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Dissertation Abstract

Decipherimg a hippocampisto hypothalarasfeeding circuitvia the septal nucleus
Author: Patrick Sweeney
Mentor: Yunlei Yang

The neural circuitzontrolling feedingare conentrated in the hypothalamus and
hindbrain. These circuits primarily control homeostdgeding behavigrwhich can be
broadly defined as increasingeéding in response to hunger d@ecreasing feeding in
response to satietydowever,nonhomeostatic facts, such as the emotional state of an
animal, can also protindly affect feeding behavior. Thereforbe tcurrent thsis project
sought to determine how primary emotion centersthie brain influence the known
homeostaticfeeding circuitry in the hypothataus. In particular, given that ventral
hippocampus (VHPCand septum argvolved in emotionalprocesses, influendeeding
behavior and are anatomically connected to hypothalamic feeding circuitrig
dissertation aimed to determine the d¢gfies in HPC and septum that control feeding and
to functionally connect these céjlpes to the primary feeding circuitry located in the

hypothalamus.

To accomplish these central aimbBemogenetic and optogenetic approaches were
utilized to selectively manipulatneural activity within distinct ventral hippocampal and
septalcell types and neural circuit§hese approaches were complemented by traditional
anterograde and retrograde tracing technigaed chemo/optogeneticircuit mapping
approacheto define theneural ciraiits responsible forHPC and septatontrolof feeding

behavior.



We find that chemogenetic activation of ventral hippocampal glutamate neurons
reduces feeding, while inhibition facilitates feeding. We further dissect a functional neural
circuit pathway from ventral hippocampus to lateral septum that is sufficient to suppress
feeding behavior. Within the septum, both chemo/optogenetic activation of septal
GABAergic neurons redusefeeding, while inhibition of theseneurons increases food
intake. Utilizing optogenetic circuit manipulation approaches, we demonstratedpiatl s
GABAergic neurons reduce feeding, at least in part, by projecting to hyperihdigcing

GABAergicneurons located within the lateral hypothalamus.

Taken together, our finkgs expand upon the known roles ¥@ntral hippocampsi
and septum in energy homeostdsysproviding the specific cetiypes and neural circuits
governing VHPC and septaontrol of feeding behavior. Given the role for ventral
hippocampus and septum imetiond processes and energy homeostase popose that
the described VHPC and septatuits repesent promising neural circuisr investigating

interactions between feeding, emoabstate, ananotivatedbehavior.
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CHAPTER ONE:

General Introduction

*Portions of text submitted to Trends in Endocrinology & Metabolism, Sweeney P. &

Yang Y., inpress



Overview of neural regulation of feeding behavior

Feeding is essential for survival, and the brain has evolvedpteudiverlapping
mechanisms to assure adequate levels of food intake during changing energy démands
3]. These overlapping mechanisms largely aid to ensure that energy intake is closely
matched to energy produati (energy expenditure). Deviations in which energy intake
exceeds energy expenditure are associated with weight gain and ultimately obesity.
Conversely, conditions in which energy expenditure exceeds energy intake are associated
with weight loss. Ultimatly, the decision to eat is controlled by neuronal activity in
distributed neural circuits residing in the hypothalamus, hindbrain, and limbic brain regions
that govern homeostatic and Rbameostatic forms of feeding behaviot3JL Homeostatic
formsoffe di ng refer t o a pr-bkéemnechampsmmavhichfeediagli n g
is suppressed during times of satiety and increased during periods of hunger. Non
homeostatic forms of feeding, however, refer to situations in which feeding behavior is
contolled by mechanisms beyond simple homeostatic need states. Here, we first highlight
recent technological developments in circuit manipulation approaches that have facilitated
progress in investigating the neural circuit basis of feeding behavior. Wita tieezl
approaches in mind, we discuss the mechanisms by which the brain mediates both
homeostatic and nelmomeostatic control of feeding behavior. Finally, we highlight the
evolving hypothesis that hippocampus and septum regulate feeding behavior by linki

emotional and cognitive circuitry to the homeostatic feeding circuitry.

Recent technological advances in neural circuit manipulation approaches

Although previous studies have made great progress in determining the factors

contributing to neural reguian of feeding behavior, the findings were often limited by the
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inability to selectively target individual cell types or defined neural cirddits This
limitation has been largely overcome by recent advances in optogenetic and chemogenetic
approaches which allow for selective activation or inhibition of individedttgpes and

neural circuits within heterogeneous brain regipdd1l]. Optogenetic approaches, for
example, utilize light sensitive microbial opsins that are targeted to specific neuronal
populationg11, 12] Microbial opsins (i.e. Channelrhodopsin) are naturally occurring ion
channels that open in response to specific wavelengths of light. These opsins can be readily
targeted to the neuronal surface of neurons and suésey activated via various forms of

light delivery. In response to light, light sensitive opsins will reversibly open, depolarizing
(in the case of channelrhodopsin) and inducing neuronal action potentials. Additional opsins
have been readily validatedat produce different channel kinetics and result in neuronal
inhibition following ion channel opening, greatly expanding the utility of optogenetic
approache$9, 12]. Chemogenetics, however, uses pharmacologioadirt, synthetically
designed receptors that are targeted to specific neuronal popul@josl13, 14] The
designer receptors (for example DREADDSs) are then activated via peripheral (usually
intraperitoneal) injections of pharmacological specific, chemically inert ligands to
selectively activate or inhibit the targeted dgfbe of interest. Both optogenetic and
chemogenetic approaches have been critical in pinpointing the precise roles of distinct

feeding netonsand circuitshroughout the braifb, 6].

Although optogenetic and chemogenetic techniques can both be used to manipulate
neural circuits, the two technigues vary in a number of important parameters. Fplexa
optogenetics allows for temporally precise activation or inhibition of neural circuits on the

order of milliseconds. This precision can be especially useful for experiments that



manipulate neural function at specific times during behavior. As ange&aoptogenetic
approaches have been used to inhibit and/or activate subsets of neurons during specific
moments in learned feassociated behavior or emotional processes, such as precisely
during the presentation of a fear associated o 7]. In this way, optogenetics is a novel
technique that allows for the temporal control needed to precisely match neuronal dynamics
to behavioral phenomenon. Chemogenetic approaches, in contrast, do not allow the fast
tempora precision afforded by optogenetics, but are useful for-k@ngn activation or
inhibition of genetically defined cetlypes over less precise tirseales. Furthermore,
chemogenetic techniques do not require advanced equipment, such as fiber optierand las
delivery setups, and can be readily applied in a diverse range of behavioral settings. In the
current thesis project, both optogenetic and chemogenetic approaches were utilized to
precisely manipulate individual hippocampal and septal cell types agahuiee how these
neurons affect feeding behavior. Readers are referred elsewhere for a detailed analysis of
the advantages and disadvantages of various circuit manipulation approaches and the

appropriate use of these methodologies in diverse behaviaiags¢s, 6, 9, 10]
Homeostatic regulation of feeding behavior

Most previous work studying neural regulation of feeding behavior has focused on
homeostatic control mechanisms. In brief, these mechanisms prinmaalye hormonal
and neuronal feedback systems that facilitate feeding during states of hunger and reduce
feeding during times of satief{, 2]. The primary neural circuits controlling homeostatic
components of faing behavior reside within hypothalamic and hindbrain regj@ng].
For example, within the arcuate nucleus of the hypothalamus (ARQJal circuits are

activated to promote feeding in response to energy ideficreduce feeding during
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conditions of energy surfefl, 2]. Since ARC lacks a strong blood brain barrier due to its
anatomical location bordering the third ventricle and median eminence, peripheral signals

of satiety or hunger (such as leptin and ghrelin) can directly reach ARC feeding nedrons [1

3]. Long term satiety signals, such as leptin from adipose tissue and insulin from the
pancreas, are released in proportion to energy stof8f [Eptin primarily at s a't Afir
ordero feeding neurons in ARC to reduce sul
which energy intake surpasses energy deman@$. [Eor example, as stored fat content
increases, leptin levels increase to synergistically inhibit doeesstr ARC neurons
promoting feeding and activate ARC neurons inhibiting feeding][Lonversely, in an

energy depleted state, hormonal signals of energy depletion, such as ghrelin from the
stomach, signal at the same ARC neurons to activate neural cit@atifsromote feeding

and inhibit neural circuits that reduce feedingB]1Following activation of first order ARC

neurons, downstream brain regions are recruited to initiate or inhibit appetitive and/or
consummatory aspects of feeding behavior to aghatechanging energy demands are
matched by appropriate changes in energy infakel821]. Loss of responsiveness to
homeostatic feeding hormones at key hypothalamic brain regions is consistently observed

in humans with obesity and animal models of obesity, clearly suggesting the involvement

of homeostatic hormonal feedback systems in normal and pathological forms of feeding

behavior [13].

Role of ARC neurons in homeostatic feeding behavior

The celitypes and eural circuits governing the role of ARC in feeding behavior
have been well describgd8, 22] Briefly, two overlapping but separate ARC cell types

characterized by the expression of the peptides agouti relaitginpand neuropeptide Y
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(ARCACRP neurons) or prmpiomelanocorti ARC™OMY) exert largely opposing roles in
feeding behavior. For example, chemogenetic and/or optogenetic activation 6FERC
neurons is sufficient to rapidly increase feeding behaviavah fed mice[23, 24] while
chemogenetic and/or optogenetic activation of ARE reduces feeding, albeit over slower
timescales of up to 24 houi25]. Consistently, AREMC neurons are activated by satiety
signals, such as leptin, while ARERP neurons are inhibited by these same signal3][1
Both ARC*RP and ARC°MC neurons project to cortical and limbic brain regions to
modulate feeding behavior, such as paravertichypothalamus (PVH), anterior bed
nucleus of the stria terminalis (aBNST), and lateral hypothalamus[{i3:22] In the case

of ARCA®RP neurons, optogenetic stimulation of AREP projections to aBNST, LH, PVH
and paraventricular thalamus (PVT) are sufficient to rapidly increase feeding. The
downstream neural circuits mediating the role of AR¢ neurons in feeding behavior are

less well understood, although projections to PVH are likely invdi22d26, 27]
Nucleus of the Solitary Tractas a Homeostatic Satiety Center

In addition to ARC, the hindbira nucleus of the solitary tra@NTS) plays a major
role in homeostatic regulation of feeding behayi$, 21, 28] NTS receives inputs from
vagal afferent fibers following meal consumptif®]. For example, stomach distension
activates gcitatory vagal afferent projections to NTS and meal consumption results in the
release of the gastrointestinal traaerived peptide€holecystokinif CCK) and glucagr-
like peptide 1 (GLPL) which alsoactivate vagal afferent projections to NT&, 29]
Excitatory vagal fibers ultimately activate postsynaptic neurons in NTS to reduce feeding
[20, 28] NTS is also sensitive to hormonal signals of metabolic state, sueptasdnd

ghrelin, which further influence food intake in accordance to long term signals of metabolic
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status[19]. Leptin, for example, signals within NTS to furthacrease the sensitivity of
postsynaptic NTS neurons to visceral satiety input. In this manner, NTS neurons mediate
satiety by integrating vagal satiety input with longemm satiety information (such as
leptin) conveying energy stores. The underlyireunal circuits connecting NTS to the
hypothalamus and other feeding centers have recently been described {1 @&hil28]

In summary, NTS relays inhibitory appetitive information detected in the periphéng to
brainstem parabrachial nucleus (PBN) and paraventricular hypothal@®u21] which
ultimately relay this information to nuclei in the amygdala and elsewWB8r&0, 3]. NTS

also receives inputs from key hypothalamic feeding nuclei, such as the paraventricular
nucleus of the hypothalamus (PVH), indicatingdibectional interactions between key

hindbrain and hypothalamic homeostatic feeding cefi®js

Non-homeostatic regulation of feeding behavior

Although the homeostatic feeding circuits described previously are critical in
controlling feeding during changing need statks, ltrain also regulates feeding through
other related and complementary flmymeostatic mechanisms. Noomeostatic feeding
behavior is controlled by mechanisms beyond basic hunger or satiety signals and includes
both hedonic and cognitive mechanisms feguiating feeding behavior. Hedonic control
of feeding refers to the drive or desire to consume rewarding, highly palatablg[3@ods
33]. In this manner, animals will often consume highly caloric, pleasurabtisfoothe
absence of apparent hunf@2, 33] The neuroanatomy mediating hedonic forms of feeding
is concentrated ibrain regions emanating to and from the mesolimbic reward patl32ay
35]. In particular, lateral hypothalamus is thought to influence the reward value of food by

modulating the activity of the mesolimbic reward circuif8$-38] (described in further
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detail in Chapte 3 introduction). Furthermore, the homeostatic feeding circuitry in ARC
influences hedonic feeding via synaptic interactions with mesolimbic reward centers, such
as ventral tegmental area (VTR9, 40] In generg hedonic forms of feeding indicate that
intrinsic reward based feeding can override homeostatic feedback mechanisms to promote

feeding during satiated statg!, 39]

In addition to hedonic forms of feeding l@efor, cognitive control of feeding is
another example in which metabolic need state is not the sole determinate governing feeding
behavior. Cognitive control of feeding refers to the ability of animals to associate and
remember contexts involving food arbe role of these associations in food seeking
behaviorg41-44]. For example, when foedeprived rats are presented with cues that are
paired with food rewards, the rats will learn to consume food upon heaesg thes, even
when fully sated. Conversely, when cues are paired with visceral malaise, rats will not eat
in response to these cues, even in fdegdrived states [4@4]. Therefore, previously
| earned associations can tibnreedrstate and drieeroi ma |l 0
suppress feeding behavior, respectively. The neural mechanisms and brain regions
governing cognitive control of feeding have been reviewed elsewhere, although the precise

neural circuits responsible for these behaviors remdie tdetermine43, 45]

Classical role of hippocampus in cognition and emotion

Before describing emerging evidence involving the hippocampus in feeding
behavior, it is useful to first provide an overview of thassical role of hippocampus in
cognitive and emotional processes. Anatomically, the hippocampal formation (HPC) can be
divided into dorsal (anterior in primates) and ventral (posterior in primates) rddigns

While both of these hippocampal regions share conserved anatomical features, extensive
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studies indica functional divergence between dorsal and ventral hippocampal[g6les

47]. Namely, the dorsal hippocampus is thought to be more heavily involved in cognition,
learning, and memory while the ventral hippocamigsusroposed to be more involved in
controlling emotional processes, such as anxiety behfdrd7] For example, dorsal
hippocampus encodes associations between the environment and behavioral rggglonses

This function is facilth e d by hi ppoc a48p5aland pi & cl[bldtcae el o 0
represent individual environmental locations across both space imed[30, 51}
respectively. Interestingly, the size of hippocampal place fields progressively increases from
dorsal to ventral hippocampal polgs$], further suggesting specialization of hippocampal

function across the dorsagntral hippocampal ax{46, 47]

In contrast to the role of dorsal hippocampus in cognitive procasgdsarning and
memory the ventral hippocampus is largely involved in controlling emotional behaviors,
such as anxiety behavidi6, 47] For instance, the dentate gyrus region of ventral
hippocampus both directly modulates emotional behds®64] and is highly sensitive to
changes in positive and negative emotion stfiB]. Negative emotional states, such as
those evoked by stress, can decrease cell proliferation and cellular complexity in ventral
dentate gyrus[56-59] while positive emotional states, such as those evoked by
environmental enrichment and exercise, can produce opposite g@fad] At the neural
circuit level, the ventral hippocampus (VHPC) sends projections to multiple brain regions
to control diverse motivational and emotional std62s65]. A recent report suggests that
distinct VHPC projections mediate f@ifent components of emotional and motivated
behaviors[62]. In this study electrophysiological responses were recorded from vHPC

neurons projecting to distinct brain regions, such as nucleus accumbens (NAc) and



prefrontal cortex. Ventral hippocampal projections to prefrontal cortex were found to
preferentially encode anxiety related behaviors, while projections to nucleus accumbens
(VHPG-NAc) were most active during goal related behavi6®§. In support for the role of
VHPCGNAC projections in reward/goal related behavior, vHPC projections to NAc are
potentiated following cocaine exposuf@d] and stimulation of VHPC inputs to NAc
enhances cocaine induced locomoter actiy@#]. Together these findings indicate that
ventral hippocampus projects to multiplexed postsynaptic targets that control both

emotional processes and motivated behaviors.

Evidence for a hippocampal role in feeding behavior

I n addition to the ventral hippocampus?®o
previously describedabundant experimental evidence supports a role for the ventral
hippocampus in feeding behavi@ee introduction in Chapter 2 for additional detd®),

67]. For example, ablation or pharmacological lesions of the ventral hippocampus increase
food intake in rodentf57-70]. Consistently, humans with mettamporal lobe damage,

such as the wetlescribedoatient H.M., often display an impaired ability to suppress food
intake immediately following a mefd1]. In further support for the role of vHPC in feeding,
ventral hippocampus expresses functional receptors for muigpleendocrine hormones,
such as ghrelin, leptin, and glucagiie peptide 1 (GLPL)[72-79]. Ventral hippocampal
infusions of ghrelin increase food intakés, 77, 79]while vVHPC infusions of leptin or
GLP-1 reduce feedinfy2, 73] In contrast to the role of vHPC in feeding behavior, the role

of dorsal hippocampus in feeding is less well described although this region has also bee
reported to mediate some inhibitory aspects of feeding behf80)r Together, these

findings suggest that the ventral portion of hippocampus is involved in responding to
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homonal energy state cues and subsequently regulating feeding behavior. However, the

precise neural circuits responsible for the role of vHPC in feeding remain largely unknown.

One recent study suggests a putative neural circuit responsible for thevehraf
hippocampal ghrelin signaling in feeding that consists of vHPC ghrelin receptor expressing
neurons (GHSR) that are connected with orexin neurons in the lateral hypothpianus
In this study, the authors utilized food entrainment feeding paradigms to restrict food access
to a 4 hour period each day 8 consecutive days. During this paradigm, pharmacological
blockade of the ghrelin receptor in VHPC decreased food intake while vHPC ghrelin
administration facilitated feedind75, 79] Further anterograde trackating and
immunohistological approaches determined that vHPC GHSR neurons project to LH orexin
neurons and pharmacological blockage of this projection pathway blocks the orexigenic
effect of VHPC ghrelin signaling in conditioned feeding resporjigés While these
findings are interesting, the precise neuratwits connecting VHPC ghrelin neurons to
orexin neurons in the lateral hypothalamus remain to be determined as vHPC projects
directly to LH as well as indirectly through NAc, BNST, and[6S, 66, 81] Furthermoe,
given that ventral hippocampal leptin and GLRignaling have been reported to decrease
feeding[72, 73] additional work is needed to determine the doweastr neural circuits
connecting VHPC leptin and GEP dgnaling to theprimary feeding circuitry in the

hypothalamus or elsewhere.

Further reports suggest that additional ventral hippocampal circuits are capable of
exerting Atop downo control over feeding
region of VHPC projects to the paraventricular hypothalamus (PVH) and lateral

hypothalamus (LH), two brain regions critically involved in feeding behd«4iéy 66, 82]
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These projection pathways may provide additionaksesiof hippocampal input to key
feeding related brain regions in the hypothalamus, although additional work is needed to
test this hypothesis. In summary, the ventral hippocampus contributes to feeding by
responding to internal energy state signals aasiging synaptic inputs to key downstream
brain regions involved in feeding, motivation, and emotiéigyre 1). However, the
hippocampal cell types involved in feeding behavior and their downstream projection
targets remain largely unknown. Specificaltile precise neural circuits connecting the

ventral hippocampus to the feeding circuitry in the hypothalamus have remained elusive.

Based on previous reports that the ventral hippocampus largely exerts -a tonic
inhibitory effect on feeding behavi@@7-70] and previous anatomical evidence supporting
VHPC connections to the hypothalanjdé, 66, 82] we proposed that excitatory neurons
in vHPC reduce feeding by activating dastream satiety neurons in hypothalarfigure
2). Therefore, the first aim of this thesis project sought to dissect the cell types and neural

circuits mediating ventral hippocampal regulation of feeding beha@ioagter 2).

Role of the Septal Nucleus in Feeding Belior

The septal nucleus is most classically known to be involved in aggression, fear, and
anxiety behaviof83]. For example, animals with septal lesions often exhibit a characteristic
Asept al rageo phenotype characterized by i
region suppresses ongoing aggressigbavior[84]. A recent study utilized optogeinet
circuit tracing approaches to dissect the ¢
[88]. In this study selective optogenetic stimulation of iitbity inputs from lateral septum
to the ventralateral subdivision of ventral medial hypothalas were found to reduce

aggressive behavigd5]. These findings may represent a
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as loss of inhibitory aniaggressive septal circuits would be expected to increase aggression.
In addition to the septal circuits involved in aggression, lateral septum projections to the
anterior hypothalamus increase anxiety beha\J®8], although other studies have

suggested that septfaypothalamic circuits reduce stress and anxig8y 87}

Emerging evidence suggests that in addition to the role of septum in aggression and
anxiety discussed previously, the septal nucleus is also involved in feeding bg8ayior
88-92]. For examfe, pharmacological infusions of various peptides and transmitters, such
as GABA and alpha adrenergic agonists, have been reported to affect feeding j8Bavior
91] (further discussed in Chapter 3 introductionppbrtantly, the close anatomical
relationship between the septum, hippocampus, and the hypothalamic feeding circuitry is
consistent with a role for this &n region in feeding behaviolSeptal neurons are
reciprocally connected with the hippocampal forioatwith the lateral septum (LS)
receiving dense hippocampal inputs and the medial septum (MS) providing reciprocal input
back to the hippocampyi83, 93] The septal nucleus also projects to multiple brain regions
involved in feeding behavior including the lateral hypothalamus, arcuate nucleus, and
nucleus accumben®3, 93, 94] although the function of these projections in feeding

behavior remains unknown.

Based on thempetitesuppressing role of ventral hippocampal projections to lateral
septum (described in Chapter 2) and previously described septal projections to lateral
hypothalamu$83, 93, 95] we proposed that inhibitoryearons in septum reduce feeding
by inhibiting downstream feeding neurons in the lateral hypothaldFRigsre 2), a well
descri bed 0 fi38]eTdarefore, the esatdané aind of this thesis project was to

determine the cellypes in the septum that control feedamyd the downstream neurons in
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the lateral hypothalamus theontribute to the role afeptum in feeding behavioChapter

3).

Summary of Experimental Chapters

A summary of the rationale for the experimental hypothesis tested in the dutline
chapters ad appendix sectioare provided below. Further theoretical background and
supporting literature is provided in the introduction sections for each chapter and appendix

section:

1 Chapter 2: Given that ventral hippocampus has previously been shown to be
involved in feeding behavior, we utilized newdgveloped chemogenetic and
optogenetic approaches to determine how selective manipulation of vHPC neurons
affects feeding behavior. We further sought to identify and dissect the downstream
neural circuitry that ndiates the role of vHPC in feeding. The results of this work
have been published: Semey, P. and Yang, Y. (2015) Aexcitatory ventral
hippocampus to lateral septum circuit that suppresses feeditajure

Communication$, 10188

1 Chapter 3: Based in laegoart on our previous work outlined in Chapter 2 and prior
studies supporting a role for the septum in feeding behavior, we utilized
chemogenetic and optogenetic approaches to selectively manipulate inhibitory
GABAergic septal neurons. We further investigd the hypothesis that septal
neurons reduce feeding by modulating the activity of-ggsaptic neurons in lateral

hypothalamus, awel e f i ned fAfeeding centero. The

14



published: Sweeney, P. and Yang, Y. (2016) An inhibiteeptum to lateral

hypothalamus circuit that suppresses feedingeurosci36(44), 1118511195

Appendix: Since the septal nucleus contains both inhibitory and excitatory neurons,
we utilized chemo/optogenetic approaches to determine the role of septal
glutamatergic neurons in feeding behavior. Based on a strong septal glutamatergic
projection to lateral hypothalamus, we analyzed the role of this circuit pathway in

feeding behavior. (Manuscript in Preparation).
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Figures and Legends:

Figure 1: Ventral hippocampus controls feeding behavior by responding to internal

neuroendocrine hormones and engaging downstream neural circuits.
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\
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The ventral hippocampus expresses functional receptors for the feeding related peptides
ghrelin, leptin, and GLHA [72-79]. Activation of hippocampal leptin and GEPreceptors
reduces food intakgr2, 73] while activation of hippocampal ghrelin rece@aicreases

food intake [75, 79]Hippocampus is anatomically connected to subcortical feeding centers
that likely mediatehe role of this braimegion in feeding behavior [§6For example, area
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CALl projects to multiple hypothalamic feeding centers, such as lateral hypothalamus and
paraventricular hypothalamus that may motkuléeeding behavior [46, §6Ventral
hippocampusa | so projects to subcortical #dArelayo |
that may ultimately project to hypothalamic feeding centers to modigleting behavior

[63, 8]. BNST (bed nucleus of the stria terminalis), LH (lateral hypothalamus),-IGLP
(glucagon like peptide 1), NAc (nucleus accumbens), DG (dentate gyrus), CA1 & CA3

(cornus ammonis areas 1 and 3)
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Figure 2: Integration of ventral hippocampal and septal neural circuits within

homeostatic feeding circuitry.
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The ventral hippocampus and septum provayeaptic inputs to lomeostatic feeding
circuitry [66, 83, B]. Signals of energy statusuch as leptin or ghrelifrom the Gl track
and fat mass signal primarily in the hindbraiocleus of the solitary tragNTS) and
hypothalamic arcuate nucle(8RC) to inhibit or pranote feeding behavigi-3]. ARC and

NTSin turnengageadditionalfeeding centersuchas paraventricular hypothalamus (PVH)
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and lateral hypothalamud.H) to further influence feeding behavioi-8, 1828]. The
ventral hippocampué/HPC) and septal nucleus providggnapticinputs to these feeding
centers in the hypothalamusich as LH and PVHAlthough thefunctionof these synaptic
inputs ardargely unknown,inputsfrom vHPC to septum reduce feedii@&1] while inputs
from septum to LH also reduce feedii@$]. Known neural circuits ardepictedwith solid
lines while putativeneural circuits are depicted witlotted linesCCK (Cholecystokinip,

GLP-1 (Glucagonlike peptidel), PYY (Peptide YY) NTS (nucleus of the solitary track)
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Abstract

Previous research has focused on feedingrauits residing in the hindbrain and
midbrain that govern homeostatic or hedonic control of food intake. However, the
neural circuits controlling emotional or cognitive aspects of food intake are largely
unknown. Here, we employed chemical genetic and ajenetic techniques to dissect
appetite control circuits originating from the ventral hippocampus (VHPC), a brain
region implicated in emotion and cognition. We find that ventral hippocampus
projects functional glutamatergic synaptic inputs ontolateral sgptum (LS) neurons
and optogenetic activation of vVHPC projections in LS reduces food intake.
Consistently, food intake is suppressed by chemicafjenetic activation of ventral
hippocampal glutamatergic neurons that project to the LS and inactivation of LS
neurons blunts ventral hippocampal suppression of feeding. Collectively, our results
identify an anorexigenic neural circuit originating from vHPC to LS in the brain,
revealing a potential therapeutic target for the treatment of anorexia or other

appetite disorders.
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Introduction

Much effort has focused on understanding hypothalamgulation of feeding
behavior [1-3] and the functions of the hippocampus in memory and an}&8).
Hypothalamic brain regions are iteonnected in neural rcuits within the limbic
system that includes hippocampus. Egample, the ventral hippocampus (VHPC), a
medial temporal lobstructure with a prominent rola cognitive and emotional behaviors
[7-9], is directly linked to rostral hypothalam{i®]. In addition to the involvement of vHPC
in cognitive and emotional processes, several lines of evidence demonstrate that the ventral
hippocampus also contributes to the regulations of feeding and energy homgbktd ik
For instance, dective neuradxic lesions 6 vHPC promotefood intakeand inducebody
weight gain in rodent$13-15]. Strikingly, receptors for the anorexigenic hormones leptin
and insulin and the orexigenic hormone ghrelin are expressed in the ventral hippgcampus
in addition to welknown locations in the hypothalamus and hindbfa6118]. Moreover,
recent studies have demonstrated that feeding behavior is negatively redwated
hippocampal leptin and glucagdike peptidel (GLP-1) signaling[19, 20]. By contrast,
administration of ghrelin within the ventral hippocampus increases feef@hj
Collectively, these findings indicate that the ventral hippocampus is capable of regulating
food intake in a bidirectional manner, although tineledlying neural circuits remain
unknown. We thus proposed that different neuron populations in the ventral hippocampus
may exert distinct functions in the regulation of feeding, analogous to the distinct functions
of orexigenic agoutielated protein(AgRP) and anorexigenic pimpiomelanocortin

(POMC) neurons in the hypothalamic arcuate nucleus (ARC)

In this study, we focused on identifying the neuron populations in ventral
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hippocampugvHPC) that are involved in vHPC regulation of food intake é®aphering

the underlying neuralircuits. Byusing approaches that included retrograde tracing, Cre
Lox technology,chemogenetics, optogeneti@nd Channelrhodopsid (ChR2)}assisted
circuit mappingwe find that food intake ileduced by selectivehemcatgenetic activation

of vHPC glutamategyic neurons projecting to the lateral septum (U\3¢reover, chemical
geneticinhibition of LS neurons blocks vHR{Dduced suppression of feedingaken
together, these results indicate that ventrapdgampus exés anorexigenic effecten
feeding by projecting glutanergic synaptic inputs to lateral septuatthough we cannot

exclude other signaling pathways.

Methods

All experiments were performed in agreement and approved with the guidelines described
by the Insitutional Animal Care and Use Committee of State University of New York
Upstate Medical University, according to

Care and Use of Laboratory Animals.

Animals: Adult mice (male and female:& weeks old) wer@oused on a 12h light: dark
cycle and provide@d libitumaccess to water and standard rodent chow (LabDiet; 5008
Formulab Diet). We did not notice any apparent differences in feeding behavior between
males and females, so both sexes were used for bedlasxperiments. The strains of mice
used in experiments included: VglutRES-Cre and C57/BL6J (Jackson Laboratory). Prior

to stereotaxic surgical injections, mice were housed in groupssahRe per cage. Mice
were randomly assigned to control (animalansduced exclusively with fluorescent

proteins), or experimental groups (animals transduced with DREAMBDq, DREADD
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hM4Di or ChR2) prior to viral injections and behavioral experiments. Experimental groups
for each experiment were approximately evenbtched for age and sex and mice did not
show any apparent differences in physical activity prior to feeding experiments. Following
surgical procedures, all animals recovered for at least two weeks and were subsequently
singlecaged for at least one weeklldoving recovery from surgical procedures. To
habituate to behavioral assays, mice were handled twice daily for one week prior to all

behavioral experiments.

Viral Vectors: The viral vectors used in this study included: AAV vectors for-Cre
dependent expssion of ChR2 (AAVZE F 1DIO-hChR2(H134REYFP) or control viral
vectors for Cradependent expression of the florescent protein eYFP (AB\R 1DIO-
EYFP) and viral vectors expressing the teagsaptic tracer virus (AAV:E F ImCherry
IRESWGA-Cre) were pruided courtesy of K. Deisseroth. AAV vectors expressing Cre
dependent hM3Dq, hM4Di, or mCherry (AAMESyn DIO-hM3D(Gqg)mCherry; AAV2
hSynDIO-hM4D(Gi)-mCherry; AAV2hSynDIO-mCherry) and AAV vectors expressing
nonCre dependent DREADDs or control fluorest proteins (AAVZhSynHA-

hM4D(Gi)-IRES mCitrine, AAV2-hSynmcherry) were provided courtesy

B. Roth. Viral vectors were provided by the UNC viral core facility, and upon arrival

werealiquoted and stored a80° C prior to stereotaxic injections.

Viral injections and fiber placement For all described optogenetic and chemogenetic
experiments, stereotaxic viral injections were performed to express proteins of interest (i.e.
ChR2 or hM3Dq) as further described in the text and figure legends. Immediabeltop
surgical procedures, mice (5 towgeks old) were anaesthetized with intraperitoneal

injections of a mixture of ketamine / zylazine {65 mg/kg / 10 mg/kg) and placed in a
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stereotaxic frame (Stoelting). Aseptic rodent surgical procedures wecgrpedf and one

or two small burr holes were made directly above the viral injection sites unilaterally or
bilaterally, as described in the text and figure legends, using a -priecision drill
(CellPoint Scientific). A micromanipulator (Narishige) delivei@ntrolled viral injections

of AAV viral vectors expressing proteins of interest (i.e. ChR2 or hM3Dq) into the ventral
hippocampus (bregm&.4 mm; midline + 2.2 mm; dorsal surfac2.5 mm), lateral septum

(bregma + 0.4 mm; midline + Om; dorsal sugce- 2.0 mm) orBNST (bregma 0.2

mm; midline + 0.9 mm; dorsal surfae& . 5 mm) at a r at e ot a ppr o
Injection needles were left in place for ten minutes following delivery of viral proteins to

assure adequate viral delivery. Injection volumes varied for eactedrgegion as follows:
ventral hippocampus (0.5 ¢€l), | atasynaplic sept u
viral injections, two stereotaxic injections were performed. Feym&ptic tracer virus

(0.2ul; AAV2-E F TmCherryIRESWGA-Cre) was targed to the projection region of

interest (LS or BNST) simultaneously with a second AAV injection in the ventral
hippocampus (Creependent hM3Dq or eYFP). For the experiments performedmitio
photostimulation, following viral injections, ferrulecappe fibers (1.25mm Ceramic

Ferrule with 200um fiber core; 0.22 NA; Thor Labs) were implanted 0.5 mm above the
lateral septum (bregma + 0.4 mm; midline + 0.4 mm; dorsal surfh&mm). Grip cement
(DENTSPLY) was used to fix the ferru@pped fibers to thekull. After surgery, wounds

were closed with surgical glue (VetBond) and mice were returned to their normal housing
suites for recovery. Two weeks was allowed following surgical procedures for expression

of viral proteins and recovery from surgery befbeginning behavioral experiments.

Pharmacology. Picrotoxin (GABA\.r ecept or ant agonist; 50 gM),;
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antagoni st ; 10 & MYP, (TITOXO (e1lM)e Mye,r eanpdur4dc hased

was purchased from Enzo Life Sciences. To prepare CNO for intraperitoneal injections,
stock solutions of CNO were preparedsaline (12mg/ml) and frozen a4°C. On the day

of behavioral experiments, fresh CNO solutions (1mg/kg body weight of mouse) were
prepared by diluting stock CNO daily in sterile saline. Pharmacological agents were applied
via intraperitoneal injections fobehavioral experiments or via bath addition for

electrophysiological experiments.

Immunofluorescence and imaging Following behavioral experiments, mice were
anaesthetized with a mixture of ketamine/zylazine {60ng/kg; 10 mg / kg) and perfused

with 0.1 M phosphate buffer saline (PBS), followed by 4% paraformaldehyde (PFA) in 0.1
M PBS. Brains werextracted and posixed for 2448 hours at 4C in the same fixative

used for perfusion. Brain samples were sequentially incubated in 10%, 20%, and 30%
suciose solutions (prepared in 0.1 M PBS) for 24 hours°@t ®reserved brain samples
were sectioned (40 um) using a cryostat (Leica Microsystems) and mounted on glass slides

for immunofluorescence imaging.

Cfos quantification: DREADD-basedn vivo neuronal ativation was confirmed bgost

hoc Fos quantification. After the completion of behavioral experiments, mice were
intraperitoneally injected with CNO (1mg/kg) or saline 30 minutes prior to perfusion (as
described above). Expression of DREADM3DgmCherry was confirmed by the
detection of mCherry fusion protein. To determine Fos signals, brain sections were washed
three times in 0.1 M PBS for five minutes at room temperature. Sections were then blocked
for two hours in 2% bovine serum albumin (BSA; SigAldrich; Lot 084K8926) in 0.1 M

PBS and 0.1% TweePO. Primary antibody (rabbit anBos; 1:150; Santa Cruz

33



Biotechnology) incubated in blocking solution was added to sectioi€dn1824 hours.
Sections were then washed three times for five minutdsiaa@1 M PBS and incubated

in secondary antibody (donkey anabbit 680, 12000; Life Technologies) for two hours at
room temperature. Sections were again washed three times with 0.1 M PBS and mounted
onto glass slides (Fisherbrand Superfrost Plus Maype Slides). Slides were stored‘& 4

prior to image acquisition.

Quantification of Fos and elocalization of Fos and mCherry were conducted on 40
em ventral hippocampus containing brain sili
a Nikon epiflarescent microscope, Zeiss LSM 510 Meta confocal microscope, or Zeiss
LSM 780 confocal microscope. Images were minimally processed for optimal
characterization and quantification of data. Confocal images-@D1dices per mouse for
ventral hippocampal stéions were collected using 20 X and 40 X objectives, and neurons
expressing hM3DgnCherry and / or Fos were counted in a single section. Total number of
mCherry or Fos positive cells were manually counted from a random subset of experimental
(CNO) and cotrol (saline) sectionsVentral hippocampal neurons expressing mCherry
were considered Fos positive if the Fos signal clearly overlapped with neuronal soma
expressing mCherry. An average value of Fos positive neurons and Fos+/mCherry+ neurons
was calculate from the total counted sections for each mouse {8-sdctions per mouse)

to be used for statistical analysis.

DREADD mediated manipulation of vVHPC neurons (Figures 25): To selectively
activate or inhibit glutamatergic neurons in the ventral hippocamgtereotaxic surgeries
were performed to target hM3Dq, hM4Di, or control mCherry expressing virus in the ventral

hippocampus of VglutZre mice (see text, viral injection section, and figure legends for
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additional details). After two weeks for recovergm surgical procedures, mice were
individually housed in home cages. Following individual housing, mice were handled twice
daily for one week to habituate to behavioral paradigms. All animals were proadted
libitum access to standard chow food and wédte the duration of the behavioral
experiments. All behavioral experiments were conducted in home cages as described in the
text and below. During feeding behavior experiments, food was replaced daily with
approximately 20 grams of fresh standard choeodrintake was manually calculated in
home cages at the indicated tipeints described in the text and figure legends by briefly
removing the food from the hopper and obtaining its weight. Food intake was measured at

multiple ascending timpoints, as desibed in the text, in response to inparitoneal

injections of clozapinéN-oxide (CNO; Enzo Life Sciences; 1mg'llgprepared fresh daily
in sterile 0.9 % saline s o Cagésiweramchange®dailye | ) ,
to prevent food dels from gathering at the bottom of the cage. During acute feeding
behavior experiments, CNO and saline were administered on consecutive days in the
following order: saline on days 1 and 2, CNO on day 3, saline on day 4, and CNO on day 5.
Average food intag& during saline and CNO conditions were calculated for each mouse to
be used in statistical analysicute food intake measurements were performed during both
the light (1030AM-3:30PM) and dark period (8:30RM.:30PM see figure legends for
details on idividual experiments). Light period feeding assays are showigures 3 and

4d and dark period assays are showFigures 2 and 4c To assay for manipulations that
reduce food intake, feeding behavior experiments were performed during the dark period
when mice actively consume food. To measure for facilitation of food intake, feeding

behavior assays were performed in the light period, when mice do not usually actively
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consume large amounts of food. Identical experiments were performed on both DREADD
trarsduced and control mCherry transduced migure 4) to test for any potential nen

specific effects of CNO treatment or order effects.

For daily feeding behavior experiment&igure 5), twice daily i.p. injections of

saline or CNO (1 mg k'&) were admirsterecat 9:00AM and 6:00PNb DREADD-hM3Dq
transduced mice and the food weight was measured twice daily immediately following i.p.
injections. Food intake was measured for five consecutive days following twice daily saline
injectionsor for five consecutie days following twice daily CNO injections. Average food
intakefor each mouse across salinegGNO treatment days was used for statistical analysis.
Daily food intake (24 hours) was calculated by determiningatheunt of food consumed
from 9AM to 9AM on the following day. Following behavioral experiments all transduced
mice were perfused and the location of viral injections was confirmed using florescent

microscopy.

Open field behavioral testing (Figures 63): Viral injections were performed as previy
described to transduce Vgldt2e mice with hM3Dq (n=5 mice), hM4Di (n=5 mice), or
control mCherry (n=6 mice) in vHPC glutamatergic neurons (see viral injection section and
text for additional details). Following two weeks for viral expression andveegdrom

surgical procedures, mice were single caged and handled for at least a week prior to open
field testing, as previously described (see DREADD behavioral section). Open field testing
was performed oad libitumfed mice during the light period dfi¢ rodent light cycle. On

the day of open field testing, mice were transported to the open field testing room and were

habituated to the behavioral room for 30 minutes prior to beginning experimental sessions.

The open field consisted of a brightly Iit,(5mn12 arena. The center of the arena was scored
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as the 250 mfarea in the center of the open field. The remaining area around the center
of the open field was scored as the corner zone. Ten minutes before placing the mice in the
arena, i.p. injections d&@NO (1 mg / kg) or control saline were administered to manipulate
vHPC neuron activity. All mice were placed in an identical position in the center of the open
field at the start of open field testing. Exploratory behavior was recorded and analyzed for
tenminutes using ANYmaze software (Stoelting). Between trials, and before trial #1, the
arena was cleaned with 70 percent ethanol. Animals were returned to their regular housing
rooms daily following the completion of open field testing. The first triabpén field
experiments consisted of i.p. injections of CNO to all mice on day 1, followed by i.p.
injections of saline on day 2. Two weeks later, a second trial was conducted where saline
was administered on day 1 and CNO was administered on day 2. Tagetaal distance
traveled, time spent in the center, and percent distance traveled in the center of the arena
was calculated for each mouse for each experimental condition across the two trials (CNO

and salineFigures 6 and 7.

Since DREADDInduced efects on feeding were observed thirty minutes following
I.p. CNO injections $ee Figure 2 and 14h)we also examined thirty minutes of open field
exploration Figure 8). As descriled previously we administered i.p. CNO injections
(Img/kg) to a second cottoof mice transduced with hM3Dq£4 mice), hM4Di(n=4
mice), or mCherry (n=4 mice) in vHPC glutamate neurons. Mice were scored for total
distance traveled, time spent in the center, and percent distance traveled in the center of the
arena during thirty mutes of open field activity. Percent distance traveled in the center of
the arena was determined in all tests by dividing the distance traveled in the center by the

total distance traveled by each mouse during ten or thirty minutes of exploration.
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Chemogenetic experiments with transsynaptic tracing (Figures 12, 13, 15, 16)As
described in the text and figure legends, tsygaptic tracing experiments were performed

to selectively label and manipulate vVHPC neurons anatomically connected to selective
podsynaptic targets (lateral septum and bed nucleus of the stria terminalis). To perform
these experiments, we simultaneously injected two viral vectors into wildtype C57/BL6J
mice (as dscribed in thestereotaxic surgery section and text). First, we tadgéte
transsynaptic tracing viral vector (A AWGA-Cre) to LS or BNST. This viral vector
expresses the transsynaptic tracer, WGA, fused to Cre recombinase. Following expression
of the WGACre fusion protein in LS or BNST neuron&re recombinase is
transsyptically transported via fusion with WGA to anatomically connected brain regions
(including ventral hippocampus). Since C57/BL6J mice lack endogenous Cre activity, the
ventral hippocampus of the same mice was simultaneously targeted in the same sthigery wi
Cre recombinase dependent viral vectors expressing the chemogenetic DREADD activator
hM3Dq, or hM4Di to selectively activate or inhibit vHPC neurons anatomically connected
to LS or BNST. In this manner, only the vHPC neurons that receive exogenous Cre
expression via transsynaptic transport from WGFe fusion proteins will contain the
necessary Cre activity needed to express virally delivered DREADD proteins. Following
viral injections, surgical recovery and behavioral procedures were performed asiglsevio
described (see DREADD behavioral section). Behavioral experiments were performed
during both the dark and light periods of the rodent light cycle to take advantage of the
different basal levels of food intake observed during these time periods ($&e&0DR
behavioral section for additional details). Control groups consisted of mice injected with

transsynaptic tracing virus in LS or BNST and AAV viral vectors expressing florescent
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proteins in a Cre dependent manner in ventral hippocampus. For all exqpis;imdentical
procedures were performed on both DREADD transduced and control florescent protein

transduced mice.

Chemogenetic occlusion experiments (Figure 14Y.0 perform chemogenetic occlusion
experiments Kigure 14), we simultaneously injected viraectors into both the ventral
hippocampus and lateral septum of Vglat2 mice. One group of mice were injected with

a Cre dependent hM3Dq expressing virus in ventral hippocampus to activate vHPC neurons
and a second injection into lateral septum of anVA¥ector that expresses a control
fluorescent protein under the control of the neuron specific synapsin promoter (see viral
vector section for details on viral vectors). A second group of mice were injected with Cre
dependent hM3Dq in ventral hippocampusl @ synapsin driven hM4Di expressing virus

in LS to both activate vHPC neurons and inactivate neurons in LS, respectively. A synapsin
promoter driven viral vector was used to express hM4Di in LS tedismiminately inhibit

all neurons in LS as the sefe®e postsynaptic neuron in LS receiving input from vHPC
neurons is unknown. Recovery from surgical procedures and behavioral experiments was
performed as previously detailed for DREADD behavioral experiments. Behavioral
experiments were performed duringet dark period to facilitate measurements of

manipulations that reduce food intake.

In vivo optogeretic experiments (Figures 9 and 10)Vglut2-cre mice were transduced
with channelrhodopsin or control eYFP florescent protein in the ventral hippocampus and
fiber optic cannulas were implanted 0.5 mm above the lateral septum (as described in viral
injection section and text). After two weeks$ recovery from surgical procedures, fiber

optic cabl es ( 200 -2@0Multimadd, eNA 0.48p Therlabs) Bverél 4 8
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i ndividually attached to i mplanted fiber
fiber core with NA 0.22Thorlabs) va ceranic mating sleeves (Thabs). Following fiber

optic attachment, mice were individually housed in modified home cages which allowed
free range of movement. Prior to behavioral experiments, all mice were habituated to home
cages for three day#d libitum aacess to standard rodent chow and water was made
available throughout experimental sessions. During phtiaulation, thirty minutes of

light pulse trains (20 pulses for 1 s; pulse duration of 3 ms, repeated every 3 s for 30 min)
were applied using a wawein generator (Agilent; 3322A 20MHz Function Waveform
Generator) that provided output to a blue laser power (473nm; Altechna). Light power
exiting the fiber tips was calculated prior to behavioral experiments 16 be 15mW. At

the onset oin vivo phob-stimulation experiments,-8 fresh food pellets (2@2 grams of

food) were placed on the floor of the home cage. Food intake was calculated by weighing
the food amount following thirty minutes with or without phatimulation, as described

in the text ad figure legends. Experiments were performed during the dark g8rgaPM
10:00PM)to facilitate measurements of acute changes in food intake, as animals actively
eat during this time. ldentical experiments were performed in both ChR2 and control eYFP
transduced and cannulated mice to control for any potentiadpecific effects due to light
stimulation or order effects-{gure 9). Additional no photostimulation control experiments
were performed on ChR2 transduced mice to confirm stable levels oirftak@ across
experimental timgooints Figure 10). All behavioral experiments were repeated at least
twice per mouse and an average value for food intake for each mouse tested was computed
during each experimental tinpoint (before PS, during PS, affés). Following behavioral

experiments, mice were perfused and the location of viral infection and fiber optic
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placement was confirmed with light microscopy.

Electrophysiology and circuit mapping (Figure 11) Acute coronal sections of the lateral
septum wee prepared from mice transduced with CRRZFP in the ventral hippocampus.

Mice were deeply anaesthetized with isoflurane and decapitated. Mouse brains were
dissected rapidly and placed in -4celd oxygenated (95% and 5% CQ) solution
containing (in mM: 110 choline chloride, 2.5 KCI, 1.25 NaH2PO4, 2 CaCl2, 7 MgSO4,

25 D-glucose, 3.1 Ngyruvate, and 11.6 Nb-ascorbate, pH 7.3. Coronal brain slices (200
em thickness) were cut with a vibratome
incubation chamberta34°C for 30 min, and then brought to room temperature until
transferred to a recording chamber. During experiments, an individual skceansferred

to a submersionecording chamber and continuously perfused with recording solution
containing the flowing (in mM): 119 NaCl, 25 NaHC@Q 11 Dglucose, 2.5 KCI, 1.25
MgClI2, 2 CaCp, and 1.25 NagPO4, aerated with 95% 2¥ 5% C (1~2 ml/min at room
temperature). Recordings were made at levels throughout the lateral septum. Neurons were
identified using aNikon microscope and ChR&YFP-expressing fibers were observed by

fluorescence emission. Whole cell patdhmp recordings were made on neurons in lateral

septum using electrodes with tip resistancés 3 Mq . Recording pipette

filled with a soluion containing (in mM): 125 Kjluconate, 15 KCI, 10 Hepes, 8 NaCl, 4
Mg-ATP, 0.3 NaGTP, 10 N@-phosphocreatine, 2 EGTA (pH 7.30). The holding potential

for voltageclamp recordings wag0 mV, and responses were digitized at 10 kHz through

the whole experiments using Axpatch 700B amplifier analyzed with pClamp 10.0
Software (Molecul ar Devices, CA) . Neurons

used for recordings. The postsynaptic currents (PSCs) were recorded while shining blue
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light on the surface of brain slices using an optic fiber connected to a blue laser power
(CrystaLaser 473 nm). The PSCs were elicited by delivering light pulses ranging from 0.1
to 1 mW at thesurface of thespecimen every 20 s. Light puss@uration of 1 to 3ms) ere

controlled by pCLAMP 10 software (Molecular Devices). In most cases, recordings were

initiated 5 min after the wholeell configuration.

Statistical Analysis Animals were excluded from analysipiist hodistological analysis
showed no viral transéion, inaccurate AAV viral injections outside ventral hippocampus,

or inaccurate cannula placements. For all behavioral experiments, individual treatment
conditions (i.e. saline and cno) were repeated at leddires per mouse and an average
value wascalculated for each mouse from multiple trials to be used for statistical analysis.
Repeated measures ANOVA with the witlsiabjects factors of injection condition (saline

vs CNO) and time segment-8D mins, 3660 mins, etc) were used to analyze data
comparing two treatment conditions (saline vs CNO) across multiple-sggenents in the

same group of mice. Mixed factors ANOVA with the between subjects factor of viral
injection type (mCherry control vs hM4Di) and the witlsimbjects factor of time segment

was used to analyze the data shown in Figure 14b and c. For optogenetic experiments, one
way repeated measures ANOVA was used to analyze differences in food intake between
three separate, repeating, time points in the same mice (before, during, and after
photostimulation). HolmS i d gpésbhedaest was used to determine significant effects at

the various timesegments following the detection of a significant main effect or interaction
with ANOVA anal ysi s. -lestsoveraasgd topcampattitfiedencSst ud e n't
between the same group of mice across two experimental conditions and two way unpaired

St u d etests &vere used to compare differences between different groups of mice across
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two experimental conditions. Kolmogor®&mirnov test was used tmalyze distribution
shape. Individual statistical tests and analysis for each experiment are further described in
the figure legends. P Values of less than 0.05 were considered statistically significant. All

data were analyzed using Prism 6.0 (GraphRdth&re).
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Results

Activation of vHPC glutamatergic neurons reduces food intake

Several lines of evidence demonstrate that vHPC modulates food[ib1aks, 19
21]. However, the neuropopulations and underlying neural circuits involved in vHPC
control of feeding remain unknown. To iddéytthe neuron populations and the neural
circuits, a chengalgenetic DREADDapproach was used in combination with feeding
assays. DREADD (Designer Receptors Exclusively Activated by Designer Drugs)
technology uses engineered G protainupled receptor§GPCRS) that are exclusively
activated by synthetic ligandSor instance, the engineered human muscarinic type 3 GPCR
(hM3Dq) is unresponsive to all known endogenous ligands. Instead, hM3Dg can be
activated by the otherwise pharmacologically inert comgdotiozapineN-oxide (CNO)

[22, 23].It is well demonstrated that glutamatergic neurons are abundant within the ventral
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hippocampus and are involved in hippocammesliated behaviors ranging from addiction

to anxiety and memof24-26]. To investigate the potential roles of these neurons in feeding
behavior, we took advantage of viral delivery approaches, as detailed in the previous study
and themethods[27]. Bilateral injections of Crelependentviral vectors expressing
hM3Dg-mCherry wereperformed in Vglut2Cre transgenic mice toransduce hM3Dq
mCherry inneurons within the dentate gyrus (DG) and CA3-megions of the ventral
hippocampusKig. 1a). This area s targeted since it was previoustported that these
regions are the exdive hippocampal locations for anorexigenic leptin recepi26$
suggesting that activation of the glutamatergic neurons localized in ventral hippocampal DG
or CA3 subregions may exert inhibity effects on feeding behavioWe thereafter
designatedhese neurons as ventral hippocampal-O&3 (vhDG-CA3) glutamatergic

neurons.

It has been well demonstrated that the stimulatory DREAIM3Dq couples

through G pathways to depolarize neurd@®, 23]. DREADD-basedn vivo activation of

vhDG-CA3 neuons was achieved by intraperitoneal (i.p.) injections of CNO (1 rﬁ]gihg

200 ¢l saline), as indicated by increased
(Fig. 1a and b). Next, we tested the ability of vhDGA3 glutamatergic neurons to rdgie

food intake. We found thatdministration of CNGo DREADD-hM3Di trangluced mice
suppressed food intake during both the light and dark periods fdéet light cyclewhen
compared to vehicle saline injectionsig. 2a and b and Fig. 3h Food intake was
significantly reduced for at least three hours during evening fgedsaysKig. 2b). During

the daytimewhen mice usually consume relatively little foaek noticed that activation of

vhDG-CA3 neurons produced a transient decrease in food intake which lasts about 30
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minutes after CNO injection$ig. 3b). Since CNO magxert norspecific éfectson food

intake, we also compared the change in food intake (average CNO evoked food intake
average saline evoked food intake) in hM3Dg and mCherry control transduced mice.
Consistently, food irstke was reduced in DREADBM3Dg transducednice in response to

CNO treatment, relative toontrol mCherrytransduced miceF{g. 3a). Furthermore, no
significant differences were detected between saline and CNO treatment conditions in

control mCherry transduced mideig. 3d and Fig. 4.

We nexttested ifrepeated dosing of CNO with twice daily injections to hM3Dq
transduced miceould exert longerm reductions in feeding behavidtig. 5). Consistent
with the acute #ects of vHPC neuron activationn food intake, daily injections of CNO
did not exert significant effects on daily food intaledative tosaline injectiongFig. 5).
Theinability of chemogenetic manipulation of vHPC neurons to suppress daily food intake
may be due to compensation by otheredominant feeding circuits locadid in
hypothalamic brain regions, supported by the highly redundant, multiplexed mechanisms
and neural circuits that govern feeding beha\ib3]. Further studies are needed to
investigate the relationships betwesgural circuitries underlying ventraippocampal and

hypothalamic regulation of food intake.

Inactivation of vHPC neurons facilitates food intake

To exclude the possibility that DREADBased ventral hippocampal suppression of
food intake is secondary to changes in behaviors that are iatitepwith feeding, we
performed reverse experiments by bilaterally transducing the inhibitory DREAMDI
into vhDG-CAS3 glutamatergic neurons in Vglut2re mice. It is well demonstrated that, in

contrast to DREADENM3Dq, the inhibitory DREADEhMA4Di couples through G
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signaling pathways toinhibit neuronal activity and synapse transmissionesponse to
CNO stimulation[22, 23, 28].As expected, in contrast the reduction infood intake
observedollowing DREADD-hM3Dq inducedactivation of viDGCA3 neurons Kig. 2

and Fig. 3a, b), we observed that food intake was increased in response to CNO
administrationn DREADD-hM4Di transduced mice~g. 30, relative to saline treatment
conditions Consistently, food intake was also increase®READD-hM4Di transduced

mice relative to control mCherry transduced mi€ig (33

We next tested if DREAD#based activation or inactivation of vhBGA3 neurons
affected physical activity or anxiety. We performed open field behaiiesting in Vglut2
Cre micetransduced with DREADEZNM3Dq, DREADD-hM4Di or control mCherry in
vhDG-CA3 glutamatergic neurons as described above for feeding assays. We observed that
DREADD-based activation of vhD@A3 neurons produced no noticeable changes in
locomotion followirg both tenFig. 6) and thirty minutegFig. 8) of open field exploration
In addition, no appa&nt anxiety was observed followirgtivaion of vhDG CA3 neurons
asboth time spent in the cent@fig. 7b) and percent distance traveled in the center of the
open field(Fig. 7@ did notshowapparent changes with CNO treatments in comparis
DREADD-hM4Di and mCherry transduced midéowever,CNO activation of vhDGCA3
neurons reduced percent distance traveled in the center relative to vehicle salinerconditi
(Fig. 7a right panel), suggesting a potential anxiogenic effect following activatibn o
vhDG-CA3 neurons. However, thianxiogenic effect idikely minimal and does not
interfere with the ability of animals to seek food since locomotion and exploratithe
animals are not affectedrif. 6 and 8). Collectively, these results indicate that ventral

hippocampus participates in the control of food intake through underlying neural circuits
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which we further invstigate as follows
Activation of vHPC neurons projecting to LS reduces feeding

We next sought to dissect the neural circuits underlying ventral hippocampal
suppression of food intake by using optogenetic approaches. Optogenetics dox Cre
technology allows for selective manipulation of individaell types and their projection
targetd29, 30].To selectively activate glutamatergic projeas from vhDGCAS3 neurons,
the ventral hipmcampus ofVglut2-Cre mice weretransduced with channelrhodopsin
(ChR2)fused to yellow fluorescent protein FP) (AAV2-E F 1 DIO-hChR2EYFP) (Fig.
9a and b; Fig. 1@). Dense ChR2YFP expressing fibers were observed in the lateral

septum (LS) of ChR2YFP transduced mic€&ig. 9c; Fig. 10d).

To determine the behavioral relevance of vAiB&3 glutamatergic projeains to
LS, we inserted a fiber optic cannula above the lateral septum anddgpmig stimulation
(20 Hz forl s; repeated every 8 for 30 minutes473nmn) to vhDGCA3 glutamatergic
fibers in LS (Fig. 9a). We observed that phostimulation (PS) of ChR2xpressing
glutamatergic fibersin LS reduced food intakerelative to both before and after
photostimulation(Fig. 9d; right panel). Since light stimulation @y exert norspecific
effectson feeding, we performed identical experiments on control mice feetes with
eYFP control virusn vHPC and diber optic cannula abovéeS (Fig. 9d; left pane).
Importantly, light apfication did not significantly tiect food intake in control eYFP
transduced micd=g. 9d; left pane). To furthe control for any nosspecific effectwof light
stimulation on food intake we compared the change in food intake (relative to before
photostimulation) in ChR2 and eYFP control mice. Consistently, photostimulation of vHPC

projections in lateral septum reduced food intake comperembntrol eYFP transduced
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mice Fig. 9. Meanwhile, ve areaware that it is possible than vivo optogenetic
stimulation of vhDGCAS3 neuronal fibers in LS might activate neuronal fibers of passage
to additional brain regions or result in antidromiciation of the ventral hippocampus to

reduce feeding. Further studies are needed to explore these possibilities.

To identify if functional synaptic connections exist between the ventral
hippocampus and lateral septum, we next perfor@t@@2assisted circaimapping[31] in
ChR2 transduced miceAs expected, we identified functional glutamatergic synaptic
connections from vhD& A3 neurons to postsynaptic neurons in the lateral seffign
11a). Brief presentation of blue light puls€g73 nm; 13 ms) b ChR2eYFP expressing
fibers in the latral septum consistently evoked excitatsypaptic currents in LS neurons,
which were diminished using CNQX (an AMPA receptor antagonist) treatrifgntl(1a).
We next examined if the ligtevoked synaptic current LS neurons were from direct
monosynaptic input from vHPC axon terminals or from indirect polysynaptic inputs due to
feedback. To test this, we performed similar experiments referred to above. We recorded
and compared the amplitudes of the lighioked BPSCs before and aftperfusion of the
sodium channel blocker tetr odotamynopyridigeT T X;
(4-AP; 1 Ot@rengod)any network activi{32]. We observed no apparestianges in
the amplitudeof light-evoked EPSCgg. 11b), suggsting tha the lightevoked synaptic
currents at LS neurons were likely from direct monosynaptic inputs from vHPC axon
terminals. Collectively, these results reveal a novel neural circuit consisting of ventral
hippocampal projections to the lateral septum thagjlteamatergic in nature and sufficient

to suppres$eeding

To confirm that vHPC projections to LS reduce feeding,net employed a dual
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AAV vector delivery approach to selectively activate vhD&3 neurons that project to
lateral septum. Firstye bilakerally transduced LS neurons with AV vectorexpressing

the transsynaptic tracer wheat ga agglutinin(WGA) fused to CraecombinaseAAV2-

E F ImCherryIRESWGA-Cre;Fig. 12a and by Fig. 13a) [33, 34].Ventral hippocampal
neurons were simultanasly targeted with a second Gtependent AAV vector encoding
hM3Dq (Fig. 12a and ¢ Fig. 13 and ©), allowing for selective labeling and manipulation

of ventral hippocampal neurons that project to the lateral se[88nB34]. As expected,
CNO admnistraion reduced food intake imice transduced with hM3Ddrig. 12d; Fig.

12f; Fig. 139, but not in control mice expressing fluorescent protdig. (L2e; Fig. 13d),
further demonstrating an anorexigenic neural circuit from ventral hippocampus T@LS.
expand these findings, we used an identical dual AAV vector delivery approach to express
the inhibitory DREADDhM4Di in vHPC neurons that project to LS. Selective DREADD
based inhibition of LS projectingentralhippocampal neurorgid not significantlyaffect
feeding(Fig. 13f), although most mice (4/6 mice tested) increased food intake in response
to CNO injectionsFuture studies are needed to selectively inhibit vHPC projections to LS
when the activity of this projection is naturally elevated. Altfiowe cannot exclude other
possibilities, it is possible that loss of function experiments only facilitate feeding during

specific experimental conditions, such as when vHIB(projections are naturally active.
Inhib ition of LS neurons blocks vVHPC inducedsuppression of feeding

Next, we evaluated the necessity of LS neurons in mediating ventral hippocampal
suppression of food intake. To achieve this, we inactivated LS neurorsdeying the
inhibitory DREADD-hM4Dj to LS, while simultaneously activating hiboG-CA3

glutamatergic neurons with the stimulatory DREADMI3Dq (Fig. 14a). Consistent with
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the results shown iRig. 2, we found that CNO administration reduced food intake in mice
transduced with control mCherry in LS (AAMZBSynmcherry). However, admigiration

of CNO failed to reduce food intake in mice that were also transduced with ihiM43
(Fig. 14b-d). Together, these results indicate that suppressiofeeding following
stimulation of vhDGCA3 glutamatergic neurons is dependent, at least thgaactivation

of LS neurons.

BNST also contributes to vVHPC suppression of food intake

In addition to studying the rot# lateral septum inentral hippocampal suppression
of food intake, we also studied thapability of the bed nucleus of tlsria teminalis
(BNST) to mediate ventral hippocampal suppression of feeding since emerging evidence
demonstates that BNST participates in feeding behaviRrevious studies have revealed
that BNST regulateseeding by receiving synaptic inputs originating frothe arcuate
nucleus and by projecting synaptic inputs to the lateral hypothalfgsu86]. To test the
potential involvement of BNSThiventral hippocampal regulation of feedimg described
in the experiments performed on LSd. 12 and 13, bilateral expression of WGE&re in
BNST neurons and subsequent-@ependent expression of hM3Dq in vHPC neurons were
achieved in wild type miceF{g. 15a-c). We observed that expression of hM3Dg was
confined to a small region of the ventral hippocampug. (L5¢). Intraperitoneal injections
of CNO did not exert apparent effeaia feeding in control eYFP transduced mice but
significantly reduced food intake in mice transduced with hM3bBg, (L5d and € Fig. 16a
and b). We next performed analogous loss ofdiimn experiments by transducing the
inhibitory DREADD-hM4Di into ventral hippocampal neuroms mice transduced with

WGA-Cre InBNST. As expected, food intake was increased in response to CNO injections
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(Fig. 15f). Taken together, these results demonstthat BNST also contributes to ventral
hippocampal regulation of food intakalthough the underlyingeural circuits mediating

this dfect remainunknown.

Discussion

In the present tady, we dissected two putative pathwaysderlying ventral
hippocampabkuppression of food intake lging approaches that included chemogenetics,
optogenetics, retrograde tracingnd electrophysiologyThese approaches allowed us to
overcome longstanding technical limitations to study the functional roles of ventral

hippocampus in feeding within the specificity of individual neural circuits.

The ventral hippocampus is classically associated with emotional behavior and
memory[6-9]. However several lines of evidence indieathat the ventral hippocampus
alsoinfluencedeeding behavior by regulating learned or motivational aspects of food intake
[11-15, 1921]. Previous research has utilized pharmacological or chemical lesion studies
to determine that the hippocampus and in particulaveitsral pole supesses feedind.3-

15]. Additionally, elegant studies have outlined the functions of classical satiety and
orexigenic hormones in hippocampal synaptic plasticity and feeding bela&iaB, 19

21]. However, the cell types and specifieural cicuits underlying the role of hippocampus

in feeding have remained elusive as previous techniques were Aypeapecific and also
altered fibers of passage passing through the hippocampusis Istildy, we find that
chemicalgenetic activatin of excitatory glutamatergicearons localized in the ventral
hippocampusuppresseod intake Fig. 2 and 3. These neurons were mainly restricted

to area CA3 and dentate gyrusf the vental hippocampus, although we cear rule out
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sparse activatioaf neurons in are@A1 (Fig. 17). Further work is needed to determine the
specificity of different vHPC subegions, such as CA3, DG and CA1, in the regulation of
feeding since these differestibregions exert different roles in other behaviors;hs

as anxiety and learninjg, 37]. As animportant control, DREADBEInduced activation of
VHPC neurons didnot exert apparentffects on physical activity and anxiety levels,
indicating thatthe observed changes in feedingrenot likely secondry to alterations in
locomotion or anxietybut weremorelikely due to theunderlying feeding circuitgFig. 6-

8). Furthermore, activation of vHP@utamatergic pr@ctions to the lateral septum exerts
anorexic effects offeeding. For example, optogereind chemical genetic activation of

LS projecting ventrdahippocampal neurons suppresdedd intake Fig. 9 and 13, and
inactivation of the neurons within lateral septum occluded hippocampal suppression of food
intake EFig. 14). Together, these resul®iggest that the ventral hippocampus exerts
anorexigenic effects on feeding by modulating the neuron activity in the lateral septum.
Interestingly, it is well demonstrated that the lateral septum relays hippocampal information
to brain regions involved irregulating feeding behavior, such as paraventricular
hypothalamus, medial hypothalamus, and ventral tegmenta]25£8840]. Theseseptal
inputs may facilitate the communication of emotional information, represented in the ventral
hippocampusto key brain regions involved imotivational behaviors. Thus, stimulation of

v HP CY gl@amatergic projections may provide input to hypothalamic or midbrain
neurons via LS. Such input is well suited to modulate feeding behavior by providing the
relevant emotional and cognitive information encoded within the ventral hippocampus.
Future studies will dissect the neural circuits originating from the lateral septum that project

to hypothalamic and midbrain regions.
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We also find that BNST neurons contribute to ventral hgapapal suppression of
feeding(Fig. 15, 1. In a similar mannersaLS BNST neurons project to hypothalamic
brain regiong36, 43, 44] ad the ventral tegmental argHl, 42],brain regions responsible
for anxiety and motivational behavidekl-44]. Consistently, it is demonstrated that subsets
of BNST neurons and their neuronal projections contribute to the control of motalation
states[42] and anxiety behaviof4l]. Given that emerging evidence suggegstéentid
interactions between feedingnxiety and stresg45, 46], further studies are needed to

identify the precise neural circuits governimgsebehaviors within BNST

In this study, we focused on investigating the functional roles of neurons localized
in the dentate gyrus and CA3 regions of the ventral hippocampsisikily, however, that
additional ventral hippocampal circuits are capable of exerting modulatory influences over
feeding behavior. For example, it was recently shown that ventral subiculum/CAl
projections to nucleus accumbens, amygdala, and prefrmwmtakaan modulate a variety
of behavioral functions including: anxiety, approach/avoidance, addiction, spatial working
memory, and susceptibility to depressi@d, 26, 4749]. The function of ventral CA1
projections in feeding behavior isa@ther active area of research that remains to be

determined.

Meanwhile, the chemogenetic and optogenetic approaches used in this study offer
exceedingly useful strategies to assign behavioral functions to specific neurons and neural
circuits. However, exgenous activation and inactivation do not provide information about
the activity level and likely function of selective neurons or neural circuits during naturally
occurring behaviors. It will be important for future studies to determine how vHPC neuron

adivity is altered during feeding or appetitive behaviors. Advances irgiwaton calcium
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imaging and genetically encoded calciwnd/or voltageindicators make it feasible to
selectively determine how activity in these neurons is altered during chargesiology

and metabolic status, a top priority for future stufi€s52].

Collectively, effectively seeking food in a complex environment requires the ability

to associate and remember contexts that involve food. Furthermore, neural mechanisms
allowing an animal to suppress food intake during conditions when feeding is unfavorable
would be evolutionarily advantageous. The functional anatomy of the hippocampal
formation is ideal for coordinating the flexible mental representations needed to regulate
feeding behavior under such changing environmental condifignkl-13]. We propose

that ventral hippocampal neurons possess the ability to coordinate aiveadapting
behavior response Iprovidingemotional and cognitive input to key motiianal centers,

such as LS. Such a neural structure would be ideal for maintaining energy homeostasis

during changing metabolic needs and environalezgnditions.
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Figuresand Legends

Figure 1| Chemical genetic manipulation of vHPC glutamatergic neurons

a Vglut2-cre/ hM3Dg-DIO-mcherry
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(a) Representative images showing bilateral expoessi hM3DgmCherry (left panel),

Fos expression in vVHPC DGAS3 neurons (middle panel) and quantification (right panel)

of Fos in the ventral hippocampus of Vgh2e mice. CNO (1mg/kg00ul;i.p.) or saline
injections(200ul; i.p.)were administered 3finutesprior to perfusion. Dataepreserg
average Fos quantification frolonain sections ofnice injected with CNO or saling =3

mice for CNO treatment;n2 mi ce for saline t ttesatfdme nt ;
3.24 p=0.048. (b) hM3DgmChery transfection in CA3 region (left panel) with
overlapping Fos positive neurons (middle panel) and a quantification of the percentage of
mCherry positive neurons expressing Fos (right panel; n3micefor CNO group and

n=2 mice for saline groypunpa r e d Sttastd(8) r 15@%p < 0.001).Scale bars=
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Ilmmfora (1 eft panel) a n ganedsOp<0e0fH) ** fp0r001L Dbth ot her

represents mean-+$EM.

Figure 2| Chemical genetic activation of vHPC glutamatergic neurons reduces

feeding
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(a) Feeding assays showing that chemical genetic activation of vHRCABGneurons

reduced food intake durintipe dark periodrelative to saline injection conditions. Food

intake was reduceat both0-30 mirutes post CNO injection ar-180 minutes poSENO

injection. No significant differeces were detected prior to iimjections or from 360

minutes post injectionin = 6 mice;two way repeated measures ANOVA with repeated

factors of timesegmentand treatmenandHolm-Si d a k 6 s p;onait efEbtoc t e st
treatment: ks = 13.56, p=0.0linteraction between timeegmentand treatment: §-15=

5.93, p=0.00Y. (b) Cumulative three hour food intake following saline or CNO injections

in mice transduced with hM3Dq in VHPC glutamate neurons. CNO injectignificantly

reduced cumulative food intake relative to control saline injectiors 6 mice;paired
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St ud e-tedt; d®H= 3168, p=0.0]). *p<0.05, *p<0.0L, n.s. (not significant)Data

represents mean-+$EM.

Figure 3| Manipulation of vHPC glutamatergic neurons btdirectionally modulates

food intake.
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(a) Change in food intake for mice targeted with hM3Dq, hM4Di, or control mCherry virus
in the ventral hippocapus. The difference between the average CNO evoked food intake
and saline evoked foodtake was calculated for each mouse to determine changes in food
intake in response to CNBGor example, the average food intake for each mouse following
saline injections was subtracted from the average food intake for each mouse following

CNO injections.On averageCNO injections reduced food intake in hM3Dq transduced
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mice and evoked food intake in hM4Di transduced mice, relative to mCherry control
conditions (n=5 mice for mCherry, n= 6 mice for hM3Dqg and hM4Di, One way ANOVA
with HolmS'i d a k 6 s tegh, & &% 14619 @<0.001)b) Thirty minute food intake in
mice transduced with hM3Dq in ventral hippocampal neurons. Activation of vHPC
glutamatergic neurons reduced food intagkative to saline injection conditior{s= 6

m ce; pai r-eestt(Dt2:84p=e0r04) @)sThirty minutes food intake following

I.p. saline or CNO injections in mice transduced with hM4Di in VHPC glutamatergic
neurons. Food intake was increased following DREARDE&diated inhibition of vHPC
glutamatergic neuronseldive to saline injection conditio®=6mc e ; pai r ed St uc
t-test; t(5)7.31,p<0.001).(d) Food intake following i.p. saline or CNO injections in mice
transduced with control mCherry florescentugi in the ventral hippocampus. No
significant diffeence wasdetected between saline and CNO injections in mCherry
transduced mice (n=5mie ; p a i r etdst; PH)=0.41p=r0.L3I) Expetiments were
performed duringhe light peiiod. *p < 0.05,*** p < 0.001 Data represent mean + SEM

in a, and averag values for individual mice ib-d.
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Figure 4| CNO did not affect food intake in control mCherry transduced Vglut2-Cre

mice.
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(a) Representativémageof bilateral expressionf control mCherryexpressing virusn

the ventral hippocampus @& Vdut2-Cre mouse. i) Sample images of CA3 region
showing hM3DgmCherry expression (left panelFos expression (middle panel), and
overlay (right panel). Intraperitoneadjections of saline were administer83 minutes

prior to perfusion and brains wesubsequently prepared for Fos immunohistochemistry
(see methods section). Vehicle saline injections did not increase Fos sighals when
compared to CNO injections (see Fig 1la andd}and d) No significant difference

dark period or light period foomtakewere detected between saline and CNO treatment
conditions incontrol mCherrytransdeed mice (n= 5 mice per groupyd-way repeated

measures ANOVA with repeated factors of treatment andgegenentdark period (c):
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main effect of treatmeng; 4= 0.15 p = 0.71 light period (d): main effect of treatment,
Fi 4= 0.85 p= 0.41 n.s (na® significant) Scale bar s, laanmdy and 5

respectivelyData represents mean £ SEM.

Figure 5| DREADD-based activation of vHPC glutanatergic neurons does not reduce

daily food intake
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(a) Diagram outlining method to transce VHPC glutamate neurons lwithe DREADD-
hM3Dq in Vglut2Cre mice. ) Grouped behavioral data showiamgerage daily food intake
(24 hours)following twice daily saline or CNO treatmeniNo significant difference was

detected betweedaily food intake duringaline and CNO treatmedays(n= 6 mice for
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saline treatment and n= 4 mice for CNO treatmentu n p a i r e-test tf8) =uldbg, pt 6 s
= 0.15. Mice were administered twice daily injections of saline or CNO at 9:00AM and
6:00PM anddaily food intake was measuret 9:00AM. n.s. (not significant). Data

represents mean + SEM.

Figure 6| Activation or inactivation of vVHPC glutamatergic neuronsdoes not dfect

locomotion.
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Vglut2-Cre mice transduced withe stimulatory hM3Dq (n=5)nhibitory hM4Di (n=6),

or control mCherry (n=5)n vhDG-CA3 glutamatergic neurons were monitored for ten
minutes during open field exploration to assay for changes in locomoter activity in response
to CNO (1 mg/kg) or saline injectionga) Representative sample traces showing ten

minutes of open fielexploration following i.p. injections of CNO (1mg/kg) for mice
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transduced with hM3Dq (left panel), hM4Di (middle panel), or mCherry (right panel). Blue
dot s i ndi cattegpoihtand reddots indicate tie finalposition of the mouse.
(b) Totd distance traveled during ten minutes of open field exploration. No significant
differences were detectéallowing CNO or saline injections in each groaptransduced

mice (Oneway ANOVA; left panel: & 1= 1.43, p=0.28p ai r ed Stést dgbtnt 0 s
panel: no significant differensdetween saline and CNO treatment in any of the groups of

transduced migen.s. (not significant)Data represents mean §EM.

Figure 7| Activation or inactivation of vHPC glutamatergic neurons has minimal

effects on anxiety in the open field test.
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() Quantification of the percent distance traveled in the center of the open field for mice
transduced with hM3Dq (n= 5 mice), hM4Di (n= 6 mice), or control mCherry (n=5 mice)

in vHPC glutamate neurons. No significaiffefences were observed between transduced
animals treated with CNO (O+veay ANOVA, left panel: i 13= 0.54, p=0.59 A difference

was detected in percent distance traveled in the center of the open field when comparing
saline to CNO treatment conditions hM3Dq transducg mice (right panel; paired

St u d etestt@)s 2.9414 p=0.04). All other comparisons were statistically insignificant
(pair ed Sasju(d)dime gpent irt the center of the open field during ten minutes

of open field explordon. No significant differences were detectélowing CNO
injectionsor between saline and CNO injections in the different groups of transduced mice
(Oneway ANOVA,; left panel: 1= 0. 009, p=0.99; rigasis panel
comparing CNOto saline treatment in each group of transduced )mBata represents

mean + SEM.
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Figure 8| Activation or inhibition of vHPC glutamatergic neurons does not #ect

locomotion or anxiety after thirty minutes of open field exploration.
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Sincechanges in acute feeding behavior were detected thirty minutes following DREADD
mediated manipulation of vHPC neurons, open field activity was also monitored for thirty
minutes.Mice transduced with thstimulatory DREADDhM3Dq (n=4, the inhibitory
DREADD-hM4Di (n=4), or control mCherry (n94n vHPC glutamatergic neurongere
administered i.p. injections of CNO (1mg/kg) and monitored for thirty minutes during open
field exploration to assay for DREADIDduced changes in anxiety or locomoter activity.
(a) Total distance traveled during thirty minutes of open field exploration. No significant
differences were detectéetween the different groups of transduced mice following CNO
treatment(Oneway ANOVA; F, o= 0.16, P=0.85)(b and ¢ No sgnificant differences
were detectethetweerthe different groups of transduced mice followi@GyO treatment

in percent distance traveled in the ceotighe open fieldOneway ANOVA; b, F, &~ 0.18,
P=0.84) or time spent in the centdrthe open fieldOneway ANOVA,; c; F, & 1.82,

P=0.22). n.s. (not significantpata presented as mean $SEM.
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Figure 9| Optogenetic dissection od VHPC to LS feeding circuit
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¢) Coronal images of ChR2 expsdsn in the ventral hippocarap @) with corresponding

projection fibers in the LS. (d). Optogenetic photostimulation experiments showing that

stimuation of vHPC glitamatergic fibers in LS reducddod intake Food intake was

reduced duringhotostimulation(PS), relativeto both before PS and after Bight panel:

One way repeatedneasures ANOVA with Holrs i d a k 6 s

effect of time period~, 7= 10.79, p= 0.001L No significan effect of photostimulatiorwas
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observed in mice transduced with control virus in ventral hippocantgfigpénel: One
way repeated measures ANOVAs 5 mice, main effect of photostimulatiory, /~0.83,

p= 0.42).(e) Change in food intake following photostimulation for mice transduced with
control virus @ ChR2. Photostimulation reducébd intake in mice transduced with ChR2
relative to control mice transduced with eYFP control virus (unpaited 8 e test,0=8 t
mice for ChR2 group and n=fnicefor eYFP groupt (11)=2.50,0=0.03). Change in food
intake was calculated by subtracting theerageamount of food consumedefore
photostimulation from the averagamount consumed during photostintida for each
mouse ésted.Experiments conducted during the dark period (see methods for further
details).*p<0.05, *p<0.01, ChR2 (channelrhodopsi)$S (lateral septum), LSD (dorsal
lateral septum), LV (lateral ventricle), PS (phatonulation). Scalda s 508bem

and 15 Oc respactivelyData represents mean SEM.
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Figure 10| Expression of ChR2 doesot exert nonspecific effectson food intake.

b
[ 'l L ]
r T T 1
Time (mn) O 0 60 1]
W hippPIo-ChE2 -€VER
a T
cannula
Velut2-ce . 0.417 : n.s. :
= RV S 0.3
= N Y by
‘L'S Vhipo | t . =
| - c 0.2
\ \ -
A o
| o
o l w 0.1
0.0
0-30 30-60 60-90
Time (mins)
Vglut2-cre/DIO-ChR2-eYFP-Vhipp
C ' d Velu2-cre/DIO-ChR2-c YFP-Vhipp — LS

(&) Experimental strategy used express ChR2 in ventral hippocampus argkiit fiber
optic cannula above the lateral septub). Timeline of behavior experiments (top panel)
and behavioral data (bottom panel) indicating that GlfB@sduced and cannulated mice
showed no observable differences in food intake at all measuregaims (n=8 mice per
group). Food intake was measured every thirty minutes without {stiotalation, as
shown.(c) Representative sample image showing unilateral transfection afépendent
ChR2 in a Vglut2Cre mouse. Viral infection was primarilyddized to areas DG and CA3
of the ventral hippocampugd) Sample image showing ChR2 expressing ventral
hippocampal fibers localized in the lateral septum. GBREP expressing fibers were

detected on both sides of the lateral septum. However, fiber dessityoticeably stronger
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on the ChRzZ2YFP injected side than the contralateral side, suggesting that ventral
hippocampus bilaterally projectstoth hemispheres of L&Experiments conducted during

the dark periodLS (lateral septum), LV (lateral ventr®l FlI (food intake), n.s. (not
significant), DG (dentate gyrus), CA1 (cornus ammonis area 1), CA3 (cornus ammonis area

3). Scale bars, 1ml farand 250ul fod. Data represents mean + SEM.

Figure 11| Optogenetic assisted circuit mapping of a glutamateigvHPC to LS neural

circuit.
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(a) ChR2assisted circuit mapping indicates functional glutamatergic projections from the
ventral hippocampus to the lateral septum, as indicated bydigiked synaptic currents

that were completely eliminated in the prase of the AMPAreceptor blocker CNQXn =

11 neuron¥. Synaptic currents were recorded from postsynaptic neurons in lateral septum
while shining brief (33ms) light pulses (473nm) on VHAG ChR2eYFP positive
neuronal fibers in LS(b) The amplitudes ofight-evoked synaptic currents were not
significantly affected with the treatment of TTX and\® (n = 6 neurons /6 slices /2 mice)
suggesting monosynaptic synaptic inputData represers mean + SEM

Electrophysiological experiment performed by Y. Y.
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Figure 13| Transsynaptic dissectionof vHPC projections to LS.

AAV -WGA-CremCherry (red) was injected into theS together with simultaneous
injections of CredependenrhM3Dq, hM4Di, or eYFP (green) into the ventral hippocampus.

(a and b) Representative sample images showidyy/ -WGA-Cre-mCherry transfection in

the LS @) and CredependentYFP expression in the ventral hippocampys (€) Zoomed

in panel showing eYFP positive soma and fiber expression in the ventral hippocéahpus.
Food intake thirty minutes before and after i.p. itimts of CNO in mie transduced with

control eYFP expressingrus in vHPC and WGACre expressingirus in LS. No significant
differences were detected between food intake before i.p. and following i.p. injections of
CNO in control eYFP transduced mice (A=mi c e ; pair etabt;t§3)=1.84e nt 6s
p=0.16).(e) Food intake waseduced thirty minutes following i.p. CNO injections, relative

to before injections, in mice transtkd with hM3Dq in vHPC and WGAE&re in LS (n=7
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