AT TARERHTHE YR 2 BUREORRE y-5 A7 @

He

’ 2 ~» X
T RS0 T -

Deciphering the Functional Significance of Hypothalamic

Glutamate/GABA Cotransmission in the Hippocampus

3 2 : Musa lyiola Ajibola
ih¥He @t g #2 (Lien, Cheng-Chang, M.D., Ph.D.)

L dn$ac i A & L (Chen, Chih-Cheng, Ph.D.)

A Dissertation
Submitted to Taiwan International Graduate Program in Interdisciplinary Neuroscience
National Yang Ming Chiao Tung University
in Partial Fulfilment for the Requirements for the Degree of Doctor of Philosophy
n
Interdisciplinary Neuroscience

November 2021
Taiwan, Republic of China

PEAR- -oFL- 1



2/8/22, 4:47 PM National Yang Ming Chiao Tung University Authorization to Copyright of Thesis/Dissertation and ETD(Electronic Thesis/Disser...

National Yang Ming Chiao Tung University
Authorization to Copyright of Thesis/Dissertation and ETD(Electronic

Thesis/Dissertation)_
(For authors to bind after the title page)

The authorized thesis/dissertatione is my PH.D thesis/dissertation at Department of Taiwan International
Graduate Program in Interdisciplinary Neuroscience of National Yang Ming Chiao Tung University in
4 (semester) 110 (academic year)

Title : Deciphering the Functional Significance of Hypothalamic Glutamate/GABA Cotransmission in the
Hippocampus

Advisor : Cheng-Chang, Lien

1. Authorization to Copyright of Thesis/Dissertation (Hard copy)
All the thesis/dissertations of National Yang Ming Chiao Tung University complies with
Subparagraph 3, paragraph 2, Article 15 of the Copyright Act. In principle, all the thesis/dissertations
shall be open resource for academic knowledge exchange.

2. Authorization to Copyright of ETD (Electronic Thesis/Dissertation)
[ hereby authorize, non-exclusive and free of charge, the said dissertation to National Yang Ming
Chiao Tung University(NYCU), University System of Taiwan (UST) and the National Certral

Library.
ElectronicThesis/Dissertation Publish Scope and Time
Abstract (Chinese & English) m available to the public immediately
Fulltext for NYCU and UST m available to the public immediately
Fulltext for Internet & National Central Library m available to the public immediately

Note: Based on the concept of “resource sharing, mutual benefit cooperation” and the purpose of
giving back to society and academic research, the thesis/dissertation is open. Any reader can
search, download or print the thesis/dissertation within the limits permitted by the copyright law.

Authorized by: - ( Signature )

i | p* | OF (YYYY/MM/DD)

https://etd.lib.nctu.edu tw/cgi-bin/gs32/tugsweb.cgi/ccd=N1RIsN/cdrprtfile ?file=ncyu-elicense.htm&dbmode=t 1M




National Yang Ming Chiao Tung University

Thesis Approval Form
Student name: __Ajibola, Musa lyiola__(English)_ 4?4 & (hinese)
Program: | Master Program ® Ph.D. Program

Department/Institute: 1terdisciplinary Neuroscience

Title of the thesis:

(Chinese Title) {l}\—‘%% /'ll ’\ ﬁj&xﬁd ?/'%/ir‘}@cl? ﬁ%} q) :ﬁ:\ J;’:\ /S%iﬁ:i
K IR EA 7 -%is;l;_ T8k Ah i E

(English Title) Deciphering the Functional Significance of The Hypothalamic Glutamate/GABA

Cotransmission in the Hippocampus

Approved by the Thesis Defense Committee

Committee Convener: WW z‘\(signalure)

Additional Committee member

/11~

&éﬂ /\J (Signature) // // /( il (Signature)
‘ 2

Mk(ﬁ K (5 (Signature) (Signature)

(/\f‘{“’f;é)q LI\F’% (Signature) (Signature)

27 // ’;/( \//Z’é’(/ (Signature) (Signature)
s A

This thesis has been satisfactorily revised.

Signature of the Thesis Advisor Signature of the Director of Institute/ Program

RHBARIE §
(Dpr = Dios Lesn LY
C/ 90}?//0 i'/D\/JP’ (Date)

110.07 hi



ACKNOWLEDGMENTS
All praises and adorations are due to Allah (SWT), the God of the universe.

First and foremost, | express my profound gratitude to my advisor, Professor Cheng-Chang
Lien, who has painstakingly supervised this work. I thank you for your enormous guidance,
direction, and encouragement. Throughout my Ph.D. study, you invested a lot of time in
teaching and training me to achieve this feat. Thank you for the opportunity to do science
with you. | am very proud to be your first international Ph.D. student and appreciate you
for creating an international student-friendly lab environment. | have learned a lot from
you, it is indeed a life-changing experience. | will forever be grateful.

I would also like to thank all the Lien lab members for your help with my research,
constructive criticism, and scientific feedback. Especially for helping with animal
management. You guys are wonderful. I also thank CJ who was the first to show me how
to do local field recordings. My appreciation goes to KY for always being ready to help
and have some scientific discussions with me. | thank Wahab and Daron for helping me
with some experiments and analysis. I also thank Yu-Ling, TYY, HC, George, Jimmy, JD,
ZS, SM, Wendy, WL, and everyone that have stayed in Lien Lab with me. | also thank all
the past Lien lab members that our paths have crossed during my stay in the lab. You have
all contributed to the success of this project in one way or another.

In the course of executing my project, I was blessed with amazing thesis committee
members, Professor Min-Yuan, Min (National Taiwan University), Dr. Chih-Cheng, Chen
(Academia Sinica), Professor Shih-Chieh, Lin (National Yang Ming Chiao Tung
University), Dr. Hau-Jie, Yau (National Taiwan University) and Dr. Ching-Lung, Hsu
(Academia Sinica). Thank you all for your time and scientific contributions.

My sincere thanks to the Taiwan International Graduate Program (TIGP) of Academia
Sinica for giving me the scholarship to do science in such a multidisciplinary research
environment. | also appreciate the management and the program assistants of the TIGP-
interdisciplinary Neuroscience program (Vira and Ya-Jen) for their support right from the
beginning of my study. | would also like to appreciate the Office of International Affairs
(Ol1A) of National Yang Ming Chiao Tung University for their assistance during my stay
at NYCU. I would also like to thank Nigerian students at National Yang Ming Chiao Tung
University for their support and friendship.

A big thank you and gratitude to my parents and siblings. | appreciate your prayers,
encouragement, and support at all times.

Finally, my heartfelt gratitude and appreciation to my lovely wife (Habeebat Aderonke
Mustapha) and my adorable daughter (Khadijah Oladunni Ajibola). You have sacrificed
and shared in my pains. Thank you for your understanding and tremendous support.

THANK YOU ALL!



CITATION TO OWN PREVIOUSLY PUBLISHED WORK

Parts of this thesis have been previously published:

Journal articles:

® Ajibola M1, Wu JW, Abdulmajeed WI, Lien CC (2021) Hypothalamic Glutamate/GABA
Cotransmission Modulates Hippocampal Circuits and Supports Long-term Potentiation. J

Neurosci 41:8181-8196.

Abstracts presented at conferences:

® Ajibola MlI, Lien CC (2018) Differential glutamate and GABA release onto hippocampal
dentate cells by supramammillary nucleus neurons. Poster session presented at the 2018
11" FENS Forum of Neuroscience, Berlin, Germany.

® Ajibola MlI, Lien CC (2018) Differential glutamate and GABA release onto hippocampal
dentate cells by supramammillary nucleus neurons. Poster session presented at the 2018

EMBO Neural development Workshop, Taipei, R.O.C



PR

ABW AR TR MR PSR SR LAF AR R DY - BRI E
HERIRpAMATZAT TR Ok B9 5 x5 F1a 85 wiie bz
EE2 BrprieRipMantl  Ra > kp AT Ty AL T2 A5 v
G LA o TARE SR Y SR Iﬁﬁﬁﬂixknﬂhéﬁumgj#@?ubr{}%
R A -5 AT R KRR A b Rw il Fa ez B g Fisha) s
BRoa fER L g A G A PRSI RS R A BRIV L AR R
Sfwd BEM TR 2 Pl BR S A ed o hiphhed o AT X F@H
HE~AEL RER2

é’%@&’?m] femz: 23 %‘fﬁ"—g—%ﬁ’k;ﬁ,

[

;P_ﬁb‘:‘ 7 Pﬁﬁﬁ‘mpem,r]ﬁ‘ ol{ﬁ]ﬁ‘- =L L\:,F, '.«f-rg A ,_.._i_q}s —r‘hxﬁg
RPGFr41IEd > R oA FAIEr gt 6|4 € &R
R Ir4A] ¢ B A ‘;_;D_L-‘ﬁi}’%-‘iiﬁﬁgﬁ}glf?r C R AP A A R A e P A

—n

m»

ERACRIrdaEl c BARERE IR E AN BRI R by BEMSE
Bod PERT o BRIV YT R mie A 4 (TR m%?{ﬁ}vﬁiﬂéiﬁﬁ
R PR o b o B L TR~ Fig H A lmie B (T T end
i’@a&ﬁﬂg |3k imie RGR ek B R 5e (5% o M kI put F AT T et
Pik b @R gORi 2 y-g AT T RE SR B Rl et LT 7R

T ERD LTIk R E R DR T R R o

MRS B o ST W E T2 R AT



ABSTRACT

The hippocampus is a key brain structure for cognition and emotion. Among the hippocampal
subregions, the dentate gyrus (DG) is the first information processor that receives inputs from
cortical and subcortical brain areas. The cortico-hippocampal pathways transfer mnemonic infor-
mation during memory acquisition and retrieval, whereas subcortical inputs engage in the modu-
lation of communication between the cortex and the hippocampus. The hypothalamic supra-
mammillary nucleus (SuM) substantially innervates the DG by coreleasing two contrasting fast
neurotransmitters, glutamate and GABA, and thereby supports spatial navigation and contextual
memory. However, the synaptic mechanisms by which SuM neurons regulate the DG activity and
synaptic plasticity are not well understood. The DG comprises excitatory granule cells (GCs) as
well as inhibitory interneurons (INs). In this study, | combine optogenetic, electrophysiological,
and pharmacological approaches, and demonstrate that SuM input differentially regulates the ac-
tivities of different cell types in the DG via distinct synaptic mechanisms. Selective SuM activation
results in synaptic excitation and inhibition in all postsynaptic targets, the ratio of these two com-
ponents is variable and cell type-dependent. Specifically, dendrite-targeting INs receive predomi-
nantly synaptic excitation, whereas soma-targeting INs and GCs receive primarily synaptic inhi-
bition. Although SuM excitation alone is insufficient to excite GCs, it enhances the GC spiking
precision and reduces the latencies in response to excitatory drives. Furthermore, SuM excitation
enhances the GC spiking in response to the cortical input, thereby promoting the induction of long-
term potentiation at cortical-GC synapses. Taken together, these findings show that SuM gluta-
mate/GABA cotransmission contributes to the maintenance of excitation/inhibition dynamics in
the DG, and could as well support memory encoding via enhancement of long-term potentiation

at the cortical-GC synapses.

Keywords: Hippocampus, Supramammillary nucleus, Optogenetics, Electrophysiology, Gluta-
mate, GABA



GRAPHICAL ABSTRACT AND HIGHLIGHTS
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Highlights

e  SuM neurons cotransmit glutamate and GABA onto DG cells in a target-dependent manner.

e Activation of the SuM input preferentially recruits dendrite-targeting INs over GCs and soma-
targeting INs.

e SuM excitation, although weak, enhances GC spike generation and spike-timing precision.

e SuM input co-activated with the cortical input supports synaptic potentiation at cortical-GC

synapses.
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1. INTRODUCTION

1.1. Brain networks

The human brain comprises about 86 billion neurons complexly organized into interconnected
neuronal networks whose activation characterizes a decipherable linear pathway (Callaway, 2002;
Herculano-Houzel, 2012; Hilgetag et al., 2016). These neurons communicate through the genera-
tion of electrical signals and inspire complex behaviors which are excellently executed in the brain
such as learning, memory, motivation, movement, perception, and cognition. A healthy brain self-
organizes towards ‘‘small-world networks’’ consisting of a pattern of dense local microcircuits
and critical long-range connections (Buxhoeveden and Casanova, 2002). While the local micro-
circuits ensure proper neural information processing within a given brain region, the long-range
connections facilitate interregional communications essential for complex brain functions. Brain
structures are not isolated highlands, they receive inputs and give outputs that modulate their neural
functions and the functions of other brain areas. This complex design has been demonstrated to
arise under genetic control (Stam and van Straaten, 2012). Understanding the organization of dis-
tributed brain networks and how they communicate to produce complex functions during behav-
iors has been a major challenge to neuroscientists. However, in recent decades substantial progress
has been made with the development of disruptive modern tools and techniques that have helped
in identifying functions of individual brain structures, their cellular compositions, and connectiv-
ity. These have contributed remarkably to our understanding of complex brain functions including
learning and memory formation, and some complex mechanisms underlying neurological disor-

ders.



1.2. Concept of learning and memory

For survival, we need to acquire knowledge and remember events in place and time. What are
learning and memory? How do we learn, store, remember and forget things we have learned?
These are fascinating questions that have always been of interest to neuroscientists for decades.
To neuroscientists, learning is an act of acquiring information that engages specific brain areas and
results in specific changes in the brain cells that outlast the learning experience. During learning,
a small population of brain cells (called an ensemble) is activated and they undergo persistent
biological/physical/chemical changes (called engrams) that are reactivatable by appropriate recall
cues leading to retrieval of specific memory. Therefore, memory is an act of storage of neural
representation acquired by experience and its retrieval when needed to guide ongoing behaviors.
Learning and memory are cognitive functions essential in our interaction with the environment
and entail an interaction of large, interconnected brain networks. They are conceptualized in three
stages. 1, encoding; the initial registration, acquisition of information, and persistent trace (en-
gram). 2, storage; the maintenance and consolidation of information over time. 3, retrieval; the

process of reactivation of stored information to influence ongoing behavior.

Over the years, Psychologists and Neuroscientists have designed several behavioral para-
digms in animals and human studies to assess, classify and identify the neurological substrates of
learning and memory (Eichenbaum, 1997; Tulving and Schacter, 1990; Squire, 1987; Thompson
and Krupa, 1994). A notable and key advancement in the neurobiology of memory was the classi-
fication by Squire (1987, 2004) that defined the differences between declarative memory (explicit)
and non-declarative memory (implicit) based on their variable dependence on distinct brain areas

(Cohen and Squire, 1980). The non-declarative memory involved procedural skills, and the train-



ing of reflexive motor skills (such as driving a car, or riding a bicycle) and does not require con-
scious recall of the memory. It is believed that it depends largely on the cerebellum, striatum, and
cortical association areas. Declarative memory (explicit) on the other hand is a memory of general
facts and their meanings, knowledge of people, places, time, and things. It requires a deliberate
and conscious recall effort. It is considered to be mostly carried out by the hippocampus and amyg-
dala. Explicit memory has been further classified as semantic memory, a memory of facts that are
learned and independent of context and individual relevance, or episodic memory, a memory of

events. Episodic memory is experienced and dependent on context and individual relevance.

Based on the temporal dimension, memory is further classified into short-term memory
(STM) and long-term memory (LTM). STM lasts for awhile from a few seconds, minutes to hours
such as working memory, and does not require consolidation. On the contrary, LTM lasts for many
hours, months, or years and requires consolidation. It has been shown that STM and LTM share
the same neural representation during encoding and retrieval. Medial temporal lobe structures (in-
cluding the hippocampus) were demonstrated to be responsible for the formation of new represen-
tations regardless of their duration, and that similar processes are active in both STM and LTM
(Jonides et al., 2008; Wheeler et al., 2000). However, how memories are formed and maintained
is still unclear. In 1949, Donald Hebb proposed a synaptic plasticity-based mechanism as the
memory substrate. This mechanism suggests that the strengthening of synaptic connectivity among
a group of neurons by feedforward circuits is the persistent changes (engrams) underlying learning
and memory. Moreover, other cellular and molecular mechanisms such as protein synthesis have
been demonstrated to underlie memory formation (Abel et al., 1998; Davis, 1996; Kandel and
Schwartz, 1982). Memory storage and processing are brain areas specific. The neocortex and the

amygdala are known to play a role in semantic memory (Merzenich and Sameshima, 1993) and



associative learning (Damasio, 1995), respectively. The strengthening of synaptic connectivity be-
tween the entorhinal cortex (EC) and the hippocampus is thought to be crucial in the formation of

episodic memory (Squire, 2004, Zhang et al., 2013).

1.3. Hippocampus

The hippocampus is a brain structure situated deep in the medial temporal lobe of the human brain
and forms an essential component of the brain limbic system. The famous Venetian human anato-
mist, Julius Caesar Aranzi discovered the hippocampus. He named it “hippocampus” due to its
seahorse-like shape (in Greek, hippo means “horse” and kampos means “sea monster”’). Anatom-
ically, the hippocampus is divided into the dentate gyrus and hippocampal proper. The hippocam-
pus is well conserved in evolution. Biologists in primatology and Zoology fields also confirmed
the existence of a similar structure in other primates, mammals, and birds years after Julius Caesar
Aranzi, discovery (Colombo and Broadbent, 2000; West, 1990). Interestingly, despite the struc-
tural variations that exist in the vertebrate’s forebrains, their hippocampus still conserved the char-
acteristic, highly laminated histology similar to that of birds and mammals (Ocana et al., 2017;
Rodriguez et al., 2002). Although some differences in species were reported in a few studies (Ahn
etal., 2016; Lensjo et al., 2017; Rodriguez-Exposito et al., 2017), the hippocampus is proposed to
be crucial for spatial cognition (Bingman, 1992) which is critical for survival across species. How-
ever, with the evolving and constant change in the environment, the functions of the hippocampus
are getting more complicated.

1.3.1. Functions of the hippocampus

For the mammalian hippocampus, olfaction is the first proposed hippocampal function because of
the observed anatomical projections between the hippocampus, lateral EC, and the olfactory bulb

(van Groen and Wyss, 1990). Olfaction as the primary function of the hippocampus is not widely



accepted by neuroscientists (Otto et al., 1991). The declarative theory and the spatial recognition
theory were later promulgated regarding the functions of the mammalian hippocampus. The de-
clarative theory is based on phenotypic manifestations especially those that accompany patholog-
ical hippocampal damage. The most famous among the hippocampal pathological studies is the
well-known patient Henry Molaison’s (H.M) clinical report (Scoville and Milner, 1957), who suf-
fered a severe memory loss of anterograde and partial retrograde amnesia after bilateral medial
temporal lobe resection. The surgery relieved H.M of epilepsy but suffer distinct memory while
his working memory and procedural memory were not affected. After the clinical case report of
H.M, the hippocampus has been widely recognized as the main brain area responsible for memory
acquisition and recall.

The spatial recognition theory describes the hippocampus as the global positioning system
(GPS) of the brain. O’Keefe and Dostrovsky promulgated the spatial recognition function of the
hippocampus and supported it with experimental data in 1971. They discovered some principal
neurons in the rat hippocampus that exhibit spike activities only at a particular location of the room
and not anywhere else. They named these location-specific spiking cells “place cells” and loca-
tions, where they fire, are called “place fields” (O'Keefe and Dostrovsky, 1971). Their experiments
showed that in a freely moving rat, different groups of place cells encode different locations in the
room. Place-modulated cells have been identified in all hippocampal subfields while the most
prominent spiking fields are observed in the CA1 area (Barnes et al., 1990; Senzai and Buzsaki,
2017). However, strong evidence to support the presence of “place cells” in the hippocampal sub-
fields of primates is relatively lacking, this can be attributed to technical challenges in recording
brain activities in freely moving monkeys or humans. In addition to location recognition, other

features such as relative spatial orientation, the distance between locations, landmarks recognition,



and head direction are also vital in spatial navigation (Stachenfeld et al., 2017). How spatial signals
are conveyed to the hippocampus remained enigmatic until the discovery of another group of spa-
tial encoding cells called “grid cells” in the medial EC (MEC) by May-Britt and Edvard Moser’s
group in 2005. They recorded the activities of neurons in the MEC while animals freely explored
the recording chamber. The grid cells were described as a group of cells that fire action potential
at multiple locations when the animal location coincides with the vertex of a periodic grid across
the entire space. These cells provide the coordinate system for mapping the distance between dif-
ferent locations (Fyhn et al., 2008; Hafting et al., 2005). Border cells were described as cells acti-
vated when an animal approaches a specific visible boundary of the recording space. These cells
encode and provide information about the surroundings of the boundaries (Brun et al., 2008;
Meister and Buffalo, 2018; Solstad et al., 2008; Taube et al., 1990). The head-direction cells were
characterized as cells that generate action potentials only when an animal faces a specific direction
and is independent of its location in space. They were first identified in the postsubiculum (Taube
et al., 1990) followed by MEC, and later in other brain regions (Moser et al., 2017; Sargolini et
al., 2006). The outstanding phenomenon that is yet to be understood is how the spatial coding cells
interact with each other and get coordinated by other brain areas to bring about effective spatial
navigation (Moser et al., 2017; Zhang et al., 2013). Collectively, the aforementioned mounting
evidence supports that in addition to memory, the hippocampus is also central to spatial navigation.

The hippocampus has a long, curved structure that is evolutionarily conserved in all mam-
malian brains. Along the longitudinal hippocampal axis, different parts have been shown to have
distinct connectivity with other brain areas, and therefore, they may be responsible for distinct

functions. Early studies that involved lesions along the long hippocampal axis suggest a functional



dichotomy between the dorsal and ventral parts of the hippocampus. The dorsal (or posterior) hip-
pocampus was demonstrated to be involved in spatial navigation while the ventral (or anterior) is
crucial in anxiety-based behaviors (Moser et al., 1993, Wang et al., 2021). Available evidence
from structural and physiological studies which are now being corroborated by the emerging gene
expression profiles suggest clear functional gradients across the longitudinal hippocampal axis
(Strange et al., 2014).
1.3.2. Organization of the hippocampus
In mammals, the hippocampus is anatomically made up of two major parts; the dentate gyrus (DG)
and the hippocampal proper, that is the Cornu Ammonis (CA; including CA3, CA2, and CA1l).
The great neuroanatomist Santiago Ramon y Cajal described the trisynaptic circuit as the pivotal
circuit in the hippocampus. The trisynaptic circuit consists of granule cells (GCs) and pyramidal
cells of the CA3 and CA1 (Amaral et al, 2007). The 1st synapse in the circuit is formed between
the axonal projections from layer 11 of the EC called the perforant pathway (PP) and the distal
dendrites the GC (the PP-GC synapse). The 2nd synapse between the mossy fibers, main axonal
projections of GCs, and the CA3 pyramidal cells proximal dendrites (the mossy-CA3 synapse).
The 3rd synapse is between the Schaffer collaterals, axonal projection from CA3 pyramidal cells,
and CAL1 pyramidal cells dendrites (the Schaffer collateral-CA3 synapse). Other excitatory circuits
that also contribute to hippocampal functions are the direct PP-CA3 pathway, EC layer 11l to CAl
pathway, CAl-subiculum pathway, and DG feedback loop consisting of semilunar GC, GC, and
mossy cells (Amaral et al., 2007; Strange et al., 2014).

Considering the laminated arrangement of the hippocampus, over the years, the hippocam-

pus remains an excellent brain structure of choice by neurophysiologists to understand fundamen-



tal brain activities such as neurotransmission, synaptic plasticity, and electrophysiological proper-
ties of neurons. Moreover, the hippocampus is one of the most vulnerable brain regions in neuro-
logical disorders such as Alzheimer’s disease, Huntington’s disease, and temporal lobe epilepsy,
thus, it has been implicated in the pathological processes associated with these diseases (Moodley
and Chan, 2014; Ramaswamy, 2015; Ransome et al., 2012). The elaborate interactions exist be-
tween the hippocampus and other brain areas involved in several behaviors (Prasad and
Chudasama, 2013), therefore, hippocampal damage has been linked to many behavioral deficits
(Chudasama et al., 2009; Small et al., 2011; Zucker and Ranganath, 2015).

1.3.3. Dentate Gyrus

The DG is the first input region and information processor among the hippocampal subfields
(Amaral et al., 2007; Treves et al., 2008). It plays a critical role in pattern separation (Berron et
al., 2016; Leutgeb et al., 2007; Kheirbek et al., 2013; Yassa and Stark, 2011) and has also been
shown to play a key role in cognitive and emotional behaviors such as spatial navigation, novelty
recognition, exploration, anxiety, depression, and fear (Gilbert, et al., 2001, Amaral et al., 2007,
Wang et al., 2021; Kesner, 2007, Kheirbek, et al., 2013). In neurological disorders including epi-
lepsy, depression, dementia, anxiety, depression, and schizophrenia; impairment of the DG has
been strongly implicated (Amaral, et al., 2007, Scharfman, 2007, Tamminga, et al., 2010).

In rodents, the DG is a well-layered structure and comprises two groups of neurons; the
excitatory principal neurons and the inhibitory GABAergic interneurons. It is laminated into three
layers of neuronal tissue; the molecular layer (ML), the granule cell layer (GCL), and the hilus.
The ML is composed of GABAergic interneurons, GC dendrites, and axonal inputs from other
brain regions. It is well laminated into the inner molecular layer (IML), middle molecular layer

(MML), and outer molecular layer (OML). While the GCL is primarily constituted by polarized



glutamatergic principal neurons, the GCs. The hilus contains another glutamatergic neuron, mossy
cells (MCs), and diverse GABAergic interneuron subtypes. The subgranular zone between the
granule cell layer and the hilus houses the neural progenitor cells capable of dividing and generat-
ing functional, mature GCs throughout life (Ming and Song, 2011; Altman and Das, 1965, Jurkow-
ski et al., 2020). The new mature GCs are integrated into already established DG circuitry (Paton
and Nottebohm, 1984; Vivar et al., 2013).

GCs constitute the majority of glutamatergic cells in the DG with about 1,000,000 in the
GCL of rats (Boss et al., 1985; West, 1990; Patton and Mcnaughton, 1995; Freund and Buzsaki,
1996). The other glutamatergic cells, MCs are approximately 30,000 (Buckmaster and Jongen-
Relo, 1999). The GCs morphologically have small, round cell bodies localized in the GCL, mono-
polar dendrites in the ML, and their axonal output, the massy fibers, that form synapses on CA3
neurons (Henze et al, 2000). GC axonal collaterals in the hilus primarily target the parvalbumin
(PV)-expressing interneurons and the MCs. The PV interneurons drive recurrent inhibition on the
perisomatic region and axon initial segments of GCs, and the MCs that provide recurrent excitation
on the proximal dendrite of GCs (Ascady et al., 1998; Blasco-Ibanez et al., 2000; Espinoza et al.,

2018; Gulyas et al., 1992).

1.3.4. Diversity of GABAergic Interneurons in the DG

GABAergic interneurons (INs) are the arbiter of information flow in the hippocampus. They re-
lease y-aminobutyric acid (GABA) as the main neurotransmitter which exerts a primarily inhibi-
tory effect on targets by either hyperpolarizing or shunting mechanisms. GABA activates fast ion-
otropic GABAA or slow metabotropic GABAg receptors and controls neuronal excitability. GA-
BAergic inhibition has been demonstrated to play a vital role in excitation/inhibition balance, in-

formation routing, ensemble selection, shaping the spatiotemporal dynamics of neuronal circuitry,



and generation of rhythmic activity (theta and gamma) (Klausberger and Somogyi, 2008; Lapray

et al., 2012; Zaitsev, 2013).

The DG GABAergic INs are remarkably heterogeneous in terms of morphological, elec-
trophysiological, neurochemical, and synaptic properties (Freund and Buzséki 1996; Hosp et al.,
2014; Booker and Vida, 2018). Individual class of DG INs innervates specific subcellular domains
(perisomatic and dendritic domains) of the GCs suggesting their distinctive structural and func-
tional characteristics (Pelkey et al., 2017; Liu et al, 2014; Halasy and Somogyi, 1993; Hefft and
Jonas, 2005). Following this, DG INs that innervate the perisomatic region of the GCs are called
soma-targeting interneurons (S-INs) while those innervating the dendritic domain are referred to
as dendrite-targeting INs (D-INs). In addition, a small population of DG INs preferentially target
other INs and are termed “IN-specific” interneurons. The S-INs, also called perisomatic inhibitory
INs, include the basket cells (BCs, with axonal distribution in the GCL and make baskets of col-
laterals around the soma of GCs); and axo-axonic cells (AACs, with axonal distribution also in the
GCL but target the axon initial segments of the GCs). BC is the most extensively studied GA-
BAergic INs in the DG. BCs and AACs express Ca?*-binding/buffer protein, parvalbumin (PV),
and their firing pattern is characterized by fast-spiking, high-frequency action potentials. They
control GC output by regulating spiking rates and spike-timing precision (Freund, 2003). PV-BC
and PV-AAC receive strong synaptic inputs from the medial perforant path, commissural fibers of
MCs, and axonal collaterals of mossy fibers of GCs (Hsu et al., 2016; Gulyas et al., 1992, Ascady
et al., 1998, Blasco-lbanez et al., 2000), and consequently drive fast feedforward and feedback
inhibition to GCs (Penttonen et al., 1998; Pouille and Scanziani, 2001; Bartos et al., 2007). They
exhibit synchronous synaptic transmission that is mediated by P/Q-type Ca?* channels (Bucuren-

ciu et al., 2010; Jonas et al., 2004; Hefft and Jonas, 2005). However, whether BCs and AACs are

10



recruited by subcortical inputs to the DG, and how their recruitment could contribute to the input-

output transformation of GCs and behaviors remain open questions.

On the other hand, D-INs exhibit spatial selectivity in their axonal arborizations and den-
dritic compartment (Han et al., 1993; Freund and Buzsaki, 1996). They are classified into various
types according to their layer-specific axonal density and soma locations. They exhibit distinct
morphology and express different neurochemicals. They include the hilar commissural-associa-
tional path cells (HICAP, with soma in the hilar border and axonal density in the IML), the hilar
perforant path cells (HIPP, with soma in the hilar border and axonal density in the OML), the total
molecular layer cells (TML, with soma in the hilar border and axonal density in the in the spread
in the entire ML), the molecular layer perforant path cells (MOPP, with soma in the ML and axonal
density in the MML and/or OML), the hilar cells (HIL, with soma in the hilus and axonal density
in the hilus), the neuroglioform cells (NGFC, with soma in the ML, short dendrites, about 100 um,
axon branches profusely around the soma), the molecular layer commissural-associational path
cells (MOCAP, with both the soma and axonal density in the IML), the outer molecular layer cells
(OML, with soma in the OML and axonal density in the OML and extend beyond the hippocampal
fissure to the subiculum) (Hefft and Jonas 2005; Halasy and Somogyi 1993; Han et al. 1993; Hosp
et al. 2014; Savanthrapadian et al. 2014; Armstrong et al. 2011; Markwardt et al. 2011; Liu et al,
2014; Booker and Vida, 2018). HIPP, TML, and HIL cells express somatostatin (SST) (Han et al,
1993; Yuan et al., 2017), HICAP cells express cholecystokinin, CCK, (Han et al., 1993; Hefft and
Jonas, 2005). D-INs are differentially recruited by extrinsic fibers in DG, suggesting they drive
distinct feedforward inhibition onto the GCs and other INs. Finally, “IN-specific” D-IN express
vasoactive intestinal polypeptide (VIP), and preferentially innervate other INs over principal cells.

They are classified into hilus-projecting cells, ML projecting neurons, bistratified neurons, and
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trilaminar neurons (Hajos et al., 1996; Wei et al., 2021). IN-specific interneurons have also been
identified and characterized in the CAL area (Tyan et al., 2014). In the DG network, the specific
role of VIP INs is still not well understood.

1.5.5. Neuronal inputs to the DG

The DG receives extra-hippocampal inputs from the EC, medial septum (MS), locus coeruleus,
and hypothalamic supramammillary nucleus (Amaral et al., 2007), and intrinsic (intra-hippocam-
pal) inputs from commissural/associational inputs of MCs and back axonal projection of CA3 py-
ramidal cells (Scharfman, 2007). These inputs primarily target distinct subcellular domains of the
GCs, and also make synaptic contacts with INs. The layer 1l cells of the EC are the major source
of excitatory inputs to the DG via the PP and account for about 85% of the axospinous termination
in the DG (Nafstad, 1967; Hjorth-Simonsen and Jeune, 1972). Lateral PP fibers (LPP) from LEC,
innervate the OML while the medial PP-fibers (MPP) from the MEC, innervate the MML of the
ML of the DG. The commissural/associational inputs from MCs innervate the IML, and form
asymmetric synaptic connections with GC proximal dendrites, and INs (Buckmaster et al., 1992;
Larimer and Strowbridge, 2008; Hsu et al., 2016; Scharfman, 2016; Wang et al., 2021).

In addition to cortical inputs, DG also receives relatively few neurochemically distinct sub-
cortical inputs such as cholinergic input from the MS/diagonal band of Broca (Bilkey and Goddard,
1987; Nyakas et al., 1987), dopaminergic/norepinephrinergic inputs from the locus coeruleus (Har-
ley, 1991; Blackstad et al., 1967; Seo et al., 2021), and glutamate-GABA input from the supra-
mammillary nucleus (Borhegyi and Leranth, 1997; Chen et al., 2020; Leranth and Hajszan, 2007,
Magloczky et al., 1994; Nitsch and Leranth, 1994; Pan and McNaughton, 2004; Segal and Landis,
1974; Vertes, 2015). These inputs are known to play a modulatory role by interacting with both

the principal neurons and GABAergic INs and participate in neural information processing within
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the DG. However, considering the morpho-electrophysiological heterogeneity of INs, how sub-

cortical inputs interact with different GABAergic INs remains an interesting question.

Cortico-hippocampal pathways play a central role in memory encoding, retrieval, pattern
separation, and emotion (Amaral et al., 2007; Henze et al., 2002; Liu et al., 2012; Nakashiba et al.,
2012). However, little is known regarding the functions of subcortical inputs to the hippocampus
compared to cortical inputs. Among the subcortical brains, hypothalamic SuM provides substantial

direct innervation to the supragranular layer of the DG.

1.4. Supramammillary nucleus
1.4.1. Anatomy and Physiology of SuM
The SuM is made up of relatively thin, neurochemically distinct cells situated dorsal to the hypo-
thalamic mammillary bodies. (Pan and McNaughton, 2004). SuM is bounded rostrally by the pos-
terior and lateral hypothalamic nuclei, caudally by the interfascicular nucleus and the ventral teg-
mental area (VTA), dorsally by the posterior hypothalamic nucleus and the periaqueductal gray
matter, ventrally by the mammillary body. Topographically, SuM is divided into medial parts
(SuUMM) and lateral parts (SUML) by the thalamomammillary tract (Swanson, 2018). Although
there is no clear boundary between SUMM and SuML, SuMM s described as the SuM area be-
tween right and left SUML (Swanson, 2018). In terms of neuronal soma size, neurons in SUMM
region are small (10-15 um) and termed parvicellular while those in SUML are large neurons (20—
30 um) called grandicellular in rats (Pan and McNaughton, 2004; Risold and Swanson, 1997).
Although a small nucleus, SuM has wide anatomical connectivity with extensive ascending
and descending afferents to several brain areas and receives inputs from different brain areas.

Therefore, like monoamine systems, SuM may play some global modulatory role, especially in
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emotion and mood behaviors. SuM provides major afferents to the hippocampus, septum, amyg-
dala, some hypothalamic nuclei, EC, intralaminar thalamic nuclei, lateral habenula (LHb), medial
preoptic area, and cingulate cortex (Chen et al., 2020) and receive inputs mainly from subcortical
regions such as the lateral septum, MS, accumbens nucleus, zona incerta, lateral hypothalamus,
medial preoptic nucleus, lateral preoptic nucleus, paraventricular hypothalamus, VTA, dorsal and
median raphe nucleus.

The neuronal populations in the SuM are diverse in terms of their neurochemical proper-
ties, intrinsic properties, and synaptic connectivity, and are topographically distributed. They in-
clude glutamatergic cells, dopaminergic cells, calretinin-expressing neurons, substance P neurons,
CCK-expressing neurons, VIP-expressing neurons (Pan and McNaughton, 2004), and recently de-
scribed glutamate/GABA releasing cells (Boulland et al., 2009). The dopaminergic neurons are
located mainly in the SUMM and project to the lateral septum and mammillary bodies (Gonzalo-
Ruiz et al., 1999; Shepard et al., 1988; Swanson, 1982). The calretinin neurons are spread through-
out the SuM areas. The glutamatergic positive and calretinin neurons are mainly located in the
SuMI (Haglund et al., 1984, Boulland et al., 2009). The substance P fibers from SuUMM terminate
only in the CA2 region (Borhegyi et al., 1998), and are formed prenatally (Berger et al., 2001). In
the SuMl, the majority of large glutamatergic neurons co-express marker of GABAergic transmis-

sion, vesicular GABA transporter (VGAT) (Root et al., 2018, Boulland et al., 2009).

1.4.2. Functions of the SUM

Although SuM has comparatively few neurons, its neuronal populations have recently attracted
attention due to their prominent role in the modulatory control of the hippocampus. For instance,

the SuM was reported to contain neurons controlling hippocampal plasticity via monosynaptic
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input (Nakanishi et al., 2001) and another group of SuM neurons modulating the frequency of
hippocampal theta rhythm have also been described (Kirk and McNaughton, 1991; Kocsis and
Vertes, 1994). SuM neurons have also been shown to be activated during behaviors such as learn-
ing (Ikemoto et al., 2005), Memory (Santin et al., 2003), anxiety (Silveira et al., 1993), exploration
of novel environment (Ito et al., 2009; Vann et al., 2000), REM sleep and arousal (Pedersen et al.,
2017; Renouard et al., 2015) and social interactions (Chen et al., 2020).

The hippocampal theta oscillation, a rhythmic slow-wave activity, which is the prominent
feature of the hippocampal EEG has long been associated with hippocampal-dependent behaviors,
such as mnemonic processes (Buzsaki, 2005; Kirk and Mackay, 2003). The resultant theta fre-
quency from the synchronous firing of the hippocampal neurons is essentially dependent on the
inflow of impulses from other brain areas such as the septum, EC, and SuM (Buzsaki, 2005;
Buzsaki and Moser, 2013; Pan and McNaughton, 2004). Accumulating evidence has demonstrated
that physiological generation and magnitude of hippocampal theta oscillation are related to and
modulated by activation of reticular formation to the basal forebrain (Bland and Oddie, 1998;
Pignatelli et al., 2012; Vertes and Kocsis, 1997) via, ascending brainstem-hippocampal pathway,
a pathway in which SuM is central. (Vertes et al., 1986). The neural circuitry by which SuM mod-
ulates the hippocampal theta remains poorly understood.

The SuM neurons fire action potential in vivo in a pattern that phase lock with the theta
activities of the hippocampus (Kocsis, 2006; Kocsis and Vertes, 1994; Vertes, 2015). Surprisingly,
SuM lesion does not result in the complete abolition of the hippocampal theta oscillation
(McNaughton et al., 1995; Thinschmidt et al., 1995), but a significant reduction in the theta fre-
quency was widely reported (Kirk and McNaughton, 1993; Kocsis and Vertes, 1997). The multiple

activities recorded from SuM were observed to be rhythmic at hippocampus theta frequency and
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phase-locked to the ongoing hippocampal theta (Ito et al.,, 2018; Kirk, 1998; Kirk and
McNaughton, 1991; McNaughton et al., 1995). SuM has been shown to make diverse long and
short-range connections, and control the theta oscillation, however, the precise functions of SuM
concerning specific connections to a given brain area are still scanty. Recently, SuM was reported
as a key node that controls theta-frequency spike time coordination in the mPFC-NR-CAL circuit,
coordination that enhances the trajectory information transfer from the prefrontal cortex to the

hippocampus during route decisions (Ito et al., 2018).

1.4.3. Supramammillary-hippocampal pathway

SuM afferents are among the notable subcortical long-range projections to the hippocampus and
their roles in information processing by the GCs and pyramidal neurons are yet to be identified.
The SuM neurons provide substantial direct innervation to the hippocampal DG and CA2 areas as
well as indirect projections via the medial and lateral septum (Leranth and Kiss, 1996; Maglocky
et al., 1994; Segal and Landis, 1974, see also Figure 1A and B). The majority of direct SuM pro-
jections terminate heavily on the somatodendritic area of GCs of DG and the pyramidal layer of
CA2/CA3 (Magloczky et al., 1994), there is also light innervation of the hilus of the DG. While
the SUM-DG projections signal contextual information during mnemonic memory, the SUM-CA2
is important for social interaction (Chen et al., 2020). The neurotransmitter signaling system at the
SuM-hippocampal pathway remains controversial. Some reports stated that it is an exclusively
glutamatergic system (excitatory) based on anatomical evidence that SuM afferent fibers form
asymmetrical synapses (Dent et al., 1983; Magloczky et al., 1994; Stanfield and Cowan, 1984).
Supporting this notion, SuM neurons axon terminals innervating DG, IML and CA2 were shown

to lack GABA but express calretinin (Kiss et al., 2000; Leranth et al., 1999; Magloczky et al.,
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1994). However, recent studies revealed that SUM-DG axon terminals co-express markers of glu-
tamate and GABA release, vesicular glutamate transporter (VGIuT2) and VGAT, respectively
(Boulland et al., 2009; Root et al., 2018; Soussi et al., 2010) and make both asymmetric and sym-
metric synapses on the somatodendritic region of the GCs (Boulland et al., 2009, Soussi et al.,
2010). Interestingly, the SUM-DG pathway co-releases glutamate/GABA while the SUM-CA2
pathway exclusively releases glutamate (Hashilomotodani et al., 2018; Robert et al., 2021). How-
ever, the specific cellular targets, synaptic properties, how SuM interacts with different cell types
in DG, and the consequence of glutamate/ GABA cotransmission on hippocampal information pro-
cessing remain elusive.
1.5. Synaptic transmission
1.5.1. Synaptic organization
Synaptic transmission is communication between a neuron and other neurons, or muscle cells at a
specialized site called a synapse. It forms the basis of complex functions of the brain. There are
two major types of synaptic transmission, electrical and chemical transmissions. At an electrical
synapse, communication between neurons is instantaneous, stereotypic, and occurs through spe-
cialized intercellular channels called gap junctions that directly allow a flow of ions between their
cytoplasm. At chemical synapses, a presynaptic neuron releases chemical neurotransmitter(s) into
a small space called a synaptic cleft, which then bind to receptors on the membrane of target
postsynaptic neurons. Most neurons are identified based on the neurotransmitter they release such
as glutamatergic, GABAergic, dopaminergic, and cholinergic neurons among others. However,
neurons releasing multiple neurotransmitters have been identified in the brain.

At the presynaptic terminals, neurotransmitters are stored in the synaptic vesicles, each

vesicle is filled with several thousand neurotransmitter molecules. When action potential arrived
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at presynaptic terminals, voltage-gated Ca®* channels open at the active zone, a region of synaptic
vesicle clusters, and allow Ca?* to enter. The rise in intracellular Ca®* concentration triggers a
biological process that causes the fusion of vesicles to the presynaptic membrane and thereby neu-
rotransmitter release into the synaptic cleft, a process termed exocytosis. The transmitter molecules
then diffuse across the synaptic cleft and bind to their receptors on the target postsynaptic cell
membrane. This results in the opening or closing of ion channels followed by the ionic flux that
changes the conductance and potential of the postsynaptic cell membrane. A synaptic vesicle re-
lease is capable of opening thousands of ion channels on the postsynaptic target, a process respon-
sible for the amplifying effect at chemical synapses. Classically, two transmitter molecules are
needed to open a given postsynaptic ion channel (Kandel et al., 2013). The strength of the synaptic
connection is plastic depending on the activities or experience.

1.5.2. Corelease and cotransmission of neurotransmitters

Over the years, one neuron, one neurotransmitter idea conventionally classifies neurons into ex-
citatory, inhibitory, and modulatory neurons according to neurotransmitter release at synapses.
This idea is associated with Sir Henry Dale's concept (Dale, 1935) and was later termed Dale’s
principle by Eccles (Eccles, 1957). Our understanding of fast chemical communication among
neurons and neural circuit functions has been based on this impression. This principle has been
challenged and modified with the discovery of neurons with multiple neurotransmitter profiles.
For instance, the release of neuropeptides along with classical neurotransmitters has long been
recognized (Jan and Jan, 1982; Hokfelt et al., 1984; Sulzer and Rayport, 2000). Recently, the core-
lease and cotransmission of two or more classical neurotransmitters have been gaining attention.
Subsets of neurons co-expressing multiple classical neurotransmitter markers in their axon termi-

nals (Boulland et al., 2004) and capable of cotransmitting two or more classical neurotransmitters
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have been demonstrated (Fattorini et al., 2015; Somogyi, 2006). Two inhibitory neurotransmitters,
GABA and glycine, are simultaneously released from the same vesicles in the spinal cord (Jonas
et al., 1998) and brainstem (O Brien and Berger, 1999; Russier et al., 2002; Nabekura et al., 2004;
Awatramani et al, 2005). Two opposing neurotransmitters, glutamate and GABA are also reported
to share the same synapse in LHb (Root et al., 2014; Shabel et al., 2014). Glutamate/GABA re-
leasing neurons are reported to be most abundant in specific brain areas such as VTA, entopedun-
cular nucleus (EP), and SuM, and form distinctive synaptic architecture with their postsynaptic
targets (Root et al., 2018). In addition, acetylcholine was reported to be coreleased with either
glutamate (Li et al., 2004) or GABA (Takacs et al., 2018) by septal neurons.

Although cotransmitting neurons have been identified in many brain areas, the functional
significance of cotransmission in neuronal computation and behaviors has been difficult to dissect.
This can be largely attributed to; first, differential spatial and temporal profiles of the individual
neurotransmitter being transmitted. Second, pre-and post-synaptic responses are modulated by co-
releasing neurotransmitters. Third, the plastic nature of cotransmission depends on stimulus dy-
namics, developmental stage, injury, and neurological disorders. All these make the analysis of
dual-transmitting synapses in neural circuits and behaviors complicated.

On the other hand, the mechanisms governing the packaging, release, and recycling of
multiple neurotransmitters may determine the functional impact on circuit functions. For instance,
corelease involves the packaging of two or more neurotransmitters into a single synaptic vesicle
and their subsequent release simultaneously (Figure 2A) while cotransmission is believed to be
the release of multiple neurotransmitters from distinct non-overlapping pools of synaptic vesicles
at the same synapse (Figure 2B) or different neuronal processes (see Figure 2C). In cotransmission,

release from different sets of synaptic vesicles might be differentially regulated either as a result
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of differential vesicular Ca®* sensitivities or neurotransmitter segregation into different neuronal
terminals. A typical case of corelease was demonstrated at the VTA to striatal spiny neuron syn-
apses where dopamine and GABA are corelease in a VGAT-independent manner (Tritsch et al.,
2012). The conditional knockout of VGAT in the striatal-projecting VTA dopamine neurons did
not abolish GABA release, however, conditional knockout of vesicular monoamine transporter
VMAT?2, known to package monoamines, eliminates GABA release (Tritsch et al., 2012,
Chaudhry et al., 1998). This indicates GABA could have been loaded into synaptic vesicles via
VMAT?2 acting as a non-canonical vesical transporter of GABA. Cotransmission has also been
demonstrated at septo-hippocampal synapses where acetylcholine and GABA cotransmitted are
sorted into distinct synaptic vesicles and their release is regulated by distinct calcium channels
(Takacs et al., 2018). Similarly, a subpopulation of starburst amacrine neurons of the retina also
cotransmit acetylcholine and GABA suggested by the non-uniform distribution of their receptors
on the postsynaptic targets (spatial segregation) and differential Ca®* sensitivities (differential re-
lease) (Lee et al., 2010). Ostensibly, cotransmission of multiple neurotransmitters could allow a
neuron to engage in distinct circuit functions in the central nervous system.

An emerging line of evidence suggests segregated sorting of glutamate and GABA to dif-
ferent synaptic vesicles at SuM axon terminals in the DG (Boulland et al., 2009; Root et al., 2018),
and that their release could be differentially regulated. The puzzling possibilities would be that a
glutamate-GABA releasing neuron could cotransmit glutamate and GABA in equal proportion at
some synapses, purely glutamatergic or GABAergic, or with one neurotransmitter dominating over

the other at some synapses.
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1.5.3. Modulation of synaptic plasticity

Synaptic plasticity involves the alteration of the strength of connectivity between neurons as a
result of activities or experiences. It is a fundamental brain function that is widely thought to be
the mechanism of information storage in activated neural networks enabling animals and humans
to learn. The synapses are plastic, they can either be strengthened or weakened by activities, that
is, synaptic facilitation or depression. The changes in synaptic efficiency can span a wide range of
time (short-term to long-term) from milliseconds, minutes, hours to days, or even longer. Synaptic
plasticity is necessary for animal survival, development, and neuronal injury recovery. Its impair-
ment has been implicated in certain neurological disorders. Synaptic plasticity can be homosynap-
tic (intrinsic) plasticity and heterosynaptic (extrinsic) plasticity. While homosynaptic plasticity oc-
curs when a change in synaptic strength of a neuron is a result of its activity, heterosynaptic plas-
ticity involves a change in the synaptic strength as a result of activities occurring in another path-
way. At the level of the synapse, persistent strengthening or weakening can occur which are termed
long-term potentiation (LTP) or long-term depression (LTD). Both have been extensively studied
and demonstrated as the substrate for learning and memory formation in the brain (Martin et al.,
2000; Neves et al., 2008; Malenka, 1994). Activity-dependent plasticity is extensively studied in
the synapses along the classical hippocampal trisynaptic pathways (Hebb, 1949; Malenka, 1994;
Gruart et al., 2006; Whitlock et al., 2006). LTP and LTD can be regulated by intracellular signaling
molecules such as catecholamines, GABA, acetylcholine, cytokines, and hormones or other inputs.
This is called synaptic plasticity modulation. When the regulations by molecules or activities
(priming) occur across time and altered the ability to induce LTP or LTD at a later time is termed
metaplasticity, that is, the plasticity of synaptic plasticity (Abraham and Bear, 1996; Abraham,

2008).
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1.5.4. Synaptic potentiation at cortical-GC synapses

The MEC and LEC massively innervate the MML and OML of the DG, respectively, via PP and
make synapses with the distal dendrites of the GCs (Amaral et al., 2007). LTP has been demon-
strated at the PP-GC synapses using high-frequency stimulation of the PP (Bliss and Lomo, 1973,
McNaughton et al., 1987; McHugh et al., 2007; Schmidt-Hieber et al., 2004). Theoretical models
proposed that synaptic plasticity at PP-GC synapses is required for pattern separation and mini-
mizing memory interference (McNaughton and Morris, 1987; Treves and Rolls, 1994; Leutgeb et
al., 2007). This was corroborated by impairment of contextual recognition and inability to differ-
entiate between similar previous memories after conditional knockout of N-methyl-D-aspartate
(NMDA) receptors in GCs (McHugh et al., 2007). Therefore, understanding the LTP at the PP-
GC synapses and how it is enhanced or modulated is fundamental to an in-depth knowledge of
learning and memory formation in the hippocampus.

Given that associative mechanisms represent reliable means of modifying synaptic strength
during synaptic plasticity. They predominantly depend on excitatory postsynaptic potentials (EP-
SPs) at the presynaptic cell and action potential at the postsynaptic cell; which is mainly provided
by the backpropagating axosomatic action potential at the synapse for effective induction of LTP
(Hebb, 1949; Dan and Poo, 2006). Associative learning is regulated mainly by the state of the
postsynaptic cell controlled by the interactions of synaptic inputs from different sources. This form
of synapse-specific plasticity has been reported to contribute to long-lasting learning (Bi and Poo,
2001), motor learning (Carey and Lisberger, 2002), and spatial learning (Dragoi et al., 2003). In
addition to PP fibers arriving at the distal dendrites, GCs also receive substantial inputs from the
MCs and SuM at the proximal dendrites. It is still not clearly understood, how the interaction of
PP with other inputs enhances LTP induction at synapses of PP and GC, and consequently learning

and memory.

22



2. THE AIMS OF THIS STUDY

Early functional studies demonstrated that SuM terminals in the DG exert inhibitory effects (Segal,
1979). However, a follow-up study reported a net excitatory effect (Nicoll et al., 1980). Other early
anatomical studies showed that the SUM-DG pathway is exclusively excitatory because its fibers
form asymmetrical synapses and that SuM neurons do not express GABA (Dent et al., 1983;
Magloczky et al., 1994; Stanfield and Cowan, 1984; Nitsch and Leranth, 1993). Moreover, it was
also reported using anatomical methods that the postsynaptic targets of the SuM input in the DG
are exclusively principal neurons (Magloczky et al., 1994). These initial contradicting data were
attributed to the inability to specifically activate SuM terminals in the hippocampus and investigate
the synaptic organization and physiological relevance. The recent availability of advanced neu-
ronal tracing tools that allow specific labeling, identification, and manipulation of the SuM termi-
nals in the DG, revealed that SUM terminals in the DG express VGIUT2 and VGAT sorted into
separate populations of vesicles (Boulland et al., 2009, Soussi et al., 2010; Root et al., 2018).
However, several questions remain unanswered about the precise neurotransmitter signaling, cel-
lular targets, synaptic properties, and circuit mechanisms of the functional relevance of SuM input
in the DG circuitry. This study set out to understand the functional connectivity between the SuM
input and diverse cell types in the DG and the functional relevance of glutamate/GABA cotrans-

mission in the DG networks. These were dissected under the following specific aims.

2.1. Aim 1: Elucidation of neurotransmitter signaling, synaptic targets, and functional con-
nectivity of SUM input in the DG

SuM input massively innervates the supragranular layer of the GCL with axonal branches in the
IML that overlap with other cortical and subcortical inputs to the DG. Therefore, the conventional
electrical stimulation and chemical lesions are not ideal methods to spatiotemporally activate SuM

input and elucidate its neurotransmitter signaling and synaptic connectivity. To achieve selective
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activation of SuM axon terminals and investigate synaptic transmission, an optogenetics approach

was combined with ex vivo slice electrophysiology.

2.2. Aim 2: Investigation of synaptic mechanisms by which SuM input regulates the activi-
ties of DG cells

Extrinsic excitatory inputs to the DG differentially regulate the input-output transformation of the
GCs via the recruitment of a distinct population of GABAergic INs (Liu et al., 2014). In addition,
dendritic inhibition is proposed to control electrogenesis, synaptic plasticity, and activity states in
their targets (Chiu et al., 2013; Hosp et al., 2014; Miles et al., 1996; Xu et al., 2013). S-INs and D-
INs are reported to control spike probability and timing of action potential generation in the prin-
cipal cells (Pouille and Scanziani, 2001). Given that SuM also provide dense axonal projection in

the DG, it could regulate the excitability and spiking dynamics of GCs and GABAergic INs.

2.3. Aim 3: Investigation of the functional relevance of SuM glutamate/GABA cotransmis-
sion

SuM has long been identified to play a key role in the generation of theta rhythm, a brain wave
that is central to hippocampal functions (Kirk and McNaughton, 1991; Kocsis and Vertes, 1994).
Synaptic strengthening is widely believed as the basis of memory encoding and retrieval in the
hippocampus, however, how SuM input in the DG contributes to synaptic plasticity is still not well
understood. Here, | investigated how selective activation of SuM input interacts with the cortical

inputs to modulate long-term potentiation at cortical-GC synapses.

24



3. MATERIALS AND METHODS

3.1 Experimental models

3.1.1. Animals

We used the VGIuT2-Cre driver line (Slc17a6"™2®Lowl/j stock# 016963), VGAT-Cre driver line
(Slc32alm2Crelowly - stock# 028862), Gad2-Cre driver line (Gad2™m2)Zih/3  stock# 010802) ob-
tained from Jackson Laboratory (Bar Harbor, ME, USA), and wild-type (WT) mice with C57BL/6J
genetic background obtained from National Laboratory Animal Center (Taipei, Taiwan). Crlr-Cre
mice (C57BL/6N-Tg(Calcrl,cre)4688Nkza/J) obtained from Dr. Kazu Nakazawa were also used.
Both male and female mice (3-5 months old) were used for the electrophysiological experiments.
The mice were housed in a room with a 12-h light-12-h-dark cycle and were provided with food
and water ad libitum. The protocols and procedures for the animal experiments were in accordance
with the national and institutional guidelines and were approved by the Animal Care and Use
Committee of National Yang Ming Chiao Tung University.

3.2. Experimental designs

3.2.1. Viruses

For the optogenetic experiments, we virally expressed channelrhodopsin (ChR2)-eYFP on SuM
neurons by injecting an adeno-associated virus (AAV) serotype 5-CaMKIla-ChR2(H134R)-eYFP
(4.1x10% vector genomes/mL, University of North Carolina, Chapel Hill, NC, USA) into the SuM
of WT mice. To target glutamatergic and GABAergic neurons in the SuM selectively, an AAV5
vector carrying a Cre-inducible ChR2-eYFP transgene (AAV5-EFla-DIO-hChR2-(H134R)-
eYFP) (4.3x10% vector genomes/mL, University of North Carolina, Chapel Hill, NC, USA) was

injected into the SuM of VGIuT2-Cre, VGAT-Cre, and Gad2-Cre mice.
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3.2.2. Stereotaxic injection

For the retrograde tracer and virus injections, the mice were anesthetized with 4% isoflurane (v/v;
Halocarbon Laboratories, North Augusta, SC, USA) in a 100% oxygen-containing induction
chamber. The scalp was shaved and the mice were transferred to a stereotaxic frame (IVM-3000;
Scientifica, Uckfield, UK) for the surgery. The mouth and nose of each mouse were covered using
an anesthetizing mask that was supplied with approximately 1.5% isoflurane and had an airflow
rate of 4 mL/min. To maintain the body temperature of the mice at 34-36°C, a biological temper-
ature controller pad (Physitemp Instruments, New Jersey, USA, or TMP-5b, Supertech Instru-
ments, Budapest, Hungary) remained placed under the body of each mouse throughout the surgical
procedure. The head was fixed using two ear bars; 75% ethanol was applied to the scalp to sterilize
the surgical area, and an ophthalmic gel was applied to the eyes to avoid dryness. An analgesic
(ketorolac, 6 mg/kg) was administered intraperitoneally. For the delivery of the tracer, unilateral
or bilateral craniotomy was performed at the antero-posterior (AP) and medio-lateral (ML) coor-
dinates of the dorsal DG (AP: -1.80 mm, ML: £ 1.30 mm). Then the tracer was delivered into the
DG at the dorso-ventral (DV) coordinate (DV: -2.20 and -2.0 mm). To target the SuM neurons,
unilateral or bilateral craniotomy was performed over the SuM (AP: -2.85 mm, ML: £ 0.15 mm).
Then viral vectors were delivered into the SuM at DV, -4.86 mm. The viral vectors (0.2-0.4 uL)
and red retrobeads (0.2 pL) (LumaFlour, North California, USA) were delivered to the SuM and
DG, respectively, using a 10-uL NanoFil syringe (World Precision Instruments, Sarasota, FL,
USA) and a 34-G beveled metal needle. The injection volume (0.2-0.4 uL) and flow rate (0.1
uL/min) were controlled using a nanopump controller (KD Scientific, Holliston, MA, USA). Sub-
sequently, the needle was raised 0.1 mm above the site of injection for an additional 10 min to

minimize the upward flow of the viral solution. Finally, the needle was gradually withdrawn. After
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the injection was performed, the incision was sutured, and the mice were transferred to the cage
for recovery.

3.2.3. Brain slice preparation for electrophysiology

Acute brain slices containing the hippocampal and SuM sections were prepared one week after the
retrograde tracer injection or at least three weeks after the viral injection. Transverse brain slices
were used for whole-cell patch-clamp recording of the DG neurons, while coronal brain slices
were used for the recording of retrobeads positive SuM neurons. The mice were anesthetized using
isoflurane and decapitated rapidly. The brains were quickly removed and transferred to an ice-cold
oxygenated (95% O> and 5% CO>) sucrose solution containing (in mM): 87 NaCl, 25 NaHCOg3,
1.25 NaH2POg4, 2.5 KClI, 10 glucose, 75 sucrose, 0.5 CaClz, and 7 MgCl,. Next, 300 um thick slices
were cut using a vibratome (DTK-1000; Dosaka, Kyoto, Japan). After sectioning, the slices were
recovered at 34°C for 25 min in a holding chamber filled with an oxygenated sucrose solution,
then transferred to room temperature (25 + 2°C) for further experiments.

3.2.4. Patch-clamp recording and photostimulation

For the recordings, individual slices were transferred to a submerged chamber and were continu-
ously perfused with oxygenated artificial cerebrospinal fluid (ACSF) containing the following (in
mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2POg4, 2.5 KClI, 25 glucose, 2 CaCl,, and 1 MgCl.. The
ChR2-eYFP expression pattern was confirmed using fluorescence and the neurons in the DG were
selected visually for recording under an infrared differential interference contrast microscope (IR-
DIC, BX51WI, Olympus). The axonal terminals that expressed ChR2 were stimulated with 470-
nm light transmitted through the objective from an LED source (LED4D162, driven by DC4104,

Thorlabs, Newton, NJ, USA).
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Whole-cell patch-clamp recordings were performed using a Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale, CA, USA). The recording electrode pipettes (4-7 MQ) pulled
from borosilicate glass tubing (outer diameter, 1.5 mm; inner diameter, 0.86 mm; Harvard Appa-
ratus) were filled with a high-CI" internal solution, containing the following (in mM): 15 K-glu-
conate, 140 KCI, 0.1 EGTA, 2 MgCly, 4 Na,ATP, 10 HEPES, 0.5 NasGTP, and 0.4% biocytin
(w/v, Life Technologies, Grand Island, NY, USA). In certain set experiments for the determination
of spike-timing precision and spike phase, a low CI" internal solution containing (in mM): 136.8
K-gluconate, 7.2 KCI, 0.2 EGTA, 4 MgATP, 10 HEPES, 0.5 NasGTP, 7 Nax-phosphocreatine (pH
7.3 with KOH) and 0.4% biocytin was used. The pipette capacitance was compensated in the cell-
attached mode. To measure the excitatory postsynaptic current (EPSC) and the inhibitory postsyn-
aptic current (IPSC), the whole-cell recording was performed using a high CI internal solution
(Ecasa = ~0 mV, Eampa = ~0 mV), the EPSC and IPSC were isolated using a pharmacological
approach. Bath application of SR95531 (1 pM)and CGP55845 (1 uM) were used to block GABAA
and GABAGg receptors, respectively, while an ionotropic glutamate receptor blocker, kynurenic
acid (Kyn, 2 mM) was used to block ionotropic glutamatergic transmission. The GABAergic com-
ponent (IPSC) traces were obtained by digital subtraction of traces recorded after bath application
of SR, CGP from the baseline traces recorded in the presence of ACSF. The glutamatergic com-
ponent (EPSC) traces were obtained by digital subtraction of traces recorded in the presence of
SR, CGP, and Kyn from the traces recorded in the presence of SR and CGP.

Cell-attached was performed with patch pipettes filled with a high CI™ internal solution
before the whole-cell recording of current spikes in GCs and INs. A 5-Hz, 5 ms light pulse was
applied with a 15-s inter-sweep interval and 6 sweeps were recorded. The spike probability was

determined as the percentage of spikes among 6 sweeps. In the dual recording experiments, the
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distance between the recorded pair was less than 200 um. Although the serial resistance was not
compensated, it was monitored continuously during the recording process. The recordings with
the serial resistance < 25 MQ were analyzed. The fast-spiking phenotype of hippocampal INs at
room temperature (21-24°C) was defined by their maximal firing rate > 65 Hz and coefficient of
variation (CV) of < 0.2 in response to 1-s depolarizing current injection (Lien and Jonas, 2003).
The recording electrode (tip diameter, ~5 um) filled with ACSF was placed in the GCL to monitor
the population spike (pSpike) in response to PP stimulation. Further experiments were performed
at stimulus intensities that evoked 30-50% of the maximum pSpike amplitude and paired with the
10-ms light pulse for activation of the SuM input.

For the spike-timing precision experiments, sinusoidal waveforms were created and cus-
tomized using Clampfit 10.3 (Molecular Devices). To test the ability of the SuM input to enhance
spike-timing precision and phase, theta frequency (5-Hz trains of 5 pulses) sinusoidal current
pulses were delivered into the GCs and were paired with 5-Hz square photostimulation of the SuM
input. The 5-ms photostimulation was delivered during the ascending phase (31°-39°) of the si-
nusoidal waveform. The current injected (peak to trough, 50-150 pA) was set to evoke a single
action potential close to the peak of the sinusoidal waveform while the membrane potential of the
GCs was held at approximately -80 mV. Twenty sweeps were recorded at 15-s intervals and su-
perimposed to observe the precision of AP generation. To determine the spike jitter and phase, the
time point for the peak in each spike was converted to phase (angle) using the customized Python
codes. The mean and the standard deviation represented spike phase (latency) and spike jitter,
respectively. All cells used for spike-timing precision experiments reliably generated excitatory

postsynaptic potential (EPSP) in response to 5-Hz photostimulation of the SuM input. The signals
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were recorded using Multiclamp 700B amplifiers (Molecular Devices), filtered at 4 kHz, and sam-
pled at 10 kHz using a digitizer (Digidata 1440A, Molecular Devices), which was controlled using
pCLAMP version10.3 (Molecular Devices).

3.2.5. Biocytin labeling and morphological reconstructions

To identify the recorded neurons (filled with 0.4% biocytin), brain slices were fixed overnight with
4% paraformaldehyde (w/v) in phosphate-buffered saline (PBS). After rinsing with PBS 3 times,
0.3% Triton X-100 (v/v; USB Co., Cleveland, OH, USA) in PBS (PBST) was added for 30 min.
Then, blocked with 0.3% PBST and 10% normal goat serum (NGS, S-1000, Vector Laboratories,
Burlingame, CA, USA) for 2 h. Slices were incubated with streptavidin-conjugated Alexa Fluor
594 or 555 or 488 (1:400; Life Technologies) in 0.3% PBST and 5% NGS at 4°C overnightor 2 h
at room temperature. After rinsing 6 times with PBS, slices were mounted onto slides with mount-
ing medium Vectashield with 4',6-diamidino-2-phenylindole (DAPI, H-1200, Vector Laborato-
ries, Burlin-game, CA, USA). Confocal image stacks were reconstructed with Neuromantic 1.6.5
software (developed by Darren Myatt, University of Reading, Reading, Berkshire, UK).

3.2.6. Immunohistochemistry

WT mice (3 months old) with AAV5-CaMKIla-ChR2-eYFP injected into the SuM were deeply
anesthetized using isoflurane and perfused transcardially with 20 mL of ice-cold PBS, followed
by 50 mL of 4% PFA. The fixed brain specimens were excised and post-fixed in 4% PFA for an
additional 6 h or overnight. Next, dehydration was performed by incubation in 15% sucrose for 4
h, followed by 30% sucrose in PBS for 2 h. The brain specimens were sectioned coronally into 50-
um slices using a microtome (SM2010R, Leica, Wetzlar, Germany). The brain slices were rinsed
with PBS three times and blocked by treating with 0.3% PBST and 5% NGS for 2 h. The slices

were then incubated in a cocktail of rabbit anti-GFP antibody (1:1000, Abcam, ab290), rabbit anti-
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VGIuT2 antibody (1:500, VGIuT2-135 403, Synaptic System, Germany), and mouse anti-VGAT
antibody (1:250, VGAT-131 011; Synaptic System, Germany) at 4°C for 24 h.

Next, the slices were rinsed three times with PBS and incubated in cocktails of fluorescent
secondary antibodies, Alexa Fluor 488 anti-rabbit, Alexa Fluor 594 anti-rabbit, and Alexa Fluor
647 anti-mouse at room temperature for 2 h or overnight at 4°C. The procedures were performed
under continuous shaking conditions. After rinsing six times with PBS, the sections were mounted
using the mounting medium Vectashield with DAPI. Fluorescent images were taken using a con-
focal microscope (Leica SP5 module, Leica Microsystems, Germany) or (LSM 700, Zeiss, Ger-
many) using 20x, 40x, or 63x objectives and analyzed using ImageJ (NIH, USA, 1.52t). Single
plane coronal sections with bead expression were imaged using a Research High-Class Stereo
Microscope System (SZX16, Olympus, Tokyo, Japan). For colocalization analysis of ChR2-eYFP
expressing boutons with VGIuT2 and VGAT, boutons along ChR2-eYFP expressing axons were
identified in z-stack images and examined for colocalization and were counted using a cell counter
plugin in Fiji (a distribution of ImageJ software, NIH, USA, 1.53c) (Billwiller et al., 2020).

3.3. Data analysis and statistics

Data were analyzed using Clampfit 10.3 (Molecular Devices), Prism 6.0 (GraphPad Software, La
Jolla, CA, USA), or customized Python codes. The synaptic latency was determined as the time
elapsed from the light onset to the onset of the synaptic response (Hsu et al., 2016). The onset of
the synaptic response was determined by the intersection of a line through the 20% and 80% points
of the rising phase of the EPSC or IPSC and the baseline. To calibrate evoked IPSCs during suc-
cessive 5-Hz photostimulation, the EPSC obtained after bath application of SR95531 (1 uM) and
CGP55845 (1 uM) was digitally subtracted from the mixed postsynaptic current (baseline). To

calculate the conductance, the EPSC and the IPSC amplitude were divided by their respective
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driving forces. The input resistance was determined by the ratio of a steady-state (the last 100 ms
of a 1-s pulse) voltage response versus the injected 1-s hyperpolarizing (10 pA) current pulse (Liu
et al., 2014). The magnitude of LTP was calculated 30-40 min after LTP induction. Data are pre-
sented as mean + standard error of the mean (SEM). Error bars in the figures also show SEMs.
Statistical significance was tested using the unpaired t-test, Mann—Whitney test, Wilcoxon signed-
rank test, or two-way repeated-measures ANOVA followed by Bonferroni’s post-hoc tests. Sig-
nificance levels were set at p < 0.05 (*), p < 0.01 (**), p <0.001 (***), and p < 0.0001(****) for

the statistical comparisons.
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4. RESULTS

4.1. Morpho-electrophysiological properties of DG-projecting SuUM neurons

To label and characterize the electrophysiological and morphological properties of DG-projecting
SuM neurons, | bilaterally injected a retrograde tracer (red retrobeads) into the hippocampal DG
(Figure 3A, left, three mice). The precision of the injection sites was confirmed by preparing post
hoc serial coronal sections (Figure 3A, middle). It was observed that the injected retrobeads were
restricted to the GCL and the hilus of the DG (Figure 3A, right top). After waiting for 7 to 10 days
post-injection, the retrogradely labeled DG-projecting neurons were found largely in the SuUML
above the mammillothalamic tract (mt) (Figure 3A, right bottom). In addition, few bead-positive
cells were also detected in the SUMM (Figure 3A, right bottom). The retrogradely labeled DG-
projecting SuM neurons are distributed along the antero-posterior axis of the SuM (Figure 3B).
Bead-positive neurons were also detected in other brain areas known to project to the DG such as
perirhinal cortex (PR), LEC, MS, and MEC (Figure 3C).

In another set of mice, the red retrobeads were then injected unilaterally into the right DG
(Figure 4A), it is noteworthy that the labeled DG-projecting SuM cells were mainly observed in
the right SUML (Figure 4B), that is, ipsilateral to the injection site. Quantification of the number
of bead-positive cells further revealed that DG-projecting SuM neurons were symmetric in their
projection pattern (Figure 4C, data from 12 slices, 3 mice). Next, to characterize the electrophysi-
ological properties and the morphological features of the DG-projecting SuM neurons, | performed
whole-cell recordings from bead-positive SuM neurons in the SUML (Figure 5A) in prepared acute
brain slices from mice injected bilaterally and unilaterally. These cells had relatively large soma
(> 20 um in diameter; Figure 5B), with a resting membrane potential of -58.0 £ 1.7 mV (n =11
cells from 5 mice) and input resistance of 508.3 £ 69.4 MQ (n = 11 cells from 5 mice). They

exhibited a bursting firing pattern (at a holding potential of -70 mV) in response to a small current
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injection (10-30 pA) and displayed an accommodating firing pattern in response to increased de-
polarizing current (Figure 5C; n = 11 cells from 5 mice). The biocytin-filled SuM cells exhibited
axonal projection extending toward the dorsal brain areas with dendrites located within the mam-
millary region (Figure 5D; n = 5 cells from 4 mice).

Next, | used an optogenetic approach to investigate the function of SuM projections to the
DG. A CaMKIlla-ChR2-eYFP virus was injected into the SuM of wild-type (WT) mice (Figure
6A, left). The virus expression was restricted to the SuM area (Figure 6A, middle). The SuM neu-
ron axonal terminals were observed to form a dense pattern in the supragranular layer of the GCL
and CA2 pyramidal layer (Figure 6A, right, from three mice). To confirm that the ChR2-expressing
SuM neurons respond to light stimulation, | made whole-cell recordings from these neurons (Fig-
ure 6B). When the recorded neurons were illuminated with blue light pulses (470 nm, 5 ms at 5
Hz), they generated spikes in the current-clamp at -70 mV (Figure 6C, traces; n = 7 cells, 5 mice).
Similarly, a light-evoked ChR2-mediated inward current was recorded in a voltage-clamp in the
presence of an ionotropic glutamate receptor antagonist, kynurenic acid (Kyn, 2 mM) (Figure 6C,
traces). 6 of 7 cells recorded from 5 mice show multiple spikes in response to 5 ms photostimula-
tion in the current-clamp at a holding potential of -70 mV. The burst response was composed of
2-4 spikes (mostly 2) with an interspike interval of 12.5 + 1.3 ms (corresponding to 85 + 10 Hz).
This could be due to the bursting firing pattern of DG-projecting SuM neurons (at a holding po-

tential of -70 mV) in response to a small current injection (10-30 pA) as shown in figure 5C.

4.2. Selective labeling of the SuM and MC inputs in the DG
To investigate whether the axon terminals of SuM and MC inputs overlap in the DG, a dual viral
strategy was used. To selectively label MC axon terminals in the DG, a Cre-dependent virus con-

struct carrying ChR2-mCherry was unilaterally injected into the dorsal hilus of a Crir-Cre mouse,
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with Cre expression on MCs (Figure 7A). In the same mouse, a non-Cre dependent virus carrying
CaMKIIa-ChR2-eYFP was unilaterally injected into the SuM (Figure 7A). We observed that the
axon terminals of the DG-projecting SuM neurons were exclusively in the supragranular layer of
the GCL (Figure 7B, left) while those of MCs are strictly in the IML (Figure 7B, middle). The

merged image (Figure 7B, right) shows that the two inputs are largely nonoverlapping in the DG.

The ChR2-eYFP-expressing axon terminals in the DG (Figure 8A) co-expressed VGIUT2
and VGAT (Figure 8B). A total of 1381 putative boutons (from 9 slices, 2 mice) were identified
along the ChR2-eYFP-expressing axons. Overall, 92 + 1.4% (85-98%) of the boutons expressed
VGIuT2, 88 + 2.3% (82-97%) expressed VGAT while 84 + 2.3% (78-94%) expressed both
VGIuT2 and VGAT, similar to previous reports (Boulland et al., 2009; Billwiller et al., 2020; Root

et al., 2018; Soussi et al., 2010).

4.2. SuM input preferentially excites dendrite-targeting INs

Next, we examined SuM-DG synaptic transmission by recording field postsynaptic potentials
(FEPSPs) along the somatodendritic axis of GCs (Figure 9A, top). The fEPSPs exhibited down-
ward at the GCL (-0.10 £ 0.01 mV; n = 7) and inner molecular layer, IML (-0.06 £ 0.01 mV; n =
7). The polarity of fEPSP reversed at the middle molecular layer, MML (0.03 £ 0.00 mV; n=7)
and exhibited upward at the outer molecular layer, OML (0.03 £ 0.00 mV; n = 7). This was con-
sistent with the observation that SuM axons mainly innervated the somatic and proximal dendritic
regions of GCs (Hashimotodani et al., 2018). Then, we checked whether photostimulation of SuM
axon terminals was enough to excite different cell types in the DG. To achieve this, | injected a
CaMKlla-driving ChR2-eYFP viral construct into the SuM of WT mice or EFla-DIO-ChR2-
eYFP viral construct into VGIuT2-Cre mice. Next, cell-attached recordings were performed from

various cell types in DG such as GCs, S-INs, and D-INs (Figure 9A, bottom) and followed by
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biocytin-filled whole-cell recordings for post hoc morphological identification of recorded cells
(Hsu et al., 2016; Lee et al., 2016; Liu et al., 2014). Dentate GCs receive coherent theta (4-10 Hz)-
band EPSCs in vivo (Pernia-Andrade and Jonas 2014) and the SuM synchronizes with the DG at
a theta range (Li et al., 2020). Thus, we investigated the response of DG cells to SuM activation at
a physiologically relevant frequency (e.g., 5 Hz). Upon photostimulation of SuM axons (5 Hz, 5
ms pulses), no spikes were evoked in all recorded GCs (Figure 9B; 21/21 cells) and S-INs (Figure
9C; 5/5 cells). In contrast, the majority of D-INs reliably generated spikes in response to SuM
terminal activation (Figure 9D; 22/27 cells). Several morphological subtypes of D-INs have been
well characterized (Freund and Buzséaki, 1996; Hsu et al., 2016, see also figure 10A and B). Ac-
cording to their soma locations and the input layers where their axons innervate, there are at least
four distinct subtypes, including the TML cells, HIPP cells, MOPP, and HICAP cells (Figure 10A).
Based on the results of morphological reconstructions, the spike probability of each subtype was
plotted against the stimulus number (Figure 10B). The five nonresponsive D-INs including two
HICAP, two HIPP, and one MOPP were not included in the plots. Collectively, the SuM input

alone was sufficient to activate most D-INs, but not GCs and S-INs.

4.3. SuM input excites S-IN, but not GC, under blockade of synaptic inhibition

Given that the interplay between intrinsic properties of each cell type and the synaptic properties
including strength, dynamics, and excitatory conductance determines the firing and the recruitment
of neurons. Therefore, blocking inhibition may enhance the spike probability of various cell types.
To check whether SuM input will recruit GCs and S-INs under blockade of GABAergic transmis-
sion, cell-attached recordings were performed in the presence of GABAergic blockers, 1 uM
SR95531 and 1 pM CGP 55845. To confirm this, additional experiments were performed, that is,

cell-attached recordings from GCs and an S-IN in the presence of GABAergic blockers (1 uM SR
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and 1 uM CGP; Figure 11). We observed that all GCs (n = 10) recorded in the presence of blockers
of synaptic inhibition did not generate a spike in response to photostimulation of the SuM input
(Figure 11A). To further confirm that these GCs receive SuM input, we recorded the EPSCs after
the cell-attached recording (Figure 11A, bottom trace) and calculated their corresponding EPSGs
(Figure 11A, bar graph). Unlike GCs, an S-IN recorded generated spikes in the presence of GA-
BAergic blockers (Figure 11B, top trace). Although GCs and S-INs receive similar synaptic inputs
from SuM, the response after blocking inhibition is different. Overall, these results support that in
addition to synaptic properties, the intrinsic properties of each neuron type also determine the firing

probability.

4.4. Differential glutamate/GABA cotransmission is target cell-specific

Synaptic excitation and inhibition are critical for neuronal excitability and information processing
in neural circuits (Bhatia et al., 2019; lascone et al., 2020; Liu et al., 2004; Yizhar et al., 2011).
SuM afferents are known to corelease glutamate and GABA onto both GCs and GABAergic INs
(Hashimotodani et al., 2018; Li et al, 2020; Pedersen et al., 2017). Given that the SuM input pref-
erentially excites D-INs, | next investigated whether synapse-specific excitatory and GABA con-
ductances correlate with differential recruitment of DG cells. To address this question, ChR2-
eYFP was virally expressed in SuM neurons of WT or VGIuT2-Cre mice (Figure 12A, top) and
recordings were made from GCs, S-INs, and D-INs in transverse slice sections of the DG (Figure
12A, bottom). The expression of ChR2-eYFP in the GCL was confirmed before recordings (Fig-
ures 12B, C, and D, top). To determine the synaptic property at the SuUM-GC synapse, we per-
formed whole-cell recordings from GCs, which exhibited regular spiking at -75 mV, ([CI']i = 140
MM; Ecasa=~0 mV as determined experimentally), in brain slices. Photostimulation of the SuM

terminals (470 nm, 5 ms at 5 Hz) in the DG evoked inward currents in all recorded GCs (30 of 30
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cells; 12 mice). The mean peak amplitude was 84.0 + 7.0 pA (n = 30) at -75 mV. The mean re-
sponse was largely reduced by co-application of a GABAAareceptor blocker, SR95531 (1 uM), and
a GABAG& receptor blocker, CGP55845 (1 uM) to 22.6 + 2.4 pA and finally almost abolished by
Kyn (2 mM) (Figure 9B, traces). The pharmacologically isolated components, SR and CGP-sen-
sitive component (hereafter called “IPSC”) and Kyn-sensitive component (hereafter called
“EPSC”) were GABAergic and glutamatergic, respectively (Figure 9B, red trace, EPSC and blue
trace, IPSC). The GABAergic component was slower (20 to 80% rise time, 2.79 + 0.37 ms; n =
30; decay time constant, 30.67 £ 1.85 ms; n = 30; see also table 1) relative to the glutamatergic
component (20 to 80% rise time, 1.10 + 0.07 ms; n = 30; decay time constant, 6.87 £ 0.47 ms; n =
30; see also table 1). Nevertheless, both EPSC and IPSC components exhibited similar synaptic
latencies in response to 5 ms photostimulation of SuM terminals (Figure 9E, EPSC4, 2.60 + 0.10
ms; IPSCy, 2.56 £ 0.10 ms; n = 30; p = 0.875, U = 439.0; Mann-Whitney test), supporting the idea
of glutamate and GABA co-transmission at the SuM-GC synapse. The EPSC and IPSC evoked by
SuM terminal activation exhibited strong depression of the amplitude (Figure 12B, bottom traces).
Notably, analysis of the first peak excitatory (E) and GABA (I) conductances (hereafter called
EPSG: and IPSGq, respectively) revealed that GABAergic transmission dominated at the SuM-
GC synapse (Figure 12F, GCs, EPSGy, 0.30 £ 0.03 nS; IPSGy, 0.91 £ 0.08 nS; n = 30; p < 0.0001;
U = 67.0; Mann-Whitney test). Moreover, the scatter plot of the individual relationship between
EPSG: and IPSG: obtained from each cell showed a bias towards IPSG (Figure 12G, gray circles)
and the slope of the linear regression line (gray line) was less than 1. Taken together, GABAergic
transmission was predominant at the SuM to GC synapse.

Next, we investigated the synaptic property of different IN subtypes (Figures 12C and D).

Photostimulation of the SuM terminals evoked variable inward currents (Figures 12C and D, black
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traces) in different IN subtypes. Similar to GCs, the evoked postsynaptic current recorded from
putative S-INs, which exhibited a fast-spiking firing pattern, was largely blocked by bath applica-
tion of SR95531 (1 uM) and CGP55845 (1 uM) (Figure 12C, bottom traces). The remaining small
excitatory component was blocked by Kyn (2 mM). The S-INs recorded exhibited a maximum
firing rate of 74.0 £ 4.9 Hz (n = 6 cells; 5 mice). Overall, 3 of 6 fast-spiking INs were morpholog-
ically identified as S-INs. The pharmacologically isolated EPSC and IPSC in S-INs have similar
synaptic latencies (Figure 12E, S-INs, EPSCy, 2.78 + 0.20 ms; IPSCy, 3.07 £ 0.23 ms; n =6; p =
0.571, U = 14.0; Mann-Whitney test). The 20 to 80 % rise time of the IPSC and EPSC was 1.73 £
0.31 msand 1.19 £ 0.08 ms (n = 6), respectively, while the decay time constant of IPSC and EPSC
was 17.40 + 1.53 ms and 7.94 + 0.55 ms (n = 6), respectively, see table 1. Like SUM-GC synapses,
analysis of EPSG: and IPSG: showed that GABA conductances dominated at the SUM-S-IN syn-
apses (Figure 12F, S-INs, EPSG1, 0.58 £ 0.08 nS; IPSGy, 2.14 £ 0.67 nS; n =6; p <0.05; U = 4.0;
Mann-Whitney test). However, the IPSGs at SuM-S-IN synapses were larger than that at SUM-GC
synapses (S-INs, IPSGy, 2.14 + 0.67 nS; GCs, IPSGy, 0.91 + 0.08 nS, p < 0.01, unpaired t-test).
Furthermore, the plot of EPSG: versus IPSG: showed a bias towards the IPSG1, confirming the
dominance of GABA conductance at the SUM-S-IN synapses (Figure 12G, orange regression line).

Intriguingly, unlike GCs and S-INs, the co-application of GABAA and GABAg receptor
blockers SR95531 (1 uM) and CGP55845 (1 uM) slightly reduced the postsynaptic current rec-
orded in most D-INs (Figure 12D, bottom). However, further bath application of Kyn completely
blocked the remaining large current, indicating a dominant excitatory transmission at the SuM-D-
IN synapses (Figure 9D). The pharmacologically isolated EPSC and IPSC (Figure 12D; EPSC, red
trace and IPSC, blue trace) exhibited similar synaptic latencies (Figure 12E, D-INs, EPSC;, 2.67

+ 0.09 ms; IPSCy, 2.73 £ 0.10 ms; n = 22; p = 0.663, U = 223.0; Mann-Whitney test). The IPSC
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kinetics was slower (20 to 80% rise time, 2.53 £ 0.23 ms; n = 25; decay time constant, 19.64 +
2.40 ms; n = 25; also see table 1) relative to the EPSC kinetics (20 to 80% rise time, 1.25 £ 0.11
ms; n = 25; decay time constant, 6.38 + 0.61 ms; n = 25, also see table 1). Contrary to the SuM-
GC and SuM-S-IN synapses, analysis of EPSG: and IPSG: showed that excitation dominated the
SuM-D-IN synapses (Figure 12F, D-INs, EPSGy, 0.99 + 0.08 nS; IPSGy, 0.48 £ 0.08 nS; n = 22;
p <0.0001; U = 63; Mann-Whitney test). The plot of EPSG versus IPSG recorded from each cell
revealed a clear shift towards excitatory conductance (Figure 12G, violet circles) and the slope
was greater than 1 (Figure 12G).

To pharmacologically verify the monosynaptic cotransmission of glutamate and GABA,
another set of experiments was performed in VGIuT2-Cre transgenic mice injected with EFla-
DIO-ChR2-eYFP (Figure 13A) in the presence of tetrodotoxin (TTX), a voltage-dependent sodium
channel blocker, and 4-aminopyridine (4-AP), a voltage-dependent potassium channel blocker
(Figures 13B, GC and 13E, D-IN). The light-evoked postsynaptic current was completely blocked
by bath application of TTX (1 uM) and was reversed by subsequent addition of 4-AP (1 mM; in
the presence of TTX). Consistent with a previous report (Hsu et al., 2016), 4-AP significantly
increased the synaptic latencies of light-evoked postsynaptic currents (Figure 13C; SuM-GC; syn-
aptic latency, baseline, 2.24 £ 0.11 ms ms; TTX & 4-AP, 4.01 + 0.28 ms; n = 9 cells; 5 mice;
Figure 13F, SuM-D-IN; synaptic latency, baseline, 2.67 + 0.21 ms; TTX & 4-AP, 3.66 £ 0.17 ms;
n = 6 cells; 4 mice). Furthermore, EPSG and IPSG analysis confirmed GABAergic transmission
dominance at the SuM-GC synapse (Figure 13D), while glutamatergic transmission predominates
in the SuM-D-IN synapse (Figure 13G). Moreover, the scatter plot of all EPSGs and IPSGs ob-
tained from individual cells revealed a slop of 0.14 at the SuM-GC synapse and a slop of 1.40 at

the SuM-D-IN synapses (Figure 13H). To further confirm the monosynaptic connection between
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SuM terminals and S-INs, light-evoked EPSC was obtained from the S-IN recorded in Figure 11B
(Figure 11C). Bath application of TTX completely blocked the EPSC and this was reversed in the
presence of 4-AP (Figure 11C, traces). This shows that SuM input monosynaptically formed con-
nections with the S-INs in the DG.

In another set of experiments, VGAT-Cre and Gad2-Cre transgenic mice were injected
with EF1a-DIO-ChR2-eYFP (Figure 14A). In these mice, ChR2-eYFP was selectively expressed
on VGAT- and Gad-positive SuM neurons. Then whole-cell recording was made from GCs. Pho-
tostimulation of VGAT or Gad2 positive SuM terminals in the DG evoked an inward current that
was largely blocked by SR and CGP (Figure 14B). Consistent with the data obtained from WT and
VGIuT2-Cre mice, isolated EPSC and IPSC demonstrated monosynaptic latencies (Figure 14C).
The analysis of excitatory and GABAergic conductances (Figure 14D) further confirmed that GA-
BAergic transmission is dominant at SUM-GC synapses.

4.5. MCs receive weak synaptic input from the SuM

In addition to GCs and INs, we also checked the functional connectivity between the SuM input
and mossy cells (MCs), which are excitatory neurons located in the hilus and featured by promi-
nent thorny excrescences at their proximal dendrites (Figure 15A). ChR2-eYFP expression in the
GCL was confirmed (Figure 15A). Then, sequential whole-cell recordings were made from GCs
and MCs (Figure 15A). Unlike other cell types in the DG, photostimulation of the SuM input could
not reliably evoke a response in recorded MCs (Figure 15A, traces). Only 1 out of 5 MCs (4 mice)
recorded received a discernible response and the current was small (-42 pA; Figure 15B, traces).
The summary plot of the first EPSG and IPSG obtained from different cell types in the DG are

shown in Figures 16A and B.
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4.6. Synaptic responses from simultaneously recorded GCs and D-INs

To exclude the possibility that the distinct synaptic properties observed were due to variable viral
expression from slices to slices, we performed some set of experiments in WT injected with
CaMKIIa-ChR2-eYFP injected virus (Figure 17A), where simultaneous dual recordings of GCs
and D-INs were obtained from the same slices (Figure 17B). We found that photostimulation of
SuM input (5 ms, 470 nm, 5 Hz light pulses) in the DG evoked inward currents in both GCs and
INs (Figure 17C, 6 of 7 pairs recorded, black traces). Co-application of SR95531 (1 uM) and
CGP55845 (1 uM) blocked approximately 70.5 + 5.0% of current in GCs, only about 25.5 + 5.5%
was blocked in D-INs and Kyn (2 mM) completely abolished the remaining current in both GCs
and D-INs (Figure 17C). The synaptic strength was stronger at the SUM-D-INs synapses compared
to that at the SUM-GC synapses (Figure 17D). Consistent with this, analysis of the peak excitatory
and GABA conductances of the first pulses (EPSG1 and IPSG1) in some cells revealed that inhib-
itory transmission dominated at the SUM-GC synapses (Figure 17E, left, EPSG; 0.22 + 0.05 nS,
IPSGy; 0.52 £ 0.10 nS; n =5 cells; 4 mice; p < 0.05; U = 2.0; Mann-Whitney test), while excitatory
transmission dominated at the SuM-D-IN synapses (Figure 17E, right, EPSGy1; 1.24 + 0.26 nS,
IPSG1; 0.40 £ 0.09 nS; n =5 cells; 4 mice; p <0.01; U =0.0; Mann-Whitney test). Taken together,
these results demonstrated that the ratio of excitatory and inhibitory components at SuM-DG syn-

apses depends on the subtypes of target cells.

4.7. Activation of SUM input increases spike generation in GCs and D-INs
Cortical principal neurons are known to fire action potentials with large variability in response to

identical stimuli in vivo (Carandini, 2004; Fricker and Miles, 2001; Shadlen and Newsome, 1998).
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The GABAergic transmission provides well-timed inhibition known to promote spike timing pre-
cision essential for hippocampal network rhythmic activities. The spiking precision of neurons is
believed to be essential for accurate information representation and cognitive functions (Bacci and
Huguenard, 2006; Hou et al., 2016; Woodruff and Sah, 2007). Here, we explored how SuM-driven
synaptic excitatory and GABA conductances regulate spike generation in GCs and D-INs using
the low chloride internal solution [CI]i = 7.2 mM, which is close to the physiological intracellular
chloride concentration (Chiang et al., 2012). To simulate in vivo membrane oscillations, GCs and
D-INs were driven by injecting sinusoidal current steps at low theta (5 Hz) frequencies (Figure
18). Under this condition, photostimulation of the SuM input at the ascending phase of each theta
cycle slightly increased spike numbers in GCs (Figures 18A and B). Given that D-INs received
predominantly synaptic excitation upon SuM activation, we next examined the modulatory effect
of SuM activation on spike generation in D-INs in response to the same oscillatory input. Com-
pared with the light-off epoch, photostimulation of the SuM input remarkably increased spike
numbers in D-INs in response to sinusoidal current injections (Figures 18C and D).

4.8. SUM input shortens spike latency and enhances spike-timing precision

To examine the impact of SuM input on spike latency and spike jitter of GCs and D-INs, a constant
suprathreshold sinusoidal current near enough to generate single spikes near the peak of each theta
cycle was injected (GCs, Figure 19A; D-INs, Figure 19D). Superimposition of spike trains from
GCs (Figure 19A) showed that SuM stimulation shortened the spike latencies and decreased spike
jitters (Figure 19E, traces). Both reductions in spike latencies and jitters were only significant in
1%t spike (Figures 19B and C), which could be explained by strong synaptic depression at the SUM
to GC synapses. Notably, superimposition of spike trains from D-1Ns showed that pairing the SuM

input with the suprathreshold sinusoidal stimulation (baseline-to-peak current amplitude of 80 pA)
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greatly reduced spike latencies (Figure 19D). In great contrast to GCs, photostimulation of the
SuM input did not have a significant effect on spike jitters in D-INs (Figure 19F). This result was
consistent with our observation of high synaptic excitation and low synaptic inhibition at the SuM-
D-IN synapses. Collectively, activation of SuM input differentially regulates spike generation in
GCs and D-INs.

4.9. SuM input enhances GC excitability, thereby supporting long-term potentiation
Subcortical inputs modulate GC responses to cortical inputs in vivo (Nakanishi et al., 2001; Li et
al., 2020). In the DG circuits, the equilibrium potential of GABAergic conductance (Ecaga) is
approximately -72 mV (Chiang et al., 2012), which is more depolarized than the resting potential
of GCs (ranging from -80 to -90 mV). Thus, GABA, which is cotransmitted with glutamate by the
SuM, could exert either the ‘shunting inhibitory’ or ‘depolarizing (or excitatory)’ effect on GCs.
It has been previously reported from our lab (Chiang et al., 2012; Hsu et al., 2016) that GABA
could enhance action potential generation in GCs. Therefore, I investigated the functional role of
SuM input glutamate/GABA cotransmission on GC responses to the excitatory PP input. | per-
formed local field potential recordings in the GCL in response to photostimulation of the SuM
input and/or electrical stimulation of the PP input (Figure 20A). The evoked response consisted of
the fEPSP and population spike (pSpike), a proxy of synaptic strength and GC activity, respec-
tively. Photostimulation of the SuM input evoked the fEPSP, but was not strong enough to generate
pSpike (Figure 20B, black trace), whereas electrical stimulation of the PP generated a compound
response, which consisted of the fEPSP followed by pSpike (Figure 20B, gray area trace). Notably,
paired activation of the PP and SuM inputs significantly increased the pSpike area (Figure 20B,
blue area trace), indicating an increase in GC spike numbers. The summated trace obtained by

digital summation of SuM-evoked fEPSP and PP-response was shown in the red trace (Figure 20B,
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arithmetic sum). Finally, we overlaid all traces and revealed that the SuM-evoked fEPSP emerged
before the onset of pSpikes (Figure 20B, overlay). In sum, the pSpike area induced by co-activation
of SuM and PP inputs was significantly larger than that of summated trace suggesting a supralinear
summation of the two inputs by the GC dendrites (Figure 20C, left). Notably, there was no signif-
icant change in the relative slope of fEPSP (Figure 20C, right). Further analysis of successive GC
responses to either PP activation alone or co-activation of PP and SuM during the 5-Hz trains
(Figure 20D, top traces) showed significant increases in the pSpike area (Figure 20D, bottom left
plot), but not in the fEPSP slope (Figure 20D, bottom right plot). The lack of changes in the fEPSP
slope during co-activation of PP and SuM supports the anatomical finding that SuM axons prefer-

entially innervate the proximal part of GC dendrites.

Given that co-activation of SuM input and PP input enhanced the activities of GCs as
demonstrated by increased pSpike areas in Figure 20. We hypothesize that the excitatory effect of
SuM activation on GCs could enhance LTP induction. To test this hypothesis, we stimulated the
cortical input to GCs using a weak protocol (e.g., 20-Hz train stimulation) without and with SuM
activation (Figure 21A). After train stimulation, we measured the changes in the synaptic re-
sponses. For the SuM + PP protocol, the electrical stimulation of the PP and photostimulation of
the SuM input were timed to occur simultaneously (At =0 ms; Figure 21A, left). The pSpikes were
monitored after induction of LTP (Figure 21B). Notably, 20-Hz PP stimulation alone could not
induce LTP (black circles); however, pairing it with photostimulation of the SuM input (20 Hz, 4
trains, 470 nm, 10 ms) increased pSpike and fEPSP slope (Figures 21B and C). Collectively, the
SuM input enhanced GC responses to cortical inputs, thereby facilitating induction of LTP at the

PP-GC synapses.
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5. DISCUSSION

5.1. Summary

At the SuM terminals in the DG, Glutamate and GABA are segregated and packed into distinct
synaptic vesicles suggesting a differential synaptic transmission (Boulland et al., 2009; Root et al.,
2018). Therefore, the vesicular loading, synaptic release, and recycling of these two classical neu-
rotransmitters at the axon boutons are likely to be differentially regulated. In this study, we demon-
strated that glutamate/GABA cotransmiting SuM neurons establish cell-type specific synapses
with various subtypes of DG neurons. Photostimulation of SuM axon terminals reliably excites D-
INs, but not S-INs and GCs. Notably, the synaptic excitation and inhibition at the SUM-DG syn-
apses are target-specific. SUM-GC and SuM-S-IN synapses are predominantly GABAergic while
SuM-D-IN synapses are mainly glutamatergic. Furthermore, we demonstrated that coactivation of
SuM input and PP input enhances GC response to PP, and consequently facilitates induction of
long-term synaptic plasticity at the PP-GC synapses.

5.2. The choice of optogenetics and technical considerations

The IML of the DG receives overlapping excitatory inputs from both intrahippocampal and ex-
trahippocampal pathways (Buckmaster et al., 1996; Scharfman and Myers, 2012) including the
MC commissural and associational fibers (Nakashiba et al., 2008), septal cholinergic input,
perirhinal excitatory input and the SuM input (Boulland et al., 2009; Leranth and Hajszan, 2007,
Soriano and Frotscher, 1994; Vivar et al., 2012). Therefore, electrical stimulation or chemical le-
sions are not suitable to selectively activate individual input, dissect their synaptic organizations,
and contribute to information computation in the DG network. Here, we selectively express ChR2-
eYFP on the SuM input in the DG and extensively study its neurotransmitter signaling, synaptic

targets, and synaptic mechanism of its modulatory role in the DG circuitry.
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5.3. Target-specific glutamate/GABA cotransmission at SUM-DG synapses

The target cell-dependent excitation and inhibition at the SuUM-DG synapses could be essential for
precision in neural information processing (Liu, 2004; Turrigiano and Nelson, 2004). In this study,
| demonstrated a dominant inhibitory transmission at the SUM-S-IN synapses (Figure 9C), which
might be responsible for weak disynaptic somatic inhibition in GCs (Hashimotodani et al., 2018).
Feedforward inhibition is believed to enhance spike timing precision by curtailing EPSPs (Pouille
and Scanziani, 2001). The reduced di-synaptic feedforward inhibition appears to be compensated
by co-transmission of GABA along with glutamate at SUM-GC synapses. The imbalance of syn-
aptic excitation and inhibition has been associated with neurological disorders, including epilepsy,
autism spectrum disorders, schizophrenia, addiction, depression, and social dysfunction (Meye et
al., 2016; Shabel et al., 2014; Yizhar et al., 2011). Moreover, disruption of GABA and glutamate
co-release has been implicated in depression and addiction behaviors (Meye et al., 2016; Shabel
et al., 2014). Consistent with this notion, the SuM fibers in the supragranular layer extend aberrant

axonal sprouting to the IML and are mostly VGIuT2" in an epileptic rat model (Soussi et al., 2015).

The observed target-specific Glutamate/GABA contransmission at the SUM-DG synapses
is another piece of evidence supporting the idea that specialized information is routed along the
long hippocampal axis. Therefore, DG-projecting SuM neurons could play an important role in
hippocampal homeostatic plasticity (Turrigiano and Nelson, 2004) as well as regulation of the
balance between glutamatergic and GABAergic afferents under physiological and pathological
conditions (Liu, 2004). In addition, in terms of metabolic energy cost and error of neurotransmitter
signaling, glutamate-GABA releasing neurons are at an advantage as differential regulation can be
achieved (Somogyi, 2006). Some of the possible mechanisms for differential release of the excit-

atory and inhibitory neurotransmitters at synapses may be dictated by the nature of the postsynaptic
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neurons, receptor composition of postsynaptic neurons, and membrane potential of postsynaptic

neurons at the time at which glutamate and GABA are coreleased.

5.4. Cell-type-specific recruitment of distinct types of DG INs

Cortical and subcortical extrinsic excitatory inputs in the DG differentially excite subtypes of GA-
BAergic INs and play crucial roles in gating transmission of neural information to the hippocampal
proper (Armstrong et al., 2011; Chiang et al., 2012; Ewell and Jones, 2010; Hefft and Jonas, 2005;
Hsu et al., 2016; Lee et al., 2016; Liu et al., 2014). BCs and AACs are known to provide powerful
feedforward inhibition to perisomatic region and axon initial segment of the GCs, respectively. It
has been previously reported that HIPP and HICAP cells dynamically regulate the dendritic excit-
ability of GCs (Liu et al., 2014). They weakly inhibit GCs when they fire sparsely, whereas they
inhibit GCs robustly in the burst spiking mode (Liu et al., 2014). The medial PP (MPP) and com-
missural fibers of hilar MCs have been demonstrated to strongly excite BCs and drive powerful
feedforward inhibition onto GCs (Hsu et al., 2016). On the contrary, selective photoactivation of
MPP and commissural fibers of hilar MCs could not recruit HIPP and HICAP cells (Hsu et al.,
2016). The extrinsic excitatory inputs that activate HIPP and HICAP cells and their consequent
integration into DG circuitry are still unknown. Our current findings revealed that selective acti-
vation of the SuM input can reliably recruit HIPP and HICAP cells. Overall, cortical and subcor-
tical inputs may engage in hippocampal-dependent functions such as cognition and affective be-
haviors through distinctive recruitment of different types of DG INs. Although INs primarily in-
nervate principal neurons, a growing body of evidence shows that DG INs connect and inhibit each
other (Bartos et al., 2007; Liu et al., 2014; Wang and Buzséaki, 1996). Here, we show that the SuM
input robustly recruits HIPP, TML, MOPP, and HICAP cells in the DG. These types of D-INs

especially HIPP and HICAP are known to form synaptic connections with fast-spiking basket cells
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(BCs) (12.8% connectivity at HIPP-BC synapses and 16.3% connectivity at HICAP-BC synapses)
and effectively inhibit spike generation and reduce spike jitters in BCs (Acsady et al., 2000; Sa-
vanthrapadian et al., 2014). Therefore, their direct or indirect activation could cause somatic dis-
inhibition in GCs and result in increased GC excitability. The DG ensembles are highly sensitive
to the change in contextual cues (Danielson et al., 2016; Pignatelli et al., 2019). SST-expressing
cells, including HIPP and TML cells, control the size of memory ensembles (Stefanelli et al.,
2016). Therefore, activation of HIPP cells by the SuM input could regulate the size and specificity
of the memory engram.

5.5. Potential role of D-INs recruitment in hippocampal theta oscillation

GABAergic INs are believed to generate and maintain hippocampal theta activity (Freund, 2003;
Freund and Buzsaki, 1996; Fricker and Miles, 2001; Ito et al., 2018; McBain and Fisahn, 2001).
Given that the SuM plays an essential role in the generation and regulation of hippocampal theta
activity, it would be interesting to determine the process by which D-INs are selectively recruited
by SuM neurons in vivo. It will be more physiologically relevant to determine the process by which
target cell-specific cotransmission of glutamate and GABA at the SUM-DG synapses contributes
to brain computation in different behavioral states. The high excitatory (E)/low GABAergic (1)
conductances (E > ) at the SuUM-D-IN synapses can promote dendritic inhibition, whereas the low
excitatory/high GABAergic conductances (E < I) at the SUM-GC synapses may help maintain the
minimal excitatory drive to GCs on one hand, and ensure high spiking precision on the other hand.
The differential co-transmission of these two contrasting neurotransmitters at these two synapses

may be crucial to the sparsity of GC activation, which plays a central role in pattern separation.
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5.6. Physiological Relevance of glutamate/ GABA cotransmission in the DG circuity

On a broad view, the role of SuM input in the DG will mostly depend on the net effect of SuM
projections. Correct representation of sensory information relies on the precise temporal firing of
neurons (Kara et al., 2000; Reich et al., 1997; Reinagel and Reid, 2002). Here, we demonstrated
that SuM-mediated glutamate-GABA co-transmission promotes spike-timing fidelity and reduces
AP latency in GCs. This could be essential for ensuring the temporal precision of cognition and
fidelity in separating the barrage of sensory information into distinct outputs, as described in pat-
tern separation. Moreover, the interaction among coincident inputs gives rise to associative plas-
ticity and long-term regulation of information flow. Consistent with this view, pairing the SuM
input with the PP enhances the responses of GCs to cortical inputs, and also promotes a long-
lasting increase in the excitability of GCs. The pSpike area reflects the firing of the GC population,
and coactivation of PP and SuM significantly increased the pSpike area. Current findings further
showed that simultaneous photostimulation SuM input and electrical stimulation of the PP pro-
duced a supralinear GC response, indicating SuM input could enhance the resultant effects of the
PP in the DG. During LTP induction (Figure 21A), spikes are reliably generated in GCs. After the
LTP induction, the PP-GC synapse is strengthened and there is a long-lasting increase in the ex-
citability of GCs. In addition to synaptic summation, the observed net enhancement of GCs activity
could be explained by IN network functions as illustrated in the proposed network models (Figure
22). Given that fast-spiking BCs in the DG provide powerful inhibition of GCs, suppression of
their activities increases the response of GCs to the cortical input (Lee et al., 2016). Notably, den-
dritic inhibition driven by HIPP cells can reduce spike generation in BCs (Savanthrapadian et al,
2014). Our study showed that activation of the SuM input reliably excites HIPP and TML cells,

which could suppress BCs activities, leading to somatic disinhibition of GCs and consequently,
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enhanced spike generation. Therefore, SUM can potentially modulate the hippocampal network
and improve spatial information processing during navigation.

5.7. Proposed network mechanisms for the modulatory role of SuM in the DG

The net excitatory/modulatory influence of SuM input observed could be explained by both the
direct effect of glutamate and GABA as well as network mechanisms. Based on the results ob-
tained in this study, we proposed network mechanisms by which the SuM input modulates the
input-output logic of the DG (Figure 22). The synaptic connectivity data showed that DG-project-
ing SUM neurons cotansmit glutamate and GABA in a target-specific manner (Figure 12). The S-
INs receive greater synaptic inhibition (GABA conductance) than excitation (excitatory conduct-
ance) (E < 1), whereas D-INs receive stronger synaptic excitation than inhibition (E > ). Moreover,
only D-INs generate spikes in response to SuM activation (Figure 22A), whereas S-INs respond
with biphasic subthreshold potential changes (fast EPSP and slow IPSP). Our previous studies
demonstrated that a single AP generation in D-INs hardly triggers synaptic release onto GCs (Liu
etal., 2014) and is therefore ineffective in modulating the GC output (Lee et al., 2016). Thus, SuM
activation alone primarily causes small excitatory (red) and large GABA (blue) conductance
changes around the somata of GCs (Figure 22A). As shown by our previous study (Chiang et al.,
2012), GABA is depolarizing as the Ecasa (approximately -72 mV) > resting membrane potential
in GCs and could promote spike generation in GCs in response to the cortical input. The summa-
tion of the glutamate- and GABA-mediated conductances, therefore, results in subthreshold
postsynaptic depolarization in GCs (Figure 22A). In great contrast to the SuM input, the PP input
alone is sufficient to evoke spikes in S-INs (Lee et al., 2016; Liu et al., 2014). Accordingly, we
propose that co-activation of SuM and PP inputs can trigger APs in both D-INs and S-INs (Figure

22B). Of note, D-INs and S-INs form reciprocal inhibition (Liu et al., 2014; Savanthrapadian et
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al., 2014; Scharfman et al., 1990; Sik et al., 1997). Thus, activation of the PP, SuM, and S-INs
results in monosynaptic glutamatergic, mono-synaptic glutamatergic-GABAergic, and disynaptic
somatic GABAergic conductance changes in GCs, respectively (Figure 22B). In line with our ex-
perimental data, the synaptic summation of these inputs results in AP generation in GCs (Figure
22B). During 20-Hz co-activation of the PP and SuM inputs, both D-INs and S-INs generate re-
petitive spikes (Figure 22C). Notably, D-INs dramatically increase their synaptic output while they
fire at burst frequency above 20 Hz (Liu et al., 2014). Accordingly, activation of the PP, SuM, S-
INs, and D-INs results in mono-synaptic glutamatergic, mono-synaptic glutamatergic-GABAer-
gic, disynaptic somatic, and disynaptic dendritic GABAergic conductance changes in GCs, respec-
tively (Figure 22C). Overall, the synaptic summation of these inputs at 20 Hz results in multiple
APs in GCs (Figure 22C), which is supported by our experimental data (Figure 20). The enhanced
spike generation in GCs during LTP induction is believed to be essential during the induction of
Hebbian LTP.

After LTP induction, the pSpike was greatly enhanced (Figure 21A and B), whereas the
fEPSP was modestly enhanced (Figure 21C). Although several potential mechanisms could ac-
count for these changes, a parsimonious explanation is the formation of Hebbian LTP. Specifically,
activity-dependent Hebbian LTP is accompanied by synaptic potentiation or a long-lasting in-
crease in GC excitability as demonstrated by enhanced EPSP-spike (E-S) coupling (Figure 21B).
Alternatively, the enhancement of E-S coupling after LTP induction could be mediated through
network mechanisms. Given that the fEPSP at the PP-GC synapse was modestly increased (Figure
21C), we proposed that the D-IN-GC synapse may undergo weak long-term depression (iLTD),

resulting in a slight increase in the fEPSP (Figure 21C) after LTP induction. In contrast, the S-IN-
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GC synapse undergoes strong iLTD, resulting in a large decrease in somatic inhibition and there-
fore a large increase in the pSpike (Figure 21B). The future work is to investigate the changes in
the synaptic efficacy at the individual synapse in the DG circuits after LTP induction.

5.8. Importance of glutamate/ GABA cotransmission in behaviors

Neural information processing, integration, and consequent complex behaviors executed by the
mammalian brain rely on the balance of excitation and inhibition within the neural circuitry (Liu,
2004). Interruption of this balance is implicated in epilepsy (Behr et al., 1998; Vreeswijk and Som-
polinsky, 1996), depression (Shabel et al., 2014), and addiction (Meye et al., 2016). Therefore,
cotransmission of classical fast excitatory and inhibitory neurotransmitters in the case of glutamate
and GABA could promote the maintenance of excitation/inhibition balance. Glutamate is known
as a classical excitatory transmitter; however, GABA has been widely demonstrated to be a versa-
tile neurotransmitter that could exert excitatory, inhibitory, or modulatory influence on its target.
This flexibility, combined with the multiple mechanisms of glutamate/GABA cotransmission sup-
ports potential multiple functions of cotransmission against a single, universal function. For in-
stance, a population of VTA and EP are reported to corelease glutamate and GABA onto LHb
neurons. Photostimulation of VTA terminals suppressed the firing of LHb neurons (Root et al.,
2014). However, the EP fiber activation persistently evoked action potential in LHb neurons
(Shabel et al., 2014). Disruption of inhibition/excitation ratio at EP-LHb synapse has been impli-
cated in the pathogenesis of depression (Shabel et al., 2014). Here, | demonstrated that activation
of SuM input in the DG, modestly enhanced the GC firing (Figure 18B). This suggests that in the
DG network, GABA cotransmission has a modest depolarizing effect on GC. This could in part,
explain the enhanced somatic excitability and support for LTP induction after activation of SuM

input. LTP is the most studied form of synaptic plasticity, and it is believed to be the substrate of
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learning and memory. Therefore, disruption of glutamate/GABA cotransmission could result in
cognitive deficits. Indeed, a recent study demonstrated that silencing of the SUM-DG pathway

resulted in deficient novel context recognition (Chen et al., 2020).

5.9. Conclusion and future perspectives

The data obtained from this study have advanced our knowledge of the synaptic organization of
hypothalamic-hippocampal pathways, and signpost the multiplicity of sources via which the DG
could integrate signals for the execution of cognitive functions. Moreover, we have illuminated
the circuit mechanisms underlying how SuM could modulate the activities of GC in the DG and
subsequent support for the long-lasting strengthening of cortical input to GC synapses, a process
that is central in the routing of sensory signals to the hippocampus for effective memory storage,
retrieval, spatial navigation, and social interactions. These findings further suggest that activation
of SuM input could recruit silent GCs for memory storage by causing subthreshold membrane

depolarization which is essential for somatic excitability and LTP induction.

The DG is among the few brain structures capable of continually generating new neurons
during the entire adulthood. These adult-born neurons are integrated into existing neuronal cir-
cuitry and have been demonstrated to play a role in pattern separation as well as memory encoding
(Deng et al., 2010). Excitatory inputs in the DG are demonstrated to contribute to adult neurogen-
esis in the DG. For example, MC input was reported to dynamically regulate quiescence and
maintenance of DG neural stem cells via excitation/inhibition balance (Yeh et al., 2018). Also,
activation of PP input enhances proliferation in the DG probably via feedforward inhibition (Stone
etal., 2011; Lietal., 2013). It is also important to understand the contribution of subcortical inputs

such as SuM to adult neurogenesis in the DG.
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Future research using available labeling techniques in providing causal evidence of SuM
recruitment during ongoing memory-related behaviors and how this alters the number of neuronal
ensembles, their connectivity, and the maintenance of the engrams would be an interesting research
focus. An emerging line of evidence has shown that in addition to cognitive functions, the hippo-
campus especially the ventral part participates in emotional behaviors evident by its involvement
in anxiety-related behaviors (Bannerman et al., 2003; Jimenez et al., 2018). DG-projecting SuM
neurons send axonal projection to the entire septotemporal axis of the hippocampus, an indication
that they could modulate both hippocampal-dependent cognitive and emotional behaviors. For in-
stance, neuronal activities were increased in SuM of rats undergoing elevated plus maze and open
field tests (Ito et al., 2009; Silveira et al., 1993). Glucagon-like peptide-1 receptors expressing
SuM neurons are reported to be crucial for the expression of anxiety-related behaviors (Lopez-
Ferreras et al., 2020). All of these are suggestive of the potential participation of SuM not only in
memory circuits but also in anxiety-related circuitry. Although direct SuM-hippocampal projec-
tions have been established and shown to play a vital role in signaling contextual and social nov-
elties via parallel pathways (Chen et al., 2020), strong evidence for indirect pathways via the sep-
tum and their functions has been lacking. Future studies focusing on the mono-transynaptic retro-
grade tracing approach combined with in vivo circuit interrogations are highly desired in elucidat-
ing the functional relevance of indirect SuM-hippocampal pathways.

The SuM is known to contribute to the generation and regulation of theta rhythm in the
hippocampus, a brain oscillation that is generated, coordinated, and maintained by interneurons
(McBain and Fisahn, 2001; Freund, 2003; Freund and Buzsaki, 1996; Fricker and Miles, 2001). It

would be interesting to know in future investigation, how selective recruitment of D-INs by SuM
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input participates in the generation and regulation of hippocampal oscillation, a brain wave that is

believed as the substrate for many cognitive and emotional behaviors.
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6. FIGURES AND TABLES
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Figure 1. Schematic of wiring diagrams of direct and indirect SuM-hippocampal pathways
(A) Drawing depicts direct SuM-hippocampal pathway. Two distinct populations of SuM neurons
project directly to CA2 and DG of the hippocampus. The glutamatergic neurons project to the CA2

while the glutamate/ GABA-releasing neurons project to the DG.

(B) A schematic showing a proposed wiring diagram of the indirect SuM-hippocampal pathway.
A SuM glutamatergic neuron innervating the hippocampal-projecting cholinergic and GABAergic
neurons in the medial septum (MS) and lateral septum (LS), respectively. The recruited neurons
in the septum subsequently form synapses with both principal neurons (PNs) and INs in the hip-

pocampus. Modified from Leranth and Kiss, 1996.
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Figure 2. Corelease and cotransmission of neurotransmitters

(A) A model of corelease of two classical neurotransmitters, for example, glutamate (red circles)
and GABA (blue circles) sorted into a single synaptic vesicle. The two neurotransmitters are re-
leased simultaneously into the synaptic cleft during exocytosis when the presynaptic terminal is
activated and binding respective receptors on the postsynaptic neurons.

(B) A model of cotransmission where glutamate and GABA are packed into distinct populations
of synaptic vesicles in the same bouton. Here, their release could be differentially regulated by
differential Ca®* sensitivities.

(C) A model depicting neurotransmitter spatial segregation model where synaptic vesicles con-
taining distinct neurotransmitters are spatially segregated into different axon boutons which could

be neighboring or distant.

58



DAPI Retrobeads
Retrobeads

AP:-1.80 mm  -2.80 mm

B AP: -2.46 mm

Figure 3. Retrograde labeling of DG-projecting SuM neurons

(A) Left, schematic showing the location of retrogradely labeled cells in the SuM after bilateral
red retrobead injections into the DG. Middle, representative images of injection sites along the
anteroposterior (AP) axis of the DG. Right top, a high magnification image of injection sites in the
DG. Right bottom, retrogradely labeled DG-projecting SuM neurons in the SuM area.

(B) Antero-posterior distribution of labeled DG-projecting SUM neurons.

(C) Other brain areas with bead-positive neurons perirhinal cortex (PR), LEC, MS, and MEC.
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AP: -2.80 mm

Figure 4. The suM-DG pathway is mainly symmetric

(A) Schematic of unilateral red retrobead injection into the DG.

(B) Retrogradely labeled DG-projecting SuM neurons were mainly located in the right SUML ip-
silateral to the injection site.

(C) Quantification of retrogradely labeled DG-projecting SuM neurons in the right and left SUML.
Right SUML, 63 + 4.2 cells; left SUML, 17 £ 3.5 cells; 12 slices from 3 mice; p < 0.0001, U = 2.0;

Mann-Whitney test.
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Figure 5. Morpho-electrophysiological properties of DG-projecting SuM neurons

(A) Experimental configuration of red retrobead injection into the DG and whole-cell patch-clamp
recording of bead-positive cells in-the SUM.

(B) IRDIC image showing retrogradely labeled DG-projecting SuM neurons in the SuM area.
(C) Representative firing pattern of a DG-projecting SUM neuron in response to 1-s current injec-
tion steps.

(D) Morphological reconstruction of a DG-projecting SuM neuron; soma and dendrites are de-

picted in black and axon in red. Black dotted lines depict the boundary of the SuM area.

61



DAP| ChR2-eYFP

A AAV5

oAl
@ CA2
DG . 3
— v 200 mm
- 1 mm " eiten
B Biocytin ) C
SuM % A

500 pA
200 ms

Figure 6. Selective expression of ChR2-eYFP on SuM terminals in the DG and CA2

(A) Left, schematic of injection of AAV5-CaMKIlo-hChR2-eYFP into the SuM. Middle, a
representative of the whole-brain coronal section showing ChR-eYFP expression at SuM.
Right, a representative coronal section showing ChR2-eYFP expression in the DG and
CA2.

(B) Left, a biocytin-filled recording from a ChR2-expressing SuM neuron. Right, merged im-
age of ChR2-eYFP and biocytin.

(C) Right, traces of light-evoked spikes were recorded from the same cell in the presence of
Kyn (2 mM), in current-clamp at -70 mV (top), and ChR2-mediated photocurrent recorded
at approximately -70 mV in voltage-clamp (bottom). Blue bars indicate the light pulses (5

ms, 470 nm, 5-Hz light pulse).
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Figure 7. Selective labeling of SuM and MC axon terminals in the DG
(A) Schematic of virus injection showing injection of AAV5-Ef1a-DIO-ChR2-mCherry into the

DG and AAV5-CaMKIla-ChR2-eYFP into the SuM of a Crlr-Cre mouse.

(B) Confocal stack images showing SuM axon terminals on the supragranular layer of the GCL
(left), MCs in the hilus, and MC terminals in the IML (middle), and merged image of non-over-

lapping SuM and MC axon terminals (right).
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A DAPI ChR2-eYFP

B ChR2-eYFP VGIuT2 VGAT

Figure 8. SuUM axon boutons in the DG co-express VGIuT2 and VGAT
(A) Confocal image stacks of a coronal section through the DG show the projection pattern of
SuM terminals in the DG. DAPI (left), ChR2-expressing SuM terminals (middle), and
merged image (right).
(B) Confocal image stacks of SuM axon terminals expressing ChR2-eYFP, VGIuT2, VGAT
immunofluorescence, and the merged image showing their co-localization on the labeled

SuM terminals. Right, putative boutons in the box.
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Figure 9. SuM input preferentially excites dendrite-targeting INs in the DG

(A)Top, the experimental configuration of local field potential (LFP) recordings and photostimu-
lation. A transverse section across the DG showing ChR2-eY FP-expressing SuM fibers (green) in
the GCL and light-evoked LFPs recorded along the somatodendritic axis of GCs in the DG. Bot-
tom, schematic of the local network of the DG depicting GC (gray), S-IN (orange), and D-IN
(violet).

(B-D) Top, representative morphological reconstruction of a GC, an S-IN, and a D-IN (soma and
dendrites, black; axon, red) in the DG. Middle, sample traces of cell-attached responses (six over-
laid sweeps) to 5-Hz photostimulation of the SuM input and firing pattern of a representative GC,

S-IN, and D-IN. Bottom, the plot of spike probabilities of all recorded cells.
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Figure 10. Morphological reconstruction of dendrite-targeting INs recruited by photostim-
ulation of SUM terminals

(A) Summary of identified D-INs subtypes recruited by the SuM input is depicted. The filled cir-

cles (soma locations), the thick lines (dendrites), and the hatched boxes (axon distribution).

(B) Top, morphological reconstructions of representative TML, HIPP, MOPP, and HICAP in the
DG. Bottom, the plot of spike probabilities of recorded cells in response to 5-Hz photostimulation

of the SuM input. Data error bars represent mean + SEM.
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Figure 11. SuM input excites BC but not GCs under the blockade of synaptic inhibition

(A) Top, representative traces of cell-attached responses of a GC (six overlaid sweeps) to 5-Hz
photostimulation of the SuM input in the presence of GABAergic inhibition blockers. Middle, the
firing pattern of the recorded GC. Bottom, light-evoked EPSC in recorded GC. The bar graph

shows the plot of EPSGs obtained from all the GCs recorded (n = 10).

(B) Top, representative traces of cell-attached responses of a BC (six overlaid sweeps) to 5-Hz
photostimulation of the SuM input in the presence of GABAergic inhibition blockers. Bottom, the

firing pattern of the recorded BC.

(C) Representative traces of light-evoked EPSC recorded from the BC in panel B in SR, CGP,
TTX (1 uM), TTX, 4-AP (1 mM), and 2 mM Kyn. Notice that TTX completely blocked the re-

sponses and is recovered by 4-AP. Kyn completely abolished the responses.
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Figure 12. Differential glutamate/GABA cotransmission is target cell-specific

(A) Top, schematic of virus injection into SuM of VGIuT2-Cre or WT mouse. Bottom,
schematic of local DG network including the SuM input (green), GC, S-IN, and D-IN.

(B), (C), and (D) Top, confocal image stacks of transverse sections of the DG depicting selective
expression of ChR2-eYFP in the GCL and a biocytin-filled GC, S-IN, and D-IN (red). Middle,

firing pattern of the GC, S-IN, and D-IN. Bottom, sample traces showing the responses of a GC,
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S-IN, and D-IN to the 5-Hz photostimulation of the SuM input. Black traces; average inward cur-
rents recorded in ACSF, in the presence of GABAA receptor blocker, SR95531 (1 uM, SR) and
GABAg receptor blocker, CGP55845 (1 uM, CGP), and in the presence of SR, CGP, and 2 mM
Kyn. The Kyn-sensitive component (glutamatergic, red), and SR & CGP-sensitive component
(GABAergic, blue) obtained by digital subtraction from the above traces.

(E) Plot of synaptic latencies of EPSCy and IPSC: induced by the first light pulse in GCs, S-INs
and D-INs. (GCs, EPSCy, 2.60 + 0.10 ms; IPSCy, 2.56 = 0.10 ms; n = 30; p = 0.875, U = 439.0; S-
INs, EPSCy, 2.78 + 0.20 ms; IPSCy, 3.07 £ 0.23 ms; n=6; p=0.571, U = 14.0; D-IN, EPSCy, 2.67
+ 0.09; IPSCy, 2.73 £ 0.10; n = 22; p = 0.663, U = 223.0; Mann-Whitney test. Circles connected
by lines represent data collected from the same cell. Filled circles are data obtained from VGIuT2-
Cre line while open circles represent data from WT mice.

(F) Plot of excitatory and GABA conductances, EPSG1 and IPSG: in GCs, S-INs and D-INs. (GCs,
EPSGy, 0.30 £ 0.03; IPSGy, 0.91 + 0.08; n = 30; p <0.0001; U =67.0; S-INs, EPSGy, 0.58 + 0.08
nS; IPSGy, 2.14 + 0.67 nS; n = 6; p < 0.05; U = 4.0; D-INs, EPSG3, 0.99 £ 0.08 nS; IPSG3, 0.48 +
0.08 nS; n = 22; p <0.0001; U = 63; Mann-Whitney test.

(G) Scatter plot of EPSG: versus IPSG: from GCs (gray circles), S-INs (orange circles), and D-
INs (violet circles). The dashed line represents the equality diagonal. The gray, orange and violet
lines are the linear regression lines for GCs, S-IN and D-INs respectively (the slope = 0.34; R? =
0.20 for GCs, slope = 0.17, R? = 0.68 for S-INs, and slope = 1.24, R? = 0.68 for D-INs). Data error

bars represent mean £ SEM.
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Figure 13. SuM input forms monosynaptic connections with GCs and D-INs

(A) Schematic of virus injection into the SuM of VGIuT2-Cre mice.

(B) Representative traces of light-evoked responses recorded from a GC in ACSF, TTX (1 uM),
TTX, and 4-AP (1 mM). Note that TTX completely blocked the response and recovered by 4-AP.
The addition of SR (1 uM) and CGP (1 uM) largely block the response, Kyn (2 mM) completely
abolished the remaining responses.

(C) Synaptic latencies before and after bath application of TTX, 4-AP at the SUM-GC synapse;
ACSF, 2.24 + 0.11 ms; TTX, 4-AP, 4.01 + 0.28 ms; n = 9; p = 0.0039, Wilcoxon sign-rank test.
(D) Plot of EPSG: and IPSG1 of GCs. EPSGy, 0.53 + 0.10 nS; IPSG1, 1.95+ 0.51nS; n=9; p =
0.0012; U = 6.0; Mann-Whitney test.

(E) Representative traces of light-evoked responses recorded from a D-IN in ACSF, TTX (1 uM),

TTX, 4-AP (1 mM). TTX completely blocked the response and recovered by 4-AP. SR (1 uM)
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and CGP (1 uM) slightly block the response, and finally, Kyn (2 mM) completely abolished the
remaining responses.

(F) Plot of synaptic latencies before and after bath application of TTX, 4-AP at the SuM-D-IN
synapses; ACSF, 2.67 £ 0.21 ms; TTX & 4-AP, 3.66 £ 0.17 ms; n = 6, p = 0.0313, Wilcoxon sign-
rank test.

(G) Plot of EPSG1 and IPSG; of D-INs. EPSGy, 2.16 £ 0.51 nS; IPSGy, 0.95+ 0.06 nS; n=6; p =
0.0411; U = 5.0; Mann-Whitney test.

(H) Scatter plot of EPSG versus IPSG from GCs (gray circles) and D-INs (violet circles) during
5-Hz photostimulation of SuM input. The dashed line represents the equality diagonal. The gray
and violet lines are the linear regression lines for GCs and D-INs, respectively (the slope = 0.14;

R? = 0.40 for GCs and slope = 1.40, R? = 0.78 for D-INs). Data error bars represent mean + SEM.
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Figure 14. VGAT" and Gad* neurons in the SuM project to DG and corelease glutamate

and GABA at SUM-GC synapses

(A) Schematic of virus injection into the SuM of VGAT-Cre (open circle) and Gad2-Cre (closed
circle) mice.

(B) Sample traces showing the responses of a GC to the 5-Hz photostimulation of the SuM input.
Black trace; average inward currents recorded in ACSF, in the presence of GABAAa receptor
blocker, SR95531 (1 uM, ' SR) and GABA® receptor blocker, CGP55845 (1 uM, CGP), and in the
presence of SR, CGP and 2 MM Kyn. The Kyn-sensitive component (glutamatergic, red), and SR
& CGP-sensitive component (GABAergic, blue) obtained by digital subtraction from the above
traces.

(C) Plot of synaptic latencies of EPSCy and IPSC; of GCs. EPSCy, 2.91 £+ 0.14 nS; IPSCy, 2.86 +
0.14 nS; n = 8; p = 0.5604; U = 26.0; Mann-Whitney test.

(D) Plot of conductances EPSG; and IPSG;: of GCs. EPSGy, 0.20 £ 0.03 nS; IPSGy, 0.48 + 0.06

nS; n =8; p =0.0006; U = 2.0; Mann-Whitney test.
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Figure 15. MCs receive weak synaptic input from the SuM

(A) Left, confocal image stacks of transverse sections through the DG depicting selective expres-
sion of ChR2-eYFP in VGIuT2* SuM fibers (green) in the GCL and sequentially recorded bio-
cytin-filled MC #1, MC #2 (arrow heads, thorny excrescences), and a GC. Right, representative
traces obtained from MC #1, MC #2, and a GC in response to the photostimulation of the SuM
input.

(B) Left, the morphology of a biocytin-filled responsive MC #3. Right, black traces, individual

traces of responses of the MC #3 to 5 Hz photostimulation of SuM input. The red trace is the

average trace. The arrows denote disynaptic responses.
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Figure 16. EPSGs and IPSGs of SuM-evoked responses in different dentate cells
(A) and (B) Summary of the EPSG; and IPSG: respectively, recorded from different cell types in

the DG. Individual cells were shown in circles. Data error bars represent mean + SEM
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Figure 17. Synaptic responses from simultaneously recorded GCs and D-INs

(A) Schematic of virus injection into the SuM.

(B) Left, simultaneous whole-cell recording from a GC and a D-IN. Middle, the firing pattern of
the recorded GC and D-IN. Right, the morphological reconstruction GC (gray color) and D-IN
(violet color).

(C) Traces of light-evoked postsynaptic responses recorded in GC and D-IN in baseline, SR &
CGP, SR, GCP & Kyn, glutamatergic component (red), and GABAergic component (blue).

(D) Plot of the total composite current amplitude in the GCs and D-INs simultaneously recorded.
GC, 43.94 £ 9.24 pA; D-IN, 89.78 + 21.13 pA; n = 6; p = 0.0931; U = 7.0; Mann-Whitney test.
Circles connected by dashed lines represent data collected from cells recorded simultaneously
from the same slice.

(E) Plot of conductances of EPSG and IPSG at the SuM-GC and SuM-D-IN synapses. SUM-GC,
EPSGy, 0.22 £ 0.05 nS; IPSGy, 0.52 £ 0.10 nS; n =5; p < 0.05; U = 2.0; SUM-D-IN, EPSGy, 1.24

1 0.26 nS; IPSGy, 0.40 £ 0.09 nS; n = 5; p < 0.01; U = 0.0; Mann-Whitney test.
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Figure 18. SuM input enhances the excitability of GCs and D-INs

(A) Top, representative traces of responses of GCs to sinusoidal current steps before (left) and
after (right) photostimulation of SuM input. Middle, baseline to peak current amplitude of 100 pA
sinusoidal protocol (red traces). Bottom, the EPSP evoked by photostimulation of SuM input. Gray
bars represent light off while blue bars indicate the time of photostimulation at 5 Hz.

(B) Plot of spike number versus baseline to peak current in GCs.

(C)Top, representative traces of responses of D-INs to sinusoidal current steps before (left) and
after (right) photostimulation of SuM input. Middle, baseline to peak current amplitude of 110 pA
sinusoidal protocol (red traces). Bottom, the EPSP evoked by photostimulation of SuM input. Blue
bars indicate the time of photostimulation at 5 Hz.

(D) Plot of spike number versus baseline to peak current in D-INs.
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Figure 19. SuM input shortens spike latencies and enhances spike timing precision in GCs

and D-INs

(A) Representative traces of responses of GCs (twenty overlaid sweeps) to constant suprathreshold
sinusoidal current injection without (upper traces) and with (lower traces) photostimulation of
SuM input. Left, enlarged traces of APs induced by the first stimulus without (upper traces) and
with photostimulation of SuM input (lower traces). Red dotted lines and the red arrow lines show
a shift in the mean spike latencies between the onset of sinusoid current injection and the mean
time point of peak in each AP. The pink bars represent spike jitters.

(B) Summary plot of spike phase. n = 12; F(4, 44) = 20.43; p < 0.0001; n.s., no significant differ-
ence; two-way ANOVA with Bonferroni post hoc test. Data error bars represent mean + SEM.
(C) Summary plot of spike jitter. n = 12; F(4, 44) = 22.17; p < 0.0001; n.s., no significant differ-

ence; two-way ANOVA with Bonferroni post hoc test.
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(D) Representative traces of responses of D-INs (twenty overlaid sweeps) to constant suprathresh-
old sinusoidal current injection without (upper traces) and with (lower traces) photostimulation of
the SuM input. Left, enlarged traces of APs induced by the first stimulus without (upper traces)
and with photostimulation (lower traces). Red dotted lines and the red arrow lines show a shift in
the mean spike latencies between the onset of sinusoid current injection and the mean time point
of peak in each AP. The pink bars represent spike jitters.

(E) Summary plot of spike phase. n = 10; F(4, 36) = 115.4; p < 0.0001; two-way ANOVA with
Bonferroni post hoc test. Data error bars represent mean + SEM.

(F) Summary plot of spike jitter. n = 10; F(4, 36) = 5.0; p = 0.0027; n.s., no significant difference;

two-way ANOVA with Bonferroni post hoc test.
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Figure 20. SuM input promotes GC responses to cortical input

(A) Experimental schematic showing a stimulation electrode (stim.) placed in the subiculum to
electrically activate the PP fibers, a field-recording electrode in the GCL to monitor LFP and
pSpike, and blue light for photostimulation of the SuM axon terminals in the GCL.

(B) Representative traces of SuM-mediated fEPSP (black trace) after photostimulation, PP-medi-
ated pSpike (filled area in gray) upon electrical stimulation, and a pSpike (filled area in light blue)
after the co-activation (At = 0 ms) of the SuM and PP. The arithmetic sum of fEPSP and pSpike
was shown in red. The traces of pSpikes were superimposed and aligned with fEPSP.

(C) Left bar graph, summary plots of the pSpike areas evoked by SuM+PP co-activation (light
blue) and arithmetic sum of SuM-evoked fEPSP and PP-evoked pSpike (light red). Areas were

normalized to pSpike area evoked by the PP alone. SUM+PP co-activation, 1.43 + 0.16; SUM+PP
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arithmetic sum, 1.17 + 0.05; n = 6; p = 0.0313. Right bar graph, summary plots of relative fEPSP
slope, SUM+PP co-activation, 1.01 £ 0.02; SUM+PP arithmetic sum, 0.97 £ 0.01; n = 6; n.s., no
significant difference; Wilcoxon signed-rank test.

(D) Top, representative traces of pSpike responses to PP stimulation alone (black traces) and
SuM+PP (blue traces) during a 5-Hz train. Bottom, left, a summary of the effect of SuM activation
on PP-evoked pSpikes versus stimulus number. PP, n = 6; PP + SuM, n = 6; p < 0.05; two-way
ANOVA with Bonferroni post hoc test. Right, fEPSP slope before and after photostimulation of
the SuM input. PP, n = 6; SUM+PP, n = 6; n.s., no significant difference, two-way ANOVA with

Bonferroni post hoc test.
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Figure 21. SUM input supports LTP at the PP-GC synapses

(A) Left, representative traces of baseline pSpikes in response to stimulation of PP alone. Middle,
LTP induction protocol consists of four trains of 20-Hz electrical stimulation of the PP alone at 15
s inter-train interval (top) or co-activation of the PP and 20-Hz, 4 trains, 10 ms photostimulation
of the SuM input (bottom). Right, sample traces of pSpikes after LTP induction.

(B) Time course of the normalized pSpike area recorded from the GCL in response to 20-Hz, 4
trains stimulation of PP inputs alone (black circles) or co-activation of the PP input stimulation
and 20-Hz photostimulation of the SuM input (blue circles). PP alone, 104.8 + 8.59%; n = 6;
SUM+PP, 167.6 £ 5.30%; n = 6; p = 0.0009; paired t-test.

(C) Time course of the normalized fEPSP slope of pSpikes recorded from the GCL in response to
20-Hz, 4 trains stimulation of PP inputs alone (black circles) or co-activation of PP input stimula-
tion with 20-Hz photostimulation of the SuM input (blue circles). PP alone, 110.6 + 2.20%; n = 6;

SUM+PP, 128.5 £ 5.19%; n = 6; p = 0.0598; paired t-test. Data error bars represent mean + SEM.
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Figure 22. Proposed network mechanisms for the modulatory role of SuM input in the DG

(A) Schematic of the DG network model showing the synapses between the SuM input (green)

and the GC (gray), the D-IN (violet square), and S-IN (orange oval). The SuM input forms mon-

osynaptic excitatory and inhibitory connections with the GC, D-IN, and S-IN. At SuM-GC and

SuM-S-IN, E<I while at SuM-D-IN, E>I. Activation of SuM input (green AP) results in spike

generation in D-IN (violet AP), but only subthreshold depolarization in the GCs and S-INs. The

synaptic summation in this model leads to a small subthreshold depolarization in the GCs.
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(B) Co-activation of the SuM input (green) and PP input (red). The spike generation in the D-IN
(violet AP) is reinforced by PP stimulation. S-IN is recruited into the network by the PP input
(orange AP). The summation of the synapses results in enhanced EPSP (E)-spike (S) coupling
(gray E-S coupling) in the GC.

(C) Co-activation of SuM and PP inputs during LTP induction. 20 Hz simultaneous activation of
SuM (green spikes) and PP (red spikes). During this LTP induction protocol, spike generation in
D-IN is strongly reinforced through the entire phase of the stimulation trains while S-IN generates
spikes only at the early phase (orange spikes); this could result in late somatic disinhibition of GC.
The synaptic summation during this induction protocol leads to the net increase in spike generation
in GC (gray spikes).

(D) Synaptic output by PP activation alone after LTP induction. Both PP-GC synapse and E-S

coupling are enhanced.
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Table 1. Comparison of electrophysiological properties and synaptic responses in GCs, S-

INs, and D-INs
GC (30) S-IN (6) D-IN (25) P-value
a. < 0.0001
RMP (mV) 81.43 + 0.66 55.81+1.14 5485+ 244 b. < 0.001
c. 0.3840
a. 0.5197
Rin (MQ) 386.80 = 20.30 144.90 + 16.97 383.00 = b. <0.0010
31.74 €.<0.0010
EPSG (nS) 0.36 + 0.06 0.58 £ 0.08 0.99 + 0.08 a. < 0.0001
b. < 0.0500
c. 0.0741
IPSG (nS) 1.05+0.11 2.14 £ 0.67 0.43 +0.06 a. < 0.0001
b. 0.5277
c.< 0.0100
E/l ratio 0.36 £ 0.05 0.40+0.11 2.66+0.21 a. < 0.0001
b. 0.2371
c.<0.0010
EPSC (pA) 25.16  4.01 42.21 + 8.69 67.36+5.81  a.<0.0001
b. 0.1054
c. 0.0586
IPSC (pA) 67.27 + 8.54 139.10 + 43.80 27.75+3.64  a.<0.0001
b. 0.4912
c.<0.01
Qepsc(pC) 0.36 £ 0.08 1.31+0.18 0.71+£0.14 d. <0.0001
e.0.0649
f. 0.0301
Qipsc(pC) 3.41+0.42 1.06 + 0.39 3.28+1.53
Rise time 1.10 + 0.07 1.19+0.08 1.25+0.11 d. <0.0001
EPSC (ms) e. 0.1255
f. <0.0001
Rise time 2.79+0.26 1.73+0.31 2.53+0.23
IPSC (ms)
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Tau EPSC 6.87 + 0.47 7.94 + 0.55 6.38 + 0.61 d. <0.0001

(ms) e.<0.001
f. <0.0001

Tau IPSC 31.67+£1.85 17.40 £ 1.53 19.64 £ 2.40

(ms)

Note: Cell numbers are represented in parentheses. Data were obtained from VGLUT2-Cre and
WT mice.

3GC versus D-IN, °GC versus S-IN, ¢S-IN versus D-IN.
dEPSC vs IPSC of GCs, *EPSC vs IPSC of S-IN, fEPSC vs IPSC of D-INs.

Mann-Whitney test was performed to determine statistical significance. All values are given as
mean + SEM.
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Table 2. Key resources used in this study

REAGENT OR RESOURCE

| SOURCE

| IDENTIFIER

Antibodies

Monoclonal mouse anti-VGAT

Synaptic systems

Cat# 131 011C3; RRID:AB_887868)

Polyclonal rabbit anti-VGIuT2

Synaptic systems

Cat# 135 403; RRID:AB_887883)

Rabbit anti-GFP

Abcam

Cat# ab290; RRID:AB_303395

Alexa Fluor 488 goat anti-rabbit

Thermo Fisher Scientific

Cat# A-11008; RRID:AB_143165

Alexa Flour 594 goat anti-mouse

Thermo Fisher Scientific

Cat# A-11005; RRID:AB_2534073)

Alexa Fluor 647 goat anti-rabbit

Thermo Fisher Scientific

Cat# A-21236; RRID:AB_2535805)

Alexa Fluor 594-streptavidin

Thermo Fisher Scientific

Cat# S11227

Alexa Fluor 488-streptavidin

Thermo Fisher Scientific

Cat# S11223

Bacterial and Virus strains

AAV5-CaMKlla-hChR2(H134R)-
eYFP

University of North Caro-
lina vector core

Lot#: AV4316P

AAV5-EF1la-DIO- University of North Caro- | N/A
hChR2(H134R)-eYFP lina vector core

Chemicals, Peptides and Re-

combinant Proteins

Kynurenic Acid Sigma-Aldrich Cat# K3375
CGP55845 hydrochloride Tocris Cat#1248
SR95531 Abcam Cat# ab120042
Tetrodotoxin Ascent Cat# ab120055
4-aminopyridine Tocris Cat# 0940
Biocytin Thermo Fisher Scientific Cat# B-1592
Paraformaldehyde Sigma-Aldrich Cat# 158127
Red Retrobeads Lumafluor Inc N/A

Experimental models: Organ-
isms/strains

Mouse: C57BL/6JNarl

National Laboratory Ani-
mal Center (Taiwan)

#RMRC11005

Mouse: VGIuT2-Cre:
Slc17a6tm2(cre)Lowl/ ]

The Jackson Laboratory

Stock #: 016963

Mouse: VGAT-Cre:
Slc32a|tm2(cre)Lowl/ J ,

The Jackson Laboratory

Stock #: 028862

Mouse: Gad2-Cre:
Gadzth(cre)Zjh/J

The Jackson Laboratory

stock #: 010802

Software and algorithms

GraphPad Prism 6 GraphPad https://www.graphpad.com
ImageJ ImageJ https://imagej.net
CorelDrawX8 CorelDraw Graphic Suit https://www.coreldraw.com

pClamp and Clampfit 10.3

Molecular Devices

https://www.moleculardevices.com

HBP Neuron Morphology Viewer

Neurolnformatics.NL

https://neuroinformatics.nl/HBP/mor-
phology-viewer/

Neuromantic 1.6.3

University of Reading

https://www.reading.ac.uk/neuroman-
tic/body _index.php

ments

Python Jupyter notebook https://jupyter.org
Other

The microsyringe pump Kd Scientific # KDS310
NanoFil 10uL syringe World Precision Instru- # NANOFIL
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34G beveled NanoFil needle World Precision Instru- # NF34BV-2

ments
Microslicer Dosaka # DTK-1000
Microtome Leica # SM2010R
MultiClamp 700B Microelectrode | Molecular Devices # MULTICLAMP 700B

Amplifier

Digitizer

Molecular Devices

# Digidata 1440A

Borosilicate Glass with Filament

Harvard Apparatus

# GC150F-7.5
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