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The brain has evolved in an environment where food sources are scarce, and foraging for food is one of the major challenges
for survival of the individual and species. Basic and clinical studies show that obesity or overnutrition leads to overwhelming

altered stress response) in obese animals.

Introduction

The maintenance of energy balance is critical to survival. The
brain has evolved to regulate energy intake and expenditure in
vertebrate animals, supporting complex behaviors for seeking,
securing, consuming, and storing nutrients efficiently. Through-
out natural history, foraging for food in an environment where
it is scarce has been one of the major evolutionary forces shap-
ing the function of the brain to promote energy intake and pos-
itive energy balance. Therefore, overnutrition, and the epidem-
ic of obesity in humans resulting from access to excessive food,
has led to enormous and unprecedented changes in brain func-
tions and behaviors. Both basic and clinical studies show that
overnutrition decreases reward seeking (1, 2), induces anxiety,
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changes in the brain in animals and humans. However, the exact mechanisms underlying the consequences of excessive
energy intake are not well understood. Neurons expressing the neuropeptide hypocretin/orexin (Hcrt) in the lateral/
perifonical hypothalamus (LH) are critical for homeostatic regulation, reward seeking, stress response, and cognitive
functions. In this study, we examined adaptations in Hcrt cells regulating behavioral responses to salient stimuli in diet-
induced obese mice. Our results demonstrated changes in primary cilia, synaptic transmission and plasticity, cellular
responses to neurotransmitters necessary for reward seeking, and stress responses in Hcrt neurons from obese mice.
Activities of neuronal networks in the LH and hippocampus were impaired as a result of decreased hypocretinergic function.
The weakened Hcrt system decreased reward seeking while altering responses to acute stress (stress-coping strategy), which
were reversed by selectively activating Hcrt cells with chemogenetics. Taken together, our data suggest that a deficiency

in Hcrt signaling may be a common cause of behavioral changes (such as lowered arousal, weakened reward seeking, and

anhedonia, and depression-like behaviors (3, 4), attenuates wakeful-
ness during the active phase and increases sleep (5, 6), and appears
to impair cognitive function (7-9). However, it is not entirely clear
how overnutrition or obesity may remodel brain circuits, resulting
in altered neuronal and behavioral responses to physiological and
environmental cues. Understanding obesity-induced adaptations
or maladaptations in the brain is important because such an under-
standing would reveal how evolution has shaped brain function and
also would be critical for the management and treatment of obesity
and obesity-induced impairment of behaviors.

The hypocretin/orexin (Hcrt) system in the lateral/perifonical
hypothalamus (LH) is a central hub for the integration of a wide
range of inputs from brain areas encoding metabolic, behavioral,
and environmental cues. This system, in turn, sends efferent fibers
throughout the brain (10-12). Hert cells regulate both physiological
homeostasis and complex behaviors in animals (13, 14). Hert levels
are closely related to metabolic status, and activation of the Hert
system is required for optimal performance of behaviors necessary
for survival, including reward seeking, stress response, and cogni-
tion (13, 14). Hunger and food restriction are sufficient to increase
the levels of Hert mRNA and trigger neural plasticity in the Hert
system (11, 15-18). In contrast, obesity leads to downregulation of
this neuropeptide in rats and mice in most cases (19-21), with an

jci.org  Volume130  Number9  September 2020

4985


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://doi.org/10.1172/JCI130889

4986

RESEARCH ARTICLE

The Journal of Clinical Investigation

A * B * Figure 1. Measurements of body weight, body composition,
o Con % and basic electrophysiological and morphological parameters
50 = DIO 8 in Hert cells in control and DIO mice. (A and B) Body weight
30 o (control, n =15 mice; DIO, n = 16 mice) and percentage of fat
40 ° ° = mass (control, n =12 mice; DIO, n = 9 mice) in control (Con)
& o 1 5] I and DIO mice sampled in animals used in our experiments. *P
= o [ = ) )
= 30 — 8 -5) 20 kil <.D.D1, 2-tailed t test. !Jata shown in these p.anels were from
-% | © © o & different cohorts of mice. (C and D) Input resistance and mem-
i § _§_ ° i 2 brane capacitance of Hert cells tested with potassium-based
3 20 - 8 § E pipette solution in control (n = 32 cells from 12 mice) and DIO
o = = 10+ o mice (n = 31 cells from 12 mice). (E) Lengths of primary cilia (PC)
10 — 8 § & g in Hert cells. Left: microscopic image of a primary cilium (red) in
° a Hcrt (green) cell in control Hert-GFP mice. GFP was expressed
0 0 | in Hcrt cells under the control of a Hert promoter in Hert-GFP
Week 0 Week 12 Control DIO mice (39, 44, 69). PC was detected by immunostaining for AC3
using an anti-AC3 primary antibody. Scale bar: 10 pm. Right:
C D mean lengths of primary cilia in Hert cells in control (n= 61 cells
3500 — 30 o from 3 mice) and DIO (n = 63 cells from 3 mice) mice. *P < 0.05,
3000 ° é 2-tailed t test.
(o] 25 —
s z B
g 2500 — l\LQ_/ o
S 2000 — é’ g coping in animals. Our results suggest that DIO damag-
% — % 15 — es cellular functions of Hert neurons, which weakens
= o g network activity in the LH area and hippocampus, thus
£ 1000 - 8 & ¥ impairing responses to cocaine and stress in obese mice.
- 5 -
%00 @‘ Results
0—y 1 0y 1 Since we predicted that obesity weakens the Hert system,
Control DIo Control pio we evaluated the function of this system in male C57BL/6]
E mice fed a normal diet or high-fat diet (HFD) for 10 to 12

PC length (um)

Control

exception found in one report (22). In addition to its role in the reg-
ulation of energy balance, the Hert system is a potent arousal pro-
moter (13, 14). Deficiency in Hert or its receptor (Hertr2 or OXR2)
leads to narcolepsy in dogs, mice, and human patients (23-26).
Levels of this neuropeptide in the cerebrospinal fluid and activity
of Hert cells both increase during the active phase (or in response
to sleep deprivation) and decrease during the inactive period or
sleep (27-30). Selective optogenetic stimulation of Hert neurons
increases the probability of transition to wakefulness from either
slow-wave (SW) sleep or rapid-eye movement (REM) sleep (31).
Therefore, it is reasonable to ask whether obesity or overnutrition
may induce fundamental changes in the Hert system that in turn
contribute to alterations of behaviors important for survival.

In this study, we examined the hypothesis that diet-induced
obesity (DIO) weakens the Hert system and impairs brain respons-
esto salient stimuli that normally lead to reward seeking and stress
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weeks. In all the experiments reported in this study, mice
that gained nearly or more than 100% of their original
body weight following consumption of HFD for 10 to 12
weeks were included in the “obese” group, while those on
normal chow were used as controls. In typical cohorts of
mice included in our studies, the control group exhibited a
lower body weight (control: 27.2 + 1.5 g, n = 15 mice; DIO:
36.4+2.4,n=16 mice, t = 3.244, df =29, P< 0.01, 2-tailed ¢
test, Figure 1A) and percentage of fat mass than DIO mice
(control: 13.0% +1.9%, n =12 mice; DIO: 23.2% *+ 2.6 %, n =
9 mice, t = 3.245, df =19, P< 0.01, 2-tailed ¢ test, Figure 1B).

DIO Obesity-induced impairments in cellular functions of

Hcrt cells in mice. We started by determining whether DIO

induces any changes in electrophysiological and morpho-
logical parameters of cell bodies of the Hcrt cells where synaptic
and nonsynaptic inputs are integrated and outputs of the neurons
are determined. Our data indicated that the input resistance (R, )
(control, 385.3 + 38.0 MQ, 1 = 32 cells; DIO, 440.7 + 103.7 MQ, n =
31cells, £ = 0.5069, df = 61, P = 0.61, 2-tailed ¢ test) and membrane
capacitance (control, 19.47 + 0.60 pF, n = 32; DIO, 19.81 * 0.64 pF,
n=31cells;t=0.3824, df = 61, P= 0.70, 2-tailed ¢ test) were not sig-
nificantly different in Hert cells when comparing control and DIO
animals (Figure 1, C and D). A growing body of evidence shows
that primary cilia contribute to many cellular functions in neurons
and are important organelles that are altered as a result of phys-
iological or behavioral challenges (32-36). Among many changes
in neuronal morphology induced by the development of obesity in
animals, modifications of primary cilia in nerve cells in brain areas
regulating energy balance are an emerging hallmark in obese ani-
mals. Accordingly, primary cilia are shortened or diminished in
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brain areas involved in energy metabolism in obese animal models
(32-34). Type 3 adenylyl cyclase (AC3) is predominantly expressed
in neuronal primary cilia and is a biological marker of this structure
(32, 35, 37). We therefore used immunocytochemistry for AC3 as a
marker for primary cilia in Hert cells of Hert-GFP mice to measure
the length of primary cilia in control versus obese mice as in previ-
ous studies (refs. 32, 35 and Figure 1E). The mean length of primary
cilia in Hert cells was significantly shorter in obese mice compared

with control animals (Figure 1E; control: 8.85 * 0.58 um, n = 61 cells
from 3 mice; obese mice: 6.91+ 0.58 um, n = 63 cells from 3 mice; ¢
=2.354, df =122, P < 0.05, 2-tailed ¢ test).

Next, we determined whether the function of the Hert system is
altered by the consumption of HFD in these obese mice. Since syn-
aptic inputs onto Hert cells contribute to their excitation (38, 39), we
examined synaptic parameters of glutamatergic and GABAergic syn-
apses onto Hert cells (Figure 2, A-C). The frequencies of miniature
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Figure 3. The D1DR- but not the D2DR-mediated effect was impaired in Hcrt cells in obese mice compared with control counterparts. (A) Raw traces of
membrane potential (MP) and APs recorded before, during, and after the application of a specific D1 receptor agonist, SKF, in Hert cells in control mice.
Please note that AP amplitudes were small due to the use of whole-cell recording with a high series resistance to preserve intracellular contents and pre-
vent rundown of AP firing in Hcrt cells in this experiment. The shaded bar indicates the application of SKF. (B and C) Averaged changes in AP frequencies
and MP values before, during, and after the application of SKF in Hcrt neurons in control (n = 7 cells from 5 mice) and obese (DIO, n = 8 cells from 6 mice)
groups. *P < 0.05, 2-tailed t test. (D) Averaged MP before, during, and after the application of a selective D2 receptor agonist (Suma) in Hcrt neurons in

control and obese mice. *P < 0.01, repeated-measures 1-way ANOVA.

excitatory postsynaptic currents (control, 322.3 + 38.6 events/min, n
=33;0bese, 279.8 + 33.6 events/min, n=34,¢=0.831, P= 0.41, 2-tailed
¢ test) and miniature inhibitory postsynaptic currents (control, 93.9 +
17.9 events/min, n = 38; obese, 69.8 + 9.8 events/min, n =38, t=1.178,
P=0.24, 2-tailed ¢ test) were not significantly different between con-
trol and obese mice (Figure 2A). The averaged medians of miniature
excitatory postsynaptic current (mEPSC) (control, 14.1 + 0.8 pA, n
= 33; obese, 13.8 £ 0.5 pA, n = 34, t = 0.271, P = 0.78, 2-tailed ¢ test)
and miniature inhibitory postsynaptic current (mIPSC) amplitudes
(control, 29.3 £ 1.6 pA, n = 38; obese, 29.8 + 1.6 pA, n =38, t = 0.184,
P=0.85, 2-tailed ¢ test) were also not significantly different between
control and obese mice (Figure 2B). Next, we examined the balance
between excitatory and inhibitory inputs onto Hert cells by plotting
the logarithmic scales of frequencies of mEPSCs (x axis) and mIPSCs
(yaxis) measured in the same cells from both groups (Figure 2C). Cor-
relation analysis with the trend line along the data points from each
group (control: 2 = 0.0081, F[1, 30] = 0.00195, P = 0.965; DIO: ? =
0.162, F[1, 30] = 5.80, P < 0.05) indicated a significant correlation in
obese mice, but not in control, and these 2 groups showed a modest
difference between the distributions, with a shift toward the y axis
in obese animals (F[1, 60] = 3.026, P = 0.087; Figure 2C). Hert neu-
rons in obese animals receive fewer inputs overall and also propor-
tionally more inhibitory, and fewer excitatory, inputs than Hert cells
from control mice. These results suggest that obesity might induce a
change in the excitation/inhibition balance among inputs onto Hert
cellsin obese animals, so we examined this hypothesis in more detail.

Ithasbeenreported that the releasable pools of neurotransmit-
ters measured with action potential-independent (AP-indepen-
dent) miniature events might be different from those measured
with AP-dependent evoked release (40). Since our data suggest
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modest changes in the presynaptic parameters of glutamatergic
synapses onto Hert cells from obese mice, we examined the proba-
bility of release from glutamatergic synapses onto Hert cells in LH
slices from control and obese mice with electric stimulation, using
established methods (41). In the presence of picrotoxin (50 uM),
evoked EPSCs were triggered by a train of high-frequency stimula-
tion (HFS) (100 Hz, 50 pulses) in Hert cells from control and obese
mice. The amplitude of evoked EPSCs recorded during the HFS
decayed more rapidly in Hert cells from control mice than in those
from obese animals (control: decay constant = 0.083 * 0.019, n =
10 from 5 mice; obese: decay constant = 0.030 £ 0.007, n=11 from
3 mice; t = 2.657, df = 19, P < 0.05, 2-tailed ¢ test; Figure 2, D-F).
This suggests a significant decrease in the probability of release
or the size of the readily releasable pool in glutamatergic synaps-
es onto Hert cells in obese mice as compared with their controls.
To evaluate the amplitude of the responses, we next analyzed the
first 40 evoked EPSCs during the HFS in each recorded cell, using
established methods modified from published studies (41). The
cumulative amplitude of evoked EPSCs recorded from each cell
from control and obese mice was measured and normalized (Fig-
ure 2G). The linear regression of the last 15 points of cumulative
eEPSCs was plotted and back extrapolated to the y axis for each
cell in each group (ref. 41 and Figure 2G). The y intercept corre-
sponded to the effective readily releasable pool (eRRP or RRP, .,
hereafter eRRP) for that cell, and the release probability was cal-
culated as the quotient of the value of the first EPSC (normalized
to the maximum value) divided by eRRP (41) for cells from both
control and obese groups (Figure 2H). The mean of release prob-
ability (P) was significantly lower in obese mice than in controls
(control: P, = 0.33 £ 0.05, n =10 cells from 5 mice; obese: P = 0.19
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Figure 4. Spontaneous neural oscillations recorded from the LH in mice under urethane anesthesia. (A) Images showing the expression of a stimulatory
DREADD receptor (hM3Dg) selectively in Hcrt cells through an AAV viral vector (rAAV5/EF1a-DI0-hM3Dq[Gg]-mCherry) under the control of Cre-recombinase
expressed specifically in Hert cells in Hert-Cre mice. Top: diagram showing the bilateral microinjection of the AAV viral vector into the LH. Bottom: confocal
microscopic images of immunostaining of Hcrt (left, green), expression of mCherry (middle, red), and overlap of Hcrt and mCherry signals in Hert cells. Scale
bars: 40 pm. (B) Diagram showing the placement of the recording electrode in the LH. Scale bars: 0.05 mV, 0.1 seconds. (C) Both obese (HFD, n = 7 mice) and
obese-CNO (HFD+CNO, hM3Dq- mice injected with CNO, n = 4 mice) animals showed significantly enhanced LH y oscillation power compared with control
(ND, n = 7 mice) and obese mice with a selective activation of Hcrt cells through the hM3Dq receptor (HFD+DREADD+CNO, n = 7 mice). *P < 0.05; **P < 0.01,
1-way ANOVA. Top: raw traces of typical LFPs in y band from control (ND) and obese (HFD) mice (signal is band-pass filtered between 30 and 90 Hz).

*+0.04, n=11cells from 3 mice; t =2.224, df =19, P < 0.05, 2-tailed
¢ test). In addition to changes in basic synaptic properties of glu-
tamatergic synapses, the induction of synaptic plasticity of gluta-
matergic synapses was examined with a spike-timing dependent
(STD) protocol (refs. 42, 43 and Figure 21). STD plasticity (STDP)
was intact in control mice, but not in obese mice (diet and STDP
interaction: F[1, 12] = 8.307, P < 0.05, 2-way ANOVA; post hoc
Holm-Sidak test: control group, before STD versus after STD, ¢ =
3.816, df =12, P < 0.01; DIO group, before STD versus after STD, ¢
=0.0042,df=12, P> 0.05). Together, our results demonstrate that
AP-dependent presynaptic parameters of glutamatergic synapses
onto Hert cells were significantly altered in obese mice and that
the balance between inhibitory and excitatory inputs onto Hert
cells was modestly shifted toward inhibition. The expression of
synaptic plasticity was also impaired in Hert cells in obese mice.
The Hert system is under the control of many neurotrans-
mitter systems that are involved in homeostatic, behavioral,
and environmental responses (13, 14). Dopamine (DA) signal-
ing modulates the Hcrt system and is involved in its ability to
mediate reward seeking, arousal, and wakefulness (39, 44). DA-
mediated signaling has been shown to regulate behaviors such as
reward seeking in a manner responsive to metabolic status (overnu-
trition or caloric restriction) (45, 46). Therefore, we tested the effects
of selective D1 and D2 agonists on membrane potential and APs in
Hecrt cells from control and obese mice. Consistent with our previ-
ous finding that activation of D1 DA receptors (D1DR) mediated the

excitation of Hert cells by enhancing presynaptic release of gluta-
mate (39), the application of alow dose of the selective DIDR agonist
SKF38393 (5 uM) in the presence of picrotoxin (50 uM) increased the
frequency of APs (baseline =3.17 + 0.56 Hz, n =7 from 5 mice) in Hert
cells in control mice, which was borderline statistically significant
(Figure 3, A and B; during application: 147.03% * 13.64% of baseline;
10 minutes after washout: 159.46% * 30.27% of baseline; n = 7 cells
from 5 mice; F[2, 12] = 3.355, P = 0.0696, repeated-measures 1-way
ANOVA). In contrast, this dose of SKF38393 (5 uM) did not alter AP
firing (baseline =3.11 + 0.70 Hz, n = 8 from 6 mice) of Hert cells from
obese mice (Figure 3B; during application: 89.97% + 20.85% of base-
line; 10 minutes after washout: 115.82% + 17.69% of baseline; n = 8
cells from 6 mice; F[2, 14] = 1.226, P = 0.3232, repeated-measures
1-way ANOVA). The percentage changes in AP frequencies induced
by SKF in Hecrt cells was significantly different between control and
obese mice (control: 147.03% * 13.64% of baseline, n = 7 cells from
5 mice; obese mice: 89.97% *+ 20.85% of baseline, n = 8 cells from
6 mice; ¢t = 2.217, df = 13, P < 0.05, 2-tailed ¢ test). The membrane
potential was not significantly changed by SKF38393 application in
Hert cells from either group (Figure 3C).

We next tested the effect of the selective D2 DA receptor
(D2DR) agonist sumanirole (2 uM) on the membrane potential of
Hert cells in the presence of tetrodotoxin (TTX) (0.5 uM; Figure 3D).
Consistent with the observation that D2DR activation can alter the
membrane potential of Hert neurons (47), sumanirole induced a sig-
nificant hyperpolarization of these cells in both control (n = 6 cells
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Figure 5. Spontaneous and evoked neural oscillations recorded from the hippocampus in mice under urethane anesthesia. Hippocampal LFPs were
recorded from the CA1 region in urethane-anesthetized mice under basal spontaneous conditions and during brainstem nucleus pontis oralis (nP0) electrical
stimulation (A, left panel). Typical traces showing elicited 0 oscillation (right panel, upper) and heatmaps (right panel, lower) depicting 6 phase-y amplitude
coupling from control (ND, n = 7 mice) and obese (HFD, n = 7 mice) mice. Stimulation period with the same current intensity is indicated by train pulses under
the lower trace. Scale bar: 0.2 mV, 1 second. (B) Spontaneous y oscillation power. (C-E) Stimulus-response relationship plotted for 6 power and peak frequency
over increasing stimulus intensities (C and D) and AUC (E) analyses showed a decline in elicited 6 power in obese (HFD, n = 7 mice) and CNO-treated obese
(HFD+CNO, n = 4 mice) mice (obese hM3Dg-negative mice injected with CNO) compared with controls (ND, n = 7 mice) and mice with a selective activation of
Hert cells through the hM3Dg receptor (HFD+DREADD+CNO, N = 7 mice). *P < 0.05; **P < 0.01, 1-way ANOVA. (F and G) The 0-low y (F) and 0-high y coupling
(G) expressed by the Ml and computed during hippocampal stimulation were not different between the groups (1-way ANOVA test).

from 3 mice; baseline: -58.9 * 3.2 mV, sumanirole: -65.2 *+ 3.5 mV,
washout: -60.5 * 2.9 mV; F[2, 10] = 7.697, P < 0.01, repeated-mea-
sures 1-way ANOVA; Tukey’s post hoc test, baseline vs. sumanirole,
q=5.326,df=10, P < 0.01; baseline vs. washout, g = 1.316, df =10, P
> 0.05) and obese mice (n =7 cells from 3 mice; baseline: -63.0 + 1.8
mV, sumanirole: -67.8 + 1.6 mV, washout: -65.5 + 2.3 mV; F[2, 12] =
18.55, P < 0.01, repeated-measures 1-way ANOVA; Tukey’s post hoc
test, baseline vs. sumanirole, g = 8.612, df =12, P < 0.01; baseline vs.
washout, g = 4.446, df =12, P < 0.05). The hyperpolarization induced
by sumanirole in Hert cells was not significantly different between
control and obese mice (control: 6.3 + 2.1 mV, n = 6 from 3 mice;
obese mice: 4.8 £ 0.5 mV, n =7 from 3 mice; ¢t = 0.7327, df =11, P =
0.479, 2-tailed ¢ test). These results suggest that D1 receptor-medi-
ated excitation of Hert cells was attenuated, while D2-mediated sig-
naling was not altered in obese mice compared with control animals.

Obesity-induced impairments in the activity of neuronal
networks in vivo in mice. Since the Hcrt system is weakened in
obese mice, it is logical to hypothesize that the target brain
regions of this system would be compromised due to impaired
output of Hert cells. It has been reported that the LH area, in
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addition to containing the Hcrt cell bodies, has a high lev-
el of hypocretin innervation itself (12). Therefore, we deter-
mined whether diminished Hcrt neuronal function leads to
altered network activity in the hypocretin hub located in the
LH area. We performed in vivo recordings of local field poten-
tials (LFPs) in the LH area (Figure 4) in 4 groups of Hcrt-Cre
mice under urethane anesthesia: control (ND, saline during
recording, n = 7 mice), obese (HFD, saline during recording,
n = 7 mice), obese-DREADD-CNO (where DREADD indi-
cates designer receptor exclusively activated by a designer
drug and CNO indicates clozapine N-oxide) (HFD+DREADD+
CNO, Hcrt-Cre mice fed on HFD expressing the excitato-
ry DREADD in Hecrt neurons, CNO during recording, n = 7
mice), and obese-CNO (HFD+CNO, Hcrt-Cre mice fed on
HFD without DREADD expression, CNO during recording, n =
4 mice). This design allowed us to determine whether there is
a causal relationship between changes in LFPs in the LH area
in obese mice and deficiency of the Hcrt system. The expres-
sion of a stimulatory DREADD selectively in Hert neurons was
performed in a subset of obese mice (HFD+DREADD+CNO
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Figure 6. Weakened Hcrt system was responsible for the attenuation of
expression of cocaine CPP in obese mice. Bar graph showing the prefer-
ence scores of 3 groups of mice after the completion of cocaine CPP at a
dose of 3 mg/kg (i.p.): control, obese (DIO), and obese with Hcrt cell activa-
tion (DIO+DREADD+CNO). Box, preference scores of control and obese mice
after the completion of cocaine CPP at a dose of 10 mg/kg (i.p.). *P < 0.05,
2-tailed t test.

group) using a conditional adeno-associated viral (AAV) vec-
tor (rAAV5/EF1a-DIO-hM3Dq[Gq]-mCherry) infused into the
LH of Hcrt-Cre mice (Figure 4). The designer drug CNO (0.3
mg/kg, i.p.) or saline was administered to animals 10 minutes
after establishing a stable LFP recording, and the effects were
measured 20 minutes after the injection of CNO. To exclude
a potential nonselective effect induced by the drug, CNO was
administered to another subset of obese mice without expres-
sion of DREADD (HFD+CNO group). There was a significant
difference in spontaneous y oscillation (30-90 Hz) in the LH
area (F[3, 21] = 8.488, P < 0.001, 1-way ANOVA) among the 4
groups of mice (Figure 4C). Compared with that in the control
groups, v oscillation was significantly increased in obese mice
(ND vs. HFD, g = 4.599, df = 21, P < 0.05, Tukey’s post hoc test),
while selective stimulation of Hert cells with CNO in the obese-
DREADD-CNO group significantly decreased the y oscillation
power to the level of control mice (ND vs. HFD+DREADD+C-
NO, g = 0.921, df = 21, P = 0.914, Tukey’s post hoc test). In
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contrast, there was no effect of CNO in the “control” obese-CNO
group on spontaneous y oscillation, which remained significant-
ly enhanced compared with that of control mice (ND vs. HFD+
CNO, g = 6.436, df = 21, P < 0.01, Tukey’s post hoc test). These
results suggest that elevated y oscillation in the LH is likely due
to impaired Hcrt activity in obese mice.

Next, we determined whether activity of neural circuits out-
side the hypothalamus is altered as a consequence of impaired
output from the Hert system in obese mice. The hippocampus
is essential for numerous cognitive behaviors. In particular, the
dorsal hippocampus is critical for learning the context-drug
association measured in drug-seeking behaviors, such as condi-
tioned place preference (CPP) (48-53). Similarly, active coping
in the forced swim paradigm also requires intact hippocampal
activity (54-57). Importantly, Hert neurons provide direct inner-
vation and modulation of the hippocampus (58-61), providing
an anatomical rationale for testing the consequences of Hert
changes on hippocampal activity. We therefore performed LFP
recordings in the hippocampal CA1 region and in the LH area in
the same mice (Figure 5A).

Spontaneous oscillations in the y band (30-90 Hz) and
high-frequency nucleus pontis oralis (nPO) stimulation-elic-
ited 6 (3-9 Hz) and y oscillations as well as dynamic interac-
tions between these bands (0 phase-y amplitude coupling) were
examined in the CAl region of the hippocampus using methods
reported by Stoiljkovic et al. (ref. 62 and Figure 5A). Under basal
conditions, spontaneous y power was not significantly different
across groups (Figure 5B; F[3,21] =1.61; P= 0.218, 1-way ANOVA).
Similarly, the elicited y oscillation was not significantly different
across groups (F[3, 21] = 2.29; P = 0.107, 1-way ANOVA, data not
shown). In contrast, quantitative input-output analysis among
the groups showed a significant difference in 6 power (F[3, 198]
=12.21; P < 0.0001, 2-way ANOVA), but not peak frequency (F|[3,
198] = 2.512; P = 0.098, 2-way ANOVA), in response to varying
stimulation intensities (Figure 5, C and D). Post hoc analysis indi-
cated that hippocampal 0 power was significantly lowered in obese
and obese-CNO mice when compared with their control groups
(ND vs. HFD, ¢ = 6.436, df = 198, P < 0.01; ND vs. HFD+CNO:
q =7.700, df = 198, P < 0.01, Tukey’s post hoc test), whereas no
significant difference was detected between control and obese-
DREADD-CNO mice (ND vs. HFD+DREADD+CNO, ¢ = 2.879,
df=198, P = 0.18, Tukey’s post hoc test), suggesting that stimula-
tion of Hert neurons normalized the difference in hippocampal 6
power observed in obese animals. Accordingly, AUC analysis for
elicited 6 (Figure 5E) showed a marked reduction in 6 power in
obese and obese-CNO mice when compared with control groups
(ND vs. HFD, g = 6.539, df = 21, P < 0.01; ND vs. HFD+CNO, g =
7.037, df = 21, P < 0.01, Tukey’s post hoc test). Again, there was
no significant difference between control and obese-DREADD-
CNO mice (ND vs. HFD+DREADD+CNO, ¢ = 2.283, df = 21, P =
0.64, Tukey’s post hoc test). There was no effect of CNO alone
on LFPs in the control obese-CNO (HFD+CNO) group, ruling out
nonspecific effects of CNO in the current study, even though some
recent reports have pointed to possible off-target CNO effects on
neural activity (63, 64). In addition, the phase-amplitude coupling
between hippocampal 6- and y-elicited oscillations was examined
(Figure 5, F and G). For 6-low y coupling, it seemed that there was
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Figure 7. Weakened Hcrt system was
responsible for a decreased swim time
during forced CWS in obese mice as
compared with controls. (A) Imag-

es showing immunostaining of the
expression of CREB phosphorylation
(green) in Hcrt cells (red) in control and
obese mice. Arrows indicate positive
p-CREB staining (green) in Hcrt-positive
(red) cells in control and obese groups.
Scale bars: 40 um. (B) Bar graph showing
percentage of p-CREB-positive Hcrt
cells in all Hert cells 5 minutes after
CWS in control and obese (DIO) groups.
**P < 0.01, 2-tailed t test. (C) Bar graph
showing the time spent swimming
during a 5-minute session of CWS in

4 groups of mice: control, obese (DI0),

Hert p-CREB Hcert + pCREB obese with a selective activation of Hert
cells (DIO+DREADD+CNO), and obese
B C NS with CNO alone (DIO+CNO). *P < 0.05,
** * T-way ANOVA.
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significant difference among groups (F[3, 21] = 6.358, P= 0.0031,
1-way ANOVA). However, post hoc tests showed differences only
in the HFD+CNO group (ND vs. HFD, g = 0.899, df =21, P= 0.379;
ND vs. HFD+DREADD+CNO, g = 1.575, df = 21, P = 0.243; ND vs.
HFD+CNO, g = 3.307, df = 21, P = 0.01, Dunnett’s post hoc test),
which may be due to a small sample size in this group. For 6-high
y coupling, there was no significant difference among groups (F|[3,
21] = 1.588, P = 0.222, 1-way ANOVA). The overall conclusion is
that the phase-amplitude coupling between hippocampal 6- and
y-elicited oscillations generally did not differ among groups.
Together, these data suggest that weakened Hcrt output in obese
animals appears to lead to lowered 0 activity in the hippocampus.
In summary, deficiency in activity of the Hert system appears
to result in alterations in downstream neuronal networks, both in
the LH area and in other brain areas, such as the hippocampus.
Obesity-induced impairments in behaviors mediated by the Hcrt
system in mice. The Hert system contributes to processing of nat-
ural rewards and the development of drug addiction (65-67); it
also undergoes synaptic plasticity following cocaine CPP or self-
administration (68, 69). Cocaine-seeking behaviors such as CPP
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can be used as a bioassay to determine whether circuits encoding
rewards are functioning normally.

At a suprathreshold dose (10 mg/kg, i.p.), cocaine induced
CPP in both control and obese mice (Figure 6, box). However,
at a lower dose (3 mg/kg, i.p.), cocaine CPP was intact in control
mice (Figure 6; precocaine preference score: -2.47 + 26.11 sec-
onds; postcocaine preference score: 89.8 + 26.11 seconds; n = 16
mice; ¢ = 2.798, df = 15, P < 0.05, paired ¢ test), but not in obese
animals (Figure 6; precocaine preference score: -2.46 * 22.04
seconds; postcocaine preference score: 34.98 * 20.10 seconds; n
=15 mice; t = 1.469, df = 14, P = 0.164, paired ¢ test). In a parallel
set of experiments, we measured induction of c-Fos expression in
Hert cells following acute exposure to the low dose of cocaine (3
mg/kg, i.p.), which indicated decreased activation of Hert cells
in obese mice in response to cocaine exposure compared with
controls (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI130889DS1).
To determine whether the decreased CPP at a threshold dose of
cocaine is due to changes in function of Hert cells, we expressed
a stimulatory DREADD receptor selectively in these neurons
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Behavioral changes in animals

(reward seeking/motivation, stress responses, learning deficiency)

in Hert cells by 77.37% * 1.31% (n = 5 mice),
while CWS only increased p-CREB levels by
21.07% *+1.02% (n =5 mice) in obese mice (Fig-

t

ure 7, A and B; £ = 34.02, df = 8, P < 0.0001, 2

Diminished generalized arousal levels

tailed ¢ test). The expression of c-Fos induced
by CWS in Hert cells was also decreased in DIO
mice as compared with controls (Supplemental

t

Figure 4). Consistent with decreased activation

(such as the hippocampus, VTA, etc)

Changes in neuronal networks of the target areas of the Hcrt system

of Hert cells in obese mice, swim time, which is
thought to represent an active coping strategy

t

(72), was significantly decreased in obese mice
(106.0 £20.2 seconds; n = 5 mice) as compared

Cellular and synaptic changes in Hert cells

(synaptic efficacy, neurotransmitter responses, etc)

with control mice fed the normal diet (194.8
* 6.7 seconds; n = 5 mice). CNO administra-

Figure 8. Paradigm depicting the potential consequences of changes that occur in Hcrt cells in obese
mice. These changes can lead to altered activities in neuronal networks downstream of the Hert sys-
tem, which would affect arousal levels as well as animal behaviors governed by the Hcrt system.

using a conditional AAV vector (rAAV5/EF1la-DIO-hM3D-
q[Gq]-mCherry) infused into the LH of Hcrt-Cre mice (Figure
4). CNO (0.3 mg/kg, i.p.) was applied 15 minutes before each
CPP training session with a low dose of cocaine (3 mg/kg). Sig-
nificant cocaine CPP was observed in obese mice expressing the
activating DREADD and treated with CNO when the low dose of
cocaine was used (Figure 6; precocaine preference score: -2.57 *
23.40 seconds; postcocaine preference score: 88.80 * 18.21 sec-
onds; n = 8 mice; ¢ = 6.836, df = 7, P < 0.05, paired ¢ test). These
data suggest that the weakened Hert signaling may be responsible
for attenuated cocaine CPP in obese mice, indicating decreased
sensitivity to reward in these animals.

In addition to deficits in reward seeking, obese mice exhibit
altered responses to stress, another important set of behaviors
dependent on function of the Hert system (3, 4, 66). To determine
whether alterations in Hcrt function are responsible for altered
behavioral responses to stress in obese mice, the total time spent
swimming (swim time) in the forced cold-water swim (CWS) test
(70, 71) was evaluated in male control and obese mice. The time
spent swimming is suggested to be indicative of an active coping
strategy in response to this stressor (72, 73). To determine wheth-
er Hert neurons are recruited during exposure to an inescapable
stressor, we measured phosphorylation of the transcription fac-
tor CREB (p-CREB) on serine 133, a rapidly induced biochemical
marker of neuronal activity. p-CREB is activated by stress expo-
sure and drug addiction and is critical for the induction of synaptic
plasticity, as previously reported by others and us (69, 74, 75). A
5-minute CWS rapidly induced a significant increase in p-CREB
in Hert cells, as demonstrated with dual immunocytochemistry
using antibodies against Hert and p-CREB (Supplemental Figure
2). p-CREB induction peaked at 5 minutes after exposure to CWS
and decayed by 15 and 30 minutes after CWS exposure (Supple-
mental Figure 3). In control mice, CWS increased p-CREB levels

tion to obese Hcrt-Cre, but not Cre-negative,
mice infused with a Gg-coupled DREADD
reversed the decrease in swim time (Figure 7C;
DIO+DREADD+CNO mice: 174.6 + 13.2 sec-
onds, n =5; Cre-negative DIO+CNO mice: 95.4
+13.4 seconds, n=5mice) (F[3,16] =12.06, P <
0.01, ANOVA; post hoc Dunnett’s test: control
vs. DIO, g = 4.416, df = 16, P < 0.01; control vs.
DIO+CNO, ¢ = 4.943, df = 16, P < 0.001; con-
trol vs. DIO+DREADD+CNO, g = 1.005, df =
16, P = 0.632). CNO at the dose used in this study did not have
a significant effect on swim time, as reported previously (63, 64).
These results suggest that the response to an acute stressor was
altered in obese mice, due to decreased activity of Hert neurons
and diminished output of the hypocretin system.

Discussion
In this study, we demonstrate that the Hert system is compromised
in obese mice and that deficiency in the Hcrt system may be respon-
sible for altered behaviors in obese animals (Figure 8). Morpho-
logically, primary cilia were shorter in Hcrt cells from obese mice,
suggesting that these cells might be compromised in the ability to
sense the local environment in the LH and might be responsible for
impaired neuronal functions in Hert cells, as reported previously in
other neuronal systems (32-36). Electrophysiologically, glutamater-
gic inputs onto Hert cells were weakened and expression of synaptic
potentiation was compromised in obese mice. With respect to neu-
romodulators that normally regulate the activity of Hert neurons,
D1DR-mediated excitation, but not DRD2-induced inhibition, was
decreased in Hert cells from obese animals. These changes lead to
decreased activity of the Hert system and may be responsible for a
marked elevation of spontaneous y oscillation in the LH area and
decrease in evoked 0 oscillation in the hippocampus. Taken togeth-
er, these observations demonstrate enhanced inhibitory tone in the
LH of obese animals and lessened output to target brain areas (such
as the hippocampus). These deficits at the cellular and circuit levels
contribute to a reward deficit and altered response to acute stress in
obese mice, as demonstrated by the ability of chemogenetic activa-
tion of Hert neurons to reverse these obesity-dependent phenotypes.
The shortened primary cilia observed in Hert cells from obese
mice are consistent with published studies demonstrating short-
ened primary cilia in hypothalamic neurons regulating energy
balance in several animal models of obesity (32-34). Although the
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consequences of this morphological change are not yet entirely
clear, primary cilia can regulate several aspects of neuronal func-
tion (32-36). Primary cilia promote the integration of adult-born
neurons into existing neuronal circuits by extending dendrites and
forming new synapses (35). Relevant to energy balance, selective
inhibition of AC3 in primary cilia in MC4R-expressing Sim1 neu-
rons in the periventricular nucleus (PVN) led to an enhancement
in body weight in animals (34). In the current study, the observa-
tion of shortened primary cilia in Hert cells from obese animals
provides a potential cellular mechanism that may underlie modi-
fied synaptic transmission and plasticity in these cells and altered
activity in neuronal circuits downstream of the Hert system and
that may contribute to behavioral changes in obese animals. How-
ever, additional studies will be required to establish a causal rela-
tionship between this morphological change and observed net-
work-level changes in activity of the Hert system.

It has been reported that substantial changes occur in Hert
mRNA and protein levels in genetic or DIO models (19-21). Hert
neurons from obese leptin knockout mice (OB/OB) or obese mice
on HFD receive an increased density of cannabinoid receptor type
1-expressing (CBl-expressing) inhibitory inputs (76). Consistent
with this morphological observation, the frequency of mIPSCs was
significantly higher, and CB1 agonists were able to suppress the
activity of inhibitory synapses more effectively, in OB/OB mice
(76). A recent study showed that a 1-week consumption of HFD
could induce short-term depression of glutamatergic synapses onto
Hert cells (77), which was not seen in rats treated with HFD for 4
weeks. In the current study, chronic (~3 months) consumption of
HFD impaired signaling of glutamatergic synapses onto Hcrt cells
through multiple mechanisms. There was a decrease in the prob-
ability of glutamate release from presynaptic terminals, induction
of STDP was diminished, and the balance between excitatory and
inhibitory inputs onto Hcrt cells was likely shifted toward inhibi-
tion. The differences between the current study and those reported
inrats on HFD (77) may be due to species differences between mice
and rats, but also in part to the time course of HFD consumption
(12 weeks in this study compared with a short-term administration
in experiments in rats). We also excluded all HFD-resistant mice
that did not double their body weight, whereas all rats on HFD were
included without consideration of the development of obesity in
Linehan et al. (77). Other limitations of the current study include
the focus on the Hert system in animals that have already devel-
oped obesity. It is not clear how the Hert system changes during the
development of obesity, especially during initial exposure to HFD.
HFD is palatable and is rewarding, which might induce additional
forms of plasticity in the Hcrt system, as has been reported previ-
ously in cocaine-seeking rodents (68, 69, 77). How the Hert system
changes during the entire process from excessive consumption of
HFD to blunting of reward seeking in obese animals is not yet clear
and warrants additional studies. In addition, there are also many
other physiological changes in obese animals, including hypergly-
cemia/diabetes, hypertriglyceridemia, etc. It is possible that these
metabolic changes may also have adverse effects on the Hert sys-
tem that have not been examined in this study.

The effects of obesity on the CNS have attracted substantial
attention in recent years due to the increasing prevalence of obe-
sity in humans. Originally, studies of neuronal changes induced
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by diet- and genetically induced obesity focused on brain areas
responsible for energy balance, diabetes, and cardiovascular func-
tion (78-80). More recently, there has been an increasing focus on
diet-induced changes in cognitive functions (7-9). There is evi-
dence that obese animals demonstrate impaired associative learn-
ing and memory, altered stress responses, and weakened reward
seeking, among other attributes (1-4, 7, 8). One possibility is that
obesity may induce specific effects on each brain area involved in
learning and memory, stress response, and reward seeking (1-4,
7, 8, 81). An alternative explanation is that obesity may induce
changes in one, or a few, brain areas that project widely in the CNS
and can then regulate the functions of many brain areas and relat-
ed behaviors concurrently. We propose that the Hert system may
be one of these candidates.

One of the overarching physiological explanations for the
broad effects of DIO could be that obesity causes a lowered gen-
eralized arousal state in animals, which is responsible for the dys-
regulated sleep/wake cycle, daytime sleepiness, decreased reward
seeking, altered stress response, and cognitive deficits reported in
previous studies (1-6). Impairment of the Hert system appears to
underlie hypoarousal in obese mice, since this can be reversed by
chemogenetic stimulation of Hcrt neurons or administration of
the psychostimulant modafinil (Supplemental Figure 5). A recent
report indicated that the Hert system mediates both preference
and avoidance behaviors, depending on the inputs onto Hert cells
(82). The results reported here demonstrate that synaptic inputs
onto Hcrt neurons are altered in obese animals. Although the ori-
gins of the altered synaptic inputs have not yet been identified, it is
very likely that these changes contribute to behavioral phenotypes
described in obese animals (3, 4).

The results reported here may also help in the understanding
of other physiological and behavioral phenotypes of obese animals.
The Hert system promotes energy intake and expenditure (13, 14).
Arecent study suggests that activation of the Hert system can inhib-
it food intake (83). Thus, a weakened Hert system would disinhibit
feeding in obese animals. This may contribute to hyperphagia and
altered energy metabolism in obese animals and human patients.

In summary, the results reported here indicate that DIO results
in substantial impairment in Hert neuronal activity, which in turn
dysregulates activity locally in the LH and in brain areas to which
these cells project, ultimately causing behavioral changes, includ-
ing deficiency in reward seeking and altered stress response.
These results may provide new strategies for the treatment of obe-
sity and the management of diseases resulting from obesity.

Methods
Detailed information is provided in the Supplemental Methods.
Animals, stereotaxic viral injections, and behavioral paradigms.
C57BL/6] mice (4-6 months old) expressing GFP (Hert-GFP) (18, 38,
39, 44) or Cre-recombinase (Hcrt-Cre) (82) selectively in hypocretin
neurons under the control of a specific hypocretin promoter were used
in this study. Mice were group housed and maintained on a 12-hour
light/12-hour dark cycle (lights on at 6:00 am) with free access to food
and water under the care of Yale Animal Resources Center personnel.
At an age of about 21 days, male C57BL/6] mice were randomly
divided into 2 groups: control, mice fed with normal chow ad libi-
tum for 10 to 12 weeks; and DIO, mice fed with a HFD with 45% of
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calories from fat (D12451, Research Diets Inc.) ad libitum for 10 to
12 weeks. Only those mice in the obese group with a body weight
gain of more than 100% were included in this study together with
all animals in the control group. At 12 weeks on the diet, control and
HFD-treated mice were scanned by nuclear MRI (EchoMRI) in order
to determine their whole-body composition.

The surgery for stereotaxic injection of AAV viral vector (rtAAV5/
EF1a-DIO-hM3Dq[Gq]-mCherry) was performed as reported by Han
etal. (84). The expression of viral vectors was confirmed by dual immu-
nocytochemical examinations of Hert and mCherry in injected mice.
Cocaine CPP was performed as we reported previously (69). Forced
CWS was performed as reported elsewhere previously (70, 71). Five
minutes after the test, all animals were scarified under deep anesthe-
sia, followed by transcardial perfusion of fixative containing 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (PB) (pH 7.4). Brains
were collected for the further immunocytochemical experiments on
expression of p-CREB and c-fos as reported previously by us (39, 69).

Immunocytochemistry. Brains from all groups of animals collected
in our study were cut into sections (50 pm thick) on a vibratome and
were washed in a buffer containing 0.1% lysine, 1% BSA, 0.1% Tris,
and 0.4% Triton X-100, after which they were blocked with 2% normal
horse serum and were incubated overnight in primary antibodies for
orexin-B (Santa Cruz Biotechnology Inc.; catalog sc-8071, goat, 1:2500)
plus p-CREB (Ser133) (Cell Signaling Technology; catalog 9191 and
9198, rabbit, 1:100) or AC3 (marker for primary cilium, Abcam; catalog
ab125093, rabbit, 1:200). After several washes with PB, sections were
incubated in secondary antibodies (1:250) conjugated to Alexa Fluor
488 and Alexa Fluor 594 (Invitrogen) for 2 to 3 hours. Specimens were
examined with an FV 300 confocal laser scanning microscope (Olym-
pus America) or the Keyence Microscope System (Keyence Corp.). For
cell counting, at least 6 sections from each animal were taken at the
level of the LH, and the number of CREB/hypocretin-positive neurons
were counted and compared with the total number of hypocretin neu-
rons. For the measurement of primary cilia in Hert cells, Z-scanning
was performed along the whole depth of the cell and a 3D reconstruc-
tion of Hert cells with primary cilia was performed with Image] (NIH).
The lengths of primary cilia were presented as mean * SEM for each
group, and ¢ test was used to determine significance.

In vitro electrophysiology. Coronal hypothalamic slices, 300 pm
thick, were cut from mice expressing GFP exclusively in Hert neurons,
as we reported previously (39, 44, 69). Whole-cell voltage clamp (at
-60 mV or at 0 mV) was performed to observe miniature excitatory
and inhibitory postsynaptic currents with a MultiClamp 700A ampli-
fier (Axon Instruments, Molecular Devices, LLC), as described previ-
ously (39, 44, 69). To monitor evoked EPSCs, a bipolar tungsten elec-
trode with a small distance of 50 um was placed across an identified
dendrite of Hert cells about 50 to 100 pm away from the soma, where
whole-cell recording was performed. After a stable recording of eEP-
SCswas achieved, the stimulating intensity (20 to 50 uA) was adjusted
to trigger eEPSCs at about 30%-50% of their maximal amplitudes.
The stimulation and analysis of release probability were performed as
reported by Thanawala and Regehr (41), with modifications. In LTP
experiments, a STD protocol was used, as reported elsewhere (42, 43).
Since AP firing in Hcrt cells could run down rapidly due to the loss of
intracellular contents during conventional whole-cell recording with
a low series resistance (10-20 MQ), as reported previously by others
and us (85, 86), we used a modified whole-cell recording configuration
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with a high series resistance (30-40 MQ) to eliminate the rundown of
AP firing in Hert cells in this experiment by partially rupturing neu-
ronal membrane after a gigaseal formation. In all experiments, only
recordings with stable series resistance were accepted (the change in
series resistance was less than 20%).

All data were sampled at 10 kHz and filtered at 3 kHz with an
Apple computer using AxoGraph X (developed by John Clements,
AxoGraph, Inc.). Electrophysiological data were analyzed with AxoG-
raph X and plotted with Igor Pro software (WaveMetrics). Specifically,
mEPSC was analyzed with an event-detection package provided in
AxoGraph X, as reported previously (39, 44, 69).

In vivo electrophysiology. Neurophysiological in vivo recordings
were carried out in mice anesthetized with urethane (1.5 g/kg, i.p.)
(62). After achieving a stable plane of anesthesia, mice were placed
in a Kopf stereotaxic frame on a temperature-regulated heating pad
(Physitemp Instruments Inc.) set to maintain body temperature at
37-38°C, and unilateral craniotomies were performed above the
hypothalamus, hippocampus, and rostral pons. After surgery, 2
bipolar concentric electrodes (NE-100X, Rhodes Medical Instru-
ments) were inserted into lateral hypothalamic (1.5 mm posterior,
1.0 mm lateral and 4.7 mm dorsoventral) and hippocampal CA1 (2.0
mm posterior, 1.5 mm lateral and 1.5 mm dorsoventral) regions.
Coordinates for each target area were taken from Paxinos and
Franklin’s mouse brain atlas (87) and referenced relative to bregma
and brain surface. Animals were allowed to stabilize before record-
ing was begun. Ten minutes after establishing the stable LFPs,
they were i.p. injected with saline (ND and HFD mice) or 0.3 mg/
kg CNO (HFD-DREADD and HFD-CNO mice). The recording of
spontaneous LFPs in the LH and CAl started 20 minutes following
injections of saline or CNO in each mouse and lasted for 15 min-
utes before initiation of elicited hippocampal oscillations by elec-
trical stimulation of nPO, as described previously (62). Briefly, the
hypothalamic electrode was repositioned into the nPO (4.0 mm
posterior, 1.2 mm lateral, and 3.3 mm dorsoventral), and stimulation
consisted of a train of 0.3 ms square pulses delivered over a period
of 6 seconds at a rate of 250 Hz repeated every 100 seconds using
an Isoflex stimulus isolator unit (A.M.P.I. Instruments). The stim-
ulating current was increased stepwise from 0.0 to 0.2 mA in 0.02
mA increments and repeated in 3 cycles in order to establish a stim-
ulus-response relationship for both total power and peak frequency
in the 6 band. The protocol for measuring evoked LFPs lasted for
about 50 minutes. All recordings of spontaneous and evoked LFPs
were performed within the effective time frame of CNO reported
in mice (88-91). Throughout the duration of the experiment, mice
were kept in the stereotaxic frame, spontaneous and stimulation-in-
duced LFPs were continuously monitored, and the level of anesthe-
sia was regularly checked. At the conclusion of all recordings, ani-
mals were deeply anesthetized, transcardially perfused, and their
brains removed for histological analysis.

In each experiment, LFPs were amplified and filtered between
1 and 300 Hz using the Grass P55 AC Differential Amplifier (Grass
Technologies) with an additional notch filter at 60 Hz. The signal was
simultaneously sampled at a rate of 1 kHz and stored on a computer
via a CED Microl401-3 interface and Spike2 software (Cambridge
Electronic Design). For quantitative offline analyses, LFPs were sub-
jected to fast Fourier transform at a spectral resolution of 0.24 Hz.
Computing stimulation-induced hippocampal 6 power was done by
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summing power values between 3 Hz and 9 Hz, and peak frequency
was identified by determining where the peak power occurred. To
avoid possible stimulation artifacts, the first second of each 6-sec-
ond-long stimulation episode was omitted in all analyses. Total y
power during spontaneous lateral hypothalamic and hippocampal
activity was computed using the same method, except the signal was
band-pass filtered at between 30 Hz and 90 Hz. The 6 phase—y ampli-
tude coupling during hippocampal stimulation was assessed using a
modulation index (MI), as described previously (62, 92).

Statistics. Prism 7 (GraphPad Software) was used for statistical
analyses. All data were initially determined to be suitable for para-
metric analysis according to normality and homoscedasticity. Com-
parisons between 2 groups were assessed with 2-tailed ¢ test, while
comparisons among 3 or more groups were assessed with 1-way ran-
dom effects ANOVA except where otherwise specified. The com-
parisons of expression of LTP between control and DIO mice were
performed with 2-way ANOVA and post hoc Holm-Sidék test. Statis-
tical differences in the relationship between elicited 6 power or peak
frequency and current intensity were assessed by 2-way ANOVA,
while changes in spontaneous y power were tested with 1-way ANO-
VA. For all post hoc comparisons, Tukey’s test was used. For statis-
tical analyses of 6 phase-y amplitude coupling in the hippocampus,
the average MI in either low y (30-50 Hz) or high y (65-95 Hz) was
calculated for each animal, grouped, and compared using a 1-way
ANOVA. Data are represented as mean * SEM, and differences were
considered significant at P < 0.05.

Study approval. All animal procedures were performed in strict
accordance with the NIH Guide for the Care and Use of Laboratory Ani-
mals (National Academies Press, 2011) and were approved by the Yale
University Animal Care and Use Committee.
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