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Dissertation Abstract
Deciphering a hippocampus to hypothalamus feeding circuit via the septal nucleus
Author: Patrick Sweeney
Mentor: Yunlei Yang
The neural circuits controlling feeding are concentrated in the hypothalamus and
hindbrain. These circuits primarily control homeostatic feeding behavior, which can be
broadly defined as increasing feeding in response to hunger or decreasing feeding in
response to satiety. However, non-homeostatic factors, such as the emotional state of an
animal, can also profoundly affect feeding behavior. Therefore, the current thesis project
sought to determine how primary emotion centers in the brain influence the known
homeostatic feeding circuitry in the hypothalamus. In particular, given that ventral
hippocampus (vHPC) and septum are involved in emotional processes, influence feeding
behavior, and are anatomically connected to hypothalamic feeding circuitry, this
dissertation aimed to determine the cell-types in vHPC and septum that control feeding and
to functionally connect these cell-types to the primary feeding circuitry located in the
hypothalamus.
To accomplish these central aims, chemogenetic and optogenetic approaches were
utilized to selectively manipulate neural activity within distinct ventral hippocampal and
septal cell types and neural circuits. These approaches were complemented by traditional
anterograde and retrograde tracing techniques and chemo/optogenetic circuit mapping
approaches to define the neural circuits responsible for vHPC and septal control of feeding
behavior.
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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 reduces feeding, while inhibition of these neurons increases food
intake. Utilizing optogenetic circuit manipulation approaches, we demonstrate that septal
GABAergic neurons reduce feeding, at least in part, by projecting to hyperphagia-inducing
GABAergic neurons located within the lateral hypothalamus.
Taken together, our findings expand upon the known roles for ventral hippocampus
and septum in energy homeostasis by providing the specific cell-types and neural circuits
governing vHPC and septal control of feeding behavior. Given the role for ventral
hippocampus and septum in emotional processes and energy homeostasis, we propose that
the described vHPC and septal circuits represent promising neural circuits for investigating
interactions between feeding, emotional state, and motivated behavior.
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CHAPTER ONE:
General Introduction

*Portions of text submitted to Trends in Endocrinology & Metabolism, Sweeney P. &
Yang Y., in press
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Overview of neural regulation of feeding behavior
Feeding is essential for survival; and the brain has evolved multiple overlapping
mechanisms to assure adequate levels of food intake during changing energy demands [13]. These overlapping mechanisms largely aid to ensure that energy intake is closely
matched to energy production (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. Ultimately, 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 non-homeostatic forms of feeding behavior [1-3]. Homeostatic
forms of feeding refer to a prototypical feeding “rheostat”-like mechanism in which feeding
is suppressed during times of satiety and increased during periods of hunger. Nonhomeostatic forms of feeding, however, refer to situations in which feeding behavior is
controlled 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. With these novel
approaches in mind, we discuss the mechanisms by which the brain mediates both
homeostatic and non-homeostatic control of feeding behavior. Finally, we highlight the
evolving hypothesis that hippocampus and septum regulate feeding behavior by linking
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 regulation of feeding behavior, the findings were often limited by the
2

inability to selectively target individual cell types or defined neural circuits [4]. This
limitation has been largely overcome by recent advances in optogenetic and chemogenetic
approaches which allow for selective activation or inhibition of individual cell-types and
neural circuits within heterogeneous brain regions [5-11]. Optogenetic approaches, for
example, utilize light sensitive microbial opsins that are targeted to specific neuronal
populations [11, 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 subsequently 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 validated that produce different channel kinetics and result in neuronal
inhibition following ion channel opening, greatly expanding the utility of optogenetic
approaches [9, 12]. Chemogenetics, however, uses pharmacologically inert, synthetically
designed receptors that are targeted to specific neuronal populations [6, 8, 13, 14]. The
designer receptors (for example DREADDs) are then activated via peripheral (usually
intraperitoneal) injections of pharmacological specific, chemically inert ligands to
selectively activate or inhibit the targeted cell-type of interest. Both optogenetic and
chemogenetic approaches have been critical in pinpointing the precise roles of distinct
feeding neurons and circuits throughout the brain [5, 6].
Although optogenetic and chemogenetic techniques can both be used to manipulate
neural circuits, the two techniques vary in a number of important parameters. For example,
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
3

manipulate neural function at specific times during behavior. As an example, optogenetic
approaches have been used to inhibit and/or activate subsets of neurons during specific
moments in learned fear-associated behavior or emotional processes, such as precisely
during the presentation of a fear associated cue [15-17]. 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
temporal precision afforded by optogenetics, but are useful for long-term activation or
inhibition of genetically defined cell-types over less precise time-scales. Furthermore,
chemogenetic techniques do not require advanced equipment, such as fiber optic and laser
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 and determine 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 behavioral settings [5, 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 primarily involve hormonal
and neuronal feedback systems that facilitate feeding during states of hunger and reduce
feeding during times of satiety [1, 2]. The primary neural circuits controlling homeostatic
components of feeding behavior reside within hypothalamic and hindbrain regions [1, 2].
For example, within the arcuate nucleus of the hypothalamus (ARC), neural circuits are
activated to promote feeding in response to energy deficit or reduce feeding during
4

conditions of energy surfeit [1, 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 neurons [13]. Long term satiety signals, such as leptin from adipose tissue and insulin from the
pancreas, are released in proportion to energy stores [1-3]. Leptin primarily acts at “first
order” feeding neurons in ARC to reduce subsequent feeding behavior under conditions in
which energy intake surpasses energy demands [1-3]. For example, as stored fat content
increases, leptin levels increase to synergistically inhibit downstream ARC neurons
promoting feeding and activate ARC neurons inhibiting feeding [1-3]. Conversely, 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 circuits that promote feeding
and inhibit neural circuits that reduce feeding [1-3]. Following activation of first order ARC
neurons, downstream brain regions are recruited to initiate or inhibit appetitive and/or
consummatory aspects of feeding behavior to assure that changing energy demands are
matched by appropriate changes in energy intake [1, 18-21]. 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 [1-3].
Role of ARC neurons in homeostatic feeding behavior
The cell-types and neural circuits governing the role of ARC in feeding behavior
have been well described [18, 22]. Briefly, two overlapping but separate ARC cell types
characterized by the expression of the peptides agouti related protein and neuropeptide Y
5

(ARCAGRP neurons) or pro-opiomelanocortin (ARCPOMC) exert largely opposing roles in
feeding behavior. For example, chemogenetic and/or optogenetic activation of ARC AGRP
neurons is sufficient to rapidly increase feeding behavior in well fed mice [23, 24] while
chemogenetic and/or optogenetic activation of ARCPOMC reduces feeding, albeit over slower
timescales of up to 24 hours [25]. Consistently, ARCPOMC neurons are activated by satiety
signals, such as leptin, while ARCAGRP neurons are inhibited by these same signals [1-3].
Both ARCAGRP and ARCPOMC neurons project to cortical and limbic brain regions to
modulate feeding behavior, such as paraventricular hypothalamus (PVH), anterior bed
nucleus of the stria terminalis (aBNST), and lateral hypothalamus (LH) [18, 22]. In the case
of ARCAGRP neurons, optogenetic stimulation of ARCAGRP projections to aBNST, LH, PVH,
and paraventricular thalamus (PVT) are sufficient to rapidly increase feeding. The
downstream neural circuits mediating the role of ARCPOMC neurons in feeding behavior are
less well understood, although projections to PVH are likely involved [22, 26, 27].
Nucleus of the Solitary Tract as a Homeostatic Satiety Center
In addition to ARC, the hindbrain nucleus of the solitary tract (NTS) plays a major
role in homeostatic regulation of feeding behavior [19, 21, 28]. NTS receives inputs from
vagal afferent fibers following meal consumption [19]. For example, stomach distension
activates excitatory vagal afferent projections to NTS and meal consumption results in the
release of the gastrointestinal tract derived peptides Cholecystokinin (CCK) and glucagonlike peptide 1 (GLP-1) which also activate vagal afferent projections to NTS [20, 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, such as leptin and
ghrelin, which further influence food intake in accordance to long term signals of metabolic
6

status [19]. Leptin, for example, signals within NTS to further increase the sensitivity of
postsynaptic NTS neurons to visceral satiety input. In this manner, NTS neurons mediate
satiety by integrating vagal satiety input with longer-term satiety information (such as
leptin) conveying energy stores. The underlying neural circuits connecting NTS to the
hypothalamus and other feeding centers have recently been described in detail [19-21, 28].
In summary, NTS relays inhibitory appetitive information detected in the periphery to the
brainstem parabrachial nucleus (PBN) and paraventricular hypothalamus [20, 21] which
ultimately relay this information to nuclei in the amygdala and elsewhere [28, 30, 31]. NTS
also receives inputs from key hypothalamic feeding nuclei, such as the paraventricular
nucleus of the hypothalamus (PVH), indicating bi-directional interactions between key
hindbrain and hypothalamic homeostatic feeding centers [19].
Non-homeostatic regulation of feeding behavior
Although the homeostatic feeding circuits described previously are critical in
controlling feeding during changing need states, the brain also regulates feeding through
other related and complementary non-homeostatic mechanisms. Non-homeostatic feeding
behavior is controlled by mechanisms beyond basic hunger or satiety signals and includes
both hedonic and cognitive mechanisms for regulating feeding behavior. Hedonic control
of feeding refers to the drive or desire to consume rewarding, highly palatable foods [32,
33]. In this manner, animals will often consume highly caloric, pleasurable foods in the
absence of apparent hunger [32, 33]. The neuroanatomy mediating hedonic forms of feeding
is concentrated in brain regions emanating to and from the mesolimbic reward pathway [3235]. In particular, lateral hypothalamus is thought to influence the reward value of food by
modulating the activity of the mesolimbic reward circuitry [36-38] (described in further
7

detail in Chapter 3 introduction). Furthermore, the homeostatic feeding circuitry in ARC
influences hedonic feeding via synaptic interactions with mesolimbic reward centers, such
as ventral tegmental area (VTA) [39, 40]. In general, hedonic forms of feeding indicate that
intrinsic reward based feeding can override homeostatic feedback mechanisms to promote
feeding during satiated states [34, 39].
In addition to hedonic forms of feeding behavior, 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 and the role of these associations in food seeking
behaviors [41-44]. For example, when food-deprived rats are presented with cues that are
paired with food rewards, the rats will learn to consume food upon hearing these cues, even
when fully sated. Conversely, when cues are paired with visceral malaise, rats will not eat
in response to these cues, even in food-deprived states [40-44]. Therefore, previously
learned associations can thwart an animal’s underlying metabolic need state and drive or
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 remain to be determined [43, 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 the classical 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) regions [46].
While both of these hippocampal regions share conserved anatomical features, extensive
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studies indicate functional divergence between dorsal and ventral hippocampal poles [46,
47]. Namely, the dorsal hippocampus is thought to be more heavily involved in cognition,
learning, and memory while the ventral hippocampus is proposed to be more involved in
controlling emotional processes, such as anxiety behavior [46, 47]. For example, dorsal
hippocampus encodes associations between the environment and behavioral responses [48].
This function is facilitated by hippocampal “place cells” [49, 50] and “time cells” [51] that
represent individual environmental locations across both space and time [50, 51],
respectively. Interestingly, the size of hippocampal place fields progressively increases from
dorsal to ventral hippocampal poles [46], further suggesting specialization of hippocampal
function across the dorsal-ventral hippocampal axis [46, 47].
In contrast to the role of dorsal hippocampus in cognitive processes and learning and
memory, the ventral hippocampus is largely involved in controlling emotional behaviors,
such as anxiety behavior [46, 47]. For instance, the dentate gyrus region of ventral
hippocampus both directly modulates emotional behavior [52-54] and is highly sensitive to
changes in positive and negative emotion states [55]. 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 effects [60, 61]. At the neural
circuit level, the ventral hippocampus (vHPC) sends projections to multiple brain regions
to control diverse motivational and emotional states [62-65]. A recent report suggests that
distinct vHPC projections mediate different 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
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prefrontal cortex. Ventral hippocampal projections to prefrontal cortex were found to
preferentially encode anxiety related behaviors, while projections to nucleus accumbens
(vHPC-NAc) were most active during goal related behaviors [62]. In support for the role of
vHPC-NAc projections in reward/goal related behavior, vHPC projections to NAc are
potentiated following cocaine exposure [64] and stimulation of vHPC inputs to NAc
enhances cocaine induced locomoter activity [64]. 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
In addition to the ventral hippocampus’ role in emotion and motivated behaviors, as
previously described, abundant experimental evidence supports a role for the ventral
hippocampus in feeding behavior (see introduction in Chapter 2 for additional details) [66,
67]. For example, ablation or pharmacological lesions of the ventral hippocampus increase
food intake in rodents [67-70]. Consistently, humans with medial temporal lobe damage,
such as the well-described patient H.M., often display an impaired ability to suppress food
intake immediately following a meal [71]. In further support for the role of vHPC in feeding,
ventral hippocampus expresses functional receptors for multiple neuroendocrine hormones,
such as ghrelin, leptin, and glucagon-like peptide 1 (GLP-1)[72-79]. Ventral hippocampal
infusions of ghrelin increase food intake [75, 77, 79] while vHPC infusions of leptin or
GLP-1 reduce feeding [72, 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 been
reported to mediate some inhibitory aspects of feeding behavior [80]. Together, these
findings suggest that the ventral portion of hippocampus is involved in responding to
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hormonal 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 the role of ventral
hippocampal ghrelin signaling in feeding that consists of vHPC ghrelin receptor expressing
neurons (GHSR) that are connected with orexin neurons in the lateral hypothalamus [75].
In this study, the authors utilized food entrainment feeding paradigms to restrict food access
to a 4 hour period each day for 8 consecutive days. During this paradigm, pharmacological
blockade of the ghrelin receptor in vHPC decreased food intake while vHPC ghrelin
administration facilitated feeding [75, 79]. Further anterograde track tracing 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 responses [75]. While these
findings are interesting, the precise neural circuits 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 LS [63, 66, 81]. Furthermore,
given that ventral hippocampal leptin and GLP-1 signaling have been reported to decrease
feeding [72, 73], additional work is needed to determine the downstream neural circuits
connecting vHPC leptin and GLP-1 signaling to the primary feeding circuitry in the
hypothalamus or elsewhere.
Further reports suggest that additional ventral hippocampal circuits are capable of
exerting “top down” control over feeding behavior. For example, the ventral subiculum
region of vHPC projects to the paraventricular hypothalamus (PVH) and lateral
hypothalamus (LH), two brain regions critically involved in feeding behavior [46, 66, 82].
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These projection pathways may provide additional sources of 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 and providing synaptic inputs to key downstream
brain regions involved in feeding, motivation, and emotion (Figure 1). However, the
hippocampal cell types involved in feeding behavior and their downstream projection
targets remain largely unknown. Specifically, the 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 tonicinhibitory effect on feeding behavior [67-70] and previous anatomical evidence supporting
vHPC connections to the hypothalamus [46, 66, 82], we proposed that excitatory neurons
in vHPC reduce feeding by activating downstream satiety neurons in hypothalamus (Figure
2). Therefore, the first aim of this thesis project sought to dissect the cell types and neural
circuits mediating ventral hippocampal regulation of feeding behavior (Chapter 2).
Role of the Septal Nucleus in Feeding Behavior
The septal nucleus is most classically known to be involved in aggression, fear, and
anxiety behavior [83]. For example, animals with septal lesions often exhibit a characteristic
“septal rage” phenotype characterized by increased aggression, suggesting that this brain
region suppresses ongoing aggressive behavior [84]. A recent study utilized optogenetic
circuit tracing approaches to dissect the putative neural circuit responsible for “septal rage”
[88]. In this study selective optogenetic stimulation of inhibitory inputs from lateral septum
to the ventral-lateral subdivision of ventral medial hypothalamus were found to reduce
aggressive behavior [85]. These findings may represent a neural correlate for “septal rage”
12

as loss of inhibitory anti-aggressive 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 behavior [86], although other studies have
suggested that septal-hypothalamic circuits reduce stress and anxiety [83, 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 behavior [81,
88-92]. For example, pharmacological infusions of various peptides and transmitters, such
as GABA and alpha adrenergic agonists, have been reported to affect feeding behavior [8991] (further discussed in Chapter 3 introduction). Importantly, the close anatomical
relationship between the septum, hippocampus, and the hypothalamic feeding circuitry is
consistent with a role for this brain region in feeding behavior. Septal neurons are
reciprocally connected with the hippocampal formation with the lateral septum (LS)
receiving dense hippocampal inputs and the medial septum (MS) providing reciprocal input
back to the hippocampus [83, 93]. The septal nucleus also projects to multiple brain regions
involved in feeding behavior including the lateral hypothalamus, arcuate nucleus, and
nucleus accumbens [83, 93, 94], although the function of these projections in feeding
behavior remains unknown.
Based on the appetite-suppressing role of ventral hippocampal projections to lateral
septum (described in Chapter 2) and previously described septal projections to lateral
hypothalamus [83, 93, 95], we proposed that inhibitory neurons in septum reduce feeding
by inhibiting downstream feeding neurons in the lateral hypothalamus (Figure 2), a well
described “feeding center” [38]. Therefore, the second aim of this thesis project was to
determine the cell-types in the septum that control feeding and the downstream neurons in
13

the lateral hypothalamus that contribute to the role of septum in feeding behavior (Chapter
3).
Summary of Experimental Chapters
A summary of the rationale for the experimental hypothesis tested in the outlined
chapters and appendix section are provided below. Further theoretical background and
supporting literature is provided in the introduction sections for each chapter and appendix
section:


Chapter 2: Given that ventral hippocampus has previously been shown to be
involved in feeding behavior, we utilized newly-developed 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 mediates the role of vHPC in feeding. The results of this work
have been published: Sweeney, P. and Yang, Y. (2015) An excitatory ventral
hippocampus to lateral septum circuit that suppresses feeding. Nature
Communications 6, 10188



Chapter 3: Based in large part 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 investigated the hypothesis that septal
neurons reduce feeding by modulating the activity of post-synaptic neurons in lateral
hypothalamus, a well-defined “feeding center”. The results of this work have been
14

published: Sweeney, P. and Yang, Y. (2016) An inhibitory septum to lateral
hypothalamus circuit that suppresses feeding. J Neurosci. 36(44), 11185-11195



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.

The ventral hippocampus expresses functional receptors for the feeding related peptides
ghrelin, leptin, and GLP-1 [72-79]. Activation of hippocampal leptin and GLP-1 receptors
reduces food intake [72, 73] while activation of hippocampal ghrelin receptors increases
food intake [75, 79]. Hippocampus is anatomically connected to subcortical feeding centers
that likely mediate the role of this brain region in feeding behavior [66]. For example, area
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CA1 projects to multiple hypothalamic feeding centers, such as lateral hypothalamus and
paraventricular hypothalamus that may modulate feeding behavior [46, 66]. Ventral
hippocampus also projects to subcortical “relay” brain regions, such as BNST, LS, and NAc,
that may ultimately project to hypothalamic feeding centers to modulate feeding behavior
[63, 81]. BNST (bed nucleus of the stria terminalis), LH (lateral hypothalamus), GLP-1
(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.

The ventral hippocampus and septum provide synaptic inputs to homeostatic feeding
circuitry [66, 83, 93]. Signals of energy status, such as leptin or ghrelin, from the GI track
and fat mass signal primarily in the hindbrain nucleus of the solitary tract (NTS) and
hypothalamic arcuate nucleus (ARC) to inhibit or promote feeding behavior [1-3]. ARC and
NTS in turn engage additional feeding centers, such as paraventricular hypothalamus (PVH)

18

and lateral hypothalamus (LH) to further influence feeding behavior [1-3, 18-28]. The
ventral hippocampus (vHPC) and septal nucleus provide synaptic inputs to these feeding
centers in the hypothalamus, such as LH and PVH. Although the function of these synaptic
inputs are largely unknown, inputs from vHPC to septum reduce feeding [81] while inputs
from septum to LH also reduce feeding [88]. Known neural circuits are depicted with solid
lines while putative neural circuits are depicted with dotted lines. CCK (Cholecystokinin),
GLP-1 (Glucagon-like peptide-1), PYY (Peptide YY), NTS (nucleus of the solitary track).
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Abstract
Previous research has focused on feeding circuits 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 optogenetic 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 onto lateral septum (LS) neurons
and optogenetic activation of vHPC projections in LS reduces food intake.
Consistently, food intake is suppressed by chemical-genetic 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 hypothalamic regulation of feeding
behavior [1-3] and the functions of the hippocampus in memory and anxiety [4-9].
Hypothalamic brain regions are inter-connected in neural circuits within the limbic
system that includes hippocampus. For example, the ventral hippocampus (vHPC), a
medial temporal lobe structure with a prominent role in cognitive and emotional behaviors
[7-9], is directly linked to rostral hypothalamus [10]. 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 homeostasis [11, 12].
For instance, selective neurotoxic lesions of vHPC promote food intake and induce body
weight gain in rodents [13-15]. Strikingly, receptors for the anorexigenic hormones leptin
and insulin and the orexigenic hormone ghrelin are expressed in the ventral hippocampus,
in addition to well-known locations in the hypothalamus and hindbrain [16-18]. Moreover,
recent studies have demonstrated that feeding behavior is negatively regulated by
hippocampal leptin and glucagon-like peptide-1 (GLP-1) signaling [19, 20]. By contrast,
administration of ghrelin within the ventral hippocampus increases feeding [21].
Collectively, these findings indicate that the ventral hippocampus is capable of regulating
food intake in a bidirectional manner, although the underlying 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 agouti-related protein (AgRP) and anorexigenic pro-opiomelanocortin
(POMC) neurons in the hypothalamic arcuate nucleus (ARC) [2].
In this study, we focused on identifying the neuron populations in ventral
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hippocampus (vHPC) that are involved in vHPC regulation of food intake and deciphering
the underlying neural circuits. By using approaches that included retrograde tracing, CreLox technology, chemogenetics, optogenetics, and Channelrhodopsin-2 (ChR2)-assisted
circuit mapping we find that food intake is reduced by selective chemical-genetic activation
of vHPC glutamatergic neurons projecting to the lateral septum (LS). Moreover, chemicalgenetic inhibition of LS neurons blocks vHPC-induced suppression of feeding. Taken
together, these results indicate that ventral hippocampus exerts anorexigenic effects on
feeding by projecting glutamatergic synaptic inputs to lateral septum, although we cannot
exclude other signaling pathways.

Methods
All experiments were performed in agreement and approved with the guidelines described
by the Institutional Animal Care and Use Committee of State University of New York
Upstate Medical University, according to US National Institute of Health’s Guide for the
Care and Use of Laboratory Animals.
Animals: Adult mice (male and female; 5-8 weeks old) were housed on a 12h light: dark
cycle and provided ad libitum access 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 behavioral experiments. The strains of mice
used in experiments included: Vglut2-IRES-Cre and C57/BL6J (Jackson Laboratory). Prior
to stereotaxic surgical injections, mice were housed in groups of 3-5 mice per cage. Mice
were randomly assigned to control (animals transduced exclusively with fluorescent
proteins), or experimental groups (animals transduced with DREADD-hM3Dq, DREADD-
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hM4Di or ChR2) prior to viral injections and behavioral experiments. Experimental groups
for each experiment were approximately evenly matched 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
single-caged for at least one week following 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 Credependent expression of ChR2 (AAV2-EF1α-DIO-hChR2(H134R)-EYFP) or control viral
vectors for Cre-dependent expression of the florescent protein eYFP (AAV2-EF1α-DIOEYFP) and viral vectors expressing the trans-synaptic tracer virus (AAV2-EF1α-mCherryIRES-WGA-Cre) were provided courtesy of K. Deisseroth. AAV vectors expressing Credependent hM3Dq, hM4Di, or mCherry (AAV2-hSyn- DIO-hM3D(Gq)-mCherry; AAV2hSyn-DIO-hM4D(Gi)-mCherry; AAV2-hSyn-DIO-mCherry) and AAV vectors expressing
non-Cre dependent DREADDs or control fluorescent proteins (AAV2-hSyn-HAhM4D(Gi)-IRES-mCitrine, AAV2-hSyn-mcherry) were provided courtesy of
B. Roth. Viral vectors were provided by the UNC viral core facility, and upon arrival
were aliquoted and stored at -800 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. Immediately prior to
surgical procedures, mice (5 to 8-weeks old) were anaesthetized with intraperitoneal
injections of a mixture of ketamine / zylazine (60-75 mg/kg / 10 mg/kg) and placed in a
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stereotaxic frame (Stoelting). Aseptic rodent surgical procedures were performed 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 micro-precision drill
(CellPoint Scientific). A micromanipulator (Narishige) delivered controlled viral injections
of AAV viral vectors expressing proteins of interest (i.e. ChR2 or hM3Dq) into the ventral
hippocampus (bregma -3.4 mm; midline ± 2.2 mm; dorsal surface - 2.5 mm), lateral septum
(bregma + 0.4 mm; midline + 0.4 mm; dorsal surface - 2.0 mm) or BNST (bregma + 0.2
mm; midline + 0.9 mm; dorsal surface - 3.5 mm) at a rate of approximately 0.2 μl min-1.
Injection needles were left in place for ten minutes following delivery of viral proteins to
assure adequate viral delivery. Injection volumes varied for each targeted region as follows:
ventral hippocampus (0.5 μl), lateral septum (0.3 μl), and BNST (0.3 μl). For trans-synaptic
viral injections, two stereotaxic injections were performed. Trans-synaptic tracer virus
(0.2ul; AAV2-EF1α-mCherry-IRES-WGA-Cre) was targeted to the projection region of
interest (LS or BNST) simultaneously with a second AAV injection in the ventral
hippocampus (Cre-dependent hM3Dq or eYFP). For the experiments performed with in vivo
photostimulation, following viral injections, ferrule-capped 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 surface - 1.5 mm). Grip cement
(DENTSPLY) was used to fix the ferrule-capped fibers to the skull. 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 before beginning behavioral experiments.
Pharmacology: Picrotoxin (GABAA receptor antagonist; 50 μM); CNQX (AMPA receptor
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antagonist; 10 μM); TTX (1 μM), and 4-AP (100 μM) were purchased from Sigma. CNO
was purchased from Enzo Life Sciences. To prepare CNO for intraperitoneal injections,
stock solutions of CNO were prepared in saline (12mg/ml) and frozen at -4o 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 for behavioral experiments or via bath addition for
electrophysiological experiments.
Immunofluorescence and imaging: Following behavioral experiments, mice were
anaesthetized with a mixture of ketamine/zylazine (60-75 mg/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 were extracted and post-fixed for 24-48 hours at 4°C in the same fixative
used for perfusion. Brain samples were sequentially incubated in 10%, 20%, and 30%
sucrose solutions (prepared in 0.1 M PBS) for 24 hours at 4°C. Preserved brain samples
were sectioned (40 um) using a cryostat (Leica Microsystems) and mounted on glass slides
for immunofluorescence imaging.
Cfos quantification: DREADD-based in vivo neuronal activation was confirmed by posthoc 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 DREADD-hM3Dq-mCherry 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; Sigma-Aldrich; Lot 084K8926) in 0.1 M
PBS and 0.1% Tween-20. Primary antibody (rabbit anti-Fos; 1:150; Santa Cruz
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Biotechnology) incubated in blocking solution was added to sections at 4°C for 18-24 hours.
Sections were then washed three times for five minutes each in 0.1 M PBS and incubated
in secondary antibody (donkey anti-rabbit 680, 1:2000; 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 Microscope Slides). Slides were stored at 4°C
prior to image acquisition.
Quantification of Fos and co-localization of Fos and mCherry were conducted on 40
μm ventral hippocampus containing brain slices. Florescent images were collected on either
a Nikon epiflourescent 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 of 15-20 slices per mouse for
ventral hippocampal sections were collected using 20 X and 40 X objectives, and neurons
expressing hM3Dq-mCherry 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 control (saline) sections. Ventral 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 calculated from the total counted sections for each mouse (n= 4-8 sections per mouse)
to be used for statistical analysis.
DREADD mediated manipulation of vHPC neurons (Figures 2-5): To selectively
activate or inhibit glutamatergic neurons in the ventral hippocampus, stereotaxic surgeries
were performed to target hM3Dq, hM4Di, or control mCherry expressing virus in the ventral
hippocampus of Vglut2-cre mice (see text, viral injection section, and figure legends for
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additional details). After two weeks for recovery from 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 provided ad
libitum access to standard chow food and water for 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 chow. Food intake was manually calculated in
home cages at the indicated time-points 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 time-points, as described in the text, in response to intra-peritoneal
injections of clozapine-N-oxide (CNO; Enzo Life Sciences; 1mg kg-1; prepared fresh daily
in sterile 0.9 % saline solution; 200 μl), or saline (0.9%; 200 μl). Cages were changed daily
to prevent food debris 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 intake during saline and CNO conditions were calculated for each mouse to
be used in statistical analysis. Acute food intake measurements were performed during both
the light (10:30AM-3:30PM) and dark period (8:30PM-11:30PM; see figure legends for
details on individual experiments). Light period feeding assays are shown in Figures 3 and
4d and dark period assays are shown in Figures 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
transduced and control mCherry transduced mice (Figure 4) to test for any potential nonspecific effects of CNO treatment or order effects.
For daily feeding behavior experiments (Figure 5), twice daily i.p. injections of
saline or CNO (1 mg kg-1) were administered at 9:00AM and 6:00PM to 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
injections or for five consecutive days following twice daily CNO injections. Average food
intake for each mouse across saline or CNO treatment days was used for statistical analysis.
Daily food intake (24 hours) was calculated by determining the amount 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 6-8): Viral injections were performed as previously
described to transduce Vglut2-cre 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 and recovery from
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 on ad libitum fed mice during the light period of the 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 lit, 500 mm2 arena. The center of the arena was scored
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as the 250 mm2 area 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 of CNO (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
ten minutes using ANY-maze 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 trial of open 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. The average total 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 saline; Figures 6 and 7).
Since DREADD-induced effects on feeding were observed thirty minutes following
i.p. CNO injections (See Figure 2 and 14b), we also examined thirty minutes of open field
exploration (Figure 8). As described previously, we administered i.p. CNO injections
(1mg/kg) to a second cohort of mice transduced with hM3Dq (n=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 minutes 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 trans-synaptic tracing (Figures 12, 13, 15, 16): As
described in the text and figure legends, trans-synaptic tracing experiments were performed
to selectively label and manipulate vHPC neurons anatomically connected to selective
postsynaptic 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 described in the stereotaxic surgery section and text). First, we targeted the
transsynaptic tracing viral vector (AAV-WGA-Cre) to LS or BNST. This viral vector
expresses the transsynaptic tracer, WGA, fused to Cre recombinase. Following expression
of the WGA-Cre fusion protein in LS or BNST neurons, Cre recombinase is
transsynaptically 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 surgery with
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 WGA-Cre 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 as previously
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 (see DREADD
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 experiments, identical
procedures were performed on both DREADD transduced and control florescent protein
transduced mice.
Chemogenetic occlusion experiments (Figure 14): To perform chemogenetic occlusion
experiments (Figure 14), we simultaneously injected viral vectors into both the ventral
hippocampus and lateral septum of Vglut2-cre 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 an AAV vector 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 Credependent hM3Dq in ventral hippocampus and a 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 to non-discriminately inhibit
all neurons in LS as the selective 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 during the dark period to facilitate measurements of
manipulations that reduce food intake.
In vivo optogenetic 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 of recovery from surgical procedures, fiber
optic cables (200 μm fiber core; BFH48-200-Multimode, NA 0.48; Thorlabs) were
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individually attached to implanted fiber optic cannula’s (1.25 mm Ceramic Ferrule; 200um
fiber core with NA 0.22; Thorlabs) via ceramic mating sleeves (Thorlabs). 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 days. Ad libitum access to standard rodent chow and water was made
available throughout experimental sessions. During photo-stimulation, 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 waveform 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 to be 10 to 15 mW. At
the onset of in vivo photo-stimulation experiments, 3-4 fresh food pellets (10-12 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 photo-stimulation, as described
in the text and figure legends. Experiments were performed during the dark period (8:30PM10:00PM) to facilitate measurements of acute changes in food intake, as animals actively
eat during this time. Identical experiments were performed in both ChR2 and control eYFP
transduced and cannulated mice to control for any potential non-specific effects due to light
stimulation or order effects (Figure 9). Additional no photostimulation control experiments
were performed on ChR2 transduced mice to confirm stable levels of food intake across
experimental time-points (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 time-point (before PS, during PS, after PS). 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 were prepared from mice transduced with ChR2-eYFP in the ventral hippocampus.
Mice were deeply anaesthetized with isoflurane and decapitated. Mouse brains were
dissected rapidly and placed in ice-cold oxygenated (95% O2 and 5% CO2) solution
containing (in mM): 110 choline chloride, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 7 MgSO4,
25 D-glucose, 3.1 Na-pyruvate, and 11.6 Na-L-ascorbate, pH 7.3. Coronal brain slices (200
μm thickness) were cut with a vibratome (Vibratome 1000S) and maintained in an
incubation chamber at 34°C for 30 min, and then brought to room temperature until
transferred to a recording chamber. During experiments, an individual slice was transferred
to a submersion-recording chamber and continuously perfused with recording solution
containing the following (in mM): 119 NaCl, 25 NaHCO3, 11 D-glucose, 2.5 KCl, 1.25
MgCl2, 2 CaCl2, and 1.25 NaH2PO4, aerated with 95% O2 / 5% CO2 (1~2 ml/min at room
temperature). Recordings were made at levels throughout the lateral septum. Neurons were
identified using a Nikon microscope and ChR2-eYFP-expressing fibers were observed by
fluorescence emission. Whole cell patch-clamp recordings were made on neurons in lateral
septum using electrodes with tip resistances 3-5 MΩ. Recording pipettes were routinely
filled with a solution containing (in mM): 125 K-gluconate, 15 KCl, 10 Hepes, 8 NaCl, 4
Mg-ATP, 0.3 Na-GTP, 10 Na2-phosphocreatine, 2 EGTA (pH 7.30). The holding potential
for voltage-clamp recordings was -70 mV, and responses were digitized at 10 kHz through
the whole experiments using Axo-patch 700B amplifier analyzed with pClamp 10.0
Software (Molecular Devices, CA). Neurons with series resistances less than 30 MΩ were
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 the surface of the specimen every 20 s. Light pulses (duration of 1 to 3ms) were
controlled by pCLAMP 10 software (Molecular Devices). In most cases, recordings were
initiated 5 min after the whole-cell configuration.
Statistical Analysis: Animals were excluded from analysis if post hoc histological analysis
showed no viral transfection, 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 least 2-3 times per mouse and an average
value was calculated for each mouse from multiple trials to be used for statistical analysis.
Repeated measures ANOVA with the within-subjects factors of injection condition (saline
vs CNO) and time segment (0-30 mins, 30-60 mins, etc) were used to analyze data
comparing two treatment conditions (saline vs CNO) across multiple time-segments in the
same group of mice. Mixed factors ANOVA with the between subjects factor of viral
injection type (mCherry control vs hM4Di) and the within-subjects 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). Holm-Sidak’s post hoc test was used to determine significant effects at
the various time-segments following the detection of a significant main effect or interaction
with ANOVA analysis. Two way paired Student’s t-tests were used to compare differences
between the same group of mice across two experimental conditions and two way unpaired
Student’s t-tests were used to compare differences between different groups of mice across
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two experimental conditions. Kolmogorov-Smirnov test was used to analyze 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 (GraphPad Software).
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Results
Activation of vHPC glutamatergic neurons reduces food intake
Several lines of evidence demonstrate that vHPC modulates food intake [11-15, 1921]. However, the neuron populations and underlying neural circuits involved in vHPC
control of feeding remain unknown. To identify the neuron populations and the neural
circuits, a chemical-genetic DREADD approach was used in combination with feeding
assays. DREADD (Designer Receptors Exclusively Activated by Designer Drugs)
technology uses engineered G protein- coupled receptors (GPCRs) that are exclusively
activated by synthetic ligands. For instance, the engineered human muscarinic type 3 GPCR
(hM3Dq) is unresponsive to all known endogenous ligands. Instead, hM3Dq can be
activated by the otherwise pharmacologically inert compound clozapine-N-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 hippocampus-mediated behaviors ranging from addiction,
to anxiety and memory [24-26]. 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 the methods [27]. Bilateral injections of Cre-dependent viral vectors expressing
hM3Dq-mCherry were performed in Vglut2-Cre transgenic mice to transduce hM3DqmCherry in neurons within the dentate gyrus (DG) and CA3 sub-regions of the ventral
hippocampus (Fig. 1a). This area was targeted since it was previously reported that these
regions are the exclusive hippocampal locations for anorexigenic leptin receptors [26],
suggesting that activation of the glutamatergic neurons localized in ventral hippocampal DG
or CA3 sub-regions may exert inhibitory effects on feeding behavior. We thereafter
designated these neurons as ventral hippocampal DG-CA3 (vhDG-CA3) glutamatergic
neurons.
It has been well demonstrated that the stimulatory DREADD-hM3Dq couples
through Gq pathways to depolarize neurons [22, 23]. DREADD-based in vivo activation of
vhDG-CA3 neurons was achieved by intraperitoneal (i.p.) injections of CNO (1 mg kg -1 in
200 μl saline), as indicated by increased Fos expression in response to i.p. CNO injections
(Fig. 1a and b). Next, we tested the ability of vhDG-CA3 glutamatergic neurons to regulate
food intake. We found that administration of CNO to DREADD-hM3Di transduced mice
suppressed food intake during both the light and dark periods of the rodent light cycle, when
compared to vehicle saline injections (Fig. 2a and b and Fig. 3b). Food intake was
significantly reduced for at least three hours during evening feeding assays (Fig. 2b). During
the daytime, when mice usually consume relatively little food, we 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 injections (Fig. 3b). Since CNO may exert non-specific effects on food
intake, we also compared the change in food intake (average CNO evoked food intakeaverage saline evoked food intake) in hM3Dq and mCherry control transduced mice.
Consistently, food intake was reduced in DREADD-hM3Dq transduced mice in response to
CNO treatment, relative to control mCherry-transduced mice (Fig. 3a). Furthermore, no
significant differences were detected between saline and CNO treatment conditions in
control mCherry transduced mice (Fig. 3d and Fig. 4).
We next tested if repeated dosing of CNO with twice daily injections to hM3Dqtransduced mice could exert long-term reductions in feeding behavior (Fig. 5). Consistent
with the acute effects of vHPC neuron activation on food intake, daily injections of CNO
did not exert significant effects on daily food intake relative to saline injections (Fig. 5).
The inability of chemogenetic manipulation of vHPC neurons to suppress daily food intake
may be due to compensation by other predominant feeding circuits localized in
hypothalamic brain regions, supported by the highly redundant, multiplexed mechanisms
and neural circuits that govern feeding behavior [1-3]. Further studies are needed to
investigate the relationships between neural circuitries underlying ventral hippocampal and
hypothalamic regulation of food intake.
Inactivation of vHPC neurons facilitates food intake
To exclude the possibility that DREADD-based ventral hippocampal suppression of
food intake is secondary to changes in behaviors that are incompatible with feeding, we
performed reverse experiments by bilaterally transducing the inhibitory DREADD-hM4Di
into vhDG-CA3 glutamatergic neurons in Vglut2-Cre mice. It is well demonstrated that, in
contrast to DREADD-hM3Dq, the inhibitory DREADD-hM4Di couples through G i
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signaling pathways to inhibit neuronal activity and synapse transmission in response to
CNO stimulation [22, 23, 28]. As expected, in contrast to the reduction in food intake
observed following DREADD-hM3Dq induced activation of vhDG-CA3 neurons (Fig. 2
and Fig. 3a, b), we observed that food intake was increased in response to CNO
administration in DREADD-hM4Di transduced mice (Fig. 3c), relative to saline treatment
conditions. Consistently, food intake was also increased in DREADD-hM4Di transduced
mice relative to control mCherry transduced mice (Fig. 3a)
We next tested if DREADD-based activation or inactivation of vhDG-CA3 neurons
affected physical activity or anxiety. We performed open field behavioral testing in Vglut2Cre mice transduced with DREADD-hM3Dq, DREADD-hM4Di or control mCherry in
vhDG-CA3 glutamatergic neurons as described above for feeding assays. We observed that
DREADD-based activation of vhDG-CA3 neurons produced no noticeable changes in
locomotion following both ten (Fig. 6) and thirty minutes (Fig. 8) of open field exploration.
In addition, no apparent anxiety was observed following activation of vhDG-CA3 neurons
as both time spent in the center (Fig. 7b) and percent distance traveled in the center of the
open field (Fig. 7a) did not show apparent changes with CNO treatments in comparison to
DREADD-hM4Di and mCherry transduced mice. However, CNO activation of vhDG-CA3
neurons reduced percent distance traveled in the center relative to vehicle saline conditions
(Fig. 7a; right panel), suggesting a potential anxiogenic effect following activation of
vhDG-CA3 neurons. However, this anxiogenic effect is likely minimal and does not
interfere with the ability of animals to seek food since locomotion and exploration of the
animals are not affected (Fig. 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 investigate 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 and Cre-lox
technology allows for selective manipulation of individual cell types and their projection
targets [29, 30]. To selectively activate glutamatergic projections from vhDG-CA3 neurons,
the ventral hippocampus of Vglut2-Cre mice were transduced with channelrhodopsin
(ChR2) fused to yellow fluorescent protein (YFP) (AAV2-EF1α- DIO-hChR2-EYFP) (Fig.
9a and b; Fig. 10c). Dense ChR2-eYFP expressing fibers were observed in the lateral
septum (LS) of ChR2-eYFP transduced mice (Fig. 9c; Fig. 10d).
To determine the behavioral relevance of vhDG-CA3 glutamatergic projections to
LS, we inserted a fiber optic cannula above the lateral septum and applied photo-stimulation
(20 Hz for 1 s; repeated every 3 s for 30 minutes; 473nm) to vhDG-CA3 glutamatergic
fibers in LS (Fig. 9a). We observed that photo-stimulation (PS) of ChR2-expressing
glutamatergic fibers in LS reduced food intake relative to both before and after
photostimulation (Fig. 9d; right panel). Since light stimulation may exert non-specific
effects on feeding, we performed identical experiments on control mice transfected with
eYFP control virus in vHPC and a fiber optic cannula above LS (Fig. 9d; left panel).
Importantly, light application did not significantly affect food intake in control eYFP
transduced mice (Fig. 9d; left panel). To further control for any non-specific effects of 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 compared to control eYFP transduced
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mice (Fig. 9e). Meanwhile, we are aware that it is possible that in vivo optogenetic
stimulation of vhDG-CA3 neuronal fibers in LS might activate neuronal fibers of passage
to additional brain regions or result in antidromic activation 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 performed ChR2-assisted circuit mapping [31] in
ChR2 transduced mice. As expected, we identified functional glutamatergic synaptic
connections from vhDG-CA3 neurons to postsynaptic neurons in the lateral septum (Fig.
11a). Brief presentation of blue light pulses (473 nm; 1-3 ms) to ChR2-eYFP expressing
fibers in the lateral septum consistently evoked excitatory synaptic currents in LS neurons,
which were diminished using CNQX (an AMPA receptor antagonist) treatment (Fig. 11a).
We next examined if the light-evoked synaptic currents at 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 light-evoked EPSCs before and after perfusion of the
sodium channel blocker tetrodotoxin (TTX; 1μM) and potassium blocker 4- amynopyridine
(4-AP; 100 μM) to remove any network activity [32]. We observed no apparent changes in
the amplitude of light-evoked EPSCs (Fig. 11b), suggesting that the light-evoked 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 that are glutamatergic in nature and sufficient
to suppress feeding.
To confirm that vHPC projections to LS reduce feeding, we next employed a dual
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AAV vector delivery approach to selectively activate vhDG-CA3 neurons that project to
lateral septum. First, we bilaterally transduced LS neurons with an AAV vector expressing
the trans-synaptic tracer wheat germ agglutinin (WGA) fused to Cre-recombinase (AAV2EF1α-mCherry-IRES-WGA-Cre; Fig. 12a and b; Fig. 13a) [33, 34]. Ventral hippocampal
neurons were simultaneously targeted with a second Cre-dependent AAV vector encoding
hM3Dq (Fig. 12a and c; Fig. 13b and c), allowing for selective labeling and manipulation
of ventral hippocampal neurons that project to the lateral septum [33, 34]. As expected,
CNO administration reduced food intake in mice transduced with hM3Dq (Fig. 12d; Fig.
12f; Fig. 13e), but not in control mice expressing fluorescent proteins (Fig. 12e; Fig. 13d),
further demonstrating an anorexigenic neural circuit from ventral hippocampus to LS. To
expand these findings, we used an identical dual AAV vector delivery approach to express
the inhibitory DREADD-hM4Di in vHPC neurons that project to LS. Selective DREADDbased inhibition of LS projecting ventral hippocampal neurons did not significantly affect
feeding (Fig. 13f), although most mice (4/6 mice tested) increased food intake in response
to CNO injections. Future studies are needed to selectively inhibit vHPC projections to LS
when the activity of this projection is naturally elevated. Although we cannot exclude other
possibilities, it is possible that loss of function experiments only facilitate feeding during
specific experimental conditions, such as when vHPC-LS projections are naturally active.
Inhibition of LS neurons blocks vHPC induced suppression of feeding
Next, we evaluated the necessity of LS neurons in mediating ventral hippocampal
suppression of food intake. To achieve this, we inactivated LS neurons by targeting the
inhibitory DREADD-hM4Di to LS, while simultaneously activating vhDG-CA3
glutamatergic neurons with the stimulatory DREADD-hM3Dq (Fig. 14a). Consistent with
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the results shown in Fig. 2, we found that CNO administration reduced food intake in mice
transduced with control mCherry in LS (AAV2-hSyn-mcherry). However, administration
of CNO failed to reduce food intake in mice that were also transduced with hM4D i in LS
(Fig. 14b-d). Together, these results indicate that suppression of feeding following
stimulation of vhDG-CA3 glutamatergic neurons is dependent, at least in part, on activation
of LS neurons.
BNST also contributes to vHPC suppression of food intake
In addition to studying the role of lateral septum in ventral hippocampal suppression
of food intake, we also studied the capability of the bed nucleus of the stria terminalis
(BNST) to mediate ventral hippocampal suppression of feeding since emerging evidence
demonstrates that BNST participates in feeding behavior. Previous studies have revealed
that BNST regulates feeding by receiving synaptic inputs originating from the arcuate
nucleus and by projecting synaptic inputs to the lateral hypothalamus [35, 36]. To test the
potential involvement of BNST in ventral hippocampal regulation of feeding, as described
in the experiments performed on LS (Fig. 12 and 13), bilateral expression of WGA-Cre in
BNST neurons and subsequent Cre-dependent expression of hM3Dq in vHPC neurons were
achieved in wild type mice (Fig. 15a-c). We observed that expression of hM3Dq was
confined to a small region of the ventral hippocampus (Fig. 15c). Intraperitoneal injections
of CNO did not exert apparent effects on feeding in control eYFP transduced mice but
significantly reduced food intake in mice transduced with hM3Dq (Fig. 15d and e; Fig. 16a
and b). We next performed analogous loss of function experiments by transducing the
inhibitory DREADD-hM4Di into ventral hippocampal neurons in mice transduced with
WGA-Cre in BNST. As expected, food intake was increased in response to CNO injections
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(Fig. 15f). Taken together, these results demonstrate that BNST also contributes to ventral
hippocampal regulation of food intake, although the underlying neural circuits mediating
this affect remain unknown.

Discussion
In the present study, we dissected two putative pathways underlying ventral
hippocampal suppression of food intake by using approaches that included chemogenetics,
optogenetics, retrograde tracing, and electrophysiology. These approaches allowed us to
overcome long-standing 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 indicate that the ventral hippocampus
also influences feeding behavior by regulating learned or motivational aspects of food intake
[11-15, 19-21]. Previous research has utilized pharmacological or chemical lesion studies
to determine that the hippocampus and in particular, its ventral pole suppresses feeding [1315]. Additionally, elegant studies have outlined the functions of classical satiety and
orexigenic hormones in hippocampal synaptic plasticity and feeding behavior [16-18, 1921]. However, the cell types and specific neural circuits underlying the role of hippocampus
in feeding have remained elusive as previous techniques were not cell-type specific and also
altered fibers of passage passing through the hippocampus. In this study, we find that
chemical genetic activation of excitatory glutamatergic neurons localized in the ventral
hippocampus suppresses food intake (Fig. 2 and 3). These neurons were mainly restricted
to areas CA3 and dentate gyrus of the ventral hippocampus, although we cannot rule out
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sparse activation of neurons in area CA1 (Fig. 17). Further work is needed to determine the
specificity of different vHPC sub-regions, such as CA3, DG and CA1, in the regulation of
feeding since these different sub-regions exert different roles in other behaviors, such
as anxiety and learning [6, 37]. As an important control, DREADD-induced activation of
vHPC neurons did not exert apparent effects on physical activity and anxiety levels,
indicating that the observed changes in feeding were not likely secondary to alterations in
locomotion or anxiety, but were more likely due to the underlying feeding circuits (Fig. 68). Furthermore, activation of vHPC glutamatergic projections to the lateral septum exerts
anorexic effects on feeding. For example, optogenetic and chemical genetic activation of
LS projecting ventral hippocampal neurons suppressed food intake (Fig. 9 and 12), and
inactivation of the neurons within lateral septum occluded hippocampal suppression of food
intake (Fig. 14). Together, these results suggest 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 in regulating feeding behavior, such as paraventricular
hypothalamus, medial hypothalamus, and ventral tegmental area [35, 38-40]. These septal
inputs may facilitate the communication of emotional information, represented in the ventral
hippocampus, to key brain regions involved in motivational behaviors. Thus, stimulation of
vHPC→LS glutamatergic 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 hippocampal suppression of
feeding (Fig. 15, 16). In a similar manner as LS, BNST neurons project to hypothalamic
brain regions [36, 43, 44] and the ventral tegmental area [41, 42], brain regions responsible
for anxiety and motivational behaviors [41-44]. Consistently, it is demonstrated that subsets
of BNST neurons and their neuronal projections contribute to the control of motivational
states [42] and anxiety behavior [41]. Given that emerging evidence suggests potential
interactions between feeding, anxiety, and stress [45, 46], further studies are needed to
identify the precise neural circuits governing these behaviors 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 hippocampus. It is likely, however, that
additional ventral hippocampal circuits are capable of exerting modulatory influences over
feeding behavior. For example, it was recently shown that ventral subiculum/CA1
projections to nucleus accumbens, amygdala, and prefrontal cortex can modulate a variety
of behavioral functions including: anxiety, approach/avoidance, addiction, spatial working
memory, and susceptibility to depression [25, 26, 47-49]. The function of ventral CA1
projections in feeding behavior is another 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, exogenous 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
activity is altered during feeding or appetitive behaviors. Advances in two-photon calcium
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imaging and genetically encoded calcium and/or voltage indicators make it feasible to
selectively determine how activity in these neurons is altered during changes in physiology
and metabolic status, a top priority for future studies [50-52].
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 conditions [5, 11-13]. We propose
that ventral hippocampal neurons possess the ability to coordinate an adaptive feeding
behavior response by providing emotional and cognitive input to key motivational centers,
such as LS. Such a neural structure would be ideal for maintaining energy homeostasis
during changing metabolic needs and environmental conditions.
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Figures and Legends
Figure 1| Chemical genetic manipulation of vHPC glutamatergic neurons

(a) Representative images showing bilateral expression of hM3Dq-mCherry (left panel),
Fos expression in vHPC DG-CA3 neurons (middle panel) and quantification (right panel)
of Fos in the ventral hippocampus of Vglut2-Cre mice. CNO (1mg/kg; 200ul; i.p.) or saline
injections (200ul; i.p.) were administered 30 minutes prior to perfusion. Data represents
average Fos quantification from brain sections of mice injected with CNO or saline (n = 3
mice for CNO treatment; n = 2 mice for saline treatment; unpaired Student’s t-test; t(3) =
3.24, p=0.048). (b) hM3Dq-mCherry transfection in CA3 region (left panel) with
overlapping Fos positive neurons (middle panel) and a quantification of the percentage of
mCherry positive neurons co-expressing Fos (right panel; n = 3 mice for CNO group and
n= 2 mice for saline group; unpaired Student’s t-test, t(3) = 15.89, p < 0.001). Scale bars=
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1 mm for 1a (left panel) and 50 μm for all other panels. *p<0.05, ***p<0.001. Data
represents mean +/- SEM.

Figure 2| Chemical genetic activation of vHPC glutamatergic neurons reduces
feeding

(a) Feeding assays showing that chemical genetic activation of vHPC DG-CA3 neurons
reduced food intake during the dark period, relative to saline injection conditions. Food
intake was reduced at both 0-30 minutes post CNO injection and 60-180 minutes post CNO
injection. No significant differences were detected prior to i.p. injections or from 30-60
minutes post injection. (n = 6 mice; two way repeated measures ANOVA with repeated
factors of time segment and treatment and Holm-Sidak’s post hoc test; main effect of
treatment: F1,5 = 13.56, p=0.01; interaction between time segment and treatment: F3, 15 =
5.93, p=0.007). (b) Cumulative three hour food intake following saline or CNO injections
in mice transduced with hM3Dq in vHPC glutamate neurons. CNO injections significantly
reduced cumulative food intake relative to control saline injections (n = 6 mice; paired
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Student’s t-test; t(5)= 3.68, p=0.01). *p<0.05, **p<0.01, n.s. (not significant). Data
represents mean +/- SEM.

Figure 3| Manipulation of vHPC glutamatergic neurons bi-directionally 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 hippocampus. The difference between the average CNO evoked food intake
and saline evoked food intake was calculated for each mouse to determine changes in food
intake in response to CNO. For 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 average, CNO 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 hM3Dq and hM4Di, One way ANOVA
with Holm-Sidak’s post hoc test, F2, 14 = 14.51, p<0.001). (b) Thirty minute food intake in
mice transduced with hM3Dq in ventral hippocampal neurons. Activation of vHPC
glutamatergic neurons reduced food intake relative to saline injection conditions (n= 6
mice; paired Student’s t-test; t(5)=2.84, p=0.04). (c) Thirty minutes food intake following
i.p. saline or CNO injections in mice transduced with hM4Di in vHPC glutamatergic
neurons. Food intake was increased following DREADD-mediated inhibition of vHPC
glutamatergic neurons, relative to saline injection conditions (n= 6 mice; paired Student’s
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 florescent virus in the ventral hippocampus. No
significant difference was detected between saline and CNO injections in mCherry
transduced mice (n= 5 mice; paired Student’s t-test; t(4)=1.41, p= 0.23). Experiments were
performed during the light period. *p < 0.05, ***p < 0.001. Data represent mean ± SEM
in a, and average values for individual mice in b-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) Representative image of bilateral expression of control mCherry expressing virus in
the ventral hippocampus of a Vglut2-Cre mouse. (b) Sample images of CA3 region
showing hM3Dq-mCherry expression (left panel), Fos expression (middle panel), and
overlay (right panel). Intraperitoneal injections of saline were administered 30 minutes
prior to perfusion and brains were subsequently prepared for Fos immunohistochemistry
(see methods section). Vehicle saline injections did not increase Fos signals when
compared to CNO injections (see Fig 1a and b). (c and d) No significant differences in
dark period or light period food intake were detected between saline and CNO treatment
conditions in control mCherry-transduced mice (n= 5 mice per group; two-way repeated
measures ANOVA with repeated factors of treatment and time segment; dark period (c):
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main effect of treatment, F1, 4 = 0.15, p = 0.71; light period (d): main effect of treatment,
F1, 4 = 0.85, p = 0.41. n.s (not significant). Scale bars, 1 mm and 50 μm for a and b,
respectively. Data represents mean ± SEM.

Figure 5| DREADD-based activation of vHPC glutamatergic neurons does not reduce
daily food intake

a

b

(a) Diagram outlining method to transduce vHPC glutamate neurons with the DREADDhM3Dq in Vglut2-Cre mice. (b) Grouped behavioral data showing average daily food intake
(24 hours) following twice daily saline or CNO treatments. No significant difference was
detected between daily food intake during saline and CNO treatment days (n= 6 mice for
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saline treatment and n= 4 mice for CNO treatment; unpaired Student’s t-test; t(8) = 1.57, p
= 0.15). Mice were administered twice daily injections of saline or CNO at 9:00AM and
6:00PM and daily food intake was measured at 9:00AM. n.s. (not significant). Data
represents mean ± SEM.

Figure 6| Activation or inactivation of vHPC glutamatergic neurons does not affect
locomotion.

Vglut2-Cre mice transduced with the stimulatory hM3Dq (n=5), inhibitory hM4Di (n=6),
or control mCherry (n=5) in 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 injections. (a) Representative sample traces showing ten
minutes of open field exploration 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
dots indicate the mouse’s starting point and red dots indicate the final position of the mouse.
(b) Total distance traveled during ten minutes of open field exploration. No significant
differences were detected following CNO or saline injections in each group of transduced
mice (One-way ANOVA; left panel: F2, 13= 1.43, p=0.28; paired Student’s t-tests; right
panel: no significant differences between saline and CNO treatment in any of the groups of
transduced mice). n.s. (not significant). Data represents mean +/- SEM.

Figure 7| Activation or inactivation of vHPC glutamatergic neurons has minimal
effects on anxiety in the open field test.

a

b
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(a) 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 significant differences were observed between transduced
animals treated with CNO (One-way ANOVA; left panel: F2, 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 in hM3Dq transduced mice (right panel; paired
Student’s t-test, t(4)= 2.914, p=0.04). All other comparisons were statistically insignificant
(paired Student’s t-test). (b) Time spent in the center of the open field during ten minutes
of open field exploration. No significant differences were detected following CNO
injections or between saline and CNO injections in the different groups of transduced mice
(One-way ANOVA; left panel: F2, 13= 0.009, p=0.99; right panel: paired Student’s t-test’s
comparing CNO to saline treatment in each group of transduced mice). Data represents
mean ± SEM.
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Figure 8| Activation or inhibition of vHPC glutamatergic neurons does not affect
locomotion or anxiety after thirty minutes of open field exploration.

a

b

c

Since changes in acute feeding behavior were detected thirty minutes following DREADDmediated manipulation of vHPC neurons, open field activity was also monitored for thirty
minutes. Mice transduced with the stimulatory DREADD-hM3Dq (n=4), the inhibitory
DREADD-hM4Di (n=4), or control mCherry (n=4) in vHPC glutamatergic neurons were
administered i.p. injections of CNO (1mg/kg) and monitored for thirty minutes during open
field exploration to assay for DREADD-induced changes in anxiety or locomoter activity.
(a) Total distance traveled during thirty minutes of open field exploration. No significant
differences were detected between the different groups of transduced mice following CNO
treatment (One-way ANOVA; F2, 9= 0.16, P=0.85). (b and c) No significant differences
were detected between the different groups of transduced mice following CNO treatment
in percent distance traveled in the center of the open field (One-way ANOVA; b, F2, 9= 0.18,
P=0.84) or time spent in the center of the open field (One-way ANOVA; c; F2, 8= 1.82,
P=0.22). n.s. (not significant). Data presented as mean +/- SEM.
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Figure 9| Optogenetic dissection of a vHPC to LS feeding circuit.
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(a) Representative sagittal section showing Cre-dependent ChR2 expression in the ventral
hippocampus in a Vglut2-Cre mouse with cannula placement above lateral septum. (b and
c) Coronal images of ChR2 expression in the ventral hippocampus (b) with corresponding
projection fibers in the LS (c). (d). Optogenetic photostimulation experiments showing that
stimulation of vHPC glutamatergic fibers in LS reduced food intake. Food intake was
reduced during photostimulation (PS), relative to both before PS and after PS (right panel:
One way repeated measures ANOVA with Holm-Sidak’s post hoc test; n= 8 mice, main
effect of time period, F2, 7 = 10.79, p= 0.001). No significant effect of photostimulation was
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observed in mice transduced with control virus in ventral hippocampus (left panel: One
way repeated measures ANOVA, n= 5 mice, main effect of photostimulation, F2, 4 =0.83,
p= 0.42). (e) Change in food intake following photostimulation for mice transduced with
control virus or ChR2. Photostimulation reduced food intake in mice transduced with ChR2
relative to control mice transduced with eYFP control virus (unpaired Student’s t-test, n=8
mice for ChR2 group and n=5 mice for eYFP group, t (11)=2.50, p=0.03). Change in food
intake was calculated by subtracting the average amount of food consumed before
photostimulation from the average amount consumed during photostimulation for each
mouse tested. Experiments conducted during the dark period (see methods for further
details). *p<0.05, **p<0.01, ChR2 (channelrhodopsin), LS (lateral septum), LSD (dorsal
lateral septum), LV (lateral ventricle), PS (photo-stimulation). Scale bars, 500 μm for a, b
and 150 μm for c, respectively. Data represents mean +/- SEM.
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Figure 10| Expression of ChR2 does not exert non-specific effects on food intake.
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(a) Experimental strategy used to express ChR2 in ventral hippocampus and insert fiber
optic cannula above the lateral septum. (b) Timeline of behavior experiments (top panel)
and behavioral data (bottom panel) indicating that ChR2-transduced and cannulated mice
showed no observable differences in food intake at all measured time-points (n=8 mice per
group). Food intake was measured every thirty minutes without photo-stimulation, as
shown. (c) Representative sample image showing unilateral transfection of Cre-dependent
ChR2 in a Vglut2-Cre mouse. Viral infection was primarily localized to areas DG and CA3
of the ventral hippocampus. (d) Sample image showing ChR2 expressing ventral
hippocampal fibers localized in the lateral septum. ChR2-eYFP expressing fibers were
detected on both sides of the lateral septum. However, fiber density was noticeably stronger
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on the ChR2-eYFP injected side than the contralateral side, suggesting that ventral
hippocampus bilaterally projects to both hemispheres of LS. Experiments conducted during
the dark period. LS (lateral septum), LV (lateral ventricle), FI (food intake), n.s. (not
significant), DG (dentate gyrus), CA1 (cornus ammonis area 1), CA3 (cornus ammonis area
3). Scale bars, 1ml for c and 250ul for d. Data represents mean ± SEM.

Figure 11| Optogenetic assisted circuit mapping of a glutamatergic vHPC to LS neural
circuit.

a

b

(a) ChR2-assisted circuit mapping indicates functional glutamatergic projections from the
ventral hippocampus to the lateral septum, as indicated by light-evoked synaptic currents
that were completely eliminated in the presence of the AMPA receptor blocker CNQX (n =
11 neurons). Synaptic currents were recorded from postsynaptic neurons in lateral septum
while shining brief (1-3ms) light pulses (473nm) on vHPC-LS ChR2-eYFP positive
neuronal fibers in LS. (b) The amplitudes of light-evoked synaptic currents were not
significantly affected with the treatment of TTX and 4-AP (n = 6 neurons /6 slices /2 mice)
suggesting

monosynaptic

synaptic

input.

Data

Electrophysiological experiment performed by Y. Y.
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represents
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Figure 12| Trans-synaptic manipulation of a vHPC → LS neural circuit.
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(a) Schematic of experimental design. AAV-WGA-Cre was transduced into lateral septum
neurons simultaneously with ventral hippocampal injections of Cre-dependent hM3DqmCherry (see methods section for additional details). (b) Representative WGA-Cre
expression in LS and (c) Cre-dependent hM3Dq-mCherry expression in ventral
hippocampus. (d) Feeding assays showing that chemical genetic activation of vHPC→ LS
projecting neurons suppressed food intake from 0-1 hours following CNO injection and from
1-2 hours following CNO injection, relative to control saline injections (n = 7 mice; two way
repeated measures ANOVA with repeated factors of time segment and treatment and HolmSidak’s post hoc test, main effect of treatment: F1, 6 = 13.02, p=0.01). (e) Mice injected with
WGA-Cre in LS and Cre dependent fluorescent protein in ventral hippocampus showed no
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apparent changes in food intake when comparing saline and CNO treatment conditions (n =
5 mice; two way repeated measures ANOVA with repeated factors of time segment and
treatment, main effect of treatment: F1, 4 =1.58, p=0.28). (f) Cumulative food intake in control
eYFP and hM3Dq transduced mice following i.p. CNO injections. CNO injections reduced
food intake in mice transduced with hM3Dq in vHPC relative to mice transduced with control
eYFP in vHPC (n = 5 mice for eYFP group and n= 7 mice for hM3Dq group, unpaired
Student’s t-test, t (10)= 4.56, p=0.001). Experiments conducted during the light period.
*p < 0.05, **p < 0.01, ***p < 0.001, n.s. (not significant), LS (lateral septum), LV (lateral
ventricle). Scale bars, 150 µm for b and 200 µm for c. Data represents mean ± SEM.
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Figure 13| Trans-synaptic dissection of vHPC projections to LS.
a

V h ip p -L S

eY F P

+ CNO

n .s .

V h ip p -L S

e

hM 3D q

+ CNO

**

3 0 m in s fo o d in ta k e (g )

0 .1 5

0 .1 0

0 .0 5

0 .1 5

0 .1 0

0 .0 5

b e fo re i.p .

a fte r i.p .

+ CNO

n .s .

0 .1 5

0 .1 0

0 .0 5

0 .0 0

0 .0 0

0 .0 0

hM 4D i

0 .2 0

0 .2 0

0 .2 0

V h ip p -L S

f
3 0 m in s fo o d in ta k e (g )

d
3 0 m in s fo o d in ta k e (g )

c

b

b e fo re i.p .

a fte r i.p .

b e fo re i.p .

a fte r i.p .

AAV-WGA-Cre-mCherry (red) was injected into the LS together with simultaneous
injections of Cre-dependent-hM3Dq, hM4Di, or eYFP (green) into the ventral hippocampus.
(a and b) Representative sample images showing AAV-WGA-Cre-mCherry transfection in
the LS (a) and Cre-dependent-eYFP expression in the ventral hippocampus (b). (c) Zoomed
in panel showing eYFP positive soma and fiber expression in the ventral hippocampus. (d)
Food intake thirty minutes before and after i.p. injections of CNO in mice transduced with
control eYFP expressing virus in vHPC and WGA-Cre expressing virus 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 (n= 4 mice; paired Student’s t-test; t (3)= 1.84,
p=0.16). (e) Food intake was reduced thirty minutes following i.p. CNO injections, relative
to before injections, in mice transduced with hM3Dq in vHPC and WGA-Cre in LS (n= 7
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mice; paired Student’s t-test, t (6) =3.87, p=0.008). (f) No significant change in food intake
was detected following i.p. CNO injections in mice transduced with hM4Di in vHPC and
WGA-Cre in LS, relative to before i.p. CNO injection (n= 6 mice, paired Student’s t-test, t
(5)= 1.28, p=0.26). For all feeding assays shown, thirty minutes of baseline food intake was
measured prior to i.p. injections (before i.p.) of CNO (1 mg/kg). Food intake was
subsequently measured thirty minutes following i.p. injections (after i.p.). Experiments were
conducted during the dark period (see methods for additional details). Scale bars, 600um for
b, 100um for a and c. Data represents mean +/- SEM.
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Figure 14| Inhibition of lateral septum blocks vHPC-induced anorexia.
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(a) Outline of approach (left panel) to simultaneously activate vHPC glutamatergic neurons
and inhibit lateral septum neurons by expressing hM3Dq and hM4Di in vHPC neurons and
LS neurons, respectively. Cre-dependent hM3Dq was injected into the ventral hippocampus
(right panel) of Vglut2-Cre mice together with injections of hM4Di into the LS (middle
panel). A synapsin promoter driven viral vector was used to non-discriminately infect LS
neurons with hM4Di or control mCherry virus, respectively. (b) Consistent with Figure 2,
CNO administration (1mg/kg; i.p.) suppressed food intake in Vhipp hM3D:LSmCherry transduced
mice, but did not suppress food intake in Vhipp

hM3D
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: LS

hM4D

transduced mice (mixed factors

ANOVA with within subjects factor of time segment and between subjects factor of viral
injection condition (mCherry vs hM4Di) and Holm-Sidak’s post hoc test, n= 5 mice per
group, interaction between time and viral injection condition: F2, 16= 4.61, p=0.03; only
statistically significant findings between the groups are shown). (c) Control saline injections
failed to impact food intake in both groups of mice (mixed factors ANOVA with within
subjects factor of time segment and between subjects factor of viral injection condition, n =
5 mice for each group, interaction between time and viral injection condition: F2, 16 = 0.31,
p=0.74). (d) Change in food intake following i.p. CNO injections in mice targeted with
hM4Di or control mCherry virus in LS (both groups injected with hM3Dq in vHPC). Change
in food intake was calculated by subtracting the average amount of food consumed before
i.p. CNO injections from the average amount of food consumed after i.p. CNO injections for
each mouse tested. Inhibition of LS neurons with hM4Di blocked vHPC-induced suppression
of food intake (n= 5 mice per group; unpaired Student’s t-test; t(8)= 2.43, p=0.04).
Experiments performed during the dark period (see methods for details). *p < 0.05, **p <
0.01, n.s. (not significant), LS (lateral septum), LV (lateral ventricle). Scale bars, 200 µm for
a (middle panel), 300 µm for a (right panel). Data represents mean ± SEM.
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Figure 15| vHPC projections to BNST influence feeding during the dark period.
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(a) Schematic of experimental design. AAV-WGA-Cre was transduced into BNST neurons.
Simultaneously, the ventral hippocampus of the same mice was targeted with a second
injection of Cre-dependent-hM3Dq, hM4Di, or control eYFP vectors respectively (see
methods for additional details). (b and c) Representative images obtained from a transduced
mouse showing AAV-WGA-Cre-mCherry expression in BNST neurons (b) and hM3Dq
expression in the ventral hippocampus (c). (d-f) Feeding assays demonstrate that
administration of CNO (1 mg/kg) did not affect food intake in mice transduced with AAVWGA-Cre in BNST and control AAV-eYFP virus in vHPC, relative to before i.p. CNO
injections (d; n=4 mice; paired Student’s t-test, t (3)= 1.35, p = 0.27). Selective hM3Dqinduced activation of vHPC → BNST projecting neurons reduced food intake (e; n = 9 mice;
paired Student’s t-test, t (8)= 3.78, p=0.005); while hM4Di mediated inhibition of BNST
projecting vHPC neurons increased food intake (f; n= 6 mice; paired Student’s t-test, t (5)=
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2.61, p = 0.047). For all feeding assays shown, thirty minutes of baseline food intake was
measured prior to i.p. injections (before i.p.) of CNO (1 mg/kg). Food intake was
subsequently measured thirty minutes following i.p. CNO injections (after i.p.). *p < 0.05,
**p < 0.01, Scale bars, 500 μm for b and 200 μm for c, respectively. Data represents mean
± SEM.

Figure 16| vHPC projections to BNST reduce feeding during the light period.
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(a) DREADD-hM3Dq induced activation of vHPC→ BNST neurons (see Figure 15a and
methods section for additional details) reduced food intake during the daytime hours (n = 9
mice; repeated measures two-way ANOVA with repeated factors of time segment and
treatment and Holm-Sidak’s post hoc test; main effect of CNO treatment: F1, 8= 13.64,
p=0.006). Food intake was reduced for up to one hour and rebounded from 60-120 minutes
following i.p. injections (b). Feeding behavior experiments indicate no significant
differences between CNO and saline treatment conditions in mice transduced with AAVWGA-Cre in BNST and Cre-dependent fluorescent protein in the ventral hippocampus (n
= 5 mice; repeated measures two-way ANOVA with repeated factors of time segment and
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treatment; main effect of treatment: F1, 4= 4.3, p = 0.11). Intra-peritoneal injections of saline
or CNO (1mg/kg) were administered at the start of behavior experiments. Food intake was
manually accessed at 1 and 2 hours following i.p. injections, as shown. * p < 0.05, **p <
0.01. Data represents mean ± SEM.
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Figure 17| Comparison of cre-dependent and synapsin-driven viral expression in DG
and CA3 areas of vHPC

a

b

c

(a) Representative image showing hM3Dq-mCherry expression in the ventral hippocampus
of a Vglut2-Cre mouse. (b) Representative image showing synapsin promoter driven
expression of eYFP in the ventral hippocampus of a wild type mouse. Note the stronger
expression seen when using the synapsin promoter when compared to Cre-dependent
expression in a Vglut2-Cre mouse. Cre-dependent viral expression is mainly observed in
area CA3 and DG of the ventral hippocampus with sparse labeling observed in CA1. (c)
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Zoomed in images of hM3Dq-mCherry transfection in a Vglut2-cre mouse showing dentate
gyrus region (left panel), CA3 region (middle panel), and CA1 region (right panel) of
ventral hippocampus. Scale bars, 500 μm for a and b, 250 μm for c (left panel), 100 μm for
c (middle and right panel). DG (dentate gyrus), CA1 and CA3 (Cornu Ammonis areas 1 and
3).
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Abstract
Feeding behavior is orchestrated by neural circuits primarily residing in the
hypothalamus and hindbrain. However, the relative influence of cognitive and
emotional brain circuits to the feeding circuitry in the hypothalamus and hindbrain
remains unclear. Here, by using the cell-type-selectivity of genetic methods, circuit
mapping, and behavior assays, we sought to decipher neural circuits emanating from
the septal nucleus to the lateral hypothalamus that contribute to neural regulation of
food intake. We find that chemogenetic and optogenetic activation of septal vesicular
GABA transporter (vGAT) containing neurons or their projections in the lateral
hypothalamus (LH) reduces food intake. Consistently, chemogenetic inhibition of
septal vGAT neurons increases food intake. Furthermore, we dissect a previously
unknown neural circuit originating from septal vGAT neurons to a subset of vGAT
neurons in the LH, an area involved in homeostatic and hedonic control of energy
states. Collectively, our data reveal an inhibitory septohypothalamic feeding circuit
that might serve as a future therapeutic target for the treatment of eating disorders,
such as anorexia nervosa.

Significance Statement
Our results in this study demonstrate that top-down projections from the septum to the
hypothalamus negatively control food intake. Given the known role for both of these brain
regions in the control of feeding and emotion-related behaviors, these findings unravel novel
neural circuitry likely involved in emotional aspects of food intake, shining new insights
into the potential development of therapeutic targets for the treatment of eating disorders.
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Introduction
Feeding behavior is an essential motivational process that is controlled in the central
nervous system by highly redundant and overlapping neural circuits [1-4]. These circuits
largely reside in the hypothalamus, brainstem, and midbrain, and control feeding behavior
in response to changing energy demands and environmental needs. For example, energy
deficit increases the firing rate and activity of multiple hypothalamic and midbrain neurons
and neural circuits to promote food intake [1]. Conversely, energy surfeit activates
overlapping neural circuits to reduce feeding. In addition to the classical brain regions
associated with feeding, recent studies indicate that septohippocampal brain regions,
including the ventral hippocampus and septum, are involved in the regulation of feeding
behavior and energy homeostasis [5-13]. For example, our recent study demonstrated that
ventral hippocampus (vHPC) reduces feeding by sending glutamatergic neuronal
projections to the septum [10]. Furthermore, pharmacological infusions of GABA or
noradrenaline into the septum increase feeding [5, 8, 14] while infusions of glucagon-likepeptide 1 (GLP-1) reduce feeding [13]. The septum is also known to be involved in gastric
emptying following meal consumption, as electrical stimulation of the septum promotes
gastric motility [15]. Although previous pharmacological experiments indicate a role for
septum in the control of feeding and energy homeostasis, these effects may be due to
activation or inactivation of a variety of cell types residing within septum or fibers of
passage through the septum. Together, these results suggest that neurons in septum are
involved in both central and peripheral regulation of energy homeostasis, although the
precise role of this brain region in feeding remains elusive.
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While recent studies have suggested a role for septum in the control of feeding
behavior, the neural circuits involved in septal control of feeding remain unknown. In
particular, the anatomy and function of septal projections to the hypothalamic feeding
circuitry and the relevance of these projections to feeding remain largely understudied. The
septal nucleus projects to multiple hypothalamic brain regions involved in feeding behavior
[11, 16]. Particularly dense septal projections are observed in the lateral hypothalamus, a
brain region classically considered to be involved in motivational aspects of feeding
behavior [17]. For example, both electrolytic and chemical lesions of LH reduce feeding
[18-21] while electrical stimulation of LH produces voracious feeding [17]. Extensive
studies have confirmed that lateral hypothalamus modulates motivational aspects of feeding
and reward via tight interactions with the mesolimbic dopamine system [17, 22, 23].
Interestingly, LH is also primed to integrate signals related to homeostatic aspects of feeding
behavior via connections with homeostatic feeding centers, such as the arcuate nucleus
(Arc) and the paraventricular nucleus (PVN) of the hypothalamus [24, 25]. However, it
remains unknown if inputs from the septum are involved in lateral hypothalamic control of
feeding behavior. Given the well described role of the lateral hypothalamus in feeding and
motivation and the strong septal inputs to LH, in this current study we investigated whether
and how septal inputs to lateral hypothalamus regulate feeding behavior. As distinct neurons
within LH have been shown to have opposing and specialized roles in feeding behavior [17,
26], we also investigated the putative postsynaptic neuron targets in LH that mediate the
septum’s effects on feeding. In particular, it is well-demonstrated that activation of
GABAergic neurons in LH increases appetitive and consummatory behaviors [22, 23, 25,
27, 28]. Therefore, since GABAergic transmission in LH has been previously shown to
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reduce feeding [29, 30], we reasoned that inhibitory GABAergic neurons in the septum
reduce feeding by inhibiting LH GABAergic neurons.
In this study, we sought to determine the role of a neurochemically distinct
population of septal neurons that express the GABAergic neural marker, vesicular GABA
transporter (vGAT), in the regulation of food intake and to identify downstream targets
within the lateral hypothalamus that mediate these effects. We find that chemogenetic and
optogenetic activation of vGAT expressing neurons within the septum suppresses food
intake, while inhibition of these neurons increases feeding. Subsequent optogenetic-assisted
circuit mapping experiments reveal that septal vGAT neurons exert suppressive effects on
feeding by projecting to lateral hypothalamus and that a subset of septal vGAT neurons
provide functional inhibitory connections to hyperphagia-inducing vGAT neurons in lateral
hypothalamus. Collectively, our results demonstrate a previously unknown circuit for “topdown” septohypothalamic suppression of feeding, providing new and important insights
into neural control of feeding behavior.

Materials and Methods
All experiments were performed in agreement with the guidelines described by the US
National Institute of Health’s Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at State University of New
York Upstate Medical University.
Mice: Adult mice (male and female; 5-8 weeks old) were used for all behavioral
experiments. We did not notice any apparent differences in feeding behavior between males
and females, so both sexes were used for behavioral experiments. Mice were randomly
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assigned to control (mCherry or eYFP control virus injected animals) or experimental
groups (DREADD or ChR2 injected animals) prior to viral injections and behavioral
experiments. Control and experimental groups were approximately evenly matched for age
and sex and mice did not show any apparent differences in physical activity prior to feeding
experiments. Mice used for experiments were obtained from the Jackson Laboratory and
included: C57/BL6J and vGAT-Cre transgenic mice. All mice were provided ad libitum
access to food (LabDiet; 5008 Formulab Diet) and water throughout experimental testing,
unless otherwise noted in the text and methods. Prior to stereotaxic injections, mice were
group housed with 3-5 mice per cage.
Viral vectors: The viral vectors used in this study included: AAV vectors for Cre-dependent
expression of ChR2 [AAV2-EF1a-DIO-hChR2 (H134R)-eYFP] or eYFP control virus
(AAV2-EF1a-DIO-EYFP); trans-synaptic tracer virus (AAV2-EF1a-IRES-WGA-CremCherry); and Cre-dependent hM3Dq, hM4Di or mCherry (AAV2-hSyn-DIO-hM3D(Gq)mCherry; AAV2-hSyn-DIO-hM4D(Gi)-mCherry; AAV2-hSyn-DIO-mCherry). All viral
vectors were provided by the UNC viral core facility, and on arrival were aliquoted into 2ul
tubes and stored at -80 C prior to stereotaxic injections.
Viral injections and fiber optic placement: For surgical procedures, mice were
anaesthetized with a mixture of ketamine/zylazine (60-75 mg/kg; 10 mg/kg; VET One) and
placed in a stereotaxic injection rig (Harvard Apparatus). Stereotaxic injections were
performed as previously described [10, 31]. Briefly, one or two small burr holes were made
above the septum or the lateral hypothalamus, using a micro-precision drill (Cell Point
Scientific). A micromanipulator (Narishige) was used to deliver small controlled
microinjections to either the septum (bregma +0.4 mm, midline ± 0.4 mm, dorsal surface 89

2.0 mm) or the lateral hypothalamus (bregma -1.3 mm, midline ± 1.0 mm, dorsal surface
5.0 mm) at a rate of approximately 0.2 µl min-1. Injections were delivered either unilaterally
or bilaterally, as described in the text and figure legends. Viral injection volumes were 200
nl for septum and 300 nl for lateral hypothalamus, respectively. Injection needles were left
in place for ten minutes following all viral injections to prevent leakage of virus to nontargeted brain regions. For trans-synaptic viral injections, two viral injections were
simultaneously performed. WGA-Cre virus was injected into the lateral hypothalamus
together with injections of Cre-dependent virus in the septum. For in vivo photo-stimulation
experiments, a ferrule capped optical fiber (1.25 mm Ceremic Ferrule; 200ul diameter fiber
core with 0.22 NA; Thorlabs) was implanted 0.5 mm above either the septum (bregma +0.4
mm, midline ± 0.3 mm, dorsal surface of brain 1.5 mm) or the lateral hypothalamus (bregma
-1.3mm, midline ± 1.0mm, dorsal surface of brain 4.5mm) immediately following viral
injections. Cement (DENTSPLY) was used to secure the ferrule to the mouse’s scull. For
postoperative care, subcutaneous administration of buprenorphine (1 mg /kg; VET One)
was administered twice daily (subcutaneous) for three days following surgery to control for
pain. Two weeks were allowed for recovery from surgical injections and expression of
virally expressed proteins. All mice were single caged and handled for at least one week
following recovery from surgical procedures and prior to beginning behavioral experiments.
Feeding behavior experiments
Feeding assays with chemogenetic manipulation of septal or LH vGAT neurons:
Exp 1.1 (Figures 1, 2, & 7B): Chemogenetic manipulation of septal or LH vGAT neurons.
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To selectively manipulate a subset of GABAergic neurons localized within the septal
nucleus or lateral hypothalamus, we targeted Cre-dependent viral vectors encoding the
stimulatory designer receptor exclusively activated by designer drugs (DREADD)-hM3Dq
or inhibitory DREADD-hM4Di into the septum or LH of vGAT-Cre transgenic mice that
expressed Cre-recombinase in a subset of GABAergic neurons expressing vesicular GABA
transporter (Figure 1A; see stereotaxic surgery section for detailed information on surgical
procedures). The DREADD-hM3Dq is an engineered G-protein coupled receptor that
selectively activates Gq-signaling pathways and activates neurons via peripheral clozapineN-oxide (CNO; Enzo Life Sciences) administration [32, 33]. Similarly to hM3Dq, hM4Di
is an engineered G-protein coupled receptor that selectively activates Gi inhibitory signaling
pathways following CNO administration. Adult mice, aged between 5-8 weeks, were
injected with Cre-recombinase dependent AAV vectors that expressed either hM3Dq (n=6
mice), hM4Di (n=6 mice), or mCherry (n=8 mice), as described above. After two weeks of
recovery from surgical procedures, all mice were individually housed and habituated for
one week prior to beginning behavioral experiments. Mice were handled daily for one week
to habituate to behavioral procedures. All behavioral experiments were performed in the
animal’s home cage. Experimental procedures were performed as previously described [10,
31]. Briefly, during feeding behavior experiments, food was replaced daily with
approximately 20 grams of fresh standard chow diet. The food was the same as the diet
provided to the mice ad libitum prior to, and following, experiments. Food intake was
manually calculated in the home cage at the indicated time-points described in the text by
briefly removing the food from the cages hopper and measuring its weight. Food intake was
measured post injection in response to intraperitoneal injections (i.p.) of control saline
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(0.9%; 200 µl) or CNO (1mg / kg for chemogenetic activation and 3mg / kg for
chemogenetic inactivation; prepared in sterile 0.9% saline; 200 µl). Cages were changed
daily to prevent food debris 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 intake during saline and CNO conditions were calculated for each mouse to
be used for statistical analysis. To test for reductions in feeding, acute feeding measurements
were performed during the early dark phase (8:30PM-9:00PM) or following an overnight
fast for mice expressing hM3Dq in septal vGAT neurons while light period (10:30AM11:00AM) feeding assays were performed for mice expressing hM4Di in septal vGAT
neurons or hM3Dq in LH vGAT neurons to test for facilitation of food intake. For overnight
fasting experiments, mice were fasted overnight from 6pm until 9am the following morning.
Fasting experiments were performed as described above except saline and CNO were
administered in counterbalanced order with half of the mice receiving CNO and half
receiving saline (to prevent potential order effects due to fasting). Mice recovered for one
week between all fasting experiments before beginning another fasting experiment. All
behavioral experimental treatments (saline and CNO) were repeated at least twice for each
mouse. An average value across multiple trials was computed for each mouse for each
experimental treatment condition to be used for statistical analysis.
Exp 1.2 (Figure 5): Chemogenetic activation of septal vGAT neurons projecting to LH.
Experimental procedures were performed as described above and in the previous chapter.
Briefly, WGA-Cre virus was injected into the lateral hypothalamus simultaneously with
injections of AAV vectors expressing Cre-dependent hM3Dq (n=7 mice) or Cre-dependent
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eYFP (n=6 mice) into the septum, as described in the text. Following two weeks for viral
expression and recovery from surgical procedures, feeding behavior experiments were
performed, as described above.
Optogenetic feeding behavior experiments
Expt. 2.1 (Figure 6): Feeding assays with optogenetic stimulation of septal vGAT neurons
and their projections in LH:
AAV viral vectors expressing Cre-dependent ChR2 fused to eYFP (n=5 for septal ChR2
expression and cannula placement in septum; n=10 for ChR2 expression in septum and
cannula placement in LH) or control eYFP (n=9; eYFP in septum and cannula in LH) were
injected into the septum (detailed in the viral injections and viral vector sections).
Simultaneously, after viral injections, fiber optic cannula’s were implanted 0.5mm above
either the septum or the lateral hypothalamus (see viral injection section). Following
surgery, two weeks were allowed for expression of viral proteins and recovery from surgical
procedures. As described in our previous study [10], fiber optic cables (200 µm diameter
core; BFH48-200-Multimode, NA 0.48; Thorlabs) were attached to implanted fiber optic
cannulas (200um diameter fiber core with NA 0.22; Thorlabs) via ceramic mating sleeves
(Thorlabs). Following attachment of fiber optic cables, mice were single housed in home
cages and habituated to fiber optic cables for three days prior to behavioral experiments. Ad
libitum access to standard chow food and water was made available at all times before and
after optogenetic experiments. During photostimulation, 30 or 60 minutes of light pulse
trains (20 Hz; 20 pulses; repeated every three seconds; 3ms pulses) were applied using a
waveform generator (Agilent; 3,322 A 20 Mhz Function waveform generator). Output from
the waveform generator was coupled to a blue laser power (473nm; Altechna) to supply
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laser power to fiber optic cables. Light power exiting the fiber optic tip was calculated prior
to experiments to be 10-15 mW. At the start of optogenetic experiments, 2-3 pellets of food
(6-8 grams) were placed on the bottom of each mouse’s cage. Food intake was manually
measured by carefully removing the food from the cage and obtaining its weight following
either no PS or PS. Thirty minutes of food intake was first measured without PS, following
by thirty minutes of food intake with PS. Feeding behavioral experiments were performed
during the dark cycle to take advantage of the high levels of basal food intake displayed by
mice during this period. Identical experiments were performed in mice expressing ChR2
and control eYFP fluorescent virus to control for potential effects due to light stimulation
or treatment order. For mice in which photostimulation was performed in both the septum
and lateral hypothalamus, stimulation was first applied to the septum, as described above.
Mice were returned to home cages for at least one week and a second round of identical
photostimulation experiments were performed while stimulating fibers in LH. All
behavioral experiments were repeated at least twice per mouse. At the conclusion of all
behavioral experiments, viral infection and cannula targeting were confirmed in all mice.
Exp 2.2: Optogenetic stimulation of septal vGAT inputs to LH & chemogenetic stimulation
of LH vGAT neurons (Figure 7)
Viral injections and optogenetic experiments were performed as described above. To
activate LH vGAT neurons during photostimulation of septal vGAT inputs to LH, hM3Dq
was expressed in LH vGAT neurons (n=5 mice). During feeding behavior experiments, i.p.
injections of CNO or saline were administered immediately prior to photostimulation or no
photostimulation (as shown in Figure 7D). Food intake was measured 1 hour after i.p.
injections and photostimulation (or no photostimulation). Experiments were performed
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during the daytime (1030-1130) to test for LH vGAT neuron evoked feeding and were
performed in a counterbalanced order to prevent potential order effects. For example, during
the first trial of experiments we performed experiments every day in the following order:
saline + PS, CNO + PS, saline + no PS, CNO + no PS. After one week, we performed a
second round of experiments in the opposite order: CNO + no PS, saline + no PS, CNO +
PS, saline + PS. Each treatment condition was repeated twice for each mouse and the
average was calculated from the two trials for each mouse for statistical analysis. For each
mouse tested, the change in food intake (Figure 7E) was calculated by subtracting the
average food intake for each mouse during saline conditions from the average food intake
for each mouse during CNO conditions (i.e. i.p. CNO + PS- i.p. saline + PS and i.p. CNO +
no PS- i.p. saline + no PS, respectively).
Open field behavioral testing
Experiment 3: Open field testing in DREADD transduced mice (Figure 4):
Anxiety-related behaviors were assayed following the procedures detailed in our previous
studies [10, 34]. Briefly, open field behavioral experiments were performed on vGAT-cre
mice (n=9 mice) transduced with hM4Di in septal vGAT neurons. On the day of open field
testing, mice were transferred to the open field behavior room thirty minutes prior to starting
behavioral experiments. The open field arena consisted of a brightly lit 500 mm2 arena in
the center of the behavioral room. All mice were administered i.p. injections of CNO or
control saline ten minutes prior to placing mice in the open field arena. Mice were then
placed in the center of the open field and allowed to explore freely for ten minutes.
Exploratory activity was tracked and scored using ANY-maze software (Stoelting).
Between trials, and before trial #1, the arena was cleaned with 70% alcohol. Experiments
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were performed in a counterbalanced order such that half of the mice received saline on
experimental day 1 (n=5) and the other half (n=4) received CNO. 1 week later open field
experiments were repeated with the opposite conditions such that mice that received saline
received CNO and those that received CNO received saline. Total distance traveled, speed,
time in the center of the open field, and distance traveled in the center of the open field for
each mouse in control saline and CNO conditions, respectively, were used for statistical
comparisons.
Electrophysiology and circuit mapping
Experiment 4 (Figure 3, Figure 6J and K): ChR2-assisted septum to lateral hypothalamus
circuit mapping and electrophysiological confirmation of chemo/optogenetic manipulation
of neuron activity:
For ChR2 or DREADD-based manipulation of neuronal firing rates, experiments were
performed on mice transduced with ChR2 or DREADDs (see viral injection section) in
septal vGAT neurons. Acute coronal sections that included the lateral hypothalamus were
prepared from the mice transduced with ChR2 in septal neurons and control fluorescent
proteins in the lateral hypothalamus, following the procedures detailed in our previous
studies [10, 31]. Briefly, mice were deeply anaesthetized with isoflurane and decapitated.
Mouse brains were dissected rapidly and placed in ice-cold oxygenated (95% O2 and 5%
CO2) solution containing (in mM): 110 choline chloride, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2,
7 MgSO4, 25 D-glucose, 3.1 Na-pyruvate, and 11.6 Na-L-ascorbate, pH 7.3. Coronal brain
slices (260 μm thickness) were cut with a vibratome (Vibratome 1000S) and maintained in
an incubation chamber at 34°C for 30 minutes, and then brought to room temperature until
transferred to a recording chamber. During experiments, an individual slice was transferred
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to a submersion-recording chamber and continuously perfused with recording solution
containing the following (in mM): 119 NaCl, 25 NaHCO3, 11 D-glucose, 2.5 KCl, 1.25
MgCl2, 2 CaCl2, and 1.25 NaH2PO4, aerated with 95% O2 /5% CO2 (1~2 ml/min at room
temperature). Recordings were made at levels throughout the lateral hypothalamus.
Fluorescent-labeled LH neurons were identified using a Nikon microscope and ChR2
expressing fibers were observed by fluorescence emission.
Whole cell patch-clamp recordings were made at LH neurons in voltage clamp while
holding the neurons at -60 mV throughout the experiment using Axo-patch 700 B amplifier
(pClamp 10.0 software; Molecular Devices; CA). The recording electrodes had tip
resistances of 3～5 MΩ. Recording pipettes were routinely filled with a solution containing
(in mM): 125 gluconate, 15 KCl, 10 Hepes, 8 NaCl, 4 Mg-ATP, 0.3 Na-GTP, 10 Na2phosphocreatine, 2 EGTA (pH 7.30). Synaptic responses were digitized at 10 kHz. Neurons
with series resistances less than 30 MΩ were used for recordings. The postsynaptic currents
(PSCs) were recorded while shining blue 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 the specimen. Light pulse duration (1
to 3ms) was controlled by pCLAMP 10 software (Molecular Devices). Current clamp mode
was used for recording neuronal firing rates while holding at - 60 mV. For DREADD-based
manipulations of neuronal firing rates, whole-cell current clamp mode was used for
recording neuronal firing rates with a holding potential of - 60 mV. For ChR2-based
activation of septal neurons, loose-seal cell-attached recordings (seal resistance, 20-70 MΩ,
aCSF internal) were made on ChR2-transduced septum neurons in voltage clamp with
holding current maintained at zero through the whole experiments.
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Immunofluorescence and Imaging
Following all chemogenetic and optogenetic behavioral experiments, mice were
anesthetized with an overdose of ketamine/zylazine (60-75 mg/kg; 10 mg/kg; VET One)
prior to cardiac perfusions. Mice were perfused with 0.1M phosphate buffered saline (PBS),
followed by 4% paraformaldehyde in 0.1M PBS. Following perfusion, brains were removed
and fixed overnight in 4% paraformaldehyde. Tissue was subsequently immersed for 24 hr
each in 10, 20, and 30 % sucrose solutions (prepared in 0.1M PBS). Brain sections (40 µm)
were prepared using a cryostat (Leico Microsystems) and were mounted onto glass slides
for confirmation of viral infection and cannula placement. For cfos immunostaining, i.p.
injections of CNO (n=2 mice) or control saline (n=2 mice) were administered 30 minutes
prior to perfusion. Sections were washed three times in 0.1 M PBS and blocked in 2%
bovine serum albumin (Sigma-Aldrich; Lot 084K8926) in 0.1M PBS and 0.1% Tween-20
for 2 hr. Primary antibody (rabbit anti-Fos; 1:150; Santa Cruz Biotechnology) incubated in
blocking buffer was added overnight. Sections were then washed three times and secondary
antibody (donkey anti-rabbit 680, 1:500; Life Technologies) was added in blocking buffer
for two hours. Sections were again washed three times and mounted onto glass slides. Slides
were stored at 4 C prior to image acquisition. To quantify total c-fos levels, random sections
were sampled and imaged for c-fos reactivity in response to i.p. CNO or saline injections.
Brain sections were sampled from bregma 0.6 to bregma 0.0. Overlap between c-fos and
mCherry positive neurons was determined by first quantifying the number of c-fos positive
cells in the septum and then determining the percentage of these cells that overlapped with
mCherry signal. For each mouse, c-fos signals were quantified from 4-6 random sections
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and the average number of c-fos+ / mCherry+ neurons from the counted sections for each
mouse was used for statistical analysis.
Statistical Analysis
Mice were randomly assigned to experimental (DREADD or ChR2 transduced) or control
groups (control florescent protein transduced) prior to viral injections and behavioral
experiments. All experiments were repeated at least twice for each mouse and an average
value was calculated for each mouse for statistical analysis. Data that was normally
distributed was analyzed with a two-tailed paired or unpaired Student’s t-test to compare
group data when only two experimental conditions were being compared between the same
or different mice, respectively. Data comparing two experimental conditions that did not
display a normal distribution was analyzed with a Wilcoxon matched-pairs rank test or a
Mann-Whitney test for the same or different mice, respectively. Kolmogorov-Smirnov test
was used when analyzing distributions. Repeated measures ANOVA with the withinsubjects factors of injection condition (saline vs CNO) and time segment (0-1 hour, 1-2
hours, 2-5 hours) was used to analyze the data shown in Figures 5D and E. Mixed factorial
ANOVA with the between subjects factor of viral injection type (eYFP control vs hM3Dq)
and the within-subjects factor of time segment was used to analyze the data shown in Figure
5F. Holm-Sidak’s post hoc method was used to determine significant effects at the various
time-segments following the detection of a significant main effect. P values of less than 0.05
were considered statistically significant. All data analysis was performed using Prism 6.0
(GraphPad Software).
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RESULTS
Activation of Septal vGAT Neurons Reduces Food Intake
To examine the influential effects of septal vGAT neurons on food intake, we
targeted a Cre-dependent viral vector encoding the stimulatory DREADD-hM3Dq into the
septum of vGAT-Cre transgenic mice (Figure 1A). Following viral transduction of the Credependent DREADD-hM3Dq, we observed dense vGAT neuronal expression in the dorsal
region of lateral septum (LSd) and the medial septum (MS) (hereafter referred to as LSd/MS
vGAT neurons, Figure 1A). As expected, intraperitoneal injections of the selective
DREADD agonist clozapine-N-oxide (CNO) increased the neuronal activity of LSd/MS
vGAT neurons transduced with hM3Dq, as indicated by increased neuronal c-fos levels
(Figure 1B and C; t(2)=7.24, p=0.02; Student’s unpaired t-test; n=8-12 sections / 2 mice
for saline and CNO groups respectively). Further in vitro patch clamp recordings confirmed
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that CNO potently activates LSd/MS neurons transduced with the stimulatory hM3Dq when
compared to basal neural firing levels (Figure 3A and C; t(16)=4.30, p=0.0006; Student’s
unpaired t-test; n=9 neurons from 3 mice). To determine if these neurons regulate food
intake, we next performed feeding assays following i.p. injections of CNO (1mg/kg) or
saline. Interestingly, we observed that DREADD-based activation of LSd/MS vGAT
neurons reduced feeding during the dark period of the rodent light cycle, when mice usually
actively consume food (Figure 1E; t(5)=3.42, p=0.02; n=6 mice; Student’s paired t-test).
To further explore the role of these neurons when mice are more motivated to consume
food, we performed similar experiments in mice following an overnight fast and observed
a similar trend towards reduced fasting-evoked feeding (Figure 2; t(5)=2.54, p=0.05; n=6
mice; Student’s paired t-test). CNO administration had no apparent effects on food intake
in mice transduced with control mCherry, indicating that CNO did not exert non-specific
effects on food intake (Figure 1F; t(7)=0.27, p=0.79; n=8 mice; Student’s paired t-test).
The aforementioned gain-of-function experiments indicate that activation of
LSd/MS vGAT neurons is sufficient to reduce food intake (Figure 1E). However, they do
not reveal the significance of these neurons during normal feeding conditions or if these
neurons exert tonic inhibition of food intake. We thus performed loss-of-function
experiments by transducing LSd/MS vGAT neurons with the inhibitory DREADD-hM4Di.
Consistent with the well described inhibitory role of hM4Di [32, 33, 35], in vitro patch
clamp recordings confirmed that CNO reduces the firing rate of LSd/MS vGAT neurons
transduced with the inhibitory DREADD-hM4Di (Figure 3B and D; t(12)=3.37, p=0.006;
Student’s unpaired t-test; n=7 neurons from 2 mice). Also, we observed that DREADDbased inactivation of these neurons increased food intake during the light cycle, when mice
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usually do not consume large quantities of food (Figure 1G; t(5)=2.96, p=0.03; Student’s
paired t-test; n=6 mice).
Since alterations in basal anxiety levels or locomotion may affect feeding behavior,
we next investigated if LSd/MS vGAT neural regulation of food intake was secondary to
changes in anxiety or locomotion. To test this possibility, we performed open field
exploration tests in vGAT-Cre mice transduced with the DREADD-hM4Di in LSd/MS
vGAT neurons. Similarly to a previous report, we did not observe apparent changes in basal
anxiety levels during chemogenetic inactivation of LSd/MS vGAT neurons [36]. In
particular, no significant differences were detected between saline and CNO treated mice in
time spent in the center of the open field (Figure 4C; t(8)=0.01, p=0.99; paired Student’s
t-test; n=9 mice), or distance traveled in the center of the open field (Figure 4D; t(8)=-1.09,
p=0.30; paired Student’s t-test; n=9 mice). While DREADD-based inactivation of LSd/MS
vGAT neurons increased food intake (Figure 1G), locomotion was not altered as measured
by total distance traveled (Figure 4A; t(8)=-0.06, p=0.95; paired Student’s t-test; n=9 mice)
and average speed (Figure 4B; t(8)=-0.13, p=0.90; paired Student’s t-test; n=9 mice).
These findings suggest that LSd/MS vGAT neurons are not significantly involved in anxiety
or locomotion under basal conditions, although we cannot rule out more subtle roles for
these neurons in anxiety, locomotion, or other behaviors related to feeding.
Activation of Septal Projections in LH Reduces Food Intake
We next sought to identify the projection target(s) of septal neurons that are
responsible for chemogenetic reductions in food intake. Previous literature has established
that multiple septal sub-regions, including LSd and MS, project to the lateral hypothalamus
(LH) [37-39]. Based on the well-established role of lateral hypothalamus in the control of
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feeding behavior [18, 19, 21, 23, 25-27, 40, 41], we investigated if septal projections to LH
regulate food intake. To examine if septal neurons project to LH and investigate the role of
these projections in the control of food intake, we utilized a “retro-DREADD” approach
which was previously described [10, 42, 43]. The trans-synaptic tracer wheat germ
agglutinin (WGA) fused to Cre recombinase (WGA-Cre) was injected into the lateral
hypothalamus simultaneously with a second injection of Cre-dependent hM3Dq into septum
(Figure 5A-C), allowing for the selective labeling and activation of septal neurons
anatomically connected with the lateral hypothalamus. Following viral transduction, we
observed sparse labeling of hM3Dq-mCherry soma in the septum (Figure 5C).
Chemogenetic activation of septal neurons connected to LH led to a reduction in food intake
(Figure 5D; main effect of CNO treatment, F(1,6)=25.29, P=0.002; two-way repeated
measures ANOVA with within-subjects factors of treatment and time segment; n= 7 mice).
To control for potential non-specific effects of CNO, we performed similar experiments in
mice transfected with WGA-Cre in LH and control virus in septum. Consistently, food
intake was not reduced following CNO treatment in mice transduced with control virus in
septum (Figure 5E; main effect of CNO treatment, F(1,5)=3.3, P=0.13; two-way repeated
measures ANOVA with within-subjects factors of treatment and time segment; n= 6 mice).
We also observed that food intake was significantly reduced in hM3Dq transduced mice
treated with CNO, compared with control eYFP transduced mice treated with CNO (Figure
5F; main effect of virus injection; F(1,11)=29.17, P<0.001; mixed factorial ANOVA with
within-subjects factor of time segment and between subjects factor of virus injection type;
n=6 mice for eYFP group and n=7 mice for hM3Dq group). Post hoc analysis indicated that
food intake was reduced in hM3Dq injected mice from 1-2 hours post injection (P=0.009)
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and 2-5 hours post injection (P=0.01), and trended towards a reduction in food intake from
0-1 hours post injection (P=0.06). Taken together, although WGA may label
polysynaptically connected neurons in both the anterograde and retrograde direction, “retroDREADD” experiments suggest that activation of septal projections in LH reduce feeding.
We thus next sought to perform cell-type specific optogenetic experiments to examine the
role of this putative neural circuit in the control of food intake.
Activation of Septal vGAT Projections in LH Reduces Food Intake
Since chemogenetic activation of LSd/MS vGAT neurons (Figure 1E) or the LHprojecting septal neurons reduced food intake (Figure 5), we predicted that LSd/MS vGAT
neurons constitute a major septal projection pathway to the LH, supported by previous
reports that GABAergic neurons are the most abundant neurons within the septum [44]. To
selectively stimulate LSd/MS vGAT neuronal projections in the LH, we expressed Credependent ChR2 in LSd/MS vGAT neurons and inserted an optic fiber above the lateral
hypothalamus in vGAT-Cre mice (Figure 6A-C). Consistent with our chemogenetic data
(Figure 1E), we observed that in vivo photostimulation (PS) of LSd/MS vGAT neuronal
soma markedly reduced food intake (Figure 6E; t(4)=3.73, p=0.02; Student’s paired t-test;
n=5 mice). Supportively, in vitro current clamp recordings confirmed that photostimulation
(20 Hz for 1 s, repeated every 3 s) reliably evoked action potentials in ChR2 transduced
LSd/MS vGAT neurons (Figure 6J), consistent with a previous report [45]. Furthermore,
in vivo optogenetic stimulation of LSd/MS vGAT projections in LH led to a reduction in
food intake, indicating that LSd/MS vGAT projections to the lateral hypothalamus
contribute to LSd/MS-based appetite suppression (Figure 6F; Z=-43, P=0.03; Wilcoxon
signed rank test; n=10 mice). To exclude the possibility of non-specific effects potentially
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caused by in vivo photostimulation, we performed similar experiments in mice transduced
with the control fluorescent protein eYFP in LSd/MS vGAT neurons and did not observe a
significant effect on food intake following photostimulation (Figure 6G; t(8)=2.31,
p=0.44; Student’s paired t-test; n=9 mice). To further control for the potential effects of
photostimulation on food intake, we compared the change in food intake (food intake during
PS minus food intake before PS) for each mouse following photostimulation in ChR2 and
eYFP transduced mice. Importantly, we found that optogenetic stimulation of vGAT soma
in septum (Figure 6H; t(12)=3.32, p=0.006; Student’s unpaired t-test; n=9 mice for eYFP
group and n=5 mice for ChR2 group) and neuronal fibers in LH (Figure 6I; U=19, P=0.03;
Mann Whitney test; n=9 mice for eYFP group and n=10 mice for ChR2 group) significantly
reduced food intake in ChR2 transduced mice when compared to eYFP transduced mice.
Septal vGAT neurons project to LH vGAT neurons
To determine if LSd/MS vGAT neurons are functionally connected to LH vGAT
neurons in the lateral hypothalamus, we transduced LSd/MS vGAT neurons with ChR2eYFP and LH vGAT neurons with control mCherry respectively in the same vGAT-Cre
transgenic mice (Figure 6A-C) and performed ChR2-assisted circuit mapping in acute brain
slices containing lateral hypothalamus (Figure 6K). Experiments were performed in the
presence of the sodium channel blocker tetrodotoxin (TTX; 1 µM) and the potassium
channel blocker 4-amynopyridine (4-AP; 100 µM) to detect direct monosynaptic inputs
from septum to LH, as described in our previous study [10]. Interestingly, we detected
functional GABAergic synaptic currents in approximately twenty percent of postsynaptic
LH vGAT neurons. These connections were eliminated in the presence of the GABAergic
receptor blocker, picrotoxin, confirming their inhibitory nature (Figure 6K). These results
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suggest that a specific subpopulation of LH vGAT neurons mediates the septum’s
anorexigenic effect on food intake, although we cannot exclude the potential contribution
of other non-vGAT expressing cell types within LH.
Since inhibitory septal inputs to LH reduce feeding (Figure 6F and I) and septal
vGAT neurons provide functional inhibitory connections to LH vGAT neurons (Figure
6K), we next asked if chemogenetic activation of LH vGAT neurons would facilitate
feeding. In support of the hypothesis that septal neurons reduce feeding by inhibiting the
activity of LH vGAT neurons, chemogenetic activation of LH vGAT neurons robustly
increased food intake (Figure 7A and B; t(5)=2.76, p=0.04; Student’s paired t-test; n=6
mice). We next tested if activation of LH vGAT neurons could occlude the reduction in
feeding observed following photostimulation of septal inputs to LH. To test this hypothesis,
we expressed channelrhodopsin in septal vGAT neurons and inserted a cannula into LH
(Figure 7C). In the same mice, to selectively activate LH vGAT neurons, we expressed
hM3Dq in LH vGAT neurons (Figure 7C). Photostimulation of septal vGAT inputs in LH
did not significantly affect feeding during chemogenetic activation of LH vGAT neurons
(Figure 7E; t(4)=0.20, p=0.85; Student’s paired t-test; n=5 mice). These findings suggest
that activation of LH vGAT neurons is sufficient to occlude the anorexic effects of septal
vGAT inputs to LH.

Discussion
Feeding behavior is an essential process that is maintained by multifaceted neural
circuits primarily residing in the hypothalamus and hindbrain [1-4]. However, the relative
influence of higher level cognitive and emotional brain circuits to hypothalamic or hindbrain
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control of feeding remains underexplored. Here, we characterize the role of septum, a brain
region understudied in metabolic control but heavily implicated in stress, anxiety, and
aggression [16], in the control of food intake. Although previous studies have described a
role for septum in feeding behavior [5, 8, 13, 14], the cell types and neural circuits
responsible for septal control of feeding have remained elusive. In the present study, we
find that activation of vGAT expressing neurons in the septum decreases feeding (Figure 1
and Figure 6). Consistently, inhibition of these neurons increases food intake (Figure 1).
However, since the current manuscript focused on the role of the entire septal nucleus and
its projections to lateral hypothalamus in feeding behavior, future work is needed to
precisely define the role of individual genetically defined cell types and septal sub-regions
in feeding behavior.
Septal-hypothalamic circuits regulate stress-induced behavior
Previous studies have explored the role of septal inputs to hypothalamic nuclei in
stress and anxiety behavior [14, 36, 46, 47]. Based in large part on these and other studies,
it was believed that lateral septum reduces anxiety via projections to the hypothalamus. A
recent report, however, demonstrated that a subset of CRF-2 (corticotrophin-releasing factor
2) expressing neurons in the lateral septum increase stress-induced anxiety by projecting to
the anterior hypothalamus [36]. Here, we report that septal inputs to lateral hypothalamus
reduce feeding (Figure 5 and Figure 6). Given the shared function of septal-hypothalamic
circuits in stress and feeding [14, 36, 46, 47] , these neural circuits may represent promising
targets for circuit specific mechanisms governing the complex interactions between feeding,
stress, and emotion. Future work is needed to dissect the involvement of septal inputs to
lateral hypothalamus in other behaviors related to feeding, such as anxiety and stress. For
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example, it remains to be determined if conserved septal-hypothalamic circuits project to
both anterior and lateral hypothalamus to control feeding and anxiety or if these behaviors
are controlled by separate neural circuits.
Inhibitory inputs to lateral hypothalamus control feeding
In this study, our feeding assays and neural circuit analysis demonstrate that septal
vGAT neural projections to the LH reduce food intake and that these septal neurons provide
functional inhibitory connections to a subpopulation of vGAT neurons localized in the
lateral hypothalamus. Consistently, LH vGAT expressing neurons have recently been
shown to be critical for driving consummatory behaviors [23, 25, 27, 28]. In line with these
past findings, our chemogenetic experiments indicate that activation of LH vGAT neurons
profoundly enhances food intake (Figure 7B). It appears that LH vGAT neurons may have
a specialized role in driving non-homeostatic or compulsive drives to consume food since a
recent study shows that LH vGAT neurons promote consummatory behaviors regardless of
caloric content or even biological relevance [28]. These findings are consistent with
classical theories linking LH function and feeding to mesolimbic dopamine circuitry [17].
Furthermore, recent findings demonstrate that LH vGAT neurons are capable of increasing
dopamine levels in nucleus accumbens by inhibiting local inhibitory neurons in ventral
tegmental area [22]. Our results indicate that septal vGAT neurons provide upstream
inhibitory inputs to LH vGAT neurons (Figure 6K). However, it remains unclear if
inhibitory septal inputs to LH vGAT neurons are capable of suppressing the output of LH
vGAT neurons to the mesolimbic dopamine circuitry. Nonetheless, our results support a
model in which septal vGAT neurons reduce feeding, at least in part, by suppressing the
activity of the mesolimbic dopamine circuitry through LH vGAT neurons. Future studies
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are needed, however, to test the potential interactions between septal vGAT neurons, the
mesolimbic dopamine circuitry, and motivated behavior.
Collectively, LH vGAT neurons are poised to integrate multiple inputs originating
from distinct brain regions to adaptively modulate motivational behaviors, including
feeding. Interestingly, the inhibitory GABAergic inputs projecting to lateral hypothalamus
target opposing LH cell populations to differentially affect feeding behavior. For instance,
the GABAergic neurons localized in the bed nucleus of the stria terminalis (BNST) project
to glutamatergic neurons localized in the lateral hypothalamus to increase food intake [48].
By contrast, the GABAergic neurons in nucleus accumbens project to LH GABAergic
neurons to decrease feeding [29], similarly to the septum as demonstrated in the present
study. Together, these findings highlight the novelty of cell-type and projection-specific
targeting approaches to assigning neural circuit functions to behavior, as seemingly identical
pre-synaptic inputs can have opposing behavioral effects depending on the origin of the
input and the postsynaptic cell-type. Further work is needed to determine why seemingly
identical pre-synaptic inputs preferentially interact with opposing post-synaptic targets in
LH [29, 48]. Nevertheless, we propose that neural circuits providing upstream inhibitory
input to LH vGAT neurons represent promising therapeutic targets for future circuit specific
approaches to pathological conditions related to reward and motivation.
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Figures and Legends
Figure 1: Anorexigenic effects of septal vGAT neurons on food intake.

(A) Representative sample image showing bilateral Cre-dependent transduction of
DREADD-hM3Dq-mCherry in LSd/MS vGAT neurons in a vGAT-Cre mouse. A1 shows
sample images throughout the rostral-caudal axis of the septal nucleus in a mouse
transfected with hM3Dq in the septum. (B) Sample image showing overlap between
hM3Dq-mCherry positive LSd/MS vGAT neurons and c-fos signal. Intraperitoneal (i.p.)
injections of CNO (n=2 mice) or vehicle saline (n=2 mice) were administered 30 minutes
prior to perfusions to selectively activate vGAT neurons. (C) Quantification of the
percentage of c-fos positive LSd/MS vGAT neurons that co-express mCherry following i.p.
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injections of saline or CNO. CNO injections significantly increased the percentage of c-fos
positive cells also expressing mCherry. (D) Schematic outlining feeding behavior protocol.
Ad libitum fed mice were administered intraperitoneal injections of CNO or saline and free
access food intake was accessed thirty minutes following i.p. injections. (E) CNO
administration reduced food intake in DREADD-hM3Dq transduced mice (n=6 mice). (F)
No significant differences in food intake were detected between saline and CNO treatments
in mice transduced with the control fluorescent protein mCherry (n=8 mice). (G) CNO
administration increased food intake in DREADD-hM4Di transduced mice (n = 6 mice).
Experiments were repeated at least two times per mouse for each experimental condition
(saline and CNO) and average values were calculated for each mouse for saline and CNO
treatment conditions. LSd, dorsal lateral septum; LV, lateral ventricle; MS, medial septum;
Acc, anterior commissure. Scale bars, 200 µm for A and 20 µm for B. *p<0.05, n.s. (not
significant). Data represents mean ± s.e.m.
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Figure 2: DREADD-based activation of septal vGAT neurons following a fast

(A1) Experimental design. Mice were fasted overnight and i.p. injections of CNO (1mg/kg)
or saline were administered immediately prior to supplying food. (A2) Activation of septal
vGAT neurons trends towards reducing food intake following an overnight fast. Food intake
was measured for one hour following the fast. n=6 mice. Data represents mean +/- sem.
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Figure 3: DREADD-based activation and inactivation of septal vGAT neurons

(A) A sample trace showing that addition of CNO to an acute brain slice from a mouse
transduced with hM3Dq in LSd/MS vGAT neurons significantly increased the firing rate of
septal vGAT neurons, compared to before addition of CNO. (B) Sample trace of a wholecell recording of action potentials at one LSd/MS vGAT neuron transduced with hM4Di in
an acute brain slice of a vGAT-Cre mouse. CNO significantly decreased the neuronal firing
rate, compared to before addition of CNO. (C) Grouped data from the experiments
performed in (A) in septal vGAT-hM3Dq transduced mice (n=9). (D) Grouped data from
the experiments performed in (B) in septal vGAT-hM4Di transduced mice (n=7). (E)
Grouped data from experiments performed in septal vGAT-mCherry transduced mice (n=7).
Current whole-cell patch-clamp recordings were made at hM3Dq, hM4Di, or mCherry
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transduced LSd/MS vGAT neurons respectively with a holding potential of -60 mV. Scale
bar, 50 mV and 30 s. **p<0.01, ***p<0.001, n.s. (not significant). Data represents mean ±
s.e.m. Electrophysiological experiment performed by Y.Y.

Figure 4: DREADD-based manipulation of septal vGAT neurons does not affect
anxiety or locomotion.

(A) Grouped behavioral data showing total distance traveled during ten minutes in the open
field in vGAT-cre mice transduced with hM4Di in septal vGAT neurons. No significant
difference was detected between saline and CNO treatment conditions in total distance
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traveled during ten minutes of open field exploration. (B) Grouped behavioral data of the
average speed in the open field following saline or CNO injections. No significant
differences were detected between saline and CNO treatments in DREADD-hM4Di
transduced mice. (C and D) Time in the center and distance traveled in the center of the
open field following CNO and saline treatments in DREADD-hM4Di transduced mice. No
significant differences were detected in time spent in the center of the open field or distance
traveled in the center of the open field between the two treatment groups. n=9 mice for all
panels. n.s. (not significant). Data represents mean ± s.e.m.
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Figure 5: Selective activation of LH projecting septal neurons reduces feeding

(A) Experimental design to selectively express hM3Dq in septal neurons anatomically
connected with LH. The trans-synaptic tracer virus, AAV-WGA-Cre-mCherry, was
bilaterally injected into the lateral hypothalamus together with bilateral injections of the
Cre-dependent DREADD-hM3Dq into septum. Trans-synaptic tracer virus transports Crerecombinase to anatomically connected cell populations allowing for Cre-dependent viral
infection only in neurons connected with lateral hypothalamus. (B and C) Sample images
showing WGA-Cre-mCherry expression in the lateral hypothalamus (B) and Cre-dependent
hM3Dq expression in the septum (C). (D) Feeding behavior experiments showing that i.p.
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injections of CNO reduced feeding in hM3Dq transduced mice, relative to saline treatment
(n = 7 mice). (E) No significant difference was detected between saline and CNO treatments
in mice injected with control eYFP virus in septum (n= 6 mice). (F) Change in food intake
(relative to saline injections) in mice transduced with hM3Dq (n=7) or eYFP (n=6) in septal
vGAT neurons. A significant main effect of viral injection type was detected showing that
mice injected with hM3Dq ate significantly less than mice injected with eYFP control virus
in response to CNO injections. Significant differences in food intake were also detected
between 1-2 hours, and 2-5 hours post injection, with a trend towards reduced food intake
from 0-1 hours post i.p. injection. For each mouse tested, mice were injected with saline or
CNO and average food intake measurements for both conditions were calculated at the
indicated time-points. The average difference in food intake at each time-point (average
CNO evoked food intake-average saline evoked food intake), for each mouse, was
calculated for statistical analysis. 3rd V (3rd ventricle), LH (lateral hypothalamus), LV
(lateral ventricle), LS (lateral septum), MS (medial septum). Scale bars, 400 µm for B and
500 µm for C. **p<0.01, ***p<0.001. Data represents mean ± s.e.m.
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Figure 6: ChR2-assisted dissection of an inhibitory septal-hypothalamic feeding circuit

(A) Strategy to express channelrhodopsin (ChR2) in LSd/MS vGAT neurons and insert fiber
optic cannula’s above LSd/MS or lateral hypothalamus. Cre dependent viral injections of
ChR2 and the control fluorescent protein mCherry were delivered into LSd/MS and LH,
respectively, to photostimulate LSd/MS vGAT neurons or their projections in LH and to
label vGAT neurons in LH. Fiber optic cannulas were inserted above both LSd/MS and the
lateral hypothalamus to selectively stimulate LSd/MS vGAT neurons or LSd/MS
projections in the lateral hypothalamus. (B) Representative image showing viral expression
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of Cre-dependent ChR2 in the LSd/MS of a vGAT-cre mouse. (C) Images showing LSd/MS
neuronal projections labeled with ChR2-eYFP (green) in the lateral hypothalamus with
overlapping LH vGAT neurons labeled with mCherry (red). (D) Experimental design for
optogenetic feeding behavior experiments. Food intake was measured at thirty minute
increments before and during photo-stimulation. (E) Photo-stimulation of LSd/MS vGAT
neurons reduced food intake (n=5 mice). (F) Photo-stimulation of LSd/MS vGAT
projections in the lateral hypothalamus reduced food intake (n=10 mice per group). (G) No
significant changes in feeding were detected in mice injected with control eYFP expressing
virus (n=9 mice). (H) Change in food intake during photostimulation of septum (relative to
before PS) for mice expressing eYFP in septum (n=9 mice) or ChR2 in septum (n=5 mice).
A significant difference in food intake was detected between eYFP and ChR2 transduced
mice, indicating that photostimulation of septal vGAT neurons reduced feeding relative to
eYFP control conditions. Change in food intake was calculated by subtracting the average
amount of food consumed before PS from the average amount of food consumed during PS
for each mouse to obtain a change score for every mouse tested. All change scores for all
mice were averaged for statistical analysis. (I) Change in food intake during
photostimulation of septal projections in LH in mice transduced with ChR2 (n=10 mice) or
control eYFP virus (n=9 mice). Photostimulation of septal vGAT fibers expressing ChR2
in LH reduced food intake compared to photostimulation of eYFP fibers in LH. (J) Sample
traces of PS-evoked action potential firing of septal vGAT neurons transduced with either
ChR2 (upper trace; n = 8 neurons) or control mCherry (lower trace; n = 6 neurons). Blue
lines represent the onset and offset of PS (20 Hz for 1 s, repeated every 3 s). (K) ChR2assisted circuit mapping. Inhibitory postsynaptic currents (IPSCs) were recorded at LH
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vGAT neurons (5 of 25 recorded neurons) while photostimulating ChR2 expressing
LSd/MS vGAT projections in the LH in the presence of TTX (1 µM) and 4-AP (100 µM).
IPSCs were diminished in the presence of the GABAA receptor antagonist picrotoxin (100
µM). PS (photostimulation). Scale bars, 200 µm for B, 100 µm for C (left panel), and 20
µm for C (right panel), 40 pA and 1 s for J, 4pA and 50 ms for K, *p<0.05, **p<0.01, n.s.
(not significant). Data represents mean ± s.e.m. Electrophysiological experiments shown in
J and K performed by Y.Y.
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Figure 7: Chemogenetic activation of LH vGAT neurons evokes feeding

(A) Experimental timeline for chemogenetic experiments. Ad libitum fed mice were injected
with saline or CNO and food intake was measured sixty minutes following i.p. injections.
(B) Feeding behavioral assays showing that food intake is increased following CNO
injections in mice transduced with the DREADD-hM3Dq in LH vGAT neurons (n=6 mice).
(C) Schematic showing experimental design to co-activate septal vGAT inputs to LH and
LH vGAT neurons. ChR2 and hM3Dq were injected into the septum and LH, respectively,
in vGAT-cre mice and a fiber optic cannula was inserted above LH to photostimulate septal
vGAT inputs to LH. (D) Experimental timeline for occlusion experiments. Intra-peritoneal
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injections of CNO were immediately followed by 1 hour of photostimulation or no
photostimulation, as shown. (E) Change in food intake following i.p. CNO injections. For
each mouse tested, change in food intake was calculated by subtracting the amount of food
consumed following saline injections from the amount of food consumed following CNO
injections. No difference was detected between mice treated with CNO + photostimulation
and CNO + no photostimulation (n= 5 mice). *p<0.05, n.s. (not significant), Data represents
mean +/- s.e.m.
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Chapter Four:
General Discussion and Final Conclusions
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Overview of main findings
Prior work has strongly suggested that ventral hippocampus and septum are involved
in feeding behavior [1-4]. However, the underlying cell types and neural circuits mediating
the contributions of vHPC and septum to feeding behavior have remained largely unknown.
The current thesis outlines distinct cell types and neural circuits within both ventral
hippocampus and septum that contribute to the role of these structures in feeding behavior.
Namely, glutamatergic neurons in the ventral hippocampus reduce feeding by projecting to
postsynaptic neurons in the lateral septum (Chapter 2). Within the septal nucleus,
GABAergic neurons reduce feeding by selectively inhibiting the activity of GABAergic
neurons located in the lateral hypothalamus (Chapter 3). The implications, limitations, and
future directions associated with the previously described findings are further discussed as
follows.
Relationship between ventral hippocampal circuits, feeding, and emotion
Feeding and emotion are closely interconnected at the neural circuit level [5].
However, the precise neural circuits underlying the associations between feeding and
emotion remain incompletely resolved. The ventral hippocampus is one brain region that is
known to regulate emotional behavior and behavioral responses to stress [6-11]. Ventral
hippocampal projections to nucleus accumbens, cortex, and amygdala are involved in
modulating diverse emotional behaviors ranging from depression and anxiety to addiction
and reward related behaviors [7, 12, 13]. As presented in the current thesis and by others
[1], vHPC also reduces feeding by influencing downstream neurons in the lateral septum
and bed nucleus of the stria terminalis [14]. A number of distinct possibilities may explain
the role of vHPC in both feeding and emotional behavior. For example, ventral hippocampus
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may be activated in response to stress or a heightened emotion state. This activation may
recruit a diverse range of downstream targets that are involved in mediating appropriate
behavioral responses to changes in emotional state. Projections to lateral septum and/or
lateral hypothalamus may modulate feeding behavior [14, 15], while projections to
amygdala [12] or other downstream targets may heighten anxiety or promote aggressive
behavior to cope with impending threats.
Along these lines, the projection dynamics of individual vHPC neurons remains
unknown. In particular, it is unclear if individual vHPC neurons project to all postsynaptic
target regions, some target regions, or if vHPC neurons display a one-to-one projection
anatomy to downstream targets as was recently described for ARC AGRP neurons [16].
Uncovering the projection anatomy of vHPC neurons should aid in determining the
functions of the seemingly diverse vHPC projection targets. Similarly, it remains unknown
if vHPC projections that control feeding, such as those to LS or BNST, can also modulate
emotional activity. However, given the well described functions for lateral septum and
BNST in stress and anxiety behavior [8-10, 17-19], it seems likely that vHPC projections to
LS and/or BNST are also involved in emotional behaviors. Future studies are needed to
dissect the distinct functions of various vHPC neural circuits and to determine how vHPC
circuits involved in emotional processing interact with the emerging vHPC circuits involved
in feeding behavior.
Overview of vHPC feeding circuitry
The findings outlined in chapter 2 demonstrate that ventral hippocampus reduces
feeding via projections to the lateral septum and bed nucleus of the stria terminalis [14].
However, additional ventral hippocampal circuits may also be involved in feeding behavior.
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This is especially likely as the current thesis project focused on neurons located in the
dentate gyrus and CA3 areas of ventral hippocampus. Given that area CA1 (vCA1) and
subiculum (vSub) are the major output layers of the hippocampal formation [9, 12, 20],
additional vCA1/vSub neural circuits may also be involved in feeding behavior. For
example, ventral CA1 and subiculum project to multiple hypothalamic nuclei involved in
feeding behavior, including the arcuate nucleus and paraventricular hypothalamus [1, 9, 16].
Although the vCA1/vSub → hypothalamus projection pathway is a promising circuit in the
context of vHPC-induced feeding behavior, we have been unable to detect strong vHPC
neuronal projections in hypothalamus in our study system, even when targeting area CA1
of the ventral hippocampus. For this reason the function of direct hippocampal inputs to
hypothalamus remains elusive and requires further study.
A recent study, however, described a neural circuit pathway from ghrelin receptor
expressing (GHSR) neurons in the ventral hippocampus to orexin neurons in lateral
hypothalamus that governs the role of vHPC ghrelin signaling in feeding behavior [15].
While this finding is intriguing, these findings relied on pharmacological inhibition
strategies and circuit tracing approaches that do not allow for monosynaptic neural circuit
dissection. Therefore, the pathway from vCA1 GHSR neurons to LH could be a direct
projection from vCA1 or a multi-synaptic pathway through ventral hippocampal relays that
project to LH, such as BNST and LS [14, 21, 22]. Furthermore, these findings are specific
to ghrelin evoked feeding behavior and may not extend to physiological components of
feeding as the relevance of ghrelin signaling in the ventral hippocampus remains
controversial. In particular, it remains unclear if/how ghrelin, a stomach derived peptide,
can penetrate deep into brain tissue in the hippocampus to mediate physiological effects or
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if a novel source of endogenous brain derived ghrelin may mediate some of these effects
[23, 24].
Septal circuits, emotional behavior, and feeding
The septal nucleus controls diverse emotional states including anxiety, fear, and
aggression [17, 25-27]. As presented in the current study and elsewhere, the septal nucleus
also has a role in feeding and energy homeostasis [2, 3, 22, 28, 29]. How does one reconcile
such a diverse range of functions to an individual brain region? First, as previously described
in the ventral hippocampus, the many functions of the septal nucleus are consistent with the
diverse neural projection dynamics of this brain region. The septum projects to key regions
in the brain involved in anxiety (anterior hypothalamus, paraventricular hypothalamus)[16,
27], fear (amygdala, BNST)[17, 30], and aggression (vlVMH)[31]. Consistently, septal
projections to anterior hypothalamus control anxiety behavior [27] while projections to
vlVMH control aggression [31]. Together with our findings that septal projections to lateral
hypothalamus modulate feeding [22], it appears that distinct septal circuits mediate diverse
behaviors ranging from feeding to aggression. Along the lines of the previously described
vHPC circuits, the precise anatomy of individual septal circuits’ remains unclear as septal
neurons may project to all of their postsynaptic targets, some of their targets, or individual
post-synaptic targets in a “one-to-one fashion”.
Meanwhile, the concept that feeding sensitive neurons modulate diverse
motivational states related to feeding behavior is not new. For instance, in the arcuate
nucleus of the hypothalamus, chemogenetic/optogenetic activation of neurons that express
the peptides agouti related protein and neuropeptide Y (ARC AGRP neurons) rapidly evokes
feeding in well fed mice [32, 33]. Recently, it was shown that ARC AGRP neurons also
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modulate fear and aggressive behavior [34, 35]. Although mice will typically avoid
dangerous areas of the environment (such as areas previously associated with shocks or
predatory scents), mice will approach an area previously associated with danger to eat
during states of hunger or when “hunger-signaling” is artificially activated via optogenetic
stimulation of ARCAGRP neurons. However, when mice are not hungry, or ARC AGRP neurons
are not activated, mice will not approach this same fear-associated area to obtain food [36].
The role of ARCAGRP neurons in feeding and emotional processes is accomplished
through diverse neural circuits that both promote feeding and divert emotional processes
that generally reduce feeding (such as fear and aggression). For example, activation of
ARCAGRP neuronal projections to amygdala reduces fear and aggression-related behaviors
[35], while ARCAGRP projections to paraventricular hypothalamus promote feeding [16, 37].
In this manner, ARCAGRP neuronal projections regulate diverse motivational states to favor
behavioral approach and ultimately feeding behavior. These neural circuit dynamics are
likely adaptive as feeding behavior does not occur in isolation and is instead under constant
competing motivations and threats, such as reproduction and predation [36]. Therefore,
neural circuits that modulate feeding behavior should ideally be capable of monitoring and
modulating competing motivational states in accordance with current homeostatic needs
[36]. Septal neural circuits may perform a similar function as ARCAGRP neuron circuits as
septal-vlVMH projections that control aggression [31] and septal-anterior hypothalamus
projections that control anxiety [24] may be tightly coupled to septal circuits that control
feeding to adaptively adjust behavioral outputs during changing environmental demands
and metabolic conditions. This circuit organization may allow animals to suppress nonessential needs such as immediate feeding behavior to combat more pressing threats in the
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environment. Further studies are needed to precisely determine how the various behavioral
functions of septum interact with one another during changing motivational states, as has
recently been performed for ARCAGRP neurons [36].
Septal-hypothalamic circuits and stress-induced anorexia
Given the known role for septum in both stress [26, 28, 29, 38] and feeding [2, 3,
14, 22, 29] and the strong septal projections to the hypothalamic feeding circuitry [22, 39],
it is reasonable to propose that septal projections to the lateral hypothalamus may be
involved in stress-induced reductions in feeding. Indeed, previous studies have shown that
neurons in the septum can both induce anxiety and reduce feeding [27-29, 38]. Consistently,
inhibition of the lateral septum reduces stress-induced inhibition of feeding behavior [29].
We have observed in our studies that restraint-stress significantly reduces feeding and
broadly activates neurons in the septal nucleus (Figure 1). Interestingly, approximately
sixty percent of the septal neurons that are activated following restraint stress co-express
vGAT, indicating that GABAergic septal neurons are recruited following restraint stress
(Figure 2a and b). Since septal vGAT neurons reduce feeding via projections to LH
GABAergic neurons (as described in Chapter 3), it is logical to propose that septal vGAT
neurons and their projections to LH GABAergic neurons are involved in stress induced
reductions in feeding behavior. However, based on our experimental results, chemogenetic
inhibition of septal vGAT neurons does not significantly reduce stress-induced anorexia
(Figure 2c).
Given the broad range of structures and circuits recruited following stress [40], it is
possible that septal vGAT neurons contribute to stress induced anorexia, but they are likely
not the sole contributor. This circuit redundancy may explain why inhibiting septal vGAT
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neurons does not completely block stress-induced reductions in feeding (Figure 2c).
However, it is also possible that the specific septal projection to LH, or another downstream
target, mediates stress-induced anorexia and that inhibiting all septal vGAT neurons does
not reproduce the role of individual septal circuits in stress-induced anorexia. Supportively,
evidence suggests that distinct septal-hypothalamic circuits either increase anxiety or
decrease anxiety [17, 26, 27]. Therefore, the behavioral effect of septal vGAT neurons on
anxiety behavior may be specific to the downstream postsynaptic site. A similar phenotype
has been observed in the bed nucleus of the stria terminalis, where distinct cell types in
BNST or downstream projection targets mediate opposing effects on anxiety behavior [18,
19]. Novel experimental approaches are needed to test the function of individual septal
projections in stress-induced anorexia, such as inhibitory optogenetic techniques [41].
Optogenetic approaches should aid in further probing the role of select septal vGAT neural
circuits in stress-induced anorexia as these approaches allow selective inhibition of
individual projection targets, such as the septal vGAT to LH projection, during a behavioral
stressor. Given that DREADD-mediated inhibition of septal vGAT neurons only reduced
the cfos activation levels of these cells following restraint by approximately twenty percent
(Figure 2b), it is also possible that our DREADD approach did not inhibit a sufficient
amount of septal vGAT neurons to evoke a behavioral response (Figure 2c). Further studies
are needed to discriminate between these distinct possibilities.
Does LSGABA→LHGABA mediate vHPC induced suppression of feeding?
Our experimental findings indicate that ventral hippocampus suppresses feeding by
projecting to lateral septum and that septal GABAergic neurons reduce feeding by
projecting to lateral hypothalamic GABAergic neurons. Based on these results, it is logical
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to hypothesize a multi-synaptic neural circuit consisting of ventral hippocampal
glutamatergic projections to septal GABAergic neurons. These GABAergic neurons in
septum may in turn project to lateral hypothalamus to inhibit LH GABAergic neurons
(vHPCGLUT-LSGABA-LHGABA). However, although this circuit pathway is possible, the
postsynaptic cell type in septum mediating vHPC→LS induced suppression of feeding
remains unknown as previous circuit tracing approaches did not identify the postsynaptic
cell-type in LS receiving input from ventral hippocampus. GABAergic neurons in LS are a
likely postsynaptic target as chemogenetic activation of GABAergic neurons in septum
recapitulates the reduced feeding observed following stimulation of vHPC glutamatergic
projections to LS. However, GABAergic neurons are not the only neurons in LS that may
mediate vHPC→LS induced suppression of feeding as activation of septal glutamatergic
neurons also profoundly suppressed feeding behavior (see appendix for details).
Furthermore, a recent report identified cholinergic neurons in the nearby basal forebrain as
critical inhibitory mediators for feeding behavior [42]. Given that cholinergic neurons are
abundantly expressed in the septum, septal cholinergic neurons may also be involved in the
role of septum in feeding behavior [43]. Therefore, further work is needed to determine the
postsynaptic cell type in LS that mediates vHPC induced suppression of feeding as these
neurons could presumably be GABAergic, glutamatergic, cholinergic, or another unknown
cell type. Along these lines, further work is needed to decipher the multi-synaptic pathway
connecting vHPC to LH via the lateral septum.
Limitations of circuit manipulation approaches
As discussed in the introduction, optogenetic and chemogenetic approaches are
highly valuable for dissecting neural circuit function. However, since these two techniques
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were utilized heavily in the current thesis project, it is important to note the disadvantages
and limitations of these approaches. One clear limitation with both chemogenetic and
optogenetic approaches concerns the physiological relevance of these techniques. In normal
physiological conditions, neurons are likely not globally activated or inhibited at once in a
cell-type specific manner, as is the case with most chemogenetic and optogenetic
approaches. Instead, ensemble activity of neurons with distinct functions likely mediates
behavioral changes in vivo, as has recently been described for the LH GABAergic neurons
that control feeding behavior [44]. Therefore, although optogenetic and chemogenetic
manipulation approaches are useful to demonstrate if a defined cell-type or circuit is
involved in feeding, the specific role of these cell types or circuits in vivo during feeding
behaviors often cannot be defined by using optogenetic and chemogenetic approaches.
Along these lines, it is frequently stated that loss of function chemogenetic or optogenetic
experiments demonstrate the necessity of a particular cell type or circuit for a behavioral
function. However, recent evidence suggests that this may not be the case as optogenetic
inhibition experiments can influence downstream neural circuits that modulate behavior
[45]. To address these concerns, further studies may precisely measure the activity of
genetically defined vHPC and septal neurons during feeding and emotional behaviors, as
has recently been completed for other feeding sensitive neurons in the brain [44, 46, 47]. If
vHPC and septal neurons are truly governing feeding behavior, then their activity dynamics
should change during appetitive or consummatory aspects of feeding behavior. Conversely,
if these neurons are mainly involved in stress and emotional behaviors then their activity
dynamics should primarily be altered in vivo by changes in stress or altered emotion state.
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Importantly, it is now possible to match cell type specific neuronal dynamics with
behavioral functions with high fidelity as advances in genetically encoded voltage sensors
or calcium indicators, such as GCAMPs, allow for monitoring of neuronal dynamics from
individual cell types or circuit projections in distinct brain regions during naturally
occurring behaviors [44, 46, 47]. Imaging approaches are likely to be crucial for future
studies as these approaches complement optogenetic and chemogenetic techniques by
unveiling the functions of defined neurons and circuits in vivo.
Limitations in defining the role of vHPC and septum in feeding behavior
Feeding behavior is diverse and can be deconstructed in great detail. However, for
most of the behavioral results presented in the current thesis project, feeding behavior was
assayed by measuring food intake at various time points following a circuit manipulation.
While this approach is useful to assay the role of defined circuits in feeding behavior, the
precise way in which these circuits control feeding remains unknown. For example, our
current measurement approaches do not allow “real-time” food intake measurements. As a
result, we are unable to calculate feeding measurements such as total meals, food consumed
during a meal, and time between meals. These measurements would provide additional
information concerning precisely how hippocampal and septal circuits control feeding.
Other studies have measured some of these feeding parameters following
manipulation of hippocampal neurons. Most of these studies have concluded that
hippocampus signals satiety following a meal and is involved in controlling the time
between meals [1, 48]. For example, animals with hippocampal damage have reduced intermeal intervals and impaired ability to respond to cues paired with energy state, suggesting
that hippocampus is involved in signaling satiety between meals [1, 48, 49]. Future studies
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could utilize DREADD and optogenetic study systems to further analyze the feeding microstructure following manipulations of ventral hippocampal and septal neurons and circuits.
These studies would provide information concerning the physiological mechanisms by
which these circuits reduce feeding as they presumably could be reducing meal intake,
increasing time between meals, or decreasing total meals. Along these lines, we are
currently unable to measure changes in energy expenditure, a key component of energy
homeostasis [50, 51]. Given that both hippocampal and septal lesions have been reported to
alter aspects of energy expenditure, it will be important for future work to decipher the
neuroanatomical and functional connections between hippocampal and septal circuits and
energy expenditure circuits [52, 53]. Taken together, future experiments are needed to more
precisely define the role of ventral hippocampal and septal circuits in feeding behavior and
energy homeostasis.
Final Conclusions
The neural circuit wiring diagram governing feeding behavior is rapidly expanding.
The vast majority of described feeding circuits are concentrated in the hypothalamus,
hindbrain, and limbic brain regions and govern homeostatic or hedonic control of feeding
behavior [50, 51]. However, the contribution of emotional neural circuits to the
hypothalamic feeding circuitry remains largely underexplored. While both ventral
hippocampus and septum were previously known to be involved in feeding behavior, the
involved cell types and the precise neural circuits mediating these effects were previously
unknown. Therefore, the current thesis project sought to 1) identify the cell types and
circuits governing ventral hippocampal and 2) septal control of feeding behavior and
connect these “emotion-related” brain regions to the hypothalamic feeding circuitry.
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In chapter two, we report that ventral hippocampal glutamate neurons suppress
feeding by projecting to both the lateral septum and the bed nucleus of the stria terminalis
[14]. Chapter three describes the role of septal GABAergic neurons in feeding behavior. In
brief, septal GABAergic neurons reduce feeding by inhibiting GABAergic neurons located
in the lateral hypothalamus. Together these findings expand upon current knowledge for the
role of ventral hippocampus and septum in feeding by providing cellular substrates and
neural circuits that mediate the role of these brain regions in feeding behavior. Furthermore,
given that ventral hippocampus and septum are involved in emotional processes, ventral
hippocampal and septal feeding circuits represent promising targets for future studies
investigating neural circuit level interactions between feeding and emotional behavior.
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Figures and Figure Legends
Figure 1: Restraint stress activates septal neurons and reduces food intake

(A) Schematic outlining restraint stress protocol for stress-induced alterations in food
intake. Animals were restrained for thirty minutes and food intake was assayed at ascending
time-points following restraint, as shown. (B1) and (B2) Representative images showing cfos levels in lateral septum and medial septum in non-restrained and restrained mice,
respectively. (C) Quantification of c-fos positive neurons in LSd/MS in non-restrained and
restrained mice. Restraint stress significantly increased c-fos levels in LSd/MS, relative to
mice not exposed to restraint stress (n=2 mice per group, unpaired Student’s t-test,
t(2)=29.83, p=0.001). (D) Food intake in mice exposed to restraint stress and mice not
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exposed to restraint stress. Food intake was significantly reduced in mice exposed to
restraint stress after 30 minutes and from 60-120 minutes following restraint (n=4 mice per
group, mixed factors ANOVA with within subjects factor of time-segment and between
subjects factor of treatment (restraint vs no-restraint) and Holm-Sidak’s post hoc test, Main
effect of restraint: F1, 6= 18.34, p=0.005). FI (food intake), LS (lateral septum), LV (lateral
ventricle), MS (medial septum). Scale bars, 200 µm for B. *p<0.05, **p<0.01. Data
represents mean ± s.e.m.
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Figure 2: Restraint stress activates septal vGAT neurons

(A) Representative images showing expression of LSd/MS vGAT neurons labeled with
mCherry (left panel), c-fos (middle panel), and overlay (right panel) following restraint
stress. vGAT-Cre mice were transduced with the inhibitory DREADD-hM4Di-mCherry and
administered saline prior to restraint stress. (B) Quantification of c-fos positive neurons coexpressing hM4Di-mCherry following restraint stress and i.p. injection of saline or CNO.
Pre-treatment with CNO prior to restraint stress did not significantly reduce the percentage
of cfos+/mCherry+ neurons in hM4Di-mCherry transduced mice, relative to saline treated
mice (n=2 mice per group; unpaired student's t-test, t(2)= 2.74, p=0.11). (C) Five hour food
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intake following restraint stress or no restraint stress in vGAT-Cre mice transduced with
hM4Di or control mCherry in LSd/MS vGAT neurons. Food intake was significantly
reduced following restraint stress in mCherry transduced mice treated with CNO but not in
hM4Di transduced mice pretreated with CNO prior to restraint, relative to non-restrained
mice (n=7 mice for no restraint + CNO, n=10 mice for restraint + saline, and n=13 mice for
restraint + CNO, One way ANOVA with Holm-Sidak’s post hoc test: F2, 27= 4.42, p=0.02).
Scale bars, 150 µm for A. “*” and arrows in (A) point at the co-localized and non-colocalized cells, respectively. *p<0.05. Data represents mean ± s.e.m.
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Abstract
Objective: Feeding behavior is controlled by diverse neurons and neural circuits
concentrated in the hypothalamus and hindbrain. However, a relatively underexplored area
concerns the relative contribution of discrete cell types in brain regions involved in emotion
and/or cognition to the regulation of feeding behavior. Therefore, this study sought to utilize
chemogenetic and optogenetic techniques along with feeding assays to investigate how
nuclei in the medial septal complex (MSc), a brain region implicated in emotion and
cognitive behaviors, contribute to feeding behavior.
Methods: Changes in feeding behavior were assayed in response to both chemogenetic
activation and inhibition of MSc glutamatergic neurons. Furthermore, we performed open
field behavioral experiments to determine if MSc glutamatergic neurons regulate anxiety
behavior and locomotion. To investigate potential downstream circuits mediating MSc
glutamatergic neuron control of feeding, we performed in vivo optogenetic experiments to
probe the role of inputs to the lateral hypothalamus in feeding behavior.
Results: We find that MSc glutamatergic neurons profoundly reduce food intake during the
light and dark period of the rodent light cycle. Open field behavioral assays reveal that these
neurons do not affect anxiety behavior or locomotion. The anorexigenic effects of MSc
Vglut2 neurons are independent of inputs to the lateral hypothalamus, as optogenetic
stimulation of MSc Vglut2 inputs in LH did not affect food intake.
Conclusion: Collectively, our findings reveal a novel anorexigenic cell type that reduces
feeding without altering anxiety or locomoter behavior. Given the role of medial septum in
emotional processes, these findings may have relevance for future studies exploring the
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pathological basis of disorders characterized by disturbances in emotion and feeding, such
as anorexia nervosa.

1. Introduction
For survival it is essential that food intake closely matches energy demands.
Therefore, neural circuits in the brain have evolved to adaptively control feeding in an effort
to closely match changing energy demands [1, 2]. For example, neurons and neural circuits
in the hypothalamus and hindbrain respond to changes in energy state (such as hunger or
satiety) to modulate feeding behavior [2, 3]. However, in addition to being regulated by
energy state, feeding is also controlled by higher level cognitive and emotional factors [46]. Brain regions such as the hippocampus and prefrontal cortex are involved in learned
and/or motivational components of feeding behavior [7-11], while the amygdala is thought
to be involved in emotional regulation of feeding [9, 12, 13]. Compared to the well-studied
cell types and neural circuits responsible for hypothalamic and hindbrain control of feeding
[3, 14], relatively little is known about how individual cell types and circuits in limbic and
emotion-related brain structures contribute to feeding.
The septal nucleus is a limbic brain structure typically associated with stress and
aggression, but understudied in the context of feeding behavior [15-17]. Recent findings,
however, suggest that the lateral portion of septum (LS) are involved in the control of
feeding behavior and energy homeostasis. For example, our recent study showed that
feeding behavior was reduced by glutamatergic inputs to the lateral septum [18]. Septal
neurons reduce feeding, at least in part, by projecting to GABAergic neurons located in the
lateral hypothalamus (see Chapter 3). Other studies have reported that intra LS infusions of
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GABA or noradrenaline increase feeding, while glucagon-like 1 peptide infusions decrease
feeding [19-21]. Furthermore, the lateral septum is known to be involved in gastric
distention [22], suggesting that this brain region may control both central and peripheral
aspects of energy metabolism. However, compared to the role of LS in feeding and
metabolism, relatively little is known concerning the role of neighboring medial septal
nuclei (MSc) in feeding behavior.
The current study sought to investigate the contribution of the medial portions of the
septal complex to feeding behavior. Based on the role of the septal nucleus in emotional
behaviors and feeding and an abundant expression of glutamatergic neurons in the medial
portion of septum [15, 23], we hypothesized that MSc glutamatergic neurons would reduce
feeding behavior. To test this hypothesis we utilized chemogenetic techniques in
conjunction with feeding assays to selectively investigate how activation or inhibition of
MSc glutamatergic neurons affects feeding behavior. Furthermore, to determine the role of
these neurons in anxiety and locomotion, we performed open field behavioral experiments
following selective chemogenetic activation or inhibition of MSc glutamatergic neurons.
Lastly, optogenetic assays were utilized to determine a putative role for MSc glutamatergic
inputs to the lateral hypothalamus in feeding behavior.

2. Materials and Methods
All experiments were performed in agreement with the guidelines described by the US
National Institute of Health’s Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at State University of New
York Upstate Medical University.
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2.1 Mice: Adult mice (male and female; 5-8 weeks old) were used for all experiments. Mice
were obtained from the Jackson Laboratory and included: C57/BL6J and Vglut2-Cre
transgenic mice. Mice were randomly assigned to control or experimental groups prior to
viral injections and behavioral experiments. Experimental groups were approximately
evenly matched for age and sex and no noticeable differences in physical activity or
behavior was observed between experimental groups. All mice were provided ad libitum
access to food (LabDiet; 5008 Formulab Diet) and water throughout behavioral
experiments. Prior to stereotaxic injections, mice were group housed with 3-5 mice per cage.
2.2 Viral Vectors: The viral vectors used in this study included: AAV vectors for Credependent expression of ChR2 [AAV2-EF1a-DIO-hChR2 (H134R)-eYFP] or eYFP control
virus (AAV2-EF1a-DIO-EYFP); and Cre-dependent hM3Dq, hM4Di or mCherry (AAV2hSyn-DIO-hM3D(Gq)-mCherry; AAV2-hSyn-DIO-hM4D(Gi)-mCherry; AAV2-hSynDIO-mCherry). All viral vectors were provided by the UNC viral core facility, and on
arrival were aliquoted and stored at -80 C prior to stereotaxic injections.
2.3 Viral Injections and Fiber Optic Placement: Surgical procedures were performed as
described in previous chapters and publications [18, 24]. Briefly, small holes were drilled
above the medial septum using a micro-precision drill (Cell Point Scientific), as described
in the text. A micromanipulator (Narishige) was used to deliver small 300 nl controlled
microinjections to the medial septum (bregma +0.3 mm, midline +/- 0.2 mm, dorsal surface
-2.0 mm) at a rate of approximately 0.2 µl min-1. For in vivo photo-stimulation experiments,
a ferrule capped optical fiber (1.25 mm Ceramic Ferrule with 200um diameter fiber core
and 0.22NA; Thorlabs) was implanted 0.5 mm above the lateral hypothalamus (bregma1.3mm, midline +/- 1.0mm, dorsal surface 4.5mm). Dental cement (DENTSPLY) was used
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to secure the ferrule to the animals scull. Subcutaneous administration of buprenorphine (1
mg /kg; VET One) was administered twice daily for three days following surgery to control
for pain following surgery. All animals recovered in their home cages for two weeks prior
to behavioral experiments to allow recovery from surgery and expression of viral transduced
proteins. Following recovery from surgery, all mice were single caged and handled for at
least one week prior to beginning behavioral experiments.
2.4 Open field behavioral testing: Experiments were performed as described in previous
chapters and publications [18, 25]. Briefly, mice were transferred to the open field behavior
room thirty minutes before beginning experiments. All mice were administered i.p.
injections of CNO (1 mg/kg; Enzo Life Sciences) ten minutes prior to placing animals in
the open field arena. Mice were then placed in the center of the open field and allowed to
explore freely for ten minutes. Exploratory activity was tracked and scored by using ANYmaze software (Stoelting). Average total distance traveled, speed, and distance traveled in
the center of the open field were used for statistical comparisons.
2.5 Feeding behavior assays
In vivo chemical genetic experiments: To gain selective genetic access to a subset of
glutamatergic neurons localized within the medial septum, we targeted Cre-dependent viral
vectors encoding the stimulatory DREADD (designer receptor exclusively activated by
designer drugs)-hM3Dq or inhibitory DREADD-hM4Di into the medial septum of mice that
expressed Cre-recombinase under the control of the glutamatergic marker, vesicular
glutamate transporter 2 (Vglut2-Cre transgenic mice; Figure 1A; as described in [26]). The
DREADD-hM3Dq is an engineered G-protein coupled receptor that selectively activates
Gq-signaling pathways and activates neurons via the selective DREADD agonist clozapine153

N-oxide (CNO) [27, 28]. Conversely, the DREADD-hM4Di selectively activates Gi
signaling pathways to hyperpolarize neurons and inhibit synapse transmission [27-29].
Following viral injections and recovery from surgical procedures, mice were individually
housed and habituated for one week. All behavioral experiments were performed in the
animal’s home cage. Experimental procedures were performed as described in previous
chapters and publications [18, 24]. Food intake was measured at multiple time-points post
injection of saline (0.9%; 200 µl) or CNO (1mg/kg; prepared in sterile 0.9% saline; 200 µl).
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 intake during saline and CNO conditions were
calculated for each mouse for statistical analysis. Acute feeding measurements were
performed during the light (10:30AM-3:30PM) and dark period (8:30PM-10:00PM), as
described in the text and figure legends.
In vivo optogenetic experiments: To assay for downstream brain regions involved in MSc
Vglut2 neuron induced anorexia, we injected a cre recombinase dependent, adeno
associated viral vector that expressed channelrhodopsin (ChR2) fused to the enhanced
yellow fluorescent protein (eYFP) into the medial septum of Vglut2-cre mice (Figure 5A
and B; as described in [26]). ChR2 is a light sensitive ion channel that induces depolarization
in neurons in response to blue light stimulation [30]. Optogenetic feeding behavior
experiments were performed as described in previous chapters and our previous study [18].
At the conclusion of all behavioral experiments, viral infection and cannula targeting were
confirmed in all mice.
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2.6 Immunofluorescence and Imaging: Immunofluorescence and imaging were
performed as described in previous chapters. Briefly, to quantify c-fos levels, random brain
sections containing the medial septum were sampled and imaged for c-fos reactivity in
response to i.p. CNO (1mg/kg) or saline injections. Brain sections were randomly sampled
from bregma 0.5 to bregma -0.2. Overlap between c-fos and mCherry positive neurons was
determined by first determining the total c-fos positive cells in the medial septum and then
determining the percentage of these cells that overlapped with mCherry signal. From each
mouse, an average number of cfos+/mCherry+ neurons was computed from 3-5 sampled
brain sections for statistical analysis.
2.7 Data Analysis: Paired or unpaired Students t-tests were performed to compare group
data when only two experimental conditions were being compared between the same or
different mice, respectively. One way ANOVA was used to compare group data from more
than two groups of mice. Repeated measures ANOVA with the within subjects factors of
time segment and treatment (saline vs CNO) or mixed ANOVA with the within subjects
factor of time segment and the between subjects factor of viral injection type (mCherry vs
hM3Dq) were used to analyze data from two experimental groups across various time
segments. Holm-Sidak’s post hoc method was used to test for significant effects at various
time segments following the detection of a significant main effect or interaction in ANOVA
analysis. Individual statistical analysis are further outlined in the text and figure legends.
All data analysis was performed using Prism 6.0 (GraphPad Software).
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3. Results
3.1 Activation of MSc Vglut2 neurons reduces feeding
The medial portions of septum express neurons that synthesize glutamate in addition
to acetylcholine [31]. To selectively examine the role of MSc glutamatergic neurons in
feeding behavior, we targeted cre recombinase dependent viral vectors to the medial septum
in transgenic mice that expressed cre recombinase selectively in neurons containing the
glutamate marker vesicular glutamate transporter 2 (Vglut2-cre mice). Consistent with
previous reports of glutamatergic neuron distribution in the septum [16, 31], we observed
dense hM3Dq-mCherry expression in medial portions of the septal complex (MSc) with no
viral expression observed in other LS sub-regions (hereafter referred to as MSc Vglut2
neurons; Figure 1A). Although the ventral portion of lateral septum (LSv) is known to
express glutamatergic neurons [31], our viral targeting strategy did not appear to target this
particular cell population as the viral expression was limited to medial portions of the septal
complex (Figure 1A). Intraperitoneal administration of the DREADD agonist CNO
(1mg/kg) to hM3Dq-transduced mice activated MSc Vglut2 neurons, as indicated by
increased c-fos levels in MSc Vglut2 neurons relative to vehicle control conditions (Figure
1B and C; n=2 mice per group; unpaired Student’s t-test; t (2)= 13.57, p=0.005). To assay
for changes in food intake in response to MSc Vglut2 neuron activation, we performed free
access feeding assays following i.p. injections of saline or CNO (1mg/kg). Food intake was
dramatically reduced for up to one hour following i.p. CNO injections in the dark period of
the rodent light cycle, when mice actively consume food (Figure 2A and B; repeated
measures ANOVA with within subject factors of time segment and treatment; main effect
of treatment: F1, 5=11.24, p=0.02; Holm-Sidak’s post hoc test indicates significant
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differences between saline and CNO treatment at the indicated time-points; n=6 mice)
Importantly, no differences in food intake were detected when identical experiments were
performed on mice transduced with control mCherry expressing virus in the medial septum,
indicating that the decreased food intake was not attributable to non-specific effects of the
DREADD agonist CNO (Figure 2C; repeated measures ANOVA with within subjects
factors of time segment and treatment; main effect of treatment: F1, 5=0.19, p=0.68, n=6
mice).
Next, we performed loss of function experiments by transducing MSc Vglut2
neurons with the inhibitory DREADD-hM4Di. However, administration of CNO to hM4Ditransduced mice did not significantly affect food intake (Figure 2D; one-way ANOVA with
Holm-Sidak’s post hoc test, F2, 15= 9.76, p=0.002, n= 6 mice per group).
3.2 MSc Vglut2 neurons suppress feeding during the light period
To further explore the contribution of MSc Vglut2 neurons to feeding behavior, we
performed similar feeding behavior assays during the light period of the rodent light cycle,
when mice do not usually readily consume large amounts of food (Figure 3). We observed
that activation of MSc Vglut2 neurons also reduced feeding during the light period, when
compared to vehicle saline injected mice (Figure 3A; repeated measures ANOVA with
within subjects factors of treatment and time segment; main effect of treatment: F1, 5=18.36,
p=0.008, interaction between treatment and time segment: F2, 10=14.80, p=0.001, HolmSidak’s post hoc test indicates significant differences between saline and CNO treatments
at the indicated time segments; n=6 mice). Consistently, we observed that food intake was
reduced in hM3Dq transduced mice compared to mCherry control transduced mice (Figure
3B; mixed ANOVA with within subjects factor of time segment and between subjects factor
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of viral injection condition (mCherry vs hM3Dq); main effect of viral injection condition:
F1, 10=10.93, p=0.008; interaction between viral injection condition and time segment: F2,
20=5.97,

p=0.009; Holm-Sidak’s post hoc test indicates differences between mCherry and

hM3Dq injected mice at the indicated time segments, n=6 mice for each group).
3.3 MSc Vglut2 neurons do not alter locomotion or anxiety
To determine if activation of MSc Vglut2 neurons reduces feeding by altering
locomotion or anxiety levels, we next performed open field behavioral testing on Vglut2cre mice transduced with hM3Dq, hM4Di, or control mCherry in MSc neurons (Figure 4).
No significant differences were detected between DREADD transduced mice in total
distance traveled or average speed (Figure 4A and B; n=4 mice for mCherry; n=5 mice for
hM3Dq; n=6 mice for hM4Di; One way ANOVA). Furthermore, we did not detect
significant differences in anxiety-related behaviors, such as distance traveled in the center,
during open field testing (Figure 4C; n=4 mice for mCherry; n=5 mice for hM3Dq; n=6
mice for hM4Di; One way ANOVA).
3.4 MSc Vglut2 neurons project to the lateral hypothalamus
To assay for downstream brain regions involved in MSc Vglut2 neuron induced
anorexia, we injected cre recombinase dependent, adeno associated viral vectors that
express channelrhodopsin (ChR2) fused to the enhanced yellow fluorescent protein (eYFP)
into the medial septal complex of Vglut2-cre mice (Figure 5A). Interestingly, we observed
strong MSc Vglut2 projection fibers in the lateral hypothalamus, a brain region classically
implicated in feeding behavior [32, 33] (Figure 5C). To selectively stimulate MSc Vglut2
projections in lateral hypothalamus, an optic fiber was inserted above LH and in vivo
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photostimulation was applied to MSc Vglut2 ChR2 expressing fibers in LH (Figure 5A-D).
Surprisingly, photostimulation of MSc Vglut2 projections in lateral hypothalamus did not
affect subsequent levels of food intake (Figure 5E; paired Student’s t-test; t(5)= 1.47,
p=0.20, n=6 mice). However, future studies are needed to test the role of MSc Vglut2
projections to LH in other critical LH mediated behaviors, such as arousal, addiction, and
motivation [34, 35].

4. Discussion
Feeding behavior is primarily orchestrated by homeostatic neural circuits located in
the hypothalamus and hindbrain that respond to peripheral energy state cues to adaptively
modulate food intake [1-3]. Higher order cognitive and emotional brain regions, such as
hippocampus and prefrontal cortex, also modulate feeding by providing cognitive and/or
emotional valence to feeding behavior [4-13]. However, the precise cell types and neural
circuits within cognitive and emotional brain regions that contribute to feeding behavior
remain underexplored. Here, we investigate the contribution of the medial septal nucleus,
an area of the brain involved in emotion, cognition, and locomotion, to feeding behavior
[36-38]. We find that Vglut2 expressing neurons within MSc reduce feeding behavior
(Figures 2 and 3). Importantly, activation of these neurons did not affect overt anxiety
behavior or locomotion (Figure 4). These tests, however, do not rule out a more specialized
or subtle role for MSc Vglut2 neurons in emotion or locomotion. Moreover, the results from
our open field behavioral tests support the notion that MSc Vglut2 neurons do not reduce
feeding merely as a secondary response to altered anxiety or locomotion (Figure 4).
However, it is noteworthy that chemogenetic inhibition of MSc Vglut2 neurons was not
sufficient to increase feeding (Figure 2D). Although we cannot exclude other possibilities,
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inhibition of MSc Vglut2 neurons may only increase food intake if the basal activity of these
neurons is elevated during the period when these neurons are reversibly inhibited.
Therefore, future studies are needed to determine the in vivo firing rates of MSc Vglut2
neurons during naturally occurring feeding behaviors in order to design reversible inhibition
experiments that more accurately reflect the function of these neurons in vivo.
Meanwhile, although the current data demonstrates that MSc Vglut2 neurons reduce
feeding, the underlying neural circuits responsible for this effect remain elusive. In the
current study, we tested the hypothesis that MSc Vglut2 neurons reduce feeding by
projecting to the lateral hypothalamus (Figure 5). Importantly, we observed dense MSc
Vglut2 neuronal projection fibers within the lateral hypothalamus (LH) that overlapped with
anorexigenic Vglut2 expressing neurons in LH (Figure 5C). However, photostimulation of
MSc Vglut2 neuronal projection fibers in LH did not affect feeding (Figure 5E), indicating
that LH is likely not a downstream target mediating MSc Vglut2 neuron based anorexia.
This particular projection may have important implications for other LH mediated
behaviors, such as arousal, addiction, and motivation [34, 35], and will be further studied in
the future.
In addition to the lateral hypothalamus, we observed MSc Vglut2 neuronal fibers in
other hypothalamic brain regions involved in feeding that may mediate MSc Vglut2 neuron
based anorexia, such as paraventricular hypothalamus (PVH) and arcuate nucleus (ARC).
Furthermore, it is well demonstrated that medial septum sends dense glutamatergic
projections to hippocampus [36]. Due to the known role of hippocampus in suppressing
feeding [11, 18], it is possible that MSc Vglut2 neurons exert their anorexigenic effects by
modulating the excitability of feeding sensitive neurons within the hippocampus [39-43].
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Future optogenetic and circuit mapping experiments are needed to systematically test the
various putative MSc Vglut2 projection targets for their potential roles in feeding behavior.
Taken together, we report a novel neuronal population involved in suppressing food
intake. These neurons exert their anorexigenic effects without overtly influencing locomoter
activity or anxiety behavior, suggesting that they primarily affect the feeding circuitry.
Future studies are needed to precisely determine the role of MSc Vglut2 neurons in
physiological and pathological forms of feeding and to dissect the neural circuits involved
in MSc Vglut2 neuron induced anorexia. Nonetheless, MSc Vglut2 neurons represent a
promising cellular entry point for future experiments investigating higher level control of
feeding behavior.
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Figures and Legends
Figure 1: DREADD Based Activation of MSc Vglut2 Neurons

(A) Representative image of Cre-dependent hM3Dq in MSc Vglut2-cre neurons. (B)
Sample image showing overlap of hM3Dq-mCherry and c-fos in MSc Vglut2 neurons.
Intraperitoneal injections of CNO (1 mg/kg) were administered prior to perfusion to
selectively activate MSc Vglut2 neurons. (C) Quantification of the percentage of c-fos
positive neurons that co-express mCherry following i.p. injections of saline or CNO. CNO
injections significantly increased the percentage of c-fos positive cells co-expressing
mCherry relative to saline injections (n=2 mice per group, unpaired Student’s t-test). Scale
bars, 200 µm for A and 20 µm for B. **p<0.01, lateral septum (LS), medial septum (MS),
lateral ventricle (LV), Acc (anterior commissure). Data represents mean ± s.e.m.
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Figure 2: Activation of MSc Vglut2 Neurons Suppresses Dark Period Food Intake

(A) Experimental timeline for feeding behavior experiments. Food was introduced (to ad
libitum fed mice) thirty minutes prior to i.p. injections of saline or CNO (1 mg / kg). (B) 30
minute food intake in mice transduced with hM3Dq in MSc Vglut2 neurons. Food intake
was reduced at both 0-30 minutes and 30-60 minutes post injection of CNO, relative to
saline injection conditions (n= 6 mice per group, repeated measures ANOVA) (C) No
significant differences were detected between saline and CNO treatment conditions in mice
transduced with control virus (n= 6 mice per group, repeated measures ANOVA). (D)
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Change in food intake in Vglut2-cre mice transduced with control fluorescent mCherry,
hM3Dq, or hM4Di, in MSc Vglut2 neurons. Change in food intake was calculated by
subtracting the average amount of food consumed thirty minutes following saline injections
from the average amount of food consumed thirty minutes following CNO injections for
each mouse tested. Food intake was significantly reduced in mice that expressed hM3Dq vs
mice expressing mCherry or hM4Di (n= 6 mice per group, one-way ANOVA with HolmSidak’s post hoc test). *p<0.01, **p<0.01, FI (food intake). Data represents mean +/- s.e.m.
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Figure 3: Activation of MSc Vglut2 Neurons Reduces Daytime Food Intake

(A) Food intake post injection of saline or CNO (1 mg/kg), respectively, to Vglut2-cre mice
transduced with hM3Dq in MSc. Food intake was decreased from 0-1 hours and 1-2 hours,
but not from 2-5 hours post i.p. CNO injections, relative to i.p. saline injections (n=6 mice
per group; repeated measures ANOVA) (B) Change in food intake relative to saline
injections for mice transfected with control mCherry or hM3Dq in MSc Vglut2 neurons.
Food intake was reduced in hM3Dq mice compared to mCherry injected mice (n=6 mice
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per group; mixed ANOVA). A significant difference in food intake was detected from 0-1
hours post injection between mCherry and hM3Dq transfected mice, but not from 1-2 hours
or 2-5 hours post i.p. injections. Change in food intake was calculated by subtracting the
average food intake for each mouse following saline injections from the average food intake
for each mouse following CNO injections. Change in food intake was calculated for each
mouse at each time-segment and the average change in food intake for mCherry control and
hM3Dq transfected mice was calculated for statistical analysis. *p<0.05, **p<0.01,
***p<0.001, n.s. (not significant). Data represents mean ± s.e.m.

Figure 4: MSc Vglut2 Neurons do not Alter Locomotion or Anxiety-Related Behaviors.

(A and B) Open field behavioral testing in Vglut2-cre mice transfected with hM3Dq (n=5
mice), hM4Di (n=6 mice), or control mCherry (n=4 mice) in MSc Vglut2 neurons. No
significant differences in total distance traveled (A) or average speed (B) were detected
between any of the groups of mice during ten minutes of open field exploration. (C) No
significant differences were detected between hM3Dq, hM4Di, and mCherry transduced
mice in percent distance traveled in the center of the open field. All mice were injected with
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CNO ten minutes prior to open field experiments. One way ANOVA was used to analyze
all figure panels. n.s. (not significant). Data represents mean ± s.e.m.

Figure 5: MSc Vglut2 Projections to LH do not Control Feeding

(A) AAV vectors expressing Cre-dependent ChR2 were injected into MSc and a fiber optic
cannula was placed above the lateral hypothalamus of Vglut2-cre mice. Another AAV
vector carrying the cre-dependent mCherry fluorescent protein was also injected into the
lateral hypothalamus to visualize putative LH Vglut2 neurons. (B) Representative image
showing expression of ChR2-eYFP in MSc Vglut2 neurons. (C) Strong MSc projections of
ChR2-eYFP positive fibers were observed in the lateral hypothalamus in the vicinity of LH
Vglut2 neurons. (D) Experimental protocol for optogenetic feeding behavior experiments.
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Food intake was measured in thirty minute increments before and during PS, as shown. (E)
Photostimulation had no effect on food intake relative to before PS (paired Student’s t-test).
Scale bars, 400 µm for B, 200 µm for C (left panel), and 20 µm for C (right panel). n.s. (not
significant), PS (photostimulation), FI (food intake), MS (medial septum), SFi (septofimbral
nucleus), LV (lateral ventricle), LH (lateral hypothalamus). Data represents mean ± s.e.m.
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