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Abstract  

 

Neurons transmit signals via structures called synapses. Most neurons in the central 

nervous system have chemical synapses, which convert electrical signals into neurotransmitters to 

send information. Synaptic transmission changes dynamically in response to the level of neuronal 

activity, which is called synaptic plasticity. Synaptic plasticity lasts from milliseconds to several 

days. Especially when it lasts for more than an hour, it is called long-term potentiation (LTP) or 

long-term depression. Synaptic plasticity is considered to be a basic mechanism for memory and 

learning. 

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, 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. Through this process, the DG 

contributes to the encoding and discrimination of memories. The DG also receives subcortical 

inputs from several brain regions, and these inputs modulate DG functions. Supramammillary 

nucleus (SuM) is one of the regions projecting to the hippocampus, and this circuit has been 

implicated in various brain functions. The SuM neurons make monosynaptic connections to granule 

cells (GCs) and GABAergic interneurons in the DG. These presynaptic boutons co-release the 

functionally opposing neurotransmitters, glutamate and GABA. Although the SuM-DG pathway 
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has been implicated in various brain functions, it remains unknown how the SuM afferents to the 

DG are involved in brain functions at the cellular, synaptic and circuit levels. 

In this study, I have examined whether activity-dependent long-term plasticity can be 

induced at SuM-GC synapses and contributes to DG information processing, to expand the 

knowledge on the functional roles of the peculiar feature of glutamate/GABA corelease. To 

measure electrical recordings from acute transverse hippocampal slices from mouse brain, I used 

electrophysiological techniques and optogenetics. The optogenetic technique made it possible to 

selectively stimulate nerve fibers projecting from the SuM to the GC among projections from 

diverse regions. Specific expression of channelrhodopsin-2 at the fibers from SuM to the GCs 

could be achieved by combining adeno-associated virus and VGluT2-Cre mice. Time resolved, 

optically induced synaptic responses could be measured by patch-clamp technique.  

This study revealed that depolarization of GCs triggered postsynaptic LTP of glutamatergic, 

but not GABAergic, cotransmission at SuM-GC synapses. Moreover, the burst activity of 

perforant-path inputs heterosynaptically induced LTP at excitatory SuM-GC synapses. This non-

Hebbian LTP required postsynaptic Ca2+ influx, Ca2+/calmodulin-dependent protein kinase II 

activity, and exocytosis of AMPA receptors. Glutamatergic transmission-selective expression of 

LTP increased the excitatory drive such that SuM inputs alone became sufficient to discharge GCs. 

Our results highlight a form of LTP, which dynamically and rapidly changes the 

glutamatergic/GABAergic cotransmission balance and contributes to DG network activity. 
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Chapter1. General Introduction  

 

 This thesis study focuses on understanding how the synaptic transmission of the 

supramammillary nucleus to the hippocampus is regulated via synaptic plasticity and in turn 

regulates the hippocampal circuit, which is important for various brain functions such as learning 

and memory. Therefore, here I provide introductions to basic mechanisms of synaptic transmission, 

plasticity, hippocampus circuit, and the supramammillary nucleus. 

 

1.1 Synaptic transmission 

 Neurons are composed of a lipid bilayer, and due to the restricted permeability of ions, 

there is an uneven distribution of charges inside and outside the cell. This creates a potential 

difference known as the membrane potential, typically having a negative value. Ions can move in 

and out of the cell through ion channels or ion transporters on the cell membrane. When the 

membrane potential changes in the positive direction, it is called depolarization, and when it 

changes in the more negative direction, it is called hyperpolarization. If the membrane potential 

depolarizes beyond a certain threshold, it undergoes a transient and larger depolarization known as 

an action potential (AP). Neurons are composed of a cell body, dendrites, and an axon, and action 

potentials originate at the axon hillock, subsequently propagating along the axon to reach the axon 

terminals. This electrical signal is then transmitted to the next neurons through the specific site 



2 
 

between axons and dendrites called electrical synapses or chemical synapses. In an electrical 

synapse, the presynaptic and postsynaptic cell membranes are connected directly by special 

channels called gap junctions. Gap junctions allow ions and small molecules to pass between two 

neurons, enabling rapid bidirectional electrical signal transmission. 

 In contrast, chemical synapses convert electrical signals from presynaptic cells into the 

release of chemical messengers called neurotransmitters. At the presynaptic terminals, 

neurotransmitters are stored in round intracellular organelles with about 40 nm in diameter called 

synaptic vesicles (SVs). When APs reach presynaptic terminals, voltage-gated Ca2+ channels open. 

The influx of Ca2+ causes SV fusion with the presynaptic membrane, releasing neurotransmitters 

into 20-100 nm gap (synaptic cleft), the space between the pre and postsynaptic cell membranes. 

Then neurotransmitters diffuse and bind to specific receptors located on the postsynaptic 

membranes, leading to excitation or inhibition of the postsynaptic cell. When the postsynaptic cell 

is excited, the current flowing through the postsynaptic cell is called the excitatory postsynaptic 

current (EPSC) and the change in membrane potential is called the excitatory postsynaptic potential 

(EPSP). When the postsynaptic cell is inhibited, the current flowing through the postsynaptic cell is 

called the inhibitory postsynaptic current (IPSC) and the change in membrane potential is called the 

inhibitory postsynaptic potential (IPSP) (Fig. 1). 
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Figure 1. The basic steps of synaptic transmission 
Transmission at chemical synapses occurs in the following steps. (a) action potentials arrive at presynaptic 
terminal. (b) Changes in membrane potential open voltage-gated Ca2+

 channels. (c) SVs move to the 
membrane and dock with specific areas on the membrane. Note that it is commonly assumed that this 
process occurs (mostly) before Ca2+ influx, though there is no direct evidence yet. (d) Neurotransmitters are 
released into the synaptic cleft by exocytosis. (e) Neurotransmitters diffusing into the synaptic cleft bind to 
receptors on the postsynaptic membrane.  
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1.2 Neurotransmitter 

 Neurotransmitters are classified into low molecular weight neurotransmitters and 

neuropeptides. Low molecular weight neurotransmitters include acetylcholine, biogenic amines, and 

amino acids. After synthesis in the presynaptic nerve cells, these neurotransmitters are taken up and 

concentrated into SVs by transporters (Fig. 2). Upon fusion of SVs with the membrane of the 

presynaptic terminal, neurotransmitters are released into the synaptic cleft. Neurotransmitters not 

bound to receptors are removed from the synaptic cleft through mechanisms such as diffusion, 

enzymatic degradation, or reuptake. Acetylcholine and monoamines are reuptaken directly into the 

synaptic terminal via transporters. In contrast, glutamate and GABA are taken up not only through 

transporters on presynaptic terminals but also via transporters on glial cells. Neurotransmitters that 

undergo reuptake into the cell are subsequently reused. 

 Neuropeptides are synthesized in the cell body and transported to the presynaptic terminal 

through axonal transport. Unlike low molecular weight neurotransmitters, neuropeptides are stored 

in secretory vesicles rather than synaptic vesicles. It is known that a single neuron can release both a 

low molecular weight neurotransmitters and one or more neuropeptides. These neurotransmitters 

and neuropeptides may either enter different vesicles or coexist in the same vesicle, leading to their 

simultaneous release. Whether they enter different vesicles or coexist in the same vesicle, this 

diversity allows for the simultaneous release of these signaling molecules, contributing to the 

complexity and modulation of neuronal communication at synapses. 
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Figure 2. The mechanism of glutamatergic neuron and GABAergic neuron 
(Left) Schematic drawing of glutamatergic neuron. Glutamate is synthesized from glutamine by phosphate-
activated glutaminase (PAG) in the cytoplasm. Vesicular glutamate transporters (VGLUT) located on the SV 
membrane are used to transport glutamate into SVs. Mammalian VGLUTs are divided into three subfamilies: 
VGLUT1, primarily expressed in the cortex and hippocampus; VGLUT2, found in the thalamus, 
ventromedial hypothalamic nucleus, and amygdala; and VGLUT3, expressed in a limited number of cells. 
(Right) Schematic drawing of GABAergic neuron. GABA is synthesized from glutamate by glutamic acid 
decarboxylase (GAD) and enters the SVs via the vesicular GABA transporter (VGAT). 

 

1.3 Neurotransmitter receptors 

 There are two major types of neurotransmitter receptors: ionotropic and metabotropic 

receptors. Ionotropic receptors are also called ligand-gated ion channels, and they can be activated 

by neurotransmitters (ligands). This activation allows specific ions to pass through the membrane, 

resulting in changes to the postsynaptic membrane potential within a few milliseconds. These ions 

excite or inhibit postsynaptic cells. In contrast, metabotropic receptors activate intracellular 

signaling cascades on a scale of tens of milliseconds to seconds. It belongs to the G protein-coupled 

receptor superfamily and has a broad number of functions such as modulating the conductance of 

ion channels or triggering a signaling cascade that releases calcium from internal Ca2+ stores inside 

the cell. Most neurotransmitters have both ionotropic receptors and metabotropic receptors. 



6 
 

 Neurotransmitter receptors are present on both postsynaptic neurons and presynaptic 

neurons. Neurotransmitter receptors are known to become unresponsive to the type of 

neurotransmitter they receive when exposed for extended periods of time.  

 

1.4 Co-releasing neurotransmitters 

 Classically, it has been believed that one neuron releases only one type of neurotransmitter. 

However, recent studies have revealed synapses that release multiple neurotransmitters 

simultaneously. For example, corelease of glutamate and GABA from the same presynaptic 

terminals in the mature brain has been reported in the lateral habenula from the entopeduncular 

nucleus (S. J. Shabel et al., 2014; M. L. Wallace et al., 2017; D. H. Root et al., 2018; F. J. Meye et 

al., 2016) and the ventral tegmental area inputs (D. H. Root et al., 2018; D. H. Root et al., 2014; J. 

H. Yoo et al., 2016), in the ventral tegmental area from the ventral pallidum inputs (J. H. Yoo et al., 

2016),  in the CA1 pyramidal cells from subsets of hippocampal interneurons (INs) (K. A. Pelkey et 

al., 2020; C. Fasano et al., 2017), and from the supramammillary nucleus (SuM) to GCs as shown 

in this study. In single axon terminals, glutamate and GABA are cotransmitted from distinct 

synaptic vesicles in the lateral habenula and presumably in the DG (D. H. Root et al., 2018). This 

peculiar form of synaptic transmission, corelease of neurotransmitters with opposing effects 

(excitation and inhibition), has led to speculation about several possible synaptic functions, 

including excitation/inhibition balance, gain control, filtering, and regulation of synaptic plasticity 
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(N. X. Tritsch et al., 2016; N. Uchida et al., 2014; L. E. Trudeau et al., 2018). Intriguingly, the 

corelease of glutamate and GABA demonstrates plasticity. In the lateral habenula, GABAergic 

cotransmission was reduced in animal models of depression (S. J. Shabel et al., 2014) or in the 

mice of cocaine withdrawal (F. J. Meye et al., 2016). These changes arise from presynaptic 

modifications, such as impairment of vesicular GABA filling following the reduction of GAD or 

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 (K. A. Pelkey et al., 2020). 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 (S. J. 

Shabel et al., 2014; F. J. Meye et al., 2016; K. A. Pelkey et al., 2020), it is unknown whether 

activity-dependent rapid changes in glutamatergic and GABAergic cotransmission are induced 

under physiological conditions, and if so, whether such plasticity can modulate overall neural 

activity in the circuits. 

 

1.5 Synaptic plasticity 

 Synapses are known to change their strength in an experience-dependent manner, which is 

called synaptic plasticity. Synaptic transmission can be either enhanced or depressed by activity, 
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and these changes span temporal domains ranging from milliseconds to hours, days, and 

presumably even longer. In particular, the plasticity that lasts for more than one hour is called long-

term potentiation (LTP) or long-term depression (LTD) (Fig. 3), and these are considered to be 

elementary processes of learning and memory. There are two major factors that determine the 

strengths of synaptic transmission: changes in the pre- and post-synapses. Presynaptic factors 

include the changes in the number of synaptic vesicles available for release and in the probability of 

synaptic vesicle release. Postsynaptic factors include the changes in the number of neurotransmitter 

receptors and in their conductance. 

  

 
Figure 3. Induction of LTD and LTP by frequent stimulation 
Examples of long-term EPSP changes with repetitive stimulation of the Schaffer collateral projection to area 
CA1 in rat hippocampal slices. (A) 900 pulses at 3 Hz resulted in LTD (81% ± 2% of control at 30 min after 
conditioning; n=5). (C) 900 pulses at 50 Hz produced potentiation (121% ± 7% of control; n=5). (Dudek SM 
& Bear MF, 1992, PNAS p4365 Figure 2) 
 

 Previous studies have revealed the mechanisms of synaptic plasticity. Among them LTP 

following the Hebbian rule is considered to be important for elucidating the mechanisms of 

learning and memory. Hebbian rule means that synaptic connections become stronger when the 
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presynaptic and postsynaptic parts are activated at the same time. This LTP is N-methyl-D-aspartate 

receptors (NMDARs) dependent. Ionotropic glutamate receptors have three subtypes: a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), NMDARs, and kainate 

receptors. AMPARs and kainate receptors share similar properties. AMPARs primarily allow the 

passage of Na+ and K+. On the other hand, NMDARs exhibit unique characteristics. When the 

membrane potential is negative, the ion channel of NMDARs is blocked by extracellular Mg2+. 

Depolarization of the postsynaptic membrane removes the Mg2+ block. When glutamate is released 

from the presynaptic terminal and postsynaptic membrane depolarization occur simultaneously, 

NMDARs predominantly permit the passage of Ca2+. This property, known as a ‘coincidence 

detector’, is considered crucial in synaptic plasticity. One of the mechanisms underlying the 

expression of LTP involves an increase in the number and conductance of AMPARs. AMPARs are 

present on the membranes of cellular vesicles and on the extracellular membranes outside the 

synapse. Following the induction of LTP, it has been revealed that receptors on vesicles can be 

inserted into the postsynaptic membrane through exocytosis, and extracellular receptors can be 

mobilized. Activation of NMDARs leads to Ca2+ influx, activating signaling pathways such as 

protein kinase A (PKA), protein kinase C (PKC), and Ca2+/calmodulin-dependent protein kinase II 

(CaMKII). These pathways have been shown to phosphorylate AMPARs, altering conductance and 

open probability. Additionally, CaMKII is believed to phosphorylate receptor binding proteins and 

postsynaptic scaffold proteins, contributing to the regulation of synaptic transmission. One 
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alternative mechanism for LTP involves changes in the presynaptic region. LTP occurring at the 

mossy fiber-CA3 synapse in the hippocampus does not involve NMDARs. Mainly, LTP occurs by 

altering the release probability of neurotransmitters through cyclic adenosine monophosphate 

(cAMP) and PKA signaling. 

 

1.6 Hippocampus 

 The hippocampus, which is located in the inner region of the temporal lobe, forms part of 

the limbic system, which is particularly important in regulating emotional responses. It is thought to 

be involved in an important role in learning and memory formation. The hippocampus is composed 

of several subregions, including the cornu ammonis (CA1-3), the dentate gyrus (DG), and the 

subiculum. The major cells in each region are granule cells (GCs) in the DG and pyramidal cells in 

CA1-CA3. Santiago Ramon y Cajal found the major neural circuit in the hippocampus. The cortex 

transmits information to the hippocampus via the entorhinal cortex (EC). This signal is sent to the 

GCs in the DG via the perforant-path. Then, the GCs transmit signals to pyramidal cells in CA3 via 

mossy  fibers. Pyramidal cells in CA3 send signals to pyramidal cells in CA1 via Schaffer 

collaterals. Finally, pyramidal cells in CA1 transmit signals to the EC (Fig. 4). This circuit, 

composed of these three cell-types, is called the trisynaptic circuit, and the functional roles of the 

circuit has been studied by many researchers. In contrast to the trisynaptic circuit, the inputs driving 

the GCs has been studied only recently.  
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Figure 4. Trisynaptic circuit in hippocampus 
Schematic drawing of hippocampal slice. Signals from the entorhinal cortex are sent to the GCs in the DG, 
which send the signal through mossy fibers to the pyramidal cells in CA3. From CA3, the signals are sent 
further to CA1. 
 

1.7 Supramammillary nucleus 

 The supramammillary nucleus (SuM) of the hypothalamus is one subcortical region that 

projects to the DG and CA2 region (L. Haglund et al., 1984; R. P. Vertes, 1992). SuM can be 

divided into medial and lateral parts. Medial SuM has small dopaminergic cells, which project to 

the lateral septal nucleus, not to the hippocampus. Lateral SuM has large cells which project to the 

hippocampus (W. X. Pan & N. McNaughton, 2004). With direct connections and indirect 

connections via the medial septum to the hippocampus, SuM activity is involved in the 

hippocampal θ rhythm (W. X. Pan & N. McNaughton, 2004; R. P. Vertes & B. Kocsis, 1997). 

Recent studies have indicated that the SuM projection to the DG is related to spatial memory 

retrieval (Y. Li et al., 2020), sleep and arousal (N. P. Pedersen et al., 2017; L. Renouard et al., 2015; 

F. Billwiller et al., 2020), and contextual novelty (S. Chen et al., 2020). Interestingly, 
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Hashimotodani et al. (2018) have shown that SuM inputs to DG are mediated by co-release of 

glutamate and GABA. However, whether glutamate and GABA are co-packed in the same SVs or 

segregated into distinct vesicle population at the same presynaptic terminals has not been firmly 

established. 

 

1.8 Research aims 

 The aim of this research is to examine whether activity-dependent long-term plasticity can 

be induced at SuM-GC synapses and contributes to DG information processing. Recent studies 

have revealed that the SuM neurons make monosynaptic connections to GCs, the DG principal 

neurons, and corelease glutamate and GABA on to GCs (N. P. Pedersen et al., 2017; F. Billwiller et 

al., 2020; S. Chen et al., 2020; Y. Hashimotodani et al., 2018; M. I. Ajibola et al., 2021). This 

glutamatergic and GABAergic cotransmission exerts a net excitatory effect on GCs and modulates 

GC firing through temporal association with entorhinal cortical inputs (Y. Hashimotodani et al., 

2018; M. I. Ajibola et al., 2021). 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. 

 In this study, I first examined whether the synaptic transmission between SuM and GCs 

exhibits activity-dependent long-term plasticity. I found that repetitive depolarizing pulses on to the 

GCs or burst firing of MPP induced glutamatergic cotransmission-selective LTP at SuM-GC 

synapses. The SuM-GC LTP is expressed postsynaptically and requires Ca2+ influx through L-type 
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voltage-dependent Ca2+ channels (L-VDCCs), postsynaptic CaMKII activity, and possibly 

exocytosis of AMPAR. By selective expression of glutamatergic— but not GABAergic—LTP, 

glutamatergic transmission plays a dominant role in SuM-GC synaptic transmission and excites 

GCs to trigger action potentials (APs). Thus, these findings provide evidence that SuM-GC 

glutamate/GABA corelease 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. 

 Part of the thesis has been published in Eri Tabuchi et al. (2022) "Excitatory selective LTP 

of supramammillary glutamatergic/GABAergic cotransmission potentiates dentate granule cell 

firing", volume119, e2119636119, PNAS (Copyright (2022) National Academy of Science) 
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Chapter2. Material and Methods 

 

2.1 Animals 

 I used C57BL/6 mice, VGluT2-Cre mice (Jackson labs, Slc17a6tm2(cre)Lowl/J, stock 

#016963) and VGAT-Venus mice (D. G. Amaral et al., 2007) crossed with VGluT2-Cre mice 

(VGluT2-Cre/VGAT-Venus) of either sex for electrophysiological experiments. All animals were 

group housed in a temperature- and humidity-controlled room under a 12 hr light/12 hr dark cycle. 

Water and food were available ad libitum. Experiments were approved by the animal care and use 

committee of Doshisha University, and were performed in accordance with the guidelines of the 

committees. 

2.2 Stereotaxic viral injections 

 Mice of postnatal days 19 to 20 were placed in a stereotaxic frame, and anesthetized with 

isoflurane (1.5-2.5%). A beveled glass capillary pipette connected to a microsyringe pump (UMP3, 

WPI) was used for viral injection. 200 nL of a virus-containing solution was injected into the SuM 

(relative to bregma, AP: –2.2 mm, ML: ±0.3 mm, DV: –4.85 mm) at a rate of 50 nL/min. The glass 

capillary was remained at the target site for 5 min before the beginning of the injection and was 

removed 10 min after infusion. VGluT2-Cre mice and VGluT2-Cre/VGAT-Venus mice were 

injected with adeno-associated virus (AAV); AAV1.EF1a.DIO.hChR2(H134R)-eYFP (Addgene) or 

AAV1.EF1a.DIO.hChR2(H134R)-mCherry (Addgene), respectively (Fig. 5). 
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Figure 5. The site of AAV injection 
(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). 

 

2.3 Hippocampal slice preparation 

 Acute transverse hippocampal slices (300 μm thick) were prepared from mice 2-3 weeks 

after the injection of AAVs (5-6 weeks old). Mice were decapitated under isoflurane anesthesia. 

Briefly, the hippocampi were isolated, embedded in an agar block and cut using a vibratome 

(VT1200S, Leica microsystems) in an ice-cold cutting solution containing (in mM): 215 sucrose, 20 

D-glucose, 2.5 KCl, 26 NaHCO3, 1.6 NaH2PO4, 1 CaCl2, 4 MgCl2, and 4 MgSO4. Brain blocks 

including the interbrain and midbrain were also isolated and fixed in 4% paraformaldehyde (PFA) 
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for post hoc morphological analysis of the injection site. Hippocampal slices were transferred to an 

incubation chamber and incubated at 33.5°C in the cutting solution. After 30 min of incubation, the 

cutting solution was switched to an extracellular artificial cerebrospinal fluid (ACSF) containing (in 

mM): 124 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 2.5 CaCl2, 1.3 MgSO4 and 10 D-glucose at 

33.5°C. Slices were subsequently kept at room temperature for at least 1 h before recording. Both 

the cutting solution and ACSF were oxygenated with 95% O2 and 5% CO2. After the recovery time, 

slices were transferred to a submersiontype recording chamber and perfused at 2 mL/min with 

oxygenated ACSF. 

 

2.4 Electrophysiology 

 Whole-cell recordings were made from GCs, INs, and CA2 pyramidal neurons under an 

infrared differential interference contrast microscopy (IR-DIC, Olympus, BX51WI). For voltage-

clamp recordings (Vhold = –60 mV), I used patch pipettes (3-6 MΩ) filled with an intracellular 

solution containing (in mM): 110 Cs-gluconate, 17.5 CsCl, 0.2 EGTA, 10 HEPES, 8 NaCl, 2 

MgATP, 0.3 Na3GTP, 10 phosphocreatine, pH 7.3 adjusted with CsOH (290-293 mOsm). For 

recordings of IPSCs, CsCl was increased to 53 mM, and equimolar amount of Cs-gluconate was 

removed (calculated ECl– = –20 mV). I recorded from GCs with an input resistance of < 300 MΩ for 

mature GCs (J. J. Knierim & J. P. Neunuebel, 2016). For recordings from INs in the DG, I used 

VGAT-Venus BAC transgenic mice, in which Venus fluorescent proteins are expressed under the 
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control of the VGAT promotor, enabling us to identify VGAT-expressing GABAergic neurons (D. 

G. Amaral et al., 2007). VGAT-Venus mice were crossed with VGluT2-Cre mice for Cre-

dependent expression of ChR2. INs were visually identified as Venus-expressing cells located at the 

border between the GC layer and the hilus, as reported previously (T. D. Goode et al., 2020). For 

recordings from CA2 pyramidal neurons, 0.5% biocytin was included in the intracellular solution 

for post hoc morphological analysis. CA2 pyramidal neurons were identified based on the location, 

size of the soma, and electrophysiological properties (firing properties and sag amplitude) (T. 

Hainmueller & M. Bartos, 2020; L. Haglund et al., 1984). ChR2-expressing SuM axons were 

activated at 0.05 Hz by a pulse of 470 nm blue light (5 ms duration, 10.5 mW/mm2) delivered 

through a 40 x objective attached to a microscope using an LED (Mightex or ThorLabs). The blue 

light pulses induce inward currents, optically evoked excitatory postsynaptic currents (oEPSCs). 

For extracellular fiber stimulation, a patch pipette with a broken tip (with diameter of ~20-30 μm) 

filled with the ACSF was used. Depol-eLTP was typically induced by repeated postsynaptic 

depolarizations (2 s duration repeated 10 times every 5 s from a holding potential of –60 mV to 0 

mV). This depol-eLTP protocol was delivered within 20 min after whole-cell break-in. The pairing 

protocol was applied by 200 light pulses at 2 Hz paired with 100 s duration postsynaptic 

depolarization from –60 mV to 0 mV. For recordings of asynchronous synaptic events in the 

presence of strontium, ACSF was replaced by Ca2+-free ACSF containing 8 mM SrCl2. 

Asynchronous synaptic responses were evoked by light pulses at 0.1 Hz. After obtaining 10 min 
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baseline, extracellular solution was replaced by normal ACSF containing 2.5 mM Ca2+ to deliver 

the depol-eLTP protocol, and then extracellular solution was returned to Sr2+-containing ACSF. To 

test the effects of postsynaptic depolarization on NMDAR-oEPSCs, baseline responses were 

recorded with stimulus intensities yielding 30-50% of the maximum response to avoid putative 

saturation of NMDAR activation during the baseline period. For recordings of silent synapses, after 

obtaining oEPSCs at –60 mV, the light intensity was reduced to the point where a decrease in the 

rise time of oEPSCs was clearly distinguished (1 ms duration, 0.2-2.0 mW/mm2) (20-80% rise time: 

before; 1.14 ± 0.22 ms, after; 2.99 ± 0.31 ms, n = 9, p < 0.01, paired t test). Only cells having a 

constant recording of oEPSCs with a slow rise time (NMDAR-oEPSCs) during baseline were used 

for the experiments. Series resistance (8-18 MΩ) was uncompensated and monitored throughout 

experiments with a –5 mV, 50 ms voltage step, and cells that exhibited a significant change in the 

series resistance more than 20% were excluded from analysis. 

 For current-clamp recordings, I used an intracellular solution with the following 

composition (in mM): 136 K-gluconate, 4 KCl, 10 HEPES, 0.2 EGTA, 5 NaCl, 2 MgATP, 0.3 

Na3GTP, 10 phosphocreatine, pH 7.3 adjusted with KOH (288-294 mOsm). In Fig. 7C, 20 mM K-

gluconate was replaced with 20 mM BAPTA. Input resistance was monitored throughout the 

experiments with a hyperpolarizing current injection (200 ms, 20 pA), and data were excluded if the 

input resistance changed by more than 30%. Burst-firing-induced LTP was induced in current-

clamp mode by theta frequency current injection (10 bursts of 40 ms current injection, which 
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elicited 3-4 APs, at 5 Hz, repeated 5 times every 5 s). For TBS, the stimulation electrode was placed 

in the middle molecular layer to activate the MPP, and TBS was induced by a series of 10 bursts of 

5 stimuli (100 Hz within the burst, 200 ms interburst interval) delivered five times every 10 s. 

 Recordings were performed using an EPC10 (HEKA Electronik) or IPA amplifier (Sutter 

Instruments). Data were filtered at 2.9 kHz and sampled at 20 kHz. Liquid junction potentials were 

not corrected, unless otherwise stated. Bath solutions contained picrotoxin (100 μM) for recordings 

of EPSC(P)s, and NBQX (10 μM) and D-AP5 (50 μM) for recordings of IPSCs, unless otherwise 

stated.. All experiments were performed at 28 ± 1°C, except for Fig. 7C, 13H, 15, 16, 17 where 

experiments were performed at near physiological temperature (31-34°C). Temperature was 

controlled using a temperature controller (TC-324C, Warner Instruments). 

 

2.5 Pharmacology 

 Each reagent of stock solution was dissolved in water or DMSO, depending on the 

manufacture’s recommendation and stored at –20°C. NBQX, D-AP5, DCG-IV, LY341495, and 

AM251 were purchased from Tocris Bioscience. AIP, Gö6983, CPA, and H89 were purchased from 

Cayman Chemical. BoTx was purchased from R&D systems. KN-93 and picrotoxin were purchased 

from Tokyo Chemical Industry. Nifedipine was purchased from Nacalai tesque. NEM was 

purchased from FUJIFILM Wako Chemicals. BAPTA was purchased from Dojindo Laboratories. 

Reagents were bath applied following dilution into ACSF from stock solutions just before use. For 



20 
 

experiments requiring postsynaptic loading reagents, the LTP induction protocol was applied at 

least 15-20 min after establishing whole-cell configuration. CPA, H89, Gö6983, and KN-93 were 

preincubated with slices for at least 1 h and were always included in the bath solution. Control and 

test conditions were interleaved for all experiments. 

 

2.6 Histology and fluorescence imaging 

 For post hoc confirmation of the injection site, SuM-containing brain blocks obtained in 

the preparation of hippocampal slices were kept overnight in 4% PFA and then washed in PBS. 

Tissues were embedded in 1.5% low-melting-point agarose and sagittally sectioned at 100 μm using 

a vibratome (DTK-1000N, Dosaka). Fluorescence images were acquired using a fluorescence 

microscope (BZ-X800, Keyence). 

 To study the expression of ChR2(H134R)-eYFP, ChR2(H134R)-mCherry, and Venus, 

AAV-injected mice under deep pentobarbital anesthesia (100 mg/kg of body weight, 

intraperitoneally) were perfused with 4% PFA. Brains were removed and stored in 4% PFA for 4 h 

at room temperature, then transferred to PBS and left overnight at 4°C. Coronal brain slices 

containing the SuM or the hippocampus were sectioned at 100 μm using a vibratome (DTK-1000N, 

Dosaka). Sections were rinsed twice in PBS and mounted on glass slides with DAPI. For post hoc 

morphological analysis of the recorded neurons, slices were fixed in 4% PFA overnight at 4°C. 

Slices were then washed with PBS and incubated with streptavidin-conjugated Alexa Fluor 568 
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(1:500, Thermo Fisher Scientific) in PBS and 0.1% Triton X-100 overnight at room temperature. 

After washing 5 times with PBS, the slices were mounted on glass slides with DAPI. Fluorescence 

images were acquired using a confocal microscope (TCS SP8, Leica microsystems) and analyzed 

using the ImageJ (NIH). 

 

2.7 Data analysis 

 The magnitude of LTP was determined by comparing 10 min baseline responses (or 5 min 

in Fig. 6, 15) with the last 10 min responses after LTP induction shown in each experiment. PPR 

was defined as the ratio of the amplitude of the second EPSC to the amplitude of the first EPSC 

(100 ms interstimulus interval). PPR was measured 10 min before and 30-40 min (or 0-5 min for 

Fig. 10) after LTP induction. The asynchronous events were measured during a 700 ms period 

beginning 30 ms after light stimulus in order to exclude the initial synchronous synaptic responses. 

The amplitude and frequency of the asynchronous events were compared before (10 min baseline) 

and after (20 min after depol-eLTP induction). Synaptic responses, in which the amplitude of 

oEPSCs was < 8 pA, were determined to be failures. The failure rate, efficacy (mean EPSC 

amplitude including failures), and potency (mean EPSC amplitude excluding failures) were 

compared before (10 min baseline in the presence of D-AP5) with LTP (30 min after LTP 

induction). Spike probability was calculated as the number of spikes normalized to the total number 

of spikes per burst. Post-tetanic potentiation was calculated as the percentage of potentiation in the 
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mean of the 5 consecutive EPSC amplitudes following a burst of PF stimulation relative to the 

baseline EPSC amplitudes. Averaged representative traces included 10-30 consecutive individual 

responses. 

 

2.8 Statistics 

 Statistical analysis was performed using OriginPro software (OriginLab, USA). The 

normality of distributions was assessed using the Shapiro-Wilk test. For samples with normal 

distributions, Student’s unpaired and paired two-tailed t-tests were used to assess between-group 

and within-group differences, respectively. For samples that were not normally distributed, the non-

parametric paired sample Wilcoxon signed rank test and Mann-Whitney U test were used. 

Differences among two or multiple samples were assessed by using one way or two-way ANOVA, 

followed by post hoc Tukey’s test if necessary. Kolmogorov-Smirnov test was used for cumulative 

distributions. Statistical significance was set to p < 0.05 (***, **, and * indicates p < 0.001, p < 

0.01 and p < 0.05, respectively). All values are reported as the mean ± s.e.m. 
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Chapter3. Results 

 

3.1 Postsynaptic depolarization induces LTP at excitatory SuM-GC synapses 

 To investigate whether SuM-GC synapses undergo activity-dependent long-term plasticity, 

I performed whole-cell patch-clamp recordings from GCs in acute hippocampal slices. Because it is 

difficult to stimulate SuM inputs selectively by conventional electrical stimulation, I have used 

optogenetic approach. ChR2 can be selectively expressed to specific fibers by genetic approach, 

and the fibers can be activated by opening of ChR2, non-specific cation channels. To 

optogenetically activate SuM fibers in the DG, I stereotactically injected a Cre-dependent AAV to 

express channelrhodopsin-2 (ChR2) (AAV-DIO-ChR2(H134R)-eYFP) into the SuM of VGluT2-

Cre mice as established previously (Fig. 5) (Y. Hashimotodani st al., 2018). By delivering blue light 

pulses, I recorded oEPSCs at SuM-GC synapses in the presence of picrotoxin to block inhibitory 

currents. I first tested whether excitatory SuM-GC synapses exhibited classical NMDAR-dependent 

Hebbian LTP. To test this, I applied a pairing protocol (200 light pulses at 2 Hz, paired with 0 mV 

postsynaptic depolarization), a commonly used protocol to induce Hebbian LTP (R. C. Malenka & 

R. A. Nicoll, 1999). I found that this pairing protocol induced robust LTP of SuM-GC oEPSCs (Fig. 

6; 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. 6; D-AP5: 210 ± 26% of baseline, n = 8, p < 0.001, 

paired t test; control versus D-AP5: p = 0.81, unpaired t test). This result suggests that excitatory 
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SuM-GC synapses undergo NMDAR-independent LTP by the pairing protocol. To test whether 

NMDAR-independent LTP requires associative presynaptic and postsynaptic activity, I delivered 

solo presynaptic activation or postsynaptic depolarization. To our surprise, postsynaptic 

depolarization without presynaptic stimulation still caused LTP (Fig. 6; depol: 214 ± 21% of 

baseline, n = 9, p < 0.001, paired t test; control versus depol: p = 0.89, unpaired t test), whereas solo 

presynaptic stimulation failed to induce LTP (Fig. 6; pre only; 100 ± 6% of baseline, n = 4, p > 0.98, 

Wilcoxon signed rank test). These results suggest that postsynaptic depolarization alone can induce 

LTP at excitatory SuM-GC synapses.  

 

Figure 6. Postsynaptically induced LTP of SuM-GC EPSC 
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 
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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. Gray bars 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. 
 

 Several previous studies have demonstrated that postsynaptic depolarization induces LTP 

at CA3-CA1 synapses of the hippocampus (L. Aniksztejn & Y. Ben-Ari, 1991; L. M. Grover & T. J. 

Teyler, 1990; Y. Y. Huang & R. C. Malenka,1993; H. K. Kato et al., 2009). To test whether 

excitatory SuM-GC synapses also undergo similar non-Hebbian plasticity by a much shorter 

duration of postsynaptic depolarization than the pairing protocol (100 s in Fig. 6), I applied 

repeated depolarizing pulses (2 s duration repeated 10 times every 5 s from a holding potential of –

60 mV to 0 mV). I 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. 7A; 196 ± 19% of baseline, n = 13, p < 0.001, paired t test). In subsequent 

experiments, I 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. 7B). 

To test whether depol-eLTP could be induced by physiologically relevant GC activity, I applied 

burst APs in GCs at the theta frequency, which mimics the in vivo firing pattern of GCs that show 

sparse activity with intermittent burst firing at theta oscillations (M. Diamantaki st al., 2016; A. J. 

Pernía-Andrade & P. Jonas, 2014; D. Vandael et al., 2020; O. Caillard et al., 1999). I found that AP 
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firing in GCs (10 bursts of APs at 5 Hz, repeated 5 times every 5 s) in current-clamp mode using a 

more physiological K+-based intracellular solution induced robust LTP (Fig. 7C; 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. 6), depol-eLTP induced by repeated depolarizing pulses was also intact 

in the presence of D-AP5 (Fig. 8; 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. 

 

Figure 7. Physiological characterization of LTP 
(A) Representative experiment (Upper) and summary plot (Lower) show repeated depolarizations (2-s 
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duration repeated 10 times every 5 s, arrow) of GCs induced robust LTP of SuM-GC oEPSCs. (B) 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. (C) 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. 
Gray bars in A indicate the time windows for quantification of the magnitude of LTP.  

 

Figure 8. NMDA independent LTP of SuM-GC EPSCs 
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.  

 

3.2 Depolarization of GCs exhibits postsynaptic LTP of SuM-GC AMPAR-

mediated transmission but not GABAergic co-transmission 

 I next tested whether depol-eLTP was expressed pre- or post-synaptically. By monitoring 

the paired-pulse ratio (PPR), a commonly used index of presynaptic change. Specifically, the PPR 

is known to be inversely correlated to presynaptic release probability and postsynaptic changes give 



28 
 

rise to no change in the PPR. I 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.8). Moreover, depol-eLTP increased the amplitude, but not the frequency, of 

asynchronous SuM-GC oEPSCs in the presence of strontium (Fig. 9A; 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). Frequency and amplitudes of asynchronous 

release should reflect pre- and postsynaptic changes respectively, in principle. These results suggest 

that depol-eLTP is likely expressed postsynaptically. To further test the potential involvement of 

presynaptic changes during depol-eLTP, I 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. I found that pharmacologically isolated SuM-GC NMDAR-oEPSCs 

were detectable at –60 mV, even in the presence of 1.3 mM Mg2+ (Fig. 9B). This observation 

allows us to deliver the same magnitude of depolarization (from –60 to 0 mV) as AMPAR-oEPSCs 

for monitoring NMDAR-oEPSCs. Unlike AMPAR-oEPSCs, NMDAR-oEPSCs did not show LTP 

following postsynaptic depolarizations (Fig. 9C; 101 ± 4% of baseline, n = 10, p = 0.85, paired t 

test). These results also suggest that depol-eLTP is expressed postsynaptically.  
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Figure 9. Depol-eLTP at SuM-GC synapses is expressed postsynaptically 
(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 interevent 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 
solution 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 picrotoxin (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 induction protocol 
failed to induce LTP of NMDAR-oEPSCs. Data are presented as mean ± SEM; ***P < 0.001. n.s., not 
significant. 
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 In addition to excitatory synapses, several studies have demonstrated that postsynaptic 

depolarization induces LTP at inhibitory synapses in several brain regions (O. Caillard et al., 1999; 

M. Kano1et al.,1992; T. Kurotani et al., 2008; J. Lourenço et al., 2014; A. R. Sieber 2013). I 

examined the effects of postsynaptic depolarization on GABAergic co-transmission. Using an 

intracellular solution containing a high concentration of Cl– (calculated ECl– = –20 mV), I 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. 10; 105 ± 10% of baseline, n = 12, p = 0.72, Wilcoxon signed rank test), but showed 

transient potentiation (Fig. 10; 0-5 min after depolarization; 129 ± 47% of baseline, n = 12, p < 0.01, 

Wilcoxon signed rank test). Even stronger depolarizing pulses (20 times) elicited only transient 

potentiation (Fig. 10; 0-5 min after depolarization; 132 ± 14 % of baseline, n = 6, p < 0.05, paired t 

test), but not LTP of oIPSCs (Fig. 10; 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), postsynaptic change could be transiently induced after depolarization. 

Altogether, these results indicate that depolarization of GCs selectively induces a postsynaptic form 

of LTP of glutamatergic, but not GABAergic, co-transmission at SuM-GC synapses. Thus, selective 

expression of LTP at excitatory SuM-GC synapses increases the excitatory drive of 

glutamate/GABA co-release synapses. 
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Figure 10. GABAergic cotransmission is intact following GC depolarization 
(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. 

 

3.3 Synapse type- and target cell-specificity of depol-eLTP 

 Given that postsynaptic depolarization is supposed to cause neuron-wide Ca2+ influx at 

least near somatic region, other inputs besides SuM may elicit LTP by the depolarization of GCs. 

To test this possibility, the medial perforant-path (MPP), the main excitatory inputs from the 

entorhinal cortex (D. G. Amaral et al., 2007), was extracellularly stimulated, and electrically 

evoked MPP-EPSCs and optically evoked SuM-oEPSCs were alternately recorded from the same 

GC (Fig. 11A). I found that the depol-eLTP induction protocol failed to induce LTP at MPP-GC 

synapses, while SuM-GC synapses exhibited LTP (Fig. 11B; 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). 
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Figure 11. Input-specificity of depol-eLTP 
(A) Schematic drawing 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. Data are presented as mean ± SEM. 
 

 I further examined whether depol-eLTP is SuM projection target cell-specific. 

Hasimotodani et al. (2018) previously demonstrated that SuM neurons also make monosynaptic 

connections to GABAergic INs in the DG. To examine whether SuM-IN synapses undergo depol-

eLTP, I recorded SuM-IN oEPSCs from INs in the DG (See Methods) (Fig. 12A). I found that the 

depol-eLTP induction protocol failed to induce LTP of SuM-IN oEPSCs, whereas SuM-GC 

oEPSCs exhibited LTP in interleaved slices (Fig. 12B; 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). In addition to the DG, the 

CA2 region is another main target of SuM afferents (L. Haglund et al., 1984; R. P. Vertes., 1992; K. 

Kohara et al., 2014). I tested whether depolarization of CA2 pyramidal neurons could induce LTP 

at SuM-CA2 pyramidal neuron synapses. In agreement with recent reports (S. Chen et al., 2020; V. 

Robert et al., 2021), light activation of the SuM fibers evoked oEPSCs recorded from CA2 

pyramidal neurons (19.4 ± 3.4 pA, n = 10) (Fig. 12C and D). In contrast to DG GCs, However, I 
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found that depolarizations of CA2 pyramidal neurons did not trigger LTP at SuM-CA2 pyramidal 

neuron synapses (Fig. 12D; 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. 

 
Figure 12. Target cell-specificity of depol-eLTP 
(A) 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. (B) Repetitive depolarizations of INs failed to induce LTP, while interleaved recordings from GCs 
exhibited depol-eLTP. (C, 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. (D) 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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3.4 Depol-eLTP requires postsynaptic Ca2+ increases, CaMKII and SNARE-

dependent exocytosis 

 Next, I investigated the postsynaptic mechanisms underlying depol-eLTP. As postsynaptic 

depolarization triggers postsynaptic Ca2+ influx, I examined whether postsynaptic Ca2+ influx is 

necessary for the induction of depol-eLTP. Intracellular loading GCs with the Ca2+ chelator BAPTA 

(20 mM) completely abolished depol-eLTP (Fig. 13A; 104 ± 7% of baseline, n = 11, p < 0.01, 

compared to control, unpaired t test). Voltage gated Ca2+ channels are a candidate for the main 

source of postsynaptic Ca2+ entry. Ca2+ channels are classified as P/Q, N, R and L type, according 

to pharmacological and molecular dissection. Among them, bath application of the L-type VDCC 

blocker nifedipine (30 μM) blocked depol-eLTP (Fig. 13A; 93 ± 10% of baseline, n = 10, p < 0.001, 

compared to control, Mann-Whitney U test). I 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. 

13B; 227 ± 36 % of baseline, n = 5, p = 0.67, compared to 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 PKA, PKC, and CaMKII, contribute to LTP 

induction (B. E. Herring & R. A. Nicoll, 2016; J. Lisman et al., 2012; R. Malinow et al., 1989; P. V. 

Nguyen & N. H. Woo, 2003). I examined whether the inhibitors of these kinases could block depol-

eLTP. I found that neither the PKA inhibitor H89 (10 μM) nor the PKC inhibitor Gö6983 (1 μM) 
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blocked the induction of depol-eLTP (Fig. 13C and D; H89: 186 ± 33% of baseline, n = 8, p = 0.72, 

compared to control, unpaired t test; Gö6983: 221 ± 16% of baseline, n = 7, p = 0.91, compared to 

control, unpaired t test). Next, I examined the involvement of CaMKII in depol-eLTP. Bath 

application of the CaMKII inhibitor KN-93 (10 μM) abolished depol-eLTP (Fig. 13E; 114 ± 12% of 

baseline, n = 6, p < 0.05, compared to control, unpaired t test). To determine the potential 

contribution of postsynaptic CaMKII activity in depol-eLTP, I 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. 13F; 111 ± 13% of baseline, n = 5, p < 0.05, compared to 

control, unpaired t test). These results clearly indicate that depol-eLTP requires postsynaptic 

CaMKII activity. 

I next investigated the postsynaptic expression mechanisms 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 (B. E. 

Herring & R. A. Nicoll, 2016; J. Lisman et al., 2012; D. Choquet, 2018). I tested whether similar 

mechanisms could mediate depol-eLTP. I 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 (P. M. Lledo et al., 1998), abolished depol-eLTP (Fig. 13G and H; NEM: 102 

± 13% of baseline, n = 7, p < 0.01, compared to control, unpaired t test; BoTx: 87 ± 17% of 

baseline, n = 7, p < 0.01, compared to control, unpaired t test). These results suggest that depol-
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eLTP requires the exocytosis of AMPAR-containing vesicles. 

 
Figure 13. Molecular mechanisms underlying depol-eLTP  
(A) Depol-eLTP required a postsynaptic Ca2+ increase through L-VDCCs. Postsynaptic loading with 20 mM 
BAPTA failed to induce depol-eLTP. Postsynaptic depolarizations (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 
Gö6983 (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) normally induced 
depol-eLTP. Data are presented as mean ± SEM. 
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3.5 Depolarization of GCs may induce NMDAR-independent unsilencing of 

SuM-GC synapses 

 It is widely accepted that silent synapses, which contain NMDARs but no functional 

AMPARs, provide synaptic substrates for LTP in the young brain, and AMPAR unsilencing 

(insertion of AMPARs into the postsynaptic membrane) by correlated pre- and postsynaptic activity 

is implicated in postsynaptic mechanisms for NMDAR-dependent form of LTP (G. A. Kerchner & 

R. A. Nicoll, 2008). Because depol-eLTP is expressed postsynaptically and requires exocytosis of 

AMPARs, I sought to determine whether silent synapses could also exist at SuM-GC synapses, and 

postsynaptic depolarization could cause synapse unsilencing. By measuring the NMDAR/AMPAR 

ratio, I found that SuM-GC synapses showed higher NMDAR/AMPAR ratio than those of SuM-IN 

synapses (Fig. 14A). The results may mean that AMPARs are not copious at SuM-GC synapses and 

imply that they may contain a large fraction of NMDAR-only synapses. Because NMDA receptors 

are not activated around resting potential, the results may suggest that SuM-GC synapses contain 

more silent synapses than conventional synapses. Usually, for detecting silent synapses, no evoked 

AMPAR-EPSCs by subthreshold fiber stimulation are recorded at negative membrane potentials, 

and then NMDAR-EPSCs are recorded at positive membrane potentials (G. A. Kerchner & R. A. 

Nicoll, 2008). However, under our experimental conditions, 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, I recorded both AMPAR- and NMDAR-oEPSCs 



38 
 

at –60 mV, as recording of NMDAR-oEPSCs at –60 mV is feasible at SuM-GC synapses (Fig. 9B). 

In a subset of cells, when the intensity of light illumination was reduced, I observed oEPSCs, which 

showed a slow rise time (Fig. 14B, and see Methods). 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. 14B 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 failures) (Fig. 14C; 

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. 14C; before: 0 pA; LTP: 17.5 ± 1.0 pA, n = 9, p < 0.01, 

Wilcoxon signed rank test). In 6 out of 9 cells, I successfully recorded NMDAR-oEPSCs 30 min 

after washout of D-AP5 and confirmed that the depol-eLTP induction protocol did not change the 

amplitude of NMDAR-oEPSCs (Fig. 14C; 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. 
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Figure 14. 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 experiment 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 potentiation. (C) Summary plots 
demonstrating that synapse unsilencing was associated 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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3.6 MPP inputs heterosynaptically trigger depol-eLTP 

 Thus far, I demonstrate 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 (Y. Hashimotodani et al., 2018), 

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 (A. J. Pernía-Andrade & P. Jonas, 2014; A. Bragin et 

al., 1995), I hypothesized that GC firing driven by PP inputs could trigger depol-eLTP. To address 

this possibility, I employed theta-burst stimulation (TBS), which is often used as an LTP-induction 

paradigm corresponding to the physiologically relevant activity patterns of GCs (C. Schmidt-

Hieber et al., 2004; S. Ge et al., 2007; W. E. Skaggs et al., 1996; C. Pavlides wt al., 1988), to evoke 

burst GC firing (Fig. 15A). After obtaining a 5 min baseline of SuM-GC oEPSCs in voltage-clamp 

mode, I switched to the current-clamp mode to allow the cell to generate APs and applied TBS to 

the MPP (Fig. 15B). The recording was then switched back into the voltage-clamp mode, and SuM-

GC oEPSCs were monitored. I found that TBS of the MPP induced robust LTP at SuM-GC 

synapses (Fig. 15B 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. 15C; 101 ± 10% of baseline, n = 5, 

p < 0.001, compared to 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 
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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. 15D). 

Together, these results indicate that LTP at excitatory SuM-GC synapses can be heterosynaptically 

induced by MPP-mediated burst GC firing. 

 

 
Figure 15. TBS of MPP inputs heterosynaptically induces eLTP at SuM-GC synapses 
(A) Schematic drawing of recording configuration. MPP inputs were electrically stimulated by a glass 
electrode and ChR2-eYFP expressing SuM fibers were optically stimulated by a blue light pulse. For 
induction of LTP, MPP inputs were stimulated by TBS. (B) Representative experiment showing that TBS of 
MPP inputs (vertical arrow) induced robust LTP of SuM-GC oEPSCs. (Inset) APs during TBS. (C) Summary 
data showing that TBS-induced LTP was completely blocked by intracellular loading of BAPTA (20 mM). 
(D) TBS-induced LTP was induced in the presence of D-AP5 (50 μM) but blocked by bath application of 

KN93 (10 μM). Data are presented as mean ± SEM. 
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3.7 SuM inputs generate AP firing in GCs after induction of depol-eLTP 

 Given that GC burst-firing selectively potentiates glutamatergic, but not GABAergic, co-

transmission at SuM-GC synapses, depol-eLTP dramatically increases the excitatory drive of SuM 

inputs. Therefore, highly potentiated SuM glutamatergic inputs could generate AP firing in GCs 

even if SuM inputs cannot drive APs under basal conditions (Y. Hashimotodani et al., 2018). 

Previous studies have reported that the resting membrane potential of mature GCs is more negative 

than EGABA (P. H. Chiang et al., 2012; J. F. Sauer et al., 2012; K. J. Staley & I. Mody, 1992). 

Accordingly, GABAergic action is depolarizing under resting conditions. To mimic this condition, I 

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, I found that brief-burst light 

illumination of SuM inputs (4 pulses at 20 Hz) failed to induce APs in GCs (Fig. 16A). After a 

stable 5 min baseline, I 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. 16A), suggesting that an increase in the excitatory drive of SuM inputs 

associated with depol-eLTP triggers GC firing. I next examined how GABAergic co-transmission 

contributes to SuM input-evoked spike generation following LTP induction. Under blockade of 

inhibition by picrotoxin, in which brief-burst light illumination evoked no spikes, I found that LTP 

induction triggered a significant increase in spike generation (44 %, 11 of 25 cells) compared with 

inhibition intact (Fig. 16B, C, and E). These results suggest that GABAergic co-transmission 
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negatively regulates glutamatergic SuM input-evoked GC firing. Given that glutamate and GABA 

are simultaneously released from the same SuM inputs, the inhibitory action of GABA is expected 

to be exerted via shunting inhibition (P. H. Chiang et al., 2012; A. T. Gulledge & G. J. Stuart, 2003). 

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 numbers (Fig. 16D).  
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Figure 16. SuM inputs trigger spike generation in GCs by increasing excitatory drive associated with 
the induction of depol-eLTP  
(A and B, Upper) Representative 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. Data are 
presented as mean ± SEM; **P < 0.01, ***P < 0.001. 
 

 I 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 membrane potential (−80 mV), I found that burst stimulation evoked 
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APs after LTP induction (36 %, 9 of 25 cells, Fig. 17A). When inhibition was blocked, the number 

of spikes and spike probability were increased (54%, 13 of 24 cells, Fig. 17B, C, and D), and the 

spike generation lasted longer than control (Fig. 17E). Taken together, these results indicate that 

SuM inputs can drive GC output by induction of depol-eLTP, and GABAergic co-transmission 

contributes to the regulation of GC spike generation irrespective of the membrane potentials. 

 

 
Figure 17. GABAergic co-transmission suppresses GC spike generation regardless of membrane 
potential  
 (A and B) 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). (C and D) Cumulative number of spikes (C) and frequency (D) in control and PTX (P < 0.001, 
Kolmogorov−Smirnov test). (E) 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 
presented as mean ± SEM; **P < 0.01, ***P < 0.001. 
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Chapter4. Discussion 

 

 In this study, I demonstrate that GC depolarization induces LTP of SuM-GC glutamatergic, 

but not GABAergic, co-transmission. This depol-eLTP requires postsynaptic Ca2+ elevation through 

L-VDCCs, postsynaptic CaMKII activity, and exocytosis of AMPARs and is expressed 

postsynaptically. I further found that excitatory SuM-GC synapses were likely toinclude silent 

synapses, and the LTP induction protocol triggered synapse unsilencing. Interestingly, depol-eLTP 

is exclusively induced at SuM-GC synapses but not at MPP-GC, IN-GC, SuM-IN or SuM-CA2 

pyramidal neuron synapses. Depol-eLTP was heterosynaptically induced by MPP-driven GC firing, 

suggesting non-Hebbian form of plasticity. I finally reveal that selective LTP of glutamatergic co-

transmission at SuM-GC synapses changes the E/I balance, makes excitatory effects dominate and 

consequently potentiates GC firiing. Our study shows that the balance of glutamatergic/GABAergic 

co-transmission is modulated in an activity-dependent manner. Depol-eLTP at SuM-GC synapses 

may contribute to network activity in the DG and SuM-DG pathway-dependent neural functions. 

 

4.1 Activity-dependent change in the balance of glutamatergic and GABAergic 

co-transmission at SuM-GC synapses 

 Previous studies have reported that the balance of glutamate/GABA co-release in the 

lateral habenula was altered by depression and addiction (S. J. Shabel et al., 2014; F. J. Meye et al., 

2016). In these neurological disorders, GABAergic co-transmission was reduced due to decreased 
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expression of GAD or VGAT. In contrast to these chronic presynaptic alterations, depol-eLTP of 

SuM-GC synapses is more rapidly expressed via postsynaptic modifications in response to 

physiological neural activity. Through this alteration of glutamatergic/GABAergic co-transmission 

ratio, depol-eLTP can achieve dynamic modulation of GC activity. 

 To induce depol-eLTP, I delivered repetitive depolarizing pulses to GCs. To mimic more 

physiological situations, I further 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 (T. Hainmueller 

& M. Bartos, 2020). At first glance, this evidence 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 (M. Diamantaki st al., 2016; A. J. Pernía-Andrade & P. Jonas, 2014; D. Vandael et 

al., 2020; X. Zhang et al., 2020). Therefore, GC activity in behaving animals may trigger Ca2+ 

increases strong enough to induce depol-eLTP. Particularly, “superbursts” activity in GCs observed 

during mouse spatial navigation (D. Vandael et al., 2020) 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 feedforward inhibition generally control excitatory transmission (J. S. 

Isaacson & M. Scanziani, 2013). However, such di-synaptic inhibition usually has some delay, 

allowing excitatory transmission before inhibition. A unique property of glutamate/GABA co-

release is that both neurotransmitters are released from the individual presynaptic terminals (D. H. 
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Root et al., 2018), achieving very local and synchronous (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 co-transmission serves as inhibition despite 

the depolarizing action of GABA at resting potential. This shunting inhibition seems prominent in 

glutamate/GABA co-release synapses, as both neurotransmitters are synchronously released from 

the same terminals, providing spatially and temporally matched inhibition to excitatory co-

transmission. This more targeted form of inhibition (C. Q. Chiu et al., 2013) than the typical 

disynaptic feedforward inhibition, which could be spatially isolated from excitatory inputs, may 

exclude the possibility that the action of GABAergic co-transmission of SuM inputs is depolarizing 

(P. H. Chiang et al., 2012; A. T. Gulledge & G. J. Stuart, 2003). However, it should be noted that 

SuM neurons also excite dentate INs, driving feedforward inhibition to GCs (Y. Hashimotodani et 

al., 2018; M. I. Ajibola et al., 2021). Therefore, I cannot exclude the possibility that GABAergic 

inputs derived from feedforward inhibition recruited by SuM inputs contribute to regulation of GC 

firing. 

 I found that silent synapses might exist at SuM-GC synapses, and the depol-eLTP 

induction protocol induced synapse unsilencing. In this study, I recorded from GCs with a low 

input resistance (< 300 MΩ), which are regarded as mature GCs (C. Schmidt-Hieber et al., 2004). 

Given that silent synapses are generally observed in the young brain (G. A. Kerchner & R. A. 
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Nicoll, 2008), 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 (M. Diamantaki et al., 2016; X. 

Zhang et al., 2020). 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 relationship between dendritic morphology and 

proportion of silent synapses. 

 

4.2 Mechanism of depol-eLTP 

 Depol-eLTP is similar to the early studies showing that CA3-CA1 synapses elicit L-

VDCC-dependent, but NMDAR-independent form of LTP (L. Aniksztejn & Y. Ben-Ari, 1991; L. M. 

Grover & T. J. Teyler, 1990; Y. Y. Huang & R. C. Malenka,1993). A follow-up study demonstrated 

that 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 (H. K. Kato et al., 2009). NMDAR-dependent CA1 LTP is the most 

studied and best known form of plasticity, thereby regarding this LTP as the primary model for 

understanding LTP. A widely accepted model of CA1 LTP (B. E. Herring & R. A. Nicoll, 2016; J. 



50 
 

Lisman et al., 2012; D. Choquet, 2018; B. G. Hiester et al., 2018) indicates that two parallel 

pathways occur during the induction of LTP: trapping of surface diffusing AMPARs at the synapses 

and exocytosis 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 PSD (postsynaptic density) where receptors are 

clustered. 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 exocytosis 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 (J. Lisman et al, 2012). Given that L-VDCCs trigger non-localized, bulk Ca2+ 

increases, how does this Ca2+ increase activate CaMKII? Interestingly, SuM terminals make 

heterogeneous forms of synaptic contacts to GCs by forming symmetric and asymmetric synapses 

on the soma, dendritic shafts, and spines (F. Billwiller et al., 2020; J. L. Boulland et al., 2009; J. A. 

Dent et al., 1983; R. Soussi et al., 2010). Because increases in the Ca2+ concentrations following 

depolarization are obviously different among the soma, dendritic shafts, and spines, it is likely that 

CaMKII activation is differently regulated by different 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 
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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 have to be known 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 that inhibition of exocytosis 

does not affect early phase of LTP (P. M. Lledo et al., 1998; B. G. Hiester et al., 2018; A. C. Penn et 

al., 2017, D. Wu et al., 2017). The early phase of potentiation is attributed to the capture of pre-

existing surface diffusing AMPARs J. Lisman et al., 2012; B. G. Hiester et al., 2018; A. C. Penn et 

al., 2017; A. J. Granger et al., 2013). Interestingly, I found that inhibition of glutamate uptake by 

DL-threo-β-benzyloxyaspartic acid (TBOA) increased SuM-GC oEPSCs, but not MPP-EPSCs 

(data not shown). In many synapses, inhibition of glutamate uptake influences the kinetics of 

AMPAR-EPSCs only when AMPAR desensitization is blocked (A. V. Tzingounis & J. I. Wadiche, 

2007). Therefore, TBOA-induced increase in SuM-GC oEPSCs with AMPAR desensitization intact 

suggests that excitatory SuM-GC synapses may have exceptionally a large extrasynaptic pool of 

surface AMPARs (A. J. Granger et al., 2013). 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, I cannot exclude the 

possibility that post-translational modifications of AMPARs, such as increase in conductance and 
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open probability, following depolarization-induced Ca2+ elevation may also contribute to the early 

phase of potentiation. 

 Although somatic depolarization of GCs induces large Ca2+ elevation in both proximal and 

distal dendrites (G. Stocca et al., 2008), 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, 

I have shown a high NMDAR/AMPAR ratio and the existence of silent synapses. These findings 

imply that excitatory SuM-GC synapses may have many slots for trapping AMPARs (AMPAR-

silent module) in the PSD (J. Lisman & S. Raghavachari, 2006). Finally, the location of synapses 

relative to the soma may be critical for induction of LTP. Considering that backpropagating AP-

induced Ca2+ transients show a distance-dependent attenuation in the GCs (R. Krueppel et al., 

2011) but see (G. Stocca et al., 2008), a rise in the intracellular 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 may be needed to investigate all these possibilities. 
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4.3 Physiological relevance of depol-eLTP in the DG network 

 Hashimotodani et al. (2018) previously reported that SuM inputs have net excitatory 

effects on GCs and contribute to the facilitation of GC firing when associated with PP inputs (Y. 

Hashimotodani et al., 2018). Our present study extends this previous study. 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 conditions. This suggests that depol-eLTP primes the 

SuM-GC synapses for GC firing. Thus, by establishing a new glutamatergic/GABAergic co-

transmission ratio, solo SuM inputs or the association of SuM and PP inputs can trigger 

enhancement of AP generation in GCs. A large population of SuM neurons is known to discharge 

rhythmically with a theta rhythm (I. J. Kirk & N. McNaughton, 1991; B. Kocsis & R. P. Vertes, 

1994). Therefore, once depol-eLTP is heterosynaptically induced by entorhinal cortical inputs, it is 

likely that potentiated SuM inputs can 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 (D. A. Henze et al., 

2002). This GC firing frequency-dependent outcome in the CA3 pyramidal neurons suggests that 

depol-eLTP may dramatically increase CA3 output through the enhancement of GC firing and 
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consequently the DG-CA3-CA1 trisynaptic circuit. Interestingly, a recent study reported that 

glutamatergic co-transmission at SuM-GC synapses is required for spatial memory retrieval (Y. Li 

et al., 2020). Given that memory engram GCs show LTP-like synaptic properties (T. J. Ryan et al., 

2015), 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 potentiated 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 feed-forward inhibition (H. 

E. Scharfman, 2016). It has been reported that presynaptic LTP is selectively expressed at mossy 

cell inputs onto GCs, but not at mossy cell inputs onto INs and facilitates GC output by increasing 

excitation/inhibition balance (Y. Hashimotodani et al., 2017). Together with the present study, the 

results indicate that the DG network is dynamically regulated by mossy cell-mediated local and 

SuM-mediated subcortical pathways through two different forms of LTP. 

 

4.4 Outlook 

 The present study reveals that co-release of glutamate and GABA, surprising feature of 

SuM-GC synapses, has functional meanings. Namely, the balance between excitation and inhibition 

can be dynamically modulated in a non-Hebbian manner. Depending of the inputs from enthorinal 

cortex, the excitatory inputs from SuM can be modulated. SuM is recently recognized as an 
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important center for cognition and emotion (Chen et al., 2020; Kesner et al., 2023). In addition, 

SuM synchronizes spike-time coordination in the prefrontal-thalamo-hippocampal circuit during 

navigation (Ito et al., 2018). Given the importance of SuM described above, further characterization 

of neurocircuits underlying the signal transfer from SuM to hippocampus is important for systems 

neuroscience of cognitive process.  

 For the cellular level, co-release of glutamate and GABA is very unique, given that 

classically only one type of neurotransmitter is released from a single terminal. Recently, Kim et al. 

(2022) have shown that two opposing transmitters, glutamate and GABA can be packed in the same 

synaptic vesicles. However, it is unknown if the same mechanism applies to SuM-GC synapses. 

This issue must be resolved not only by electrophysiology, but also by more direct methods such as 

super-resolution imaging and electron microscopy in the future studies.  
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