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Emerging evidence indicates that the functionally opposing neurotransmitters, gluta-
mate and GABA, are coreleased from the same presynaptic terminals in some adult
brain regions. The supramammillary nucleus (SuM) is one region that coreleases gluta-
mate and GABA in the dentate gyrus (DG) through its afferents. Although the SuM-
DG pathway has been implicated in various brain functions, little is known about the
functional roles of the peculiar features of glutamate/GABA corelease. Here, we show
that depolarization of granule cells (GCs) triggers postsynaptic long-term potentiation
(LTP) of glutamatergic, but not GABAergic, cotransmission at SuM-GC synapses.
Moreover, the burst activity of perforant-path inputs heterosynaptically induces LTP
at excitatory SuM-GC synapses. This non-Hebbian LTP requires postsynaptic
Ca2+ influx, Ca2+/calmodulin-dependent protein kinase II (CaMKII) activity, and exo-
cytosis of AMPA receptors. Glutamatergic transmission-selective expression of LTP
increases the excitatory drive such that SuM inputs become sufficient to discharge GCs.
Our results highlight a form of LTP, which dynamically and rapidly changes the gluta-
matergic/GABAergic cotransmission balance and contributes to DG network activity.
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The dentate gyrus (DG) is the first stage within the hippocampal formation to receive
entorhinal cortical inputs and send excitatory outputs to the CA3 region (1), and plays
an important role in memory formation, particularly pattern separation, a process of
transforming similar patterns of cortical information to nonoverlapping patterns of
CA3 outputs (2, 3). Through this process, the DG contributes to the encoding and dis-
crimination of memories (4). The DG also receives subcortical inputs from several
brain regions, and these inputs modulate DG functions (1, 3, 4). The supramammil-
lary nucleus (SuM) of the hypothalamus is one subcortical region that projects to the
DG and CA2 region (5, 6). With direct connections and indirect connections via the
medial septum to the hippocampus, SuM activity is involved in the hippocampal θ
rhythm (7, 8). Recent studies have indicated that the SuM projection to the DG is
related to spatial memory retrieval (9), sleep and arousal (10–12), and contextual nov-
elty (13). Despite emerging evidence that the SuM-DG pathway contributes to several
brain functions, it remains unknown how the SuM afferents to the DG are involved in
brain functions at the cellular, synaptic and circuit levels.
Recent studies have revealed that the SuM neurons make monosynaptic connections

to granule cells (GCs), the DG principal neurons, and corelease glutamate and GABA
onto GCs (10, 12–15). This glutamatergic and GABAergic cotransmission exerts a net
excitatory effect on GCs and modulates GC firing through temporal association with
entorhinal cortical inputs (14, 15). Similar corelease of glutamate and GABA from the
same presynaptic terminals in the mature brain has been reported in the lateral habe-
nula from the entopeduncular nucleus (16–19) and the ventral tegmental area inputs
(18, 20, 21), in the ventral tegmental area from the ventral pallidum inputs (21), and
in the CA1 pyramidal cells from subsets of hippocampal interneurons (INs) (22, 23).
In single axon terminals, glutamate and GABA are cotransmitted from distinct synaptic
vesicles in the lateral habenula and presumably in the DG (18). This peculiar form of
synaptic transmission, corelease of neurotransmitters with opposing effects (excitation
and inhibition), has led to speculation about several possible synaptic functions, includ-
ing excitation/inhibition balance, gain control, filtering, and regulation of synaptic
plasticity (24–26). Intriguingly, the corelease of glutamate and GABA demonstrates
plasticity. In the lateral habenula, GABAergic cotransmission was reduced in animal
models of depression (16) or in the mice of cocaine withdrawal (19). These changes
arise from presynaptic modifications, such as impairment of vesicular GABA filling fol-
lowing the reduction of glutamic acid decarboxylase (GAD) or vesicular GABA
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transporter (VGAT). Additionally, in the hippocampal INs,
disruption of GABA synthesis by inhibition of GAD or feeding
mice a vitamin B6-deficient diet, a manipulation that decreases
GAD activity, reduced GABAergic cotransmission with enhanced
glutamatergic cotransmission, indicating the homeostatic control
of the glutamate/GABA corelease ratio (22). Thus, the imbalances
in glutamatergic and GABAergic cotransmission are associated
with neurological disorders and homeostatic scaling. While these
alterations are induced over long time scales (16, 19, 22), it is
unknown whether activity-dependent rapid changes in glutama-
tergic and GABAergic cotransmission are induced under physio-
logical conditions, and if so, whether such plasticity can modulate
overall neural activity in the circuits.
In this study, we examined whether activity-dependent long-

term plasticity is induced at SuM-GC synapses and contributes
to DG information processing. We found that repetitive depo-
larizing pulses or burst firing of GCs induced glutamatergic
cotransmission-selective long-term potentiation (LTP) at
SuM-GC synapses. This LTP is expressed postsynaptically and
requires Ca2+ influx through L-type voltage-dependent Ca2+

channels (L-VDCCs), postsynaptic Ca2+/calmodulin-depen-
dent protein kinase II (CaMKII) activity, and exocytosis of
AMPA receptors (AMPARs). By selective expression of gluta-
matergic—but not GABAergic—LTP, glutamatergic transmis-
sion plays a dominant role in SuM-GC synaptic transmission
and excites GCs to trigger action potentials (APs). Thus, our
findings provide evidence that SuM-GC glutamate/GABA core-
lease synapses undergo rapid and enduring activity-dependent
changes in synaptic transmission, and such synaptic plasticity
may modulate DG information processing and contribute to
SuM-DG circuit-linked brain functions.

Results

Postsynaptic Depolarization Induces LTP at Excitatory
SuM-GC Synapses. To investigate whether SuM-GC synapses
undergo activity-dependent long-term plasticity, we performed
whole-cell patch-clamp recordings from GCs in acute hippo-
campal slices. To optogenetically activate SuM fibers in the
DG, we stereotactically injected a Cre-dependent adeno-asso-
ciated virus (AAV) to express channelrhodopsin-2 (ChR2)
[AAV-DIO-ChR2(H134R)-eYFP] into the SuM of VGluT2-
Cre mice (Fig. 1A and SI Appendix, Fig. S1) (14). By delivering
blue light pulses, we recorded optically evoked excitatory post-
synaptic currents (oEPSCs) at SuM-GC synapses in the pres-
ence of picrotoxin to block inhibitory currents. We first tested
whether excitatory SuM-GC synapses exhibit classic NMDAR-
dependent Hebbian LTP. To test this, we applied a pairing
protocol (200 light pulses at 2 Hz, paired with 0-mV postsyn-
aptic depolarization), a commonly used protocol to induce
Hebbian LTP (27). We found that this pairing protocol
induced robust LTP of SuM-GC oEPSCs (Fig. 1B) (control:
217 ± 23% of baseline, n = 10, P < 0.001, paired t test).
Unexpectedly, this LTP was not abolished by the NMDAR
blocker D-AP5 (Fig. 1B) (D-AP5: 210 ± 26% of baseline,
n = 8, P < 0.001, paired t test; control vs. D-AP5: P = 0.81,
unpaired t test). This result suggests that excitatory SuM-GC
synapses undergo NMDAR-independent LTP by the pairing
protocol. To test whether NMDAR-independent LTP requires
associative presynaptic and postsynaptic activity, we delivered
solo presynaptic activation or postsynaptic depolarization. To
our surprise, postsynaptic depolarization (depol) without pre-
synaptic stimulation still caused LTP (Fig. 1B) (depol: 214 ±
21% of baseline, n = 9, P < 0.001, paired t test; control vs.

depol: P = 0.89, unpaired t test), whereas solo presynaptic
stimulation failed to induce LTP (Fig. 1B) (pre only; 100 ±
6% of baseline, n = 4, P > 0.98, Wilcoxon signed rank test).
These results suggest that postsynaptic depolarization only can
induce LTP at excitatory SuM-GC synapses.

Several previous studies have demonstrated that postsynaptic
depolarization induces LTP at CA3-CA1 synapses of the hippo-
campus (28–31). To test whether excitatory SuM-GC synapses
also undergo similar non-Hebbian plasticity by a much shorter
duration of postsynaptic depolarization than the pairing proto-
col (100 s in Fig. 1B), we applied repeated depolarizing pulses
(2-s duration repeated 10 times every 5 s from a holding poten-
tial of –60 mV to 0 mV). We found that depolarizations of
GCs induced robust LTP of excitatory SuM-GC transmission
(depol-eLTP), which peaked within 10 min and maintained
stable potentiation for up to 60 min (Fig. 1C) (196 ± 19% of
baseline, n = 13, P < 0.001, paired t test). In subsequent
experiments, we used the repeated depolarizing pulses as the
standard induction protocol for depol-eLTP. The magnitude of
the depol-eLTP depended on the number of depolarizing
pulses (Fig. 1D). To test whether depol-eLTP could be induced
by physiologically relevant GC activity, we applied burst APs in
GCs at the θ frequency, which mimics the in vivo firing pattern
of GCs that show sparse activity with intermittent burst firing
at θ oscillations (32–34). We found that AP firing in GCs (10
bursts of APs at 5 Hz, repeated five times every 5 s) in current-
clamp mode using a more physiological K+-based intracellular
solution induced robust LTP (Fig. 1E) (172 ± 17% of baseline,
n = 8, P < 0.01, paired t test). Consistent with the NMDAR-
independence of LTP induced by the pairing protocol (Fig.
1B), depol-eLTP induced by repeated depolarizing pulses was
also intact in the presence of D-AP5 (Fig. 1F) (202 ± 27% of
baseline, n = 10, P < 0.01, paired t test), suggesting an
NMDAR-independent mechanism for depol-eLTP. These
results indicate that excitatory SuM-GC synapses express an
NMDAR-independent form of non-Hebbian LTP following
postsynaptic depolarization.

Depolarization of GCs Exhibits Postsynaptic LTP of SuM-GC
AMPAR-Mediated Transmission but Not GABAergic Cotrans-
mission. We next tested whether depol-eLTP is expressed pre-
or postsynaptically. By monitoring the paired-pulse ratio
(PPR), a commonly used index of presynaptic change, we
found that the PPR was not changed after induction of depol-
eLTP of SuM-GC AMPAR-oEPSCs (before: 0.52 ± 0.05;
LTP: 0.49 ± 0.03, n = 10, P = 0.49, Wilcoxon signed rank
test) (Fig. 1F). Moreover, depol-eLTP increased the amplitude,
but not the frequency, of asynchronous SuM-GC oEPSCs in
the presence of strontium (Fig. 2A) (amplitude: before: 9.7 ±
0.24 pA; after: 14.1 ± 0.44 pA, n = 7, P < 0.001, paired t test;
frequency: before: 3.7 ± 0.31 Hz; after: 3.7 ± 0.34 Hz, n = 7,
P = 0.92, paired t test). These results suggest that depol-eLTP
is likely expressed postsynaptically. To further test the potential
involvement of presynaptic changes during depol-eLTP, we
investigated the effects of depolarizing pulses on NMDAR-
mediated synaptic transmission at SuM-GC synapses. If depol-
eLTP is caused by a long-lasting increase in glutamate release,
both AMPAR- and NMDAR-mediated synaptic transmission
will be equally potentiated. We found that pharmacologically
isolated SuM-GC NMDAR-oEPSCs were detectable at
–60 mV, even in the presence of 1.3 mM Mg2+ (Fig. 2B and
SI Appendix, Fig. S2). This observation allows us to deliver the
same magnitude of depolarization (from –60 to 0 mV) as
AMPAR-oEPSCs for monitoring NMDAR-oEPSCs. Unlike
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Fig. 1. Depolarization of GCs exhibits LTP of glutamatergic SuM-GC cotransmission. (A, Left) Diagram illustrating injection of AAV-DIO-ChR2(H134R)-eYFP
into the SuM of VGluT2-Cre mouse. (Right) Confocal images showing ChR2(H134R)-eYFP-expressing SuM axons in the DG (Upper) and injection site (Lower).
(B) A pairing protocol (200 light pulses at 2 Hz, paired with 0-mV postsynaptic depolarization, arrow) induced robust LTP of SuM-GC oEPSCs (white circle).
Same pairing protocol still induced LTP in the presence of 50 μM D-AP5 (red circle). Postsynaptic depolarization without presynaptic activity also induced LTP
(blue circle), whereas presynaptic activity without postsynaptic depolarization failed to induce LTP (black circle). Representative traces, which correspond to
the numbers in the time-course plot below (for this and all subsequent figures), are shown on the top. For this and all subsequent figures, blue bars indicate
the time when blue light was delivered to slices. (C) Representative experiment (Upper) and summary plot (Lower) shows repeated depolarizations (2-s
duration repeated 10 times every 5 s, arrow) of GCs induced robust LTP of SuM-GC oEPSCs. (D) The magnitude of depol-eLTP depends on the number of
depolarizing pulses. Each protocol was applied to the different cells. Summary data at right shows the magnitude of LTP induced by different numbers of
depolarizing pulses (once, 132 ± 13% of baseline, n = 11; three times, 167 ± 22% of baseline, n = 11; 10 times, 214 ± 11% of baseline, n = 11). One-way
ANOVA, P < 0.001, Tukey’s post hoc test *P < 0.05; ***P < 0.001. (E) Burst APs in GCs at θ frequency (10 bursts of 40-ms current injection, which elicited
three to four APs, at 5 Hz, repeated five times every 5 s, arrow) induced LTP. (Inset) Example trace of a single burst APs. (F) Depol-eLTP was normally induced
by repeated postsynaptic depolarizations (arrow) in the presence of 50 μM D-AP5. PPR was not changed after induction of depol-eLTP. (Left) Representative
traces; (Center) time course summary plot of depol-eLTP (Upper) and normalized PPR (Lower); (Right) summary plot of PPR. Gray bars in (B and C) indicate the
time windows for quantification of the magnitude of LTP. Here and in all figures, the magnitude of LTP was measured by comparing baseline responses
with the last 10-min responses after LTP induction shown in each experiment. Data are presented as mean ± SEM.
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AMPAR-oEPSCs, NMDAR-oEPSCs did not show LTP fol-
lowing postsynaptic depolarizations (Fig. 2C) (101 ± 4% of
baseline, n = 10, P = 0.85, paired t test). These results also
suggest that depol-eLTP is expressed postsynaptically.
In addition to excitatory synapses, several studies have dem-

onstrated that postsynaptic depolarization induces LTP at
inhibitory synapses in several brain regions (35–39). We exam-
ined the effects of postsynaptic depolarization on GABAergic
cotransmission. Using an intracellular solution containing a
high concentration of Cl� (calculated ECl- = –20 mV), we
recorded optically evoked inhibitory postsynaptic currents
(oIPSCs) from GCs as inward currents at –60 mV. Unlike
AMPAR-oEPSCs, SuM-GC oIPSCs did not exhibit LTP by
the depol-eLTP induction protocol (Fig. 2D) (105 ± 10% of
baseline, n = 12, P = 0.72, Wilcoxon signed rank test), but
showed transient potentiation (Fig. 2D) (0 to 5 min after

depolarization; 129 ± 47% of baseline, n = 12, P < 0.01, Wil-
coxon signed rank test). Even stronger depolarizing pulses (20
times) elicited only transient potentiation (Fig. 2D) (0 to 5 min
after depolarization; 132 ± 14% of baseline, n = 6, P < 0.05,
paired t test), but not LTP of oIPSCs (Fig. 2D) (101 ± 8% of
baseline, n = 6, P = 0.87, paired t test). As PPR was not
changed during this transient potentiation (before: 0.56 ±
0.03; after: 0.55 ± 0.02, n = 6, P = 0.52, paired t test), post-
synaptic change could be transiently induced after depolarization.
Altogether, these results indicate that depolarization of GCs selec-
tively induces a postsynaptic form of LTP of glutamatergic, but
not GABAergic, cotransmission at SuM-GC synapses. Thus, selec-
tive expression of LTP at excitatory SuM-GC synapses increases
the excitatory drive of glutamate/GABA corelease synapses.

Synapse Type and Target Cell-Specificity of Depol-eLTP. Given
that postsynaptic depolarization causes neuron-wide Ca2+ influx,
other inputs besides SuM may exhibit LTP by the depolarization
of GCs. To test this possibility, the medial perforant-path (MPP),
the main excitatory inputs from the entorhinal cortex (1), was
extracellularly stimulated, and electrically evoked MPP-EPSCs and
optically evoked SuM-oEPSCs were alternately recorded from the
same GC (Fig. 3A). We found that the depol-eLTP induction
protocol failed to induce LTP at MPP-GC synapses, while SuM-
GC synapses exhibited LTP (Fig. 3B) (SuM: 198 ± 17% of
baseline, n = 11, P < 0.001, paired t test; MPP: 112 ± 11% of
baseline, n = 11, P = 0.27, paired t test). We also tested the effects
of GC depolarization on inhibitory inputs originating from
GABAergic INs. Pharmacologically isolated IPSCs were evoked
using stimulation electrodes placed in the middle molecular layer
or GC layer. In both inputs, postsynaptic depolarizations failed to
induce LTP (SI Appendix, Fig. S3A). These results indicate that
GC depolarization specifically induces depol-eLTP at glutamater-
gic SuM inputs to GCs.

We further examined whether depol-eLTP is SuM projection
target cell-specific. We previously demonstrated that SuM neu-
rons also make monosynaptic connections to GABAergic INs
in the DG (14). To examine whether SuM-IN synapses
undergo depol-eLTP, we recorded SuM-IN oEPSCs from INs
in the DG (SI Appendix, Supplementary Materials and
Methods and Fig. 3C). We found that the depol-eLTP induc-
tion protocol failed to induce LTP of SuM-IN oEPSCs,
whereas SuM-GC oEPSCs exhibited LTP in interleaved slices
(Fig. 3D) (IN: 94 ± 6% of baseline, n = 10, P = 0.36, paired t
test; GC: 189 ± 29% of baseline, n = 9, P < 0.01, paired t
test). The pairing protocol also failed to induce LTP at SuM-
IN synapses (SI Appendix, Fig. S3B). In addition to the DG,
the CA2 region is another main target of SuM afferents (5, 6,
40). We tested whether depolarization of CA2 pyramidal neu-
rons could induce LTP at SuM-CA2 pyramidal neuron synap-
ses. In agreement with recent reports (13, 41), light activation
of the SuM fibers evoked oEPSCs recorded from CA2 pyrami-
dal neurons (19.4 ± 3.4 pA, n = 10) (Fig. 3 E and F). In
contrast to DG GCs, we found that depolarizations of CA2
pyramidal neurons did not trigger LTP at SuM-CA2 pyramidal
neuron synapses (Fig. 3F) (100 ± 12% of baseline, n = 10,
P = 0.96, paired t test). Taken together, these results indicate
that SuM inputs express depol-eLTP in a target cell-specific
manner, and GCs targeted by the SuM afferents exclusively
exhibit depol-eLTP.

Depol-eLTP Requires Postsynaptic Ca2+ Increases, CaMKII, and
SNARE-Dependent Exocytosis. Next, we investigated the post-
synaptic mechanisms underlying depol-eLTP. As postsynaptic

Fig. 2. Depol-eLTP at SuM-GC synapses is expressed postsynaptically, and
GABAergic cotransmission is intact following GC depolarization. (A) The
effect of postsynaptic depolarizations on asynchronous synaptic responses
in the presence of Sr2+. Representative traces (Left) of asynchronous
SuM-GC oEPSCs before (10-min baseline) and after induction of depol-eLTP
(20 min after GC depolarizations). (Center) Cumulative amplitude and inter-
event interval distributions of asynchronous events obtained before and
after depol-eLTP induction. (Right) Amplitude and frequency summary plots
of asynchronous events obtained before and after depol-eLTP induction.
For induction of depol-eLTP, extracellular Sr2+ solution was replaced by
normal artificial cerebrospinal fluid (ACSF) containing Ca2+ after 10-min
baseline. After confirming the induction of depol-eLTP, extracellular solu-
tion was returned to Sr2+-containing ACSF. (B) SuM-GC NMDAR-oEPSCs
were recorded at �60 mV in the presence of 10 μM NBQX and 100 μM pic-
rotoxin (black trace). NMDAR-oEPSCs were completely blocked by 50 μM
D-AP5 (red trace, n = 8, P < 0.001, paired t test). (C) The depol-eLTP induc-
tion protocol failed to induce LTP of NMDAR-oEPSCs. (D, Left) Schematic
diagram illustrating blockade of glutamatergic transmission by NBQX and
D-AP5 leaving GABAergic cotransmission intact at SuM-GC synapses. (Center)
Repetitive postsynaptic depolarizations (open circles: 10 pulses; filled circles:
20 pulses) failed to induce LTP of SuM-GC oIPSCs. (Right) PPR of SuM-oIPSCs
before and after (0 to 5 min after depolarization) 20 depolarizing pulses. Data
are presented as mean ± SEM; ***P < 0.001. n.s., not significant.
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depolarization triggers postsynaptic Ca2+ influx, we examined
whether postsynaptic Ca2+ influx is necessary for the induc-
tion of depol-eLTP. Intracellular loading GCs with the Ca2+

chelator BAPTA (20 mM) completely abolished depol-eLTP
(Fig. 4A) (104 ± 7% of baseline, n = 11, P < 0.01, compared
with control, unpaired t test). Bath application of the
L-VDCC blocker nifedipine (30 μM) also blocked depol-
eLTP (Fig. 4A) (93 ± 10% of baseline, n = 10, P < 0.001,
compared with control, Mann–Whitney U test). We excluded
the involvement of Ca2+ release from internal stores in depol-
eLTP, as pretreatment of slices with cyclopiazonic acid (CPA,
30 μM), a manipulation to deplete intracellular Ca2+ stores,
did not block the induction of depol-eLTP (Fig. 4B) (227 ±
36% of baseline, n = 5, P = 0.67, compared with control,
unpaired t test). These results indicate that depol-eLTP at
SuM-GC synapses requires postsynaptic Ca2+ influx through
L-VDCCs.
Several types of protein kinases, including protein kinase A

(PKA), protein kinase C (PKC), and CaMKII, contribute to
LTP induction (42–45). We examined whether the inhibitors
of these kinases could block depol-eLTP. We found that nei-
ther the PKA inhibitor H89 (10 μM) nor the PKC inhibitor
G€o6983 (1 μM) blocked the induction of depol-eLTP (Fig. 4
C and D) (H89: 186 ± 33% of baseline, n = 8, P = 0.72, com-
pared with control, unpaired t test; G€o6983: 221 ± 16% of
baseline, n = 7, P = 0.91, compared with control, unpaired t
test). We confirmed that H89 and G€o6983 we used were effec-
tive, as mossy fiber LTP (46) and posttetanic potentiation in

the cerebellum (47) were blocked by H89 and G€o6983, respec-
tively (SI Appendix, Fig. S4). Next, we examined the involve-
ment of CaMKII in depol-eLTP. Bath application of the
CaMKII inhibitor KN-93 (10 μM) abolished depol-eLTP
(Fig. 4E) (114 ± 12% of baseline, n = 6, P < 0.05, compared
with control, unpaired t test). To determine the potential con-
tribution of postsynaptic CaMKII activity in depol-eLTP, we
applied the specific CaMKII peptide inhibitor autocamtide-
2–related inhibitory peptide (AIP, 10 μM) via a patch pipette.
Loading GCs with AIP blocked depol-eLTP (Fig. 4F) (111 ±
13% of baseline, n = 5, P < 0.05, compared with control,
unpaired t test). These results clearly indicate that depol-eLTP
requires postsynaptic CaMKII activity.

We next investigated the postsynaptic expression mecha-
nisms of depol-eLTP. Growing evidence indicates that the
insertion of AMPARs via SNARE-dependent exocytosis in
the postsynaptic plasma membrane is necessary for canonical
NMDAR-dependent LTP at CA3-CA1 synapses (42, 43,
48). We tested whether similar mechanisms could mediate
depol-eLTP. We found that postsynaptic loading with N-
ethylmaleimide (NEM, 500 μM) and botulinum toxin-A
(BoTx, 200 ng/mL), both of which inhibit SNARE-
dependent exocytosis (49), abolished depol-eLTP (Fig. 4 G
and H) (NEM: 102 ± 13% of baseline, n = 7, P < 0.01,
compared with control, unpaired t test; BoTx: 87 ± 17% of
baseline, n = 7, P < 0.01, compared with control, unpaired t
test). These results suggest that depol-eLTP requires the exo-
cytosis of AMPAR-containing vesicles.

Fig. 3. SuM input-specificity and its target cell-specificity of depol-eLTP. (A) Schematic of recording of electrically evoked MPP-EPSCs and optically evoked
SuM-EPSCs from the same GC. Each input was alternately stimulated every 10 s. (B) Repetitive depolarizing pulses of GCs (arrow) elicited LTP of SuM-oEPSCs
but not MPP-EPSCs. (C) Experimental diagram. A confocal image of DG obtained from a VGluT2-Cre/VGAT-Venus mouse expressing ChR2(H134R)-mCherry in
the SuM axons. Whole-cell recording was performed from a Venus+ IN. (D) Repetitive depolarizations of INs failed to induce LTP, while interleaved record-
ings from GCs exhibited depol-eLTP. (E, Upper Left) ChR2(H134R)-eYFP-expressing SuM axons project to CA2 in addition to the DG. (Right) A confocal image of
a biocytin-filled CA2 pyramidal neuron. (Lower Left) Intrinsic electrophysiological properties in responses to 1-s current steps in a CA2 pyramidal neuron. As
typical characteristics of CA2 pyramidal neurons, delayed APs and minimal sag were elicited by a positive and negative current injection, respectively. (F) The
depol-eLTP induction protocol did not induce LTP at SuM-CA2 pyramidal neuron synapses. Data are presented as mean ± SEM.
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Depolarization of GCs Induces NMDAR-Independent Unsilenc-
ing of SuM-GC Synapses. It is widely accepted that silent synap-
ses, which contain NMDARs but no functional AMPARs,
provide synaptic substrates for LTP in the young brain, and
AMPAR unsilencing (insertion of AMPARs into the postsynap-
tic membrane) by correlated pre- and postsynaptic activity
is implicated in postsynaptic mechanisms for NMDAR-
dependent form of LTP (50). Because depol-eLTP is expressed
postsynaptically and requires exocytosis of AMPARs, we sought
to determine whether silent synapses could also exist at SuM-
GC synapses, and postsynaptic depolarization could cause syn-
apse unsilencing. By measuring the NMDAR/AMPAR ratio,
we found that SuM-GC synapses showed higher NMDAR/
AMPAR ratio than those of SuM-IN synapses (Fig. 5A). This
observation implies that SuM-GC synapses may contain a large
fraction of silent synapses (NMDAR-only synapses). Usually, for
detecting silent synapses, no evoked AMPAR-EPSCs by sub-
threshold fiber stimulation are recorded at negative membrane
potentials, and then NMDAR-EPSCs are recorded at positive
membrane potentials (50). However, under our experimental con-
ditions, holding GCs at positive membrane potentials to record
NMDAR-oEPSCs causes an influx of Ca2+, which can induce
LTP of AMPAR-oEPSCs at SuM-GC synapses.
To avoid this issue, we recorded both AMPAR- and

NMDAR-oEPSCs at –60 mV, as recording of NMDAR-
oEPSCs at –60 mV is feasible at SuM-GC synapses (Fig. 2B).
In a subset of cells, when the intensity of light illumination was
reduced, we observed oEPSCs, which showed a slow rise time
(Methods and Fig. 5B). Following bath application of D-AP5,
light illumination failed to evoke any responses, suggesting that
baseline responses were mediated by NMDARs without
AMPARs. Under these conditions, delivering the depol-eLTP
induction protocol resulted in the long-lasting appearance of
AMPAR-oEPSCs that were associated with a significant
decrease in failure rate (Fig. 5 B and C) (before: 100%; LTP:
6.8 ± 1.8%, n = 9, P < 0.01, Wilcoxon signed rank test) and
an increase in efficacy (mean EPSC amplitude including fail-
ures) (Fig. 5C) (before: 1.7 ± 0.2 pA; LTP: 16.5 ± 1.0 pA,
n = 9, P < 0.001, paired t test) and potency (mean EPSC
amplitude excluding failures) (Fig. 5C) (before: 0 pA; LTP:
17.5 ± 1.0 pA, n = 9, P < 0.01, Wilcoxon signed rank test).
In six of nine cells, we successfully recorded NMDAR-oEPSCs
30 min after washout of D-AP5 (sufficient time for full recov-
ery of NMDAR-oEPSCs) (SI Appendix, Fig. S5) and confirmed
that the depol-eLTP induction protocol did not change the
amplitude of NMDAR-oEPSCs (Fig. 5C) (before: 14.9 ± 1.6
pA; LTP: 14.3 ± 1.9 pA, n = 6, P = 0.48, paired t test). These
results indicate that GC depolarization can cause NMDAR-
independent synapse unsilencing through the incorporation of
AMPARs into synapses.

MPP Inputs Heterosynaptically Trigger Depol-eLTP. Thus far,
we have demonstrated that Ca2+ influx into GCs by their
depolarization induces depol-eLTP. What is the input source
for depolarizing GCs to trigger depol-eLTP under physiological
conditions? Given that solo SuM inputs are too weak to excite
GCs (14), other strong inputs, rather than SuM inputs, could
effectively depolarize GCs and then heterosynaptically trigger
depol-eLTP. Because the perforant path (PP) derived from the
entorhinal cortex is the major input source to excite GCs (33,
51), we hypothesized that GC firing driven by PP inputs could
trigger depol-eLTP. To address this possibility, we employed
θ-burst stimulation (TBS), which is often used as an LTP-
induction paradigm corresponding to the physiologically

relevant activity patterns of GCs (52–55), to evoke burst GC
firing (Fig. 6A). After obtaining a 5-min baseline of SuM-GC
oEPSCs in voltage-clamp mode, we switched to the current-
clamp mode to allow the cell to generate APs and applied TBS
to the MPP (Fig. 6B). The recording was then switched back
into the voltage-clamp mode, and SuM-GC oEPSCs were
monitored. We found that TBS of the MPP induced robust
LTP at SuM-GC synapses (Fig. 6 B and C) (196 ± 16% of
baseline, n = 6, P < 0.001, paired t test). This LTP was
completely blocked by postsynaptic application of BAPTA
(Fig. 6C) (101 ± 10% of baseline, n = 5, P < 0.001, compared
with control, unpaired t test), suggesting that Ca2+ influx
driven by TBS of the MPP is required for the induction of
LTP. Similar to depol-eLTP, TBS-induced LTP was normally
induced in the presence of D-AP5 (198 ± 24% of baseline,
n = 8, P < 0.05, Wilcoxon signed rank test) and blocked by
10 μM KN-93 (117 ± 11% of baseline, n = 5, P = 0.11,
paired t test) (Fig. 6D). Together, these results indicate that
LTP at excitatory SuM-GC synapses can be heterosynaptically
induced by MPP-mediated burst GC firing.
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Fig. 4. Molecular mechanisms underlying depol-eLTP. (A) Depol-eLTP
required a postsynaptic Ca2+ increase through L-VDCCs. Postsynaptic load-
ing with 20 mM BAPTA failed to induce depol-eLTP. Postsynaptic depolari-
zations (arrow) abolished depol-eLTP in the presence of 30 μM nifedipine.
Numbers in parentheses, here and in all figures, indicate the number of
cells. (B) Depletion of intracellular Ca2+ stores by CPA (30 μM) had no effect
on depol-eLTP. (C) Bath application of the PKA inhibitor H89 (10 μM) had no
effect on depol-eLTP. (D) Bath application of the PKC inhibitor G€o6983 (1 μM)
had no effect on depol-eLTP. (E) Bath application of the CaMKII inhibitor
KN-93 (10 μM) abolished depol-eLTP. (F) Postsynaptic loading with the CaMKII
inhibitor AIP (10 μM) abolished depol-eLTP. (G) Depol-eLTP was blocked by
postsynaptic loading with NEM (500 μM). (H) Postsynaptic loading with BoTx
(200 ng/mL) abolished depol-eLTP, while heat-inactivated BoTx (control) nor-
mally induced depol-eLTP. Data are presented as mean ± SEM.
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SuM Inputs Generate AP Firing in GCs after Induction of
Depol-eLTP. Given that GC burst-firing selectively potentiates
glutamatergic, but not GABAergic, cotransmission at SuM-GC
synapses, depol-eLTP dramatically increases the excitatory drive
of SuM inputs. Therefore, highly potentiated SuM glutamater-
gic inputs could generate AP firing in GCs even if SuM inputs
cannot drive APs under basal conditions (14). To test this pos-
sibility, we monitored the SuM-induced APs in GCs before
and after LTP induction. For this purpose, we performed gram-
icidin perforated-patch recordings to preserve the physiological
intracellular Cl� concentration. We confirmed that depol-
eLTP was normally induced under gramicidin perforated-patch
recordings (SI Appendix, Fig. S6A) and that EGABA in GCs was
�74.8 ± 2.3 mV (n = 13) (SI Appendix, Fig. S6B), which is
similar to the previously reported EGABA measured with grami-
cidin perforated-patch recordings from mature GCs (56–59).
Previous studies have reported that the resting membrane
potential of mature GCs is more negative than EGABA (60–62).
Accordingly, GABAergic action is depolarizing under resting
conditions. To mimic this condition, we held the membrane
potential between �80 and �85 mV (referred to as �80 mV)
in the current-clamp mode with inhibition intact. Under these
conditions, we found that brief-burst light illumination of
SuM inputs (four pulses at 20 Hz) failed to induce APs in GCs
(Fig. 7A). After a stable 5-min baseline, we delivered the depol-
eLTP protocol under the voltage-clamp mode. Remarkably, the
same burst stimulation triggered spike generation in 29% (7 of
24 cells) of GCs after LTP induction (Fig. 7A), suggesting that
an increase in the excitatory drive of SuM inputs associated
with depol-eLTP triggers GC firing.
We next examined how GABAergic cotransmission contrib-

utes to SuM input-evoked spike generation following LTP
induction. Under blockade of inhibition by picrotoxin, in
which brief-burst light illumination evoked no spikes, we found
that LTP induction triggered a significant increase in spike gen-
eration (44%, 11 of 25 cells) compared with inhibition intact
(Fig. 7 B, C, and E). These results suggest that GABAergic
cotransmission negatively regulates glutamatergic SuM input-
evoked GC firing. Given that glutamate and GABA are simul-
taneously released from the same SuM inputs, the inhibitory
action of GABA is expected to be exerted via shunting inhibi-
tion (60, 63). In both conditions, most spikes were confined to
the early time period (∼10 min) after depol-eLTP induction,
and there was no difference in the distribution of spike num-
bers (Fig. 7D). We further examined SuM input-evoked GC
firing at a more depolarized membrane potential (between �60
to �65 mV, referred to as �60 mV) in which GABAergic
action is hyperpolarizing. Similar to the more negative mem-
brane potential (�80 mV), we found that burst stimulation
evoked APs after LTP induction (36%, 9 of 25 cells) (Fig. 7F).
When inhibition was blocked, the number of spikes and spike
probability were increased (54%, 13 of 24 cells) (Fig. 7G, H,
and J), and the spike generation lasted longer than control (Fig.
7I). Taken together, these results indicate that SuM inputs can
drive GC output by induction of depol-eLTP, and GABAergic
cotransmission contributes to the regulation of GC spike gener-
ation irrespective of the membrane potentials.

Discussion

In this study, we demonstrate that GC depolarization induces
LTP of SuM-GC glutamatergic, but not GABAergic, cotrans-
mission. This depol-eLTP requires postsynaptic Ca2+ elevation
through L-VDCCs, postsynaptic CaMKII activity, and

exocytosis of AMPARs and is expressed postsynaptically. We
further found that excitatory SuM-GC synapses included silent
synapses, and the LTP induction protocol triggered synapse
unsilencing, further supporting the postsynaptic origin of
depol-eLTP. Remarkably, depol-eLTP is exclusively induced at
SuM-GC synapses but not at MPP-GC, IN-GC, SuM-IN, or
SuM-CA2 pyramidal neuron synapses. As a non-Hebbian form
of plasticity, depol-eLTP was heterosynaptically induced by
MPP-driven GC firing. We finally reveal that selective LTP of
glutamatergic cotransmission at SuM-GC synapses makes excit-
atory effects dominate and consequently potentiates GC out-
put. Our study clearly shows that the balance of glutamatergic/
GABAergic cotransmission is rapidly modulated in an activity-
dependent manner. Depol-eLTP at SuM-GC synapses may
contribute to network activity in the DG and SuM-DG path-
way-dependent neural functions.
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Fig. 5. High NMDAR/AMPAR ratio in GCs and synapse unsilencing induced
by depolarization of GCs. (A) Marked difference in the NMDAR/AMPAR
ratios at SuM-GC and SuM-IN synapses. (Left) oEPSCs recorded from GCs
and INs at �60 mV and +40 mV. oEPSCs at +40 mV were recorded in the
presence of 10 μM NBQX. (Center) Quantification of the amplitudes of
AMPAR- and NMDAR-mediated currents recorded from GCs and INs. (Right)
Summary data showing the NMDAR/AMPAR ratios (GC: 8.5 ± 0.67, n = 17;
IN: 1.3 ± 0.16, n = 15, P < 0.001, unpaired t test). (B) Representative experi-
ment of sample traces (Upper: six sweeps overlaid) and time course (Lower).
oEPSCs evoked by weak light illumination at �60 mV showed slow rise time
and were completely blocked by 50 μM D-AP5. Under this condition (no
detectable oEPSCs), repetitive postsynaptic depolarizing pulses (arrow) elicited
appearance of oEPSCs. NBQX (10 μM) was applied at the end of experiment
to verify the response was mediated by AMPARs. After washout of D-AP5 in
the presence of NBQX, NMDAR-oEPSCs were recovered without any potentia-
tion. (C) Summary plots demonstrating that synapse unsilencing was associ-
ated with a significant decrease in failure rate, increase in efficacy and
potency and no significant change in NMDAR-oEPSCs. Data are presented as
mean ± SEM; **P < 0.01, ***P < 0.001. n.s., not significant.
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Activity-Dependent Change in the Balance of Glutamatergic
and GABAergic Cotransmission at SuM-GC Synapses. Previous
studies have reported that the balance of glutamate/GABA cor-
elease in the lateral habenula was altered by depression and
addiction (16, 19). In these neurological disorders, GABAergic
cotransmission was reduced due to decreased expression of
GAD or VGAT. In contrast to these chronic presynaptic altera-
tions, depol-eLTP of SuM-GC synapses is rapidly expressed via
postsynaptic modifications in response to physiological neural
activity. Through this rapid alteration of glutamatergic/
GABAergic cotransmission ratio, depol-eLTP can achieve
dynamic modulation of GC activity.
To induce depol-eLTP, we delivered repetitive depolarizing

pulses to GCs. To mimic more physiological situations, we fur-
ther showed that GC burst firing or TBS of the MPP inputs
can trigger LTP at excitatory SuM-GC synapses. It is known
that GC activity in vivo is sparse (4). At first glance, this evi-
dence may appear to make it unlikely that depol-eLTP is
induced by the natural activity patterns of GCs. However,
some GCs are more active and often fire in burst patterns
(32–34, 64). Therefore, GC activity in behaving animals likely
triggers Ca2+ increases strong enough to induce depol-eLTP.
Particularly, “superburst” activity in GCs observed during
mouse spatial navigation (34) may be suitable for the induction
of depol-eLTP.
The balance between excitation and inhibition is essential for

computation in the neuronal circuits, and feedback and feed-
forward inhibition generally control excitatory transmission
(65). A unique property of glutamate/GABA corelease is that
both neurotransmitters are released from the individual presyn-
aptic terminals (18), achieving very local and rapid (without a
monosynaptic delay mediated by feedforward inhibition)
GABAergic inhibition. When the membrane potential of GCs
was held at negative potential relative to EGABA, blockade of
GABAergic inhibition increased SuM input-evoked spike

probability, indicating that GABAergic cotransmission serves as
inhibition despite the depolarizing action of GABA at resting
potential. This shunting inhibition seems prominent in gluta-
mate/GABA corelease synapses, as both neurotransmitters are
synchronously released from the same terminals, providing spa-
tially and temporally matched inhibition to excitatory cotrans-
mission. This more targeted form of inhibition (66) than the
typical disynaptic feedforward inhibition, which could be spa-
tially isolated from excitatory inputs, may exclude the possibil-
ity that the action of GABAergic cotransmission of SuM inputs
is depolarizing (60, 63). However, it should be noted that SuM
neurons also excite dentate INs, driving feedforward inhibition
to GCs (14, 15). Therefore, we cannot exclude the possibility
that GABAergic inputs derived from feedforward inhibition
recruited by SuM inputs contribute to regulation of GC firing.

We found that silent synapses exist at SuM-GC synapses,
and the depol-eLTP induction protocol induced synapse unsi-
lencing. In this study, we recorded from GCs with a low input
resistance (< 300 MΩ), which are regarded as mature GCs
(52). Given that silent synapses are generally observed in the
young brain (50), our results suggest that mature GCs contain
exceptionally abundant silent synapses at SuM-GC synapses.
The sparse activity of GCs could account for our observations.
If some GCs have never fired in bursts (silent GCs), such cells
would not experience depol-eLTP, preventing NMDAR-only
synapses from adding new AMPARs. It has been reported that
dendritic complexity and the intrinsic excitability of GCs are
correlated with GC activity (32, 64). Accordingly, silent GCs
with less branched dendrites and low intrinsic excitability may
account for a large fraction of NMDAR-only synapses at SuM-
GC synapses. Future studies will have to investigate the rela-
tionship between dendritic morphology and proportion of
silent synapses.

Mechanism of Depol-eLTP. Depol-eLTP is quite similar to the
early studies showing that CA3-CA1 synapses elicit an
L-VDCC–dependent, but NMDAR-independent form of LTP
(28–30). A follow-up study demonstrated that an L-VDCC–
dependent form of LTP induced by postsynaptic depolarization
in the CA1 pyramidal neurons requires CaMKII and shares the
same expression mechanisms with NMDAR-dependent LTP at
CA3-CA1 synapses (31). NMDAR-dependent CA1 LTP is the
most studied and best-known form of plasticity, thereby regard-
ing this LTP as the primary model for understanding LTP. A
widely accepted model of CA1 LTP (42, 43, 48, 67) indicates
that two parallel pathways occur during the induction of LTP:
trapping of surface diffusing AMPARs at the synapses and exo-
cytosis of AMPAR-containing vesicles. Ca2+ entry through
NMDARs initiates these processes, and once AMPARs move in
the synapses, CaMKII and downstream signaling cascades
contribute to the stabilization of receptors in the postsynaptic
density (PSD). Given that depol-eLTP requires postsynaptic
CaMKII activity and exocytosis of AMPARs, it seems likely
that the postsynaptic Ca2+ increases through L-VDCCs rather
than NMDARs trigger synaptic insertion of AMPARs via exo-
cytosis of AMPARs and activation of CaMKII. The critical
question is how L-VDCCs substitute for NMDARs. Generally,
the localized Ca2+ elevation through NMDARs in the spine
drives localized activation of CaMKII in the same spine to
induce LTP (43).

Given that L-VDCCs trigger nonlocalized bulk Ca2+

increases, how does this Ca2+ increase activate CaMKII? Inter-
estingly, SuM terminals make heterogeneous forms of synaptic
contacts to GCs by forming symmetric and asymmetric
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synapses on the soma, dendritic shafts, and spines (12, 68–70).
Because increases in Ca2+ following depolarization are obvi-
ously different among the soma, dendritic shafts, and spines, it
is likely that CaMKII activation is differently regulated by dif-
ferent Ca2+ levels in various subcellular compartments. For
example, if L-VDCCs are localized close to the PSDs at the
soma or dendritic shafts of SuM-GC glutamatergic synapses,
local Ca2+ levels could be high enough to sufficiently activate

CaMKII to induce depo-eLTP. To reveal this, the distribution
of L-VDCCs in SuM-GC synapses and the compartments of
synapses that undergo depol-eLTP must be determined in
future studies.

Depol-eLTP shows large transient potentiation immediately
after postsynaptic depolarization, which was less affected by
CaMKII inhibitors and inhibition of exocytosis. Similar results
were found in NMDAR-dependent CA1 LTP, demonstrating
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Fig. 7. SuM inputs trigger spike generation in GCs by increasing excitatory drive associated with the induction of depol-eLTP. (A and B, Upper) Representa-
tive traces showing GC firing elicited by burst light illumination (four pulses, 20 Hz) before and after induction of depol-eLTP in the control (A) and in the
presence of 100 μM picrotoxin (PTX) (B). (Lower) Time-course plots of the number of spikes per burst (control, n = 7; PTX, n = 11). After 5-min baseline (no
spike), the recording was switched to voltage-clamp mode, and GCs were depolarized repetitively to induce depol-eLTP (arrow). Membrane potential was
held at �80 mV to �85 mV in current-clamp mode. (C and D) Cumulative number of spikes (C) and frequency (D) in control and PTX (P = 0.054,
Kolmogorov–Smirnov test). (E) Time-course plot of the spike probability after induction of depol-eLTP in control (n = 24) and PTX (n = 25). In the presence of
PTX, induction of depol-eLTP significantly increased spike probability (P < 0.01, two-way ANOVA). Nonspiking cells were included in the analysis. (F and G)
Burst light illumination (four pulses, 20 Hz) was applied while GCs were held at �60 mV to �65 mV in current-clamp mode. Time-courses of the number of
spikes per burst were plotted (control, n = 9; PTX, n = 13). (H and I) Cumulative number of spikes (H) and frequency (I) in control and PTX (P < 0.001, Kolmo-
gorov�Smirnov test). (J) Time-course plot of the spike probability after induction of depol-eLTP in control (n = 25) and PTX (n = 24). In the presence of PTX,
induction of depol-eLTP significantly increased spike probability (P < 0.001, two-way ANOVA). Nonspiking cells were included in the analysis. Data are pre-
sented as mean ± SEM; **P < 0.01, ***P < 0.001.
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that inhibition of exocytosis does not affect early phase of LTP
(49, 67, 71, 72). The early phase of potentiation is attributed
to the capture of preexisting surface diffusing AMPARs (43,
67, 71, 73). Interestingly, we found that inhibition of gluta-
mate uptake by DL-threo-β-benzyloxyaspartic acid (TBOA)
increased SuM-GC oEPSCs, but not MPP-EPSCs (SI Appendix,
Fig. S7). In general, inhibition of glutamate uptake influences the
kinetics of AMPAR-EPSCs when AMPAR desensitization is
blocked (74). Therefore, TBOA-induced increase in SuM-GC
oEPSCs with AMPAR desensitization intact suggests that excit-
atory SuM-GC synapses may have exceptionally a large extrasy-
naptic pool of surface AMPARs (73). Further investigation will
be required to examine whether these extrasynaptic AMPARs can
contribute to the initiation of the early phase of potentiation by
transient trapping in the PSD by Ca2+ influx. However, we can-
not exclude the possibility that posttranslational modifications of
AMPARs, such as increase in conductance and open probability,
following depolarization-induced Ca2+ elevation may contribute
to the early phase of potentiation.
Although somatic depolarization of GCs induces large Ca2+

elevation in both proximal and distal dendrites (75), depol-
eLTP is observed exclusively at SuM inputs, but not at MPP
inputs. Furthermore, SuM inputs elicit depol-eLTP specifically
targeting GCs, but not INs and CA2 pyramidal neurons. What
molecular mechanisms determine the synapse type- and target-
specificity of LTP? There are several explanations for this. First,
an unknown molecular sensor for Ca2+ ions may be specifically
expressed in SuM-GC synapses and contribute to the increase
in the number of synaptic AMPARs. Second, as prominent
characteristics of excitatory SuM-GC synapses, we revealed a
high NMDAR/AMPAR ratio and the existence of silent synap-
ses. These findings imply that excitatory SuM-GC synapses
may have many slots for trapping AMPARs (AMPAR-silent
module) in the PSD (76). Finally, the location of synapses rela-
tive to the soma may be critical. Considering that backpropa-
gating AP-induced Ca2+ transients show a distance-dependent
attenuation in the GCs (77; but see ref. 75), a rise in the intra-
cellular Ca2+ is higher in the SuM inputs at the soma or close
to the soma, thereby reducing the threshold for the induction
of depol-eLTP. Future studies should investigate all these
possibilities.

Physiological Relevance of Depol-eLTP in the DG Network.
We previously reported that SuM inputs have net excitatory
effects on GCs and contribute to the facilitation of GC firing
when associated with PP inputs (14). Our present study
extends our previous results. Once depol-eLTP is induced,
SuM inputs exert strong excitatory effects on GCs and elicit
APs, especially within 10 min after LTP induction. After this
period, SuM inputs failed to trigger spikes. This time window
corresponds to the magnitude of oEPSC potentiation, showing
huge potentiation followed by a stable potentiation phase. In
the stable phase, potentiated SuM inputs associated with PP
inputs can excite GCs more efficiently than under basal condi-
tions. This suggests that depol-eLTP primes the SuM-GC syn-
apses for GC firing. Thus, by establishing a new glutamatergic/
GABAergic cotransmission ratio, solo SuM inputs or the

association of SuM and PP inputs can trigger enhancement of
AP generation in GCs after LTP induction. A large population
of SuM neurons is known to discharge rhythmically with a θ
rhythm (78, 79). Therefore, if depol-eLTP is heterosynaptically
induced by entorhinal cortical inputs, potentiated SuM inputs
may frequently discharge GCs. The consequences of the GC
output on its target are frequency dependent. High-frequency
GC firing drives CA3 pyramidal neuron discharge, whereas
low-frequency GC firing drives CA3 IN discharge (80). This
GC firing frequency-dependent outcome in the CA3 pyramidal
neurons implies that depol-eLTP might dramatically increase
CA3 output through the enhancement of GC firing and
consequently modulate the DG-CA3-CA1 trisynaptic circuit.
Interestingly, a recent study reported that glutamatergic
cotransmission at SuM-GC synapses is required for spatial
memory retrieval (9). Given that memory engram GCs show
LTP-like synaptic properties (81), depol-eLTP at SuM-GC
synapses may be induced during memory formation, and after
memory encoding and consolidation, depol-eLTP in engram
GCs may contribute to memory retrieval through the potenti-
ated SuM-DG excitatory pathway.

In addition to the SuM, GCs also receive local excitatory
inputs from hilar mossy cells, which modulate GC activity
through direct excitation and IN-mediated feedforward inhibi-
tion (82). It has been reported that presynaptic LTP is selec-
tively expressed at mossy cell inputs onto GCs, but not at
mossy cell inputs onto INs and facilitates GC output by
increasing excitation/inhibition balance (83). Our study indi-
cates that the DG network is dynamically regulated by mossy
cell-mediated local and SuM-mediated subcortical pathways
through two different forms of LTP.

Methods

Experiments were approved by the Animal Care and Use Committee of Doshisha
University, and were performed in accordance with the guidelines of the commit-
tees. Whole-cell recordings were made from GCs, INs, and CA2 pyramidal neu-
rons under an infrared differential interference contrast microscopy (Olympus,
BX51WI). For voltage-clamp recordings, we used patch pipettes (3 to 6 MΩ)
filled with an intracellular solution containing: 110 mM Cs-gluconate, 17.5 mM
CsCl, 0.2 mM EGTA, 10 mM Hepes, 8 mM NaCl, 2 mM MgATP, 0.3 mM Na3GTP,
10 mM phosphocreatine, pH 7.3 adjusted with CsOH (290 to 293 mOsm). For
more details, see SI Appendix, Supplementary Materials and Methods.

Data Availability. All study data are included in the main text and
SI Appendix.
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