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Epilepsy is a devastating brain disorder for which effective treatments are very limited.
There is growing interest in early intervention, which requires a better mechanistic
understanding of the early stages of this disorder. While diverse brain insults can lead
to epileptic activity, a common cellular mechanism relies on uncontrolled recurrent
excitatory activity. In the dentate gyrus, excitatory mossy cells (MCs) project extensively
onto granule cells (GCs) throughout the hippocampus, thus establishing a recurrent
MC-GC-MC excitatory loop. MCs are implicated in temporal lobe epilepsy, a common
form of epilepsy, but their role during initial seizures (i.e., before the characteristic MC
loss that occurs in late stages) is unclear. Here, we show that initial seizures acutely
induced with an intraperitoneal kainic acid (KA) injection in adult mice, a well-
established model that leads to experimental epilepsy, not only increased MC and GC
activity in vivo but also triggered a brain-derived neurotrophic factor (BDNF)–depend-
ent long-term potentiation (LTP) at MC-GC excitatory synapses. Moreover, in vivo
induction of MC-GC LTP using MC-selective optogenetic stimulation worsened
KA-induced seizures. Conversely, Bdnf genetic removal from GCs, which abolishes
LTP, and selective MC silencing were both anticonvulsant. Thus, initial seizures are
associated with MC-GC synaptic strengthening, which may promote later epileptic
activity. Our findings reveal a potential mechanism of epileptogenesis that may help in
developing therapeutic strategies for early intervention.
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Epilepsy is a common neurological disorder characterized by recurrent epileptic seizures,
often associated with profound cognitive, psychological, and social deleterious consequen-
ces (1). About 30% of patients are resistant to antiseizure drugs (2). To develop more
effective treatments, a better understanding of the cellular and molecular processes impli-
cated in the early stages of epilepsy, before brain damage becomes irreversible, is required.
Mossy cells (MCs), excitatory neurons in the dentate gyrus (DG) of the hippocampus,
play a critical role in temporal lobe epilepsy (TLE) (3–5), the most common form of focal
epilepsy in adults (6). However, whether MC activity can be pro- or antiepileptic has
been a subject of debate for several decades (3–5, 7, 8). MC loss is a hallmark feature of
chronic TLE in both human and animal models (9–13). Recent studies reported that
while surviving MCs in a mouse model of chronic TLE play an antiepileptic role (4),
these cells could be proepileptic early during initial experimental seizures (5, 14).
Aberrant recurrent excitatory activity is a core mechanism in epilepsy (15). In the

DG, glutamatergic MCs and granule cells (GCs) are reciprocally connected, thus form-
ing an intrinsic excitatory loop. Remarkably, a single MC makes more than 30,000 syn-
aptic contacts onto GCs, locally, contralaterally, and along the longitudinal axis of the
hippocampus (16, 17). Furthermore, repetitive stimulation of MC axons in vitro induces
robust long-term potentiation (LTP) at MC-GC excitatory synapses (MC-GC LTP).
The DG is characterized by very sparse GC activity (18–20), and it is believed to act as a
gate that opens during epileptic seizures (21, 22). The long-lasting strengthening of
MC-GC synaptic transmission is sufficient to overcome the basal strong GC inhibition,
thereby allowing MCs to drive GCs and presumably open the DG gate (23). MC-GC
LTP is mediated by brain-derived neurotrophic factor (BDNF)/tropomyosin receptor
kinase B (TrkB) signaling (23, 24), which is known to promote TLE (25). Therefore,
activity-dependent strengthening of MC-GC synapses may promote epilepsy through
the extensive MC projections onto GCs. While an episode of prolonged seizures (e.g.,
status epilepticus) can result in TLE (26–28), it is unknown whether and how initial
seizures can impact MC-GC synaptic strength.
Using multiple complementary approaches, such as chemogenetics, in vitro electro-

physiology, in vivo optogenetics, in vivo calcium imaging, and a conditional knockout
(cKO) strategy, we found that initial seizures not only increased MC and GC activity
in vivo but also triggered a BDNF-dependent strengthening of MC-GC synaptic

Significance

Better understanding of the initial
molecular and cellular processes
implicated in epileptogenesis is
essential for early therapeutic
intervention (i.e., before brain
damage becomes irreversible).
Uncontrolled activity of recurrent
excitatory circuits is a common
mechanism that promotes
epileptic activity. In the dentate
gyrus, mossy and granule cells
form a recurrent excitatory circuit
that can be strengthened upon
activity and whose dysregulation
has been implicated in temporal
lobe epilepsy. Here, we found that
acute induction of seizures
triggers robust brain-derived
neurotrophic factor
(BDNF)–dependent strengthening
of mossy cell–granule cell
synapses that promotes further
convulsive seizures. Moreover,
blocking this synaptic
strengthening prevents seizure
activity. Together, our findings
provide a potential mechanism for
early epileptogenesis involving
BDNF within a recurrent
hippocampal excitatory network.

Author contributions: K.N., M.A.F., Y.J.Y., J.T.G., and
P.E.C. designed research; K.N., M.A.F., Y.J.Y., and S.P.
performed research; Y.J.Y. contributed new reagents/
analytic tools; K.N., M.A.F., Y.J.Y., S.P., and J.T.G.
analyzed data; and K.N. and P.E.C. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
kaoutsar.n@gmail.com or pablo.castillo@einsteinmed.
edu.

This article contains supporting information online
at http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2201151119/-/DCSupplemental.

Published August 5, 2022.

PNAS 2022 Vol. 119 No. 32 e2201151119 https://doi.org/10.1073/pnas.2201151119 1 of 11

RESEARCH ARTICLE | NEUROSCIENCE

https://orcid.org/0000-0001-9889-306X
https://orcid.org/0000-0002-1386-7565
https://orcid.org/0000-0002-9834-1801
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:kaoutsar.n@gmail.com
mailto:pablo.castillo@einsteinmed.edu
mailto:pablo.castillo@einsteinmed.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201151119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201151119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2201151119&domain=pdf&date_stamp=2022-08-05


transmission. In addition, in vivo induction of MC-GC LTP
was sufficient to promote convulsive seizures, whereas interfer-
ing with BDNF signaling and MC activity had an anticonvul-
sant effect. Our findings support a proepileptic role of MCs
and BDNF in epileptogenesis and provide a potential causal
link between MC-GC LTP and epilepsy.

Results

Chemogenetic Silencing of MCs Reduced Acute Kainic Acid–
Induced Seizures. To test the hypothesis that MC-GC LTP has a
proconvulsant effect during early epilepsy, we first tested the pre-
diction that silencing MCs should reduce the severity/susceptibility

of experimental seizures induced by a single intraperitoneal (IP)
injection of kainic acid (KA), a well-established experimental
model that leads to later epilepsy (29, 30). A relatively high
dose of KA (30 mg/kg) was used to induce strong seizures, which
facilitates the detection of a potential decrease in seizure susceptibil-
ity/severity. To suppress MC output, the Gi inhibitory designer
receptor exclusively activated by a designer drug [hM4D(Gi)
or iDREADD] was selectively expressed in MCs. We bilater-
ally injected a Cre-recombinase–dependent virus expressing
the iDREADD under the CaMKII promoter [adeno-associated
virus (AAV)-CaMKII-DIO-hM4D(Gi)-mCherry] into the DG
of Drd2-Cre mice, whereas Drd2-Cre mice injected with AAV-
CaMKII-DIO-mCherry served as control (Fig. 1A). Consistent
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Fig. 1. Chemogenetic silencing of MCs reduced acute KA-induced seizures. (A and B) AAV expressing mCherry (control, AAV-CaMKII-DIO-mCherry) or the iDREADD
hM4D(Gi)-mCherry [AAV-CaMKII-DIO-hM4D(Gi)-mCherry] were bilaterally injected into the ventral and dorsal DG of Drd2-cre mice. Confocal images of the DG show
how the viral expression is selective for hilar MCs. Note the dense labeling of MC axons in the IML. (C) Schematic diagram illustrating the recording configuration.
Evoked MC EPSCs were recorded from GC in response to MC axon stimulation in the IML. (D) Representative traces (Left) and time course plot (Right) showing that
CNO significantly reduced EPSC amplitude in slices expressing iDREADD in MCs but not in controls. Here and in all figures, n indicates the number of cells and N
indicates the number of animals. (E) Experimental timeline. Viral stereotaxic injections were performed in Drd2-cre mice to express control (AAV-CaMKII-DIO-
mCherry) or iDREADD in MCs [AAV-CaMKII-DIO-hM4D(Gi)-mCherry] 2 to 3 wk before assessing behavioral seizures (for 120 min). All animals were treated with
CNO in vivo (2 mg/kg, IP) 30 min before seizures were acutely induced with a single KA IP injection (30 mg/kg). (F–H) Chemogenetic silencing of MCs reduced
seizure severity and susceptibility. Scoring of seizures using a modified Racine scale for 120 min revealed significant decreases in the cumulative seizure score
(F) and in the sum score (G) and a significantly increase in latency to convulsive seizures (H) when MCs were silenced as compared with control animals. Each
number in parentheses indicates the number of animals. *P < 0.5. Data are presented as mean ± SEM. Here and in all figures, error bars indicate SEM.
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with previous reports (5, 31), we found that the viral expression
was selective to MCs (Fig. 1B). Next, we verified that iDREADD
efficiently responded to the DREADD agonist clozapine N-oxide
(CNO). Bath application of 10 μM CNO strongly inhibited MC
activity in iDREADD-expressing cells (SI Appendix, Fig. S1) and
significantly reduced the amplitude of evoked MC-GC excit-
atory postsynaptic currents (EPSCs) in acute slices obtained
from Drd2-Cre mice injected with AAV-CaMKII-DIO-
hM4D(Gi)-mCherry but not with AAV-CaMKII-DIO-mCherry
(Fig. 1 C and D) (iDREADD: 43.8 ± 4.3% of baseline, n = 6,
P = 0.0005, paired t test; control: 100.6 ± 5.5% of baseline,
n = 5, P = 0.92, paired t test). We then monitored and scored
behavioral seizures induced by KA IP injection (30 mg/kg) for
2 h (see Materials and Methods) in both Drd2-Cre mice injected
with AAV-CaMKII-DIO-hM4D(Gi)-mCherry (iDREADD) or
AAV-CaMKII-DIO-mCherry (control). The two groups were
injected with CNO (2 mg/kg, IP) 30 min before KA administra-
tion (30 mg/kg, IP) (Fig. 1E). Consistent with a recent study
using the pilocarpine model (5), we found that silencing MCs
reduced seizure severity and susceptibility, as indicated by sig-
nificant decreases in the total cumulative seizure score (Fig. 1F)
[two-way ANOVA repeated measure (RM); AAV condition:
F(1,5) = 7.2, P = 0.04; time: F(1.1,5.6) = 71.7, P = 0.0002;
AAV condition × time: F(1,5) = 88.1, P = 0.002] and in the
sum score (Fig. 1G) [control: 33.7 ± 5.1, n = 7; iDREADD:
17.8 ± 3.2, n = 6; control vs. iDREADD: P = 0.02, unpaired
t test] and an increase in latency to stage 3 (Fig. 1H) (control:
45.7 ± 6.1, n = 7; iDREADD: 91.7 ± 14.9, n = 6; control vs.
iDREADD: P = 0.01, unpaired t test). These results reinforce
the notion that MC activity has a proconvulsant effect during
initial drug-induced seizures.

Initial Convulsive Seizures Potentiated MC-GC Transmission
Presynaptically. We hypothesized that early seizures may
increase MC activity and thus induce MC-GC LTP in vivo.
MC repetitive activity is sufficient to trigger a robust MC-GC
LTP in acute brain slices obtained from healthy rodents (23).
Furthermore, a recent in vivo study using a calcium indicator
and fiber photometry reported that DG neuronal activity is
increased during KA-induced seizures (32). However, the con-
tribution of specific subtypes of neurons, including MCs and
GCs, remains unknown. We therefore monitored MC and GC
activity in vivo using calcium imaging during acutely induced
seizures. To this end, we expressed the genetically encoded
Ca2+ indicator jRGECO1a selectively in DG excitatory neu-
rons (SI Appendix, Fig. S2 A–C) by unilaterally injecting AAV-
CaMKII-jRGECO1a into the DG of wild-type (WT) adult
mice. The animals were then implanted with a chronic imaging
window above the dorsal hippocampus, and MC and GC activ-
ity was visualized using head-fixed two-photon imaging before
and during acute seizures (Fig. 2 A and B). After collecting
basal activity, seizures were induced with a single KA IP injec-
tion (30 mg/kg). Neuronal activity was monitored during stage
3 of convulsive seizures, which was determined by the presence
of forelimb clonus. Saline-injected mice served as a control. We
found that during KA-induced convulsive seizures both MCs
and GCs displayed robust calcium waves, which were absent
from saline-injected mice (Fig. 2 C–F). In total, we recorded
117 MCs and 1,132 GCs from four saline-injected mice and
127 MCs and 1,162 GCs from five KA-injected mice (Fig. 2
and SI Appendix, Fig. S2 D and E). The convulsion-associated
calcium waves were observed in almost all (∼99%) recorded
GCs and MCs and likely indicated strong, synchronized neural
activity in GCs (Fig. 2E) (KA ΔF/F per cell = 2.226 ± 0.016,

P < 0.00001, ANOVA; KA ΔF/F per mouse = 2.202 ± 0.181,
P = 0.0159, Mann–Whitney U test) and MCs (Fig. 2F)
(KA ΔF/F per cell = 1.756 ± 0.058, ANOVA; KA ΔF/F
per mouse = 1.793 ± 0.071, P = 0.0159, Mann–Whitney
U test). In addition, the seizure-associated calcium waves in
GCs were significantly delayed compared with MCs, as indi-
cated by a shift in changepoint (see Materials and Methods)
(Fig. 2 G–I) (GCchangepoint � MCchangepoint = 3.261 ± 1.170 s,
n = 5 animals, P = 0.049, t test), suggesting that KA-induced
MC activity precedes and may drive GCs.

We then tested whether initial KA-induced seizures, by
increasing MC activity and inducing LTP, could strengthen
MC-GC connections in vivo. We analyzed MC-GC synaptic
transmission in both KA-injected and saline-injected mice.
After a single KA injection (20 mg/kg, IP), the animals were
monitored and killed humanely for acute hippocampal slice
preparation once stage 3 of convulsive seizures was reached
(Fig. 3A). Sham-injected mice were used as control. MC-GC
synaptic function was assessed by activating MC axons while
performing whole-cell voltage-clamp recordings from GCs. We
found that MC-GC synaptic transmission was significantly
strengthened, as indicated by an increase in the input/output
function (Fig. 3B) [two-way ANOVA RM; IP injection: F(1,9) =
6.5, P = 0.031; stimulation intensity: F(1.4,12.5) = 64.5, P <
0.001; IP injection × stimulation intensity: F(1,9) = 139.8, P <
0.001], while both paired-pulse ratio (PPR) and coefficient of var-
iation (CV) were significantly reduced in KA-injected as com-
pared with saline-treated mice (Fig. 3C) (PPR: saline: 1.31 ±
0.08, n = 10; KA: 1.01 ± 0.06, n = 10; saline vs. KA: P =
0.011, unpaired t test; CV: saline: 0.44 ± 0.06, n = 10;
KA: 0.28 ± 0.02, n = 10; saline vs. KA: P = 0.026, unpaired
t test). These results strongly suggest that initial seizures, pre-
sumably by inducing presynaptic LTP, strengthened MC-GC
synapses in vivo. If so, this plasticity should be occluded in
hippocampal slices prepared from KA-injected mice. In sup-
port of this possibility, we found that both synaptically
induced LTP by repetitive stimulation of MC axons (Fig. 3D)
(saline: 155.5 ± 14.7% of baseline, n = 6, P = 0.013, paired
t test; KA: 99.2 ± 3.8% of baseline, n = 5, P = 0.85, paired
t test; saline vs. KA: P = 0.011, unpaired t test) and chemically
induced LTP by transient application (50 μM for 10 min) of
the adenylyl-cyclase activator forskolin (23) (Fig. 3E) (saline:
170.7 ± 7.6% of baseline, n = 9, P < 0.001, paired t test; KA:
114.3 ± 9.8% of baseline, n = 6, P = 0.20, paired t test; saline
vs. KA: P = 0.0005, unpaired t test) were impaired in KA-injected
mice as compared with control (Fig. 3 D and E). Altogether, our
findings strongly suggest that early KA-induced seizures strength-
ened MC-GC synaptic transmission by inducing presynaptic
MC-GC LTP in vivo.

We also examined whether KA-induced seizures could mod-
ify medial perforant path (MPP) to GC synaptic transmission
(SI Appendix, Fig. S3A). We found an increase in input/output
function and the ratio of α-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptor (AMPA) and N-methyl-D-aspartate
receptor (NMDA) EPSCs (AMPA/NMDA ratio) but no
change in PPR in KA-injected mice (SI Appendix, Fig. S3
B–D), suggesting that initial seizures strengthened MPP-GC
synapses via a postsynaptic mechanism.

Blocking Seizure-Induced MC-GC LTP Had an Anticonvulsant
Effect. BDNF/TrkB signaling is critical for MC-GC LTP.
BDNF is released, by both MCs and GCs, upon repetitive pre-
synaptic activity and is necessary and sufficient for the induc-
tion of MC-GC LTP (23, 24). To test whether BDNF is also
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involved in the seizure-induced strengthening of MC-GC syn-
aptic transmission, occurring in vivo, we conditionally knocked
out Bdnf from GCs, a manipulation that abolishes MC-GC
LTP (24), and tested whether seizures can trigger MC-GC
potentiation in absence of postsynaptic BDNF. Given that
experimental seizures can be reduced in Bdnf KO mice (33, 34),
we only injected 0.5 μL of AAV5.CaMKII.Cre-mCherry or
AAV5.CaMKII.mCherry (control) into the DG upper blade
of Bdnf fl/fl mice unilaterally (SI Appendix, Fig. S4 A and B) in
order to prevent a potential failure in seizure induction when
knocking out Bdnf from DG excitatory neurons. Mice were
killed humanely 25 min after KA injection, which is the average
time for reaching stage 3 convulsive seizure in WT control mice.
We then prepared acute slices to monitor MC-GC synaptic
function (Fig. 4A). While behavioral seizures were comparable in

control and cKO mice (all animals reached stage 3 of convul-
sive seizures and no higher at 25 min postinjection), Bdnf dele-
tion from GCs (Cre-mCherry+ GCs) prevented seizure-
induced MC-GC LTP, as KA IP injection failed to increase MC
EPSC amplitude (Fig. 4B) [two-way ANOVA RM; IP injection:
F(1,6) = 0.003, P = 0.96; stimulation intensity: F(1.56,9.38) =
57.97, P = 0.0004; IP injection × stimulation intensity: F(1,6) =
287.4, P < 0.001] or decrease PPR (Fig. 4C) (saline: 1.23 ±
0.01, n = 7; KA: 1.25 ± 0.1, n = 7; saline vs. KA: P = 0.90,
unpaired t test) and CV (Fig. 4C) (saline: 0.40 ± 0.04, n = 7;
KA: 0.42 ± 0.06, n = 7; saline vs. KA: P = 0.79, unpaired t test)
as compared with saline-injected mice. The lack of KA-induced
synaptic strengthening was not due to viral expression, since KA
injection efficiently increased the input/output function (MC
EPSC amplitude, Fig. 4D) [two-way ANOVA RM; IP injection:
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Fig. 2. Initial convulsive seizures increased MC and GC in vivo activity. (A and B) Schematic diagram showing the experimental apparatus (A). jRGECO1a-
expressing MCs and GCs were imaged before and during KA (30 mg/kg)–induced convulsive seizures in head-fixed mice monitored with an infrared camera.
Saline injections were used as control. (C) Mean image, acquired in vivo, of jRGECO1a-expressing MCs (hilus) and GCs (granule cell layer, GCL) before and
after KA injection. (D) Representative fluorescence (F) traces of three individual MCs and GCs before and after KA injection. (E and F) Average ΔF/F (avg. ΔF/F)
of recorded MCs and GCs after saline (Sal) or KA injection. Each data point corresponds to the average value per cell (Left) and per animal (Right). (G) Repre-
sentative single-frame images acquired during MC activation [mean MC changepoint (change pt) t0, Middle], as well as 10 s before and after (Left and Right),
illustrating how the increase in MC activity, as measured by calcium signals, occurs a few seconds before the increase in GC activity during KA-induced con-
vulsive seizures. (H) Representative F traces of individual MC (black trace) and GC (gray trace) activation during KA-induced convulsive seizures. Vertical
dashed lines indicate changepoints for MC and GC. MCs were activated before GCs. (I) Summary plot showing the delay (GCchangepoint � MCchangepoint) in GC
and MC activation, averaged by mouse. *P < 0.5, ****P < 0.0001. Data are presented as mean ± SEM.
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F(1,4) = 23.6, P = 0.008; stimulation intensity: F(1.34,5.34)
= 68.9, P = 0.0002; IP injection × stimulation intensity:
F(1,4) = 537.0, P < 0.0001] and reduced PPR (Fig. 4E) (saline:
1.34 ± 0.1, n = 5; KA: 0.98 ± 0.1, n = 7; saline vs. KA: P =
0.014, unpaired t test) and CV (Fig. 4E) (saline: 0.39 ± 0.04,
n = 5; KA: 0.27 ± 0.03, n = 7; saline vs. KA: P = 0.031,
unpaired t test) in mCherry+ control GCs. Deleting Bdnf from
GCs did not alter MC-GC synaptic function in saline-injected
mice, as indicated by the fact that input/output function (Fig. 4
B and D) [saline: two-way ANOVA RM; AAV: F(1,4) = 0.27,
P = 0.63; stimulation intensity: F(1.48,5.94) = 75.57, P <
0.00001; AAV × stimulation intensity: F(1,4) = 174.09, P =
0.0002], PPR (Fig. 4 C and E) (saline control: 1.34 ± 0.1, n = 5;
saline cKO: 1.23 ± 0.01, n = 7; control vs. cKO: P = 0.44,
unpaired t test), and CV (Fig. 4 C and E) (saline control: 0.39 ±
0.04, n = 5; saline cKO: 0.40 ± 0.04, n = 7; control vs. cKO:
P = 0.91, unpaired t test) were similar in Cre+ GCs (Bdnf cKO)
as compared to mCherry+ GCs (control). In contrast, KA-injected
mice showed a significant reduction in input/output function
(Fig. 4 B and D) [KA: two-way ANOVA RM; AAV: F(1,6) =
10.84, P = 0.017; stimulation intensity: F(1.39,8.38) = 64.08,
P = 0.00002; AAV × stimulation intensity: F(1,6) = 166.81,
P = 0.00001] and significant increase in both PPR (Fig. 4 C
and E) (KA control: 0.98 ± 0.1, n = 7; KA cKO: 1.25 ± 0.1,

n = 7; control vs. cKO: P = 0.049, unpaired t test) and CV
(Fig. 4 C and E) (KA control: 0.27 ± 0.03, n = 7; KA cKO:
0.42 ± 0.06, n = 7; control vs. cKO: P = 0.044, unpaired t test)
in Bdnf cKO mice as compared with control animals. GC mem-
brane properties were similar among all of the different groups (SI
Appendix, Fig. S5).

To directly address a potential confounding reduction of
KA-induced seizures in Bdnf cKOs (33, 34), we also compared
MC-GC synaptic function in Cre+ (Bdnf cKO) with Cre2 (con-
trol) GCs recorded from the same animal following KA adminis-
tration (SI Appendix, Fig. S4 A and B). The amplitude of evoked
EPSCs was significantly decreased (SI Appendix, Fig. S4C) and
PPR was significantly increased in Cre-expressing GCs as com-
pared with neighboring Cre-lacking GCs (SI Appendix, Fig.
S4D), further supporting the BDNF requirement for the
KA-induced MC-GC strengthening. Lastly, Bdnf deletion from
GCs also reduced the KA-induced strengthening of MPP-GC
transmission (SI Appendix, Fig. S6). Thus, while Bdnf cKO had
no impact on basal MC-GC and MPP-GC synaptic transmission
and GC membrane properties, it abolished KA-induced strength-
ening of both MC-GC and MPP-GC synaptic transmission.

Because protein kinase A (PKA) activity is required for
MC-GC LTP downstream of BDNF/TrkB signaling (23, 24),
we examined whether PKA activation could still induce LTP in

A

B

D E

C

Fig. 3. Initial convulsive seizures increased MC-GC synaptic strength. (A) Seizures were acutely induced using KA IP (20 mg/kg). Mice were killed humanely
after reaching stage 3 of convulsive seizures, and MC-GC synaptic function was accessed in acute hippocampal slices. Saline-injected mice were used as con-
trol. (B) Representative traces and summary plot showing how input/output function was increased in KA-injected mice. EPSC amplitude (Ampl.) vs stimulus
(Stim.) intensity is plotted. (C) PPR and CV were both significantly decreased in KA-treated mice as compared with saline-injected mice. Each number in
parentheses represents the number of cells. (D and E) Representative traces (Top) and time course summary plots (Bottom) showing that LTP at MC-GC syn-
apses induced by either MC BS (five pulses at 100 Hz, repeated 50 times every 0.5 s, D) or 50 μM forskolin (FSK, E) application was impaired in KA-injected
mice. *P < 0.5. Data are presented as mean ± SEM.
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BDNF-deficient GCs. Bath application of forskolin (50 μM for
10 min) triggered normal LTP in BDNF-deficient GCs (Cre-
mCherry+) obtained from both KA- and saline-injected mice in
postsynaptic Bdnf cKOs (Fig. 4F) (saline: 162.9 ± 9.4% of

baseline, n = 6, P = 0.0011, paired t test; KA: 161.9 ± 5.7% of
baseline, n = 5, P = 0.0004, paired t test; saline vs. KA: P =
0.85, unpaired t test), supporting the idea that postsynaptic Bdnf
deletion prevented KA injection from inducing MC-GC LTP

A

B C

D

F G

E

Fig. 4. Seizure-induced MC-GC synaptic strengthening required postsynaptic BDNF. (A) Experimental timeline. Control (AAV-CaMKII-mCherry) or Cre-
expressing AAV (AAV-CaMKII-Cre-mCherry) were injected unilaterally into the dorsal blade of the DG of Bdnf fl/fl mice. Seizures were induced 2 to 3 wk later
using KA IP (30 mg/kg), and acute hippocampal slices were prepared 25 min postinjection. Then, whole-cell recordings were performed from mCherry+ GC,
and synaptic responses were monitored in response to MC axon stimulation. (B and C) KA-induced seizure failed to increase MC-GC synaptic strength in
GC-lacking BDNF. EPSC amplitude (B), PPR (C), and CV (C) were similar in Cre-mCherry+ GCs obtained from KA vs. saline-injected mice. (D and E) Seizure
induction increased MC-GC EPSC amplitude (D) and decreased PPR and CV (E) in control mice. (F) Representative traces and time course summary plots
showing similar FSK-induced potentiation of evoked MC-GC EPSCs (50 μM FSK bath application for 10 min) recorded from Bdnf cKO GCs in KA- and saline-
injected mice. (G) FSK-induced potentiation of MC-GC synaptic transmission in Bdnf fl/fl mice injected with a control virus (AAV-CaMKII-mCherry) was impaired
in KA-injected mice (20 mg/kg) as compared with saline-treated mice. *P < 0.05; nonsignificant, n.s., P > 0.05. Data are presented as mean ± SEM.
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in vivo. In contrast, and consistent with our previous results (Fig.
3E), forskolin failed to induce LTP in control GCs (mCherry+)
obtained from KA-injected mice but not from saline-injected mice
(Fig. 4G) (saline: 171.5 ± 7.2% of baseline, n = 5, P = 0.0006,
paired t test; KA: 115.7 ± 8.1% of baseline, n = 7, P = 0.10,
paired t test; saline vs. KA: P = 0.0006, unpaired t test).
Altogether, these results reveal that initial seizures triggered
MC-GC LTP in vivo via a BDNF-dependent mechanism and
that such synaptic potentiation occluded subsequent induction
of LTP in vitro.
Deleting Bdnf from DG excitatory neurons, a manipulation

that abolishes MC-GC LTP both in vitro (24) or in vivo (Fig. 4
and SI Appendix, Fig. S4), could inhibit seizure induction. To
test this possibility, we stereotaxically injected AAV-CaMKII-
Cre-mCherry (cKO) or AAV-CaMKII-mCherry (control) into
both dorsal and ventral DG of adult Bdnf fl/fl mice, bilaterally
(Fig. 5A). We confirmed that the virus was highly expressed in
the DG (Fig. 5B) (control: 85.9 ± 1.9% of DG neurons, eight
mice; cKO: 85.5 ± 2.1% of DG neurons, nine mice; ∼1,000
analyzed neurons per animal) and that injection of AAV-CaM-
KII-Cre-mCherry into the hippocampus of Bdnf fl/fl mice strongly
reduced Bdnf mRNA levels selectively in the hippocampus
(SI Appendix, Fig. S7). Bdnf conditional deletion reduced sei-
zure severity and susceptibility, as indicated by significant

decreases in the total cumulative seizure score (Fig. 5C) [two-
way ANOVA RM; AAV condition: F(1,7) = 6.0, P = 0.044;
time: F(1.26,8.87) = 150.4, P < 0.001; AAV condition × time:
F(1,7) = 262.4, P < 0.001] and in the sum score (Fig. 5D) (con-
trol: 48.9 ± 6.0, n = 8; cKO: 31.7 ± 4.7, n = 9; control vs.
cKO: P = 0.039, unpaired t test) and an increase in latency to
stage 3 (Fig. 5E) (control: 21.2 ± 3.5, n = 8; cKO: 51.1 ± 13.4,
n = 9; control vs. cKO: P = 0.045, Mann–Whitney U test).
Remarkably, c-Fos expression was significantly reduced in Bdnf
cKO mice as compared with controls (SI Appendix, Fig. S8).
Lastly, we found no significant changes in the amplitude and
frequency of spontaneous EPSC (SI Appendix, Fig. S9) or in
the amplitude of evoked MC-EPSCs (Fig. 4), MPP-EPSCs (SI
Appendix, Fig. S6C), and lateral perforant path (LPP)–EPSCs
(SI Appendix, Fig. S10) recorded from Bdnf-lacking GCs, show-
ing that conditionally knocking out Bdnf from DG excitatory
neurons did not modify the strength of basal excitatory inputs
onto GCs. Altogether, these results indicate that seizure-induced
MC-CG LTP accentuates the proconvulsant effects of KA.

In Vivo Application of the MC-GC LTP Induction Protocol
Promoted Behavioral Seizures. We previously showed that
optogenetic repetitive stimulation of MC axons triggers robust
MC-GC LTP in vitro (23). We therefore tested whether in vivo

A

B

C D E

Fig. 5. Knocking out BDNF from hippocampal excitatory neurons reduced KA-induced seizures. (A) AAV-CaMKII-mCherry (control) or AAV-CaMKII-Cre-
mCherry (cKO) was injected bilaterally into ventral and dorsal DG of Bdnffl/fl mice. (B) Representative confocal images (Left) and quantification (Right) showing
high viral expression in the DG. Control (Ctrl) vs cKO. (C–E) Deletion of BDNF from hippocampal excitatory neurons (Bdnffl/fl mice injected with AAV-CaMKII-
Cre-mCherry) induced significant decreases in the cumulative seizure score (C) and in the sum score (D) and a significantly increase in latency to convulsive
seizures (E) as compared with controls (Bdnffl/fl mice injected with AAV-CaMKII-mCherry). *P < 0.05. Data are presented as mean ± SEM.
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induction of LTP using optogenetic activation of MCs facili-
tated acutely evoked behavioral seizures. To this end, we selec-
tively expressed the fast variant of channelrhodopsin ChIEF in
MCs by bilaterally injecting the Cre-recombinase–dependent
AAV-hSyn-DIO-ChIEF-tdTomato into the dorsal and ventral
DG of Drd2-Cre mice (Fig. 6A). Blue light burst stimulation of
MC axons (MC BS: five pulses of 5 ms at 30 Hz, repeated 50
times every 0.5 s) was delivered through an optic fiber placed
above the dorsal DG inner molecular layer (IML) in vivo, and
sham light (i.e., no light) was used as a control (Fig. 6 A, B, and
F). Optic fiber location and selective viral expression in MCs
were confirmed post hoc (Fig. 6B). We also verified that the light
stimulation protocol induced MC-GC LTP in vivo. When it
does, this plasticity should be occluded in hippocampal slices pre-
pared after in vivo light stimulation. We found that repetitive
light stimulation of MC axons failed to induce LTP in vitro
when the LTP protocol was preapplied in vivo as compared with

control slices (Fig. 6C) (after in vivo LTP: 96.1 ± 7.9% of base-
line, n = 6, P = 0.64, paired t test; control: 146.7 ± 4.9% of
baseline, n = 5, P = 0.0007, paired t test; in vivo LTP vs. con-
trol: P < 0.001, unpaired t test). In addition, both PPR (Fig.
6D) (control: 1.51 ± 0.10, n = 5; in vivo LTP: 1.08 ± 0.09,
n = 6; control vs. in vivo LTP: P = 0.013, unpaired t test) and
CV (Fig. 6E) (control: 0.41 ± 0.04, n = 5; in vivo LTP: 0.25 ±
0.04, n = 6; control vs. in vivo LTP: P = 0.024, unpaired t test)
were significantly reduced after in vivo photostimulation as com-
pared with control mice (sham light). These results strongly sug-
gest that in vivo MC BS (five pulses of 5 ms at 30 Hz, repeated
50 times every 0.5 s) induced presynaptic LTP at MC-GC synap-
ses. We then tested whether in vivo induction of MC-GC LTP
can promote behavioral seizures. In these experiments, to facilitate
the detection of potential increase in seizure severity/susceptibil-
ity, seizures were induced with a lower dose of KA IP (20 mg/kg)
50 min after in vivo induction of LTP (Fig. 6F). Remarkably, we

A

C

F G H I

D E

B

Fig. 6. In vivo induction of MC-GC LTP promoted seizures. (A) Experimental timeline. To selectively photostimulate MC axons in vivo, AAV-hSyn-ChIEF-tdTo-
mato was bilaterally injected into ventral and dorsal DG of Drd2-cre mice, and an optical fiber was implanted above the IML of the DG. The LTP induction
protocol (MC BS: five pulses at 30 Hz, repeated 50 times, every 0.5 s) was applied in vivo by delivering blue light through a patch cord cable connected to a
fiber-coupled 470-nm light-emitting diode (LED) source 5 to 7 wk after surgery. Sham light was used as a control. Acute hippocampal slices were prepared
20 min later, and MC-GC synaptic properties were analyzed using whole-cell recordings of GCs and light stimulation of MC axons. (B) Representative confocal
images showing the viral expression and the fiber tract location. (C) Optically evoked EPSCs (o-EPSCs) were recorded in GC in response to MC axon photosti-
mulation. Representative traces (light) and time course summary plot (light) showing that in vivo application of MC BS prevented subsequent induction of
LTP in vitro. (D and E) PPR (D) and CV (E) were both significantly decreased after in vivo application of the MC-GC LTP induction protocol as compared with
the sham light (control) condition. Each number in parentheses indicates the number of cells. (F) Experimental timeline. The LTP induction protocol (MC BS:
five pulses at 30 Hz, repeated 50 times, every 0.5 s) was delivered in vivo, while sham light was used as control. KA (20 mg/kg IP) was then administered 50
min after the optogenetic stimulation, and seizures were scored for 120 min. (G–I) Application of the MC-GC LTP induction protocol (optogenetically-induced
LTP or Opto LTP) increased seizure severity and susceptibility, as indicated by significant increases in the cumulative seizure score (G) and in the sum score
(H) and a significantly decrease in latency to convulsive seizures (I). *P < 0.05, **P < 0.01. Data are presented as mean ± SEM.
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found that in vivo application of a MC-GC LTP induction pro-
tocol significantly increased the severity and susceptibility of
acutely evoked seizures induced by KA, as indicated by significant
increases in cumulative seizure score (Fig. 6G) [two-way ANOVA
RM; light: F(1,3) = 100.7, P < 0.001; time: F(1.3,4.1) = 221.5,
P < 0.001; light × time: F(1,3) = 109.3, P < 0.01] and in the
sum score (Fig. 6H) (control: 18.0 ± 1.8, n = 5; in vivo LTP:
28.0 ± 1.5, n = 4; control vs. in vivo LTP: P = 0.0045,
unpaired t test) and a significantly decrease in latency to convul-
sive seizures (Fig. 6I) (control: 104.0 ± 10.3, n = 5; in vivo
LTP: 42.5 ± 7.5, n = 4; control vs. in vivo LTP: P = 0.017,
Mann–Whitney U test). While optogenetic activation of MCs
could impact their basic membrane properties or synaptic inputs,
we found that the stimulation protocol that triggers LTP in vivo
did not significantly alter MC membrane resistance or the main
excitatory synaptic drive, i.e., GC inputs, onto MC recorded
in vitro (SI Appendix, Fig. S11) (see Materials and Methods).
Taken together, these findings strongly suggest that in vivo induc-
tion of MC-GC LTP can worsen behavioral seizures.

Discussion

In this study, we found that early seizures potentiate crucial
hippocampal excitatory synapses, thereby facilitating further
epileptic activity. KA-induced seizures not only increased MC
and GC activity in vivo but also triggered a BDNF-dependent
strengthening of MC-GC synaptic transmission that occluded
subsequent induction of MC-GC LTP. In addition, blocking
MC-GC LTP and silencing MCs selectively were both associ-
ated with significant decreases in seizure susceptibility and
severity. Moreover, in vivo induction of MC-GC LTP was suf-
ficient to worsen convulsive seizures subsequently triggered
with KA. Overall, our findings strongly suggest that seizure-
induced plasticity at MC-GC excitatory synapses may signifi-
cantly contribute to the proconvulsant role of MCs during early
stages of epilepsy.

Initial Seizures Induce BDNF-Dependent Strengthening of
MC-GC Synaptic Transmission. Using in vivo two-photon imag-
ing in awake behaving mice, we found that acutely induced seiz-
ures triggered a massive increase in both MC and GC calcium
signals (Fig. 2), indicating a robust increase in neuronal activity.
Our findings are consistent with a recent study reporting in vivo
epileptiform calcium signals detected with fiber photometry in
the DG following KA administration (32). While these signals
likely reflect the synchronized activity of a large population of
neurons, including interneurons, we could assess calcium activity
of individual MCs and GCs (Fig. 2 and SI Appendix, Fig. S2 D
and E) by combining selective expression of a calcium indicator
in DG excitatory neurons and two-photon live imaging. It has
been reported that dorsal GCs are mainly activated by ventral
MCs (31), which we were not able to confirm given the limited
access to the ventral hippocampus of our head-fixed two-photon
imaging approach. However, imaging of the dorsal hippocampus
revealed that MC activation during convulsion seizures precedes
GCs (Fig. 2 G–I). We therefore hypothesize that KA administra-
tion activates MCs, which in turn engage GCs. In support of
this idea, we have recently reported that MCs express functional
extrasynaptic kainate receptors whose activation with submicro-
molar concentrations of KA can drive MC activity in vitro,
whereas GCs show comparatively much less sensitivity (at least
one order of magnitude) to KA application (35). While inter-
neurons (36) and CA3 pyramidal cells also express kainate recep-
tors (37, 38), it is unlikely that activation of these neurons could

directly drive GCs, although CA3 pyramidal cells could contrib-
ute indirectly by activating MCs (39). Furthermore, MCs show
higher activity in vivo in contrast to GCs (40–42), making them
more likely to be engaged during epileptic activity, regardless the
nature of the chemoconvulsant. This last notion is also supported
by the fact that MC silencing not only reduced KA-induced seiz-
ures (Fig. 1) but also prevents pilocarpine-induced epilepsy (5).
Although MCs also excite inhibitory interneurons (16), the
anticonvulsant effect of MC silencing (Fig. 1) suggests that MC
silencing during initial seizures has a stronger impact on the
activity of GCs than interneurons (5). Besides inducing synaptic
plasticity, the KA-induced increase in MC and GC intracellular
calcium concentration (Fig. 2) may also contribute to excitotox-
icity and cell death. Altogether, our findings demonstrate that
MCs and GCs are highly active during initial experimental seiz-
ures, suggesting that sustained activation of MCs contributes to
GC recruitment.

We gathered multiple lines of evidence indicating that initial
convulsive seizures induce presynaptically expressed MC-GC LTP
in vivo. MC-GC synaptic strength was increased in KA-treated
mice as compared with sham-injected animals, and this strength-
ening was associated with a significant reduction in both PPR and
CV (Fig. 3 B and C), suggesting a presynaptic mechanism. More-
over, induction of MC-GC LTP in vitro was occluded after con-
vulsive seizures (Fig. 3 D and E), indicating a common step. The
KA-induced strengthening of MC-GC synaptic transmission
in vivo was likely induced by the increase in MC activity (35),
consistent with the observation that repetitive MC activity triggers
robust MC-GC LTP in acute rodent hippocampal slices (23).
Although in vitro epileptic activity was associated with a rise in
the net excitatory drive between MCs and GCs (5), it is unclear
whether this effect results from disinhibition or direct MC-GC
synaptic strengthening. Our findings show that both in vivo opto-
genetic activation of MCs (Fig. 6) and acute seizures (Fig. 3) were
sufficient to trigger presynaptic MC-GC LTP.

Several studies indicate that seizures can increase both BDNF
levels (43–46) and TrkB activation in the hippocampus (25, 47).
In addition, BDNF is necessary and sufficient for MC-GC LTP
(23), and it can be released from both MCs and GCs following
MC repetitive activity in vitro (24). It is therefore likely that by
releasing BDNF, MC and GC activity induces MC-GC LTP
in vivo. In support of this mechanism, we found that genetic
removal of Bdnf from GCs abolished seizure-induced MC-GC
LTP (Fig. 4 and SI Appendix, Fig. S4), while it did not affect
basal MC-GC synaptic (Fig. 3) or GC membrane properties in
sham-injected mice (SI Appendix, Fig. S5). Of note, we did not
observe any failure of seizure induction when Bdnf was sparsely
knocked out. Altogether, our findings indicate that BDNF medi-
ates in vivo seizure-induced strengthening of MC-GC excitatory
synapses.

Seizure-Induced LTP at MC-GC Synapses is Proconvulsant.
Our results strongly suggest that activity-dependent strengthening
of MC-GC synapses promotes acute seizures. While MCs inner-
vate GCs and inhibitory interneurons, MC repetitive activity that
induces MC-GC LTP, at least in vitro, has no effect on feedfor-
ward inhibition onto GCs (23), and such repetitive activity does
not induce plasticity at GC-MC synapses (SI Appendix, Fig. S11).
LTP-induced worsening of seizures (Fig. 6) is supported by the
extensive MC projection onto the proximal dendrites of GCs
(16) and the powerful MC-GC excitatory drive reported both
in vitro (23) and in vivo (31). Given that a single MC innervates
as much as 75% of the septotemporal axis of the hippocampus
(48), broad induction of MC-GC LTP can be detrimental,
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underscoring a link between uncontrolled LTP at the hippocam-
pal excitatory synapse and seizures. Conversely, blocking activity-
dependent strengthening of MC-GC synapses in vivo reduced
induced seizure severity. PKA and BDNF signaling pathways
are both necessary and sufficient for activity-dependent LTP
at MC-GC synapses (23, 24). Both MC silencing using Gi

iDREADD (Fig. 1) and knocking out Bdnf from hippocampal
excitatory neurons (Fig. 5) reduced acute KA-induced seizure
severity. However, MC silencing not only prevents MC-GC
LTP induction but also reduces basal MC-GC synaptic trans-
mission (Fig. 1) and MC output activity. Although Bdnf cKO
had no effect on MC-GC basal transmission (Fig. 4) and GC
membrane properties (SI Appendix, Fig. S5), we cannot discard
an effect on other synapses. In fact, we found that deleting Bdnf
from GCs did not alter MPP- and LPP-GC synaptic transmission
(SI Appendix, Figs. S6, S9, and S10) but prevented KA-induced
MPP-GC strengthening (SI Appendix, Fig. S6). A potential role of
MC-GC LTP in this strengthening cannot be discarded. Bdnf
deletion reduced c-Fos expression in the DG of KA-injected mice
(SI Appendix, Fig. S8), suggesting that BDNF/TrkB signaling con-
tributes to seizure-induced opening of the DG gate, likely by
strengthening MC-GC synapses. Consistent with this scenario,
optogenetic induction of MC-GC LTP in vivo was sufficient to
worsen convulsive seizures. Notably, type 1 cannabinoid receptors,
which are highly expressed at MC terminals (49), tonically sup-
press MC-GC transmission and also dampen the induction of
MC-GC LTP (50) in an activity-dependent manner. By suppress-
ing excitatory drive, these receptors could be a potential target to
prevent epilepsy (14, 51–53). In agreement with recent findings
using the pilocarpine model (5), our results strongly support a
proconvulsant role of MCs during early epilepsy. In contrast, in a
chronic mouse model of TLE induced by KA intrahippocampal
administration, MCs are reportedly antiepileptic (4), suggesting
that the role of MCs may differ significantly with the disease stage.
A change in MC connectivity that leads to a reduced excitatory/
inhibitory drive of GCs could underlie the antiepileptic role of
surviving MCs in chronic epilepsy (54).
Compelling evidence indicates that BDNF and its high-

affinity receptor TrkB promote worsening of TLE (25, 33, 34,
55–59), but the precise mechanisms and specific contributions
of different cell types are not entirely clear. Here we identified
two reciprocally connected excitatory neurons in the DG, MCs
and GCs, that can mediate the BDNF proconvulsant effects via
BDNF-dependent MC-GC LTP. Interfering with BDNF/TrkB
signaling in different ways reduced epilepsy—i.e. heterozygous
deletion of Bdnf (33), neuronal deletion of Bdnf or TrkB (34),
chemogenetic blockade of TrkB kinase activity in TrkBF616A

mutant mice (58), and a mutant mouse that uncouples TrkB
from its downstream phospholipase Cγ1 signaling (56). Impor-
tantly, based on our previous (23) and present (Figs. 4 and 6)
findings, these manipulations could also prevent seizure-induced
MC-GC LTP and the associated facilitation of epileptic activity.
Conversely, overexpression of BDNF in the brain (59) and local
infusion of BDNF into the hippocampus (55) worsen epileptic
seizures. BDNF is sufficient to induce MC-GC LTP in vitro
(23), raising the possibility that in vivo infusion of BDNF pro-
motes seizures by inducing MC-GC LTP broadly. Of note,
exogenous BDNF delivery into the hippocampus of chronically
epileptic rats can have antiepileptic and neuroprotective effects

(60), suggesting that BDNF action might differ with epilepsy
stages.

Altogether, our findings uncover a potential mechanism
implicated in the early stages of epilepsy before brain damage
becomes irreversible. We highlighted how initial seizures can
shape an important hippocampal excitatory synapse in a
BDNF-dependent manner, and how broad, uncontrolled
induction of LTP can be detrimental and promote subsequent
induction of seizures. Manipulations that suppress LTP induc-
tion and BDNF signaling at MC-GC synapses may be a strat-
egy for the treatment of epilepsy.

Materials and Methods

C57BL/6, Bdnf floxed (Bdnffl/fl), or Drd2-cre (B6.FVB(Cg)-Tg(Drd2-cre)ER44Gsat/
Mmucd, MMRRC 032108-UCD) mice (2 to 3.5 mo old, both males and females)
were used in this study. All animals were group housed in a standard 12:12 h
light:dark cycle and had free access to food and water. Animal handling, breed-
ing, and use followed a protocol approved by the Animal Care and Use Commit-
tee of the Albert Einstein College of Medicine, in accordance with NIH guidelines.
Experimental procedures, involving hippocampal slice preparation, electrophysiol-
ogy, in vivo two-photon imaging, Bdnf conditional KO (cKO), MC silencing, in vivo
induction of MC-GC LTP with optogenetics, seizure induction and monitoring,
immunohistochemistry, fluorescent in situ hybridization, and adeno-associated
virus vector construction, were detailed in SI Appendix, Supplementary Materials
and Methods. Image acquisition, quantification, data, and statistical analysis are
also included in SI Appendix, Supplementary Materials and Methods.

For more details, refer to SI Appendix, Supplementary Materials and Methods.

Data Availability. All study data are included in the article and/or SI Appendix.
Original code was uploaded to GitHub (https://github.com/GoncalvesLab/
Nasrallah-et-al-PNAS-2022-Collab) (61). Plasmids generated for this study have
been deposited on AddGene (190240, 190241) (62, 63).
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