reduced epileptiform ac-
tivity. In our mutant mice, we see a parallel in the loss of
gamma oscillations and seizure activity following KA,
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again suggesting a reduction in inhibition alone is insuffi-
cient for either consequence of KA treatment.

Although this current study establishes the necessity of
CAS3 transmission in this model system, it does not ad-
dress whether seizures could be triggered in these mice
with higher doses of KA or other drugs that target CAS,
such as carbachol, 4-AP, or bicuculline. This is of impor-
tance, as although we observed reliable seizure induction
in our control groups (Fig. 1), the background strain of our
mice, C57BL/6, has been suggested to be resistant to the
excitotoxic effect of KA (Schauwecker and Steward,
1997). Further, increasing the dose of KA to 30 mg/kg was
sufficient to induce seizure in GIUR6 ™/~ mice (Mulle et al.,
1998), suggesting at higher concentrations alternate cir-
cuits, perhaps involving the amygdala, may be activated
and/or KA can act on other receptor types, such as AMPA
receptors (Chergui et al., 2000; Tomita et al., 2007). Ad-
ditionally, here we only examined the acute effects of KA
administration; it would be of interest in future work to
examine the long-term effects of KA on cell death in CA1
and chronic changes in hippocampal physiology.

Although it had been suggested that KA-mediated de-
pression of inhibitory transmission in CA1 could play a
crucial role in epileptiform activity, a “collapse of inhibi-
tion” model (Fisher and Alger, 1984; Clarke et al., 1997;
Rodriguez-Moreno and Lerma, 1998), our results suggest
this action of the drug alone is insufficient to induce
seizure. Rather, our data strongly align with the more
contemporary view that KA generates excitation of CA3
pyramidal cells while simultaneously strongly increasing
tonic inhibition across the circuit (Ben-Ari and Cossart,
2000). Whereas in normal animals this increased inhibition
does not protect the network from seizure induction be-
cause of the strong excitation of CA3 pyramidal cells, first
directly by the drug, then amplified by the strong CA3
recurrent collaterals, in our mutants the lack of CA3 trans-
mission preserves a strongly inhibitory tone, blocking
both seizure induction and hippocampal synchrony.
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