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Disrupted hypothalamic CRH neuron
responsiveness contributes to diet-induced obesity
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Abstract

The current obesity epidemic mainly results from high-fat high-
caloric diet (HFD) feeding and may also be contributed by chronic
stress; however, the neural basis underlying stress-related diet-
induced obesity remains unknown. Corticotropin-releasing
hormone (CRH) neurons in the paraventricular hypothalamus
(PVH), a known body weight-regulating region, represent one key
group of stress-responsive neurons. Here, we found that HFD feed-
ing blunted PVH CRH neuron response to nutritional challenges as
well as stress stimuli and dexamethesone, which normally produce
rapid activation and inhibition on these neurons, respectively. We
generated mouse models with the activity of these neurons
clamped at high or low levels, both of which showed HFD-
mimicking, blunted PVH CRH neuron responsiveness. Strikingly,
both models developed rapid HFD-induced obesity, associated with
HFD-mimicking, reduced diurnal rhythmicity in feeding and energy
expenditure. Thus, blunted responsiveness of PVH CRH neurons,
but not their absolute activity levels, underlies HFD-induced
obesity and may also contribute to stress-induced obesity.
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Introduction

The current obesity epidemic coincides with social and economic
improvements. Susceptibility to obesity development is thus specu-
lated to be caused by a combination of genetics and environmental

2,49,*

changes, including easy access to high-fat high-caloric diets (HFD),
and stresses imposed by increasing socioeconomic pressure [1-4].
Specifically, HFD feeding is associated with disrupted diurnal
rhythms in feeding and metabolism, and time-scheduled feeding
alleviates the obesity and associated metabolic syndromes by HFD
[S], suggesting an important contribution of disrupted diurnal
rhythms to diet-induced obesity (DIO). Recent studies have also
suggested a potential role for stress in worsening DIO [6-9]. Despite
intense research, the cellular mechanism in the brain underlying
HFD feeding and its potential interaction with stress in obesity
development remains elusive.

Corticotropin-releasing hormone-expressing (CRH) neurons,
widely distributed in the brain [10], are known to be the major
subset of brain neurons that orchestrate behavioral and hormonal
responses to stress [11]. Anatomically, hypothalamic CRH neurons
serve as a link between metabolism regulation and stress responses.
These neurons are known to elicit neuroendocrine responses
through the autonomic nervous system and hypothalamus—pitu-
itary—adrenal axis (HPA) [12,13], although emerging studies suggest
a role for PVH CRH neurons in mediating stress behaviors [14,15].
In addition to stress responses, these neurons are shown to be
important for diet preference [16], suggesting potential relevance to
obesity development. Pathologically, uncontrolled glucocorticoid
levels are known to be associated with hyperphagia, insulin resis-
tance, obesity, and diabetes, as observed in human Cushing’s
diseases and leptin-deficient ob/ob mouse models [17,18]. However,
other studies have also suggested that PVH CHR neurons play a
minimal role in feeding or obesity development [15,19,20]. Thus,
the relevance of CRH function to DIO is not yet clear.

High-fat high-caloric diet feeding has been shown to blunt diur-
nal rhythms [5,21,22]. Specifically, HFD reduces HPA axis activity
and diurnal corticosterone rhythms in mice [23-25], and a disrupted
corticosterone diurnal pattern is also present in obese ob/ob and
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db/db mouse models [26], pointing to a potential importance
of PVH CRH neuron activity changes in response to HFD feeding
and in obesity development. In this study, we therefore aim to test
the hypothesis that HFD-induced defective responsiveness of PVH
CRH neurons contributes to DIO. Our results show that HFD
disrupts the responsiveness of PVH CRH neurons and our animal
models with PVH CRH neurons chronically clamped at high or low
levels both exhibit disrupted neuron responsiveness, susceptibility
to DIO, and defective diurnal rhythms in metabolism, thus revealing
blunted responsiveness of these neurons as a novel contributor to
DIO.

Results and Discussion

Paraventricular hypothalamus neurons are known to be activated
during nutritional challenges in switching from fasting to refeeding
[27,28]. While PVH neurons exhibit little c-Fos expression with ad li-
bitum fed conditions either on chow or HFD (Fig EV1A), a subset of
PVH neurons in chow-fed control mice exhibited c-Fos expression
when switching from fast to refed conditions (Fig 1A and B). In
contrast, with 4-week HFD feeding, the number of c-Fos-expressing
neurons was dramatically reduced (Fig 1A and B). We used CRH-
Cre::Ai9 reporter mice to specifically examine c-Fos expression in
CRH neurons and found that HFD feeding largely eliminated c-Fos
expression in PVH CRH neurons (Fig 1A and C), suggesting that
HFD feeding greatly reduced the response of PVH CRH neurons to a
switch from fasting to refed, a nutritional challenge frequently expe-
rienced in mice. As expected, mice during the 4-week HFD feeding
exhibited increased energy intake, reduced energy expenditure, and
increased body weight. In addition, these mice also reduced their
diurnal rhythmicity in both feeding (Fig 1D and E) and energy
expenditure (Fig 1F and G), supporting earlier findings on signifi-
cant contributions of diminished diurnal feeding and energy expen-
diture patterns to DIO [5].

To examine whether HFD disrupts PVH CRH neuron responses
to acute stress stimuli, we recorded the activity of these neurons in
freely behaving animals with the fiber photometry method [29,30].
For this, we delivered AAV-Flex-GCaMP6m to the PVH of CRH-Cre
mice with implanted optic fibers targeting the PVH (Fig EV1B).

Figure 1. HFD blunted PVH CRH neuron responsiveness.
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Consistent with the role of PVH CRH neurons in stress responses,
applications of stressors, i.e., water spray, induced a robust increase
in PVH CRH neuron activity, which lasted 2-3 s (Fig 1H and J). The
mice were then switched to HFD and maintained on the same diet
for 4 weeks before a new around of fiber photometry measurement
with the same water spray stimulus. Those PVH CRH neurons of the
same mice greatly diminished their responses to water spray (Fig 11
and J). To examine whether the diminished response is specific to
stress-induced activation, we also applied dexamethasone (Dex), an
analog of corticosterone (Cort) known to inhibit PVH CRH neurons.
While saline administration failed to produce changes (Fig EV1C),
Dex inhibited PVH CRH neuron activity within minutes (Fig 1K and
M), which is likely mediated by its membrane receptors [31]. This
effect was greatly diminished in PVH CRH neurons 4 weeks after
HFD feeding (Fig 1L and M). These results demonstrate that HFD
feeding reduces PVH CRH neuron responsiveness.

To test whether dampening PVH CRH responsiveness contributes
to DIO, we aimed to generate animal models with disrupted respon-
siveness in PVH CRH neurons by clamping the neuron activity at
high levels. The expression of NachBac, a sodium channel from
bacteria, is known to increase baseline neuronal activity [32,33].
We therefore delivered AAV-EF1a-Flex-EGFP-P2A-mNachBac to the
PVH of CRH-Cre mice. We recorded CRH neurons with NachBac
expression in one side of the PVH, compared to those recorded in
the other side with control neurons of the same animal 4 weeks
after viral delivery (Fig 2A). Compared to controls, which showed
spontaneous tonic firing around —50 mV, spontaneous burst firing
and long-lasting plateau depolarization were recorded at more nega-
tive membrane potential (—65 mV) from NachBac neurons (Fig 2B).
This more negative membrane potential may result from a compen-
satory response to avoid overexcitation. With a step-wise voltage
clamp protocol to evoke Na™ channel activation, compared to the
—40 mV threshold found in control cells (Fig EV2A), NachBac chan-
nels were activated at —50 mV, with much slower inactivation than
the endogenous Na™ channels (Fig EV2B). In total, while 12 out of
15 recorded NachBac neurons (80%) showed spontaneous firing
despite their more negative membrane potentials than that in
controls cells, in which only six of 10 control cells (60%) exhibited
spontaneous firing (Fig 2C). The higher percentage of spontaneous
firing in NachBac-expressing neurons suggest they are more active

A-C  CRH-Cre:Ai9 reporter male mice fed on chow or 4 weeks on HFD were used to examine c-Fos expression in the PVH in 24 h fasting or refed after 24 h fasting.
(A) Representative images showing CRH neurons (red in the first column), c-Fos expression (green in the second column), merged images of red and green (the
third column), and the amplified pictures for the boxed areas in the merged images (the fourth column). The experimental conditions for each group (fasting
versus refed, chow versus HFD) are labeled on the left. Scale bar = 200 pum. (B, C) Comparison of average neuron numbers from cell counting on total number of
c-Fos-positive neurons in the PVH (B, **P = 0.0032: chow fasting versus chow refed and *P = 0.023, HFD fasting versus HFD refed) and total number of c-Fos-
positive CRH neurons (C, **P < 0.0001: chow fasting versus chow refed and P = 0.7158: HFD fasting versus HFD refed), n = 3-4 each, data presented as

mean £ SEM, two-way ANOVA tests.

D-G Effects of HFD feeding on diurnal rhythmicity in feeding (D and E) and energy expenditure (F and G). The measurement was collected with male mice fed chow or
after 4-week HFD feeding, n = 6 each, data presented as mean + SEM, **P = 0.0066 in E and **P = 0.0.0007 in G, unpaired Student’s t-tests.

H-M CRH-Cre mice received delivery of AAV-Flex-GCaMP6m viral vectors to bilateral PVH and optic fiber implantation targeting PVH neurons and were used for in vivo
live recording. (H, I) Representative traces showing recordings of activity changes in CRH neuron in response to stressor (water spray) in chow-fed controls (H) and
4 weeks after HFD (1), (J) Comparison of average responses in the two conditions, n = 4 each, **P = 0.0006, paired Student’s t-test. (K, L) Representative traces
showing recordings of activity changes in CRH neurons in response to dexamethasone (Dex) injections in chow-fed controls (K) and after 4 weeks on HFD (L). (M)
Comparison of average responses in the two conditions, n = 4 each, data presented as mean + SEM, **P = 0.0012, paired Student’s t-tests.

Data information: 3V: the third ventricle; downward arrows indicating onset of stimuli or Dex injections.

Source data are available online for this figure.
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than control neurons. To further confirm that NachBac-expressing
neurons exhibit a high level of activity in vivo, we examined c-Fos
expression in the PVH in response to a switch from fasting to refeed-
ing. As expected, in control CRH-Cre mice with AAV-Flex-GFP injec-
tions to bilateral PVH, c-Fos was induced in the PVH (Fig 2D and
E), especially in PVH GFP-labeled CRH neurons (Fig 2F). In CRH-
Cre mice with AAV-EFla-Flex-EGFP-P2A-mNachBac injection to
bilateral PVH, a much greater number of PVH neurons exhibited c-
Fos expression both at fasting and refed conditions (Fig 2D and E).
Interestingly, in contrast to control CRH neurons, switching mice
from fasting to refeeding failed to induce further c-Fos expression in
NachBac-expressing neurons (Fig 2D and F), suggesting that
NachBac expression effectively clamps CRH neuron activity as high
levels, disrupting the ability of these neurons in responding to nutri-
tional challenges.

In addition, we also examined the response of NachBac-
expressed PVH CRH neurons to acute stressors and Dex. Toward
this, we delivered AAV-Flex-GCaMP6m and AAV-EFla-Flex-EGFP-
P2A-mNachBac simultaneously to bilateral PVH of CRH-Cre mice
for fiber photometry recording (Appendix Fig S1A). In contrast to
rapid and strong activation on CRH neurons (Fig 1H), water spray
failed to induced obvious changes in NachBac-expressing CRH
neurons (Fig 2G and H). A similar observation was also made in
response to Dex (Fig 2I and J). Notably, PVH CRH neurons with
NachBac expression were greatly inhibited by exposure to isoflu-
rane, an anesthetic with potent inhibitory action on neurons
(Appendix Fig S1B), ruling out the possibility that failure in detect-
ing CRH neuron response is an artifact of experimental defects. To
examine the possibility that co-expression of additional fluorescein
protein (e.g., GFP in the NachBac vector) might interfere with
GCaMP6m measurements, we compared GCaMP6m measurements
among three groups of CRH-Cre mice with delivery of AAV-Flex-
GCaMP6m alone (Appendix Fig S1C), AAV-Flex-GCaMP6m plus
AAV-Flex-GFP (Appendix Fig S1D), or AAV-Flex-GCaMP6m plus
AAV-Flex-mCherry (Appendix Fig S1E). No difference was observed

Canjun Zhu et al

among the three groups in the GCaMP6m signal in response to
water spray (Appendix Fig S1F), suggesting that presence of other
fluorescence (green or red) has no interference on measurements of
GCaMP6m signals. Taking together, NachBac expression effectively
increases the activity level and blunts the responsiveness of PVH
CRH neurons.

Paraventricular hypothalamus CRH expression is known to
exhibit a diurnal pattern, with a higher level at night periods
[34], suggesting the activity of these neurons in a diurnal pattern.
In addition to direct projections to other brain regions, PVH CRH
neurons are known to regulate the HPA axis. To further test
whether NachBac expression disrupts diurnal neuron activity
pattern, we measured corticosterone (cort) levels across 24 h and
found that NachBac mice exhibited much greater levels during
night times, compared to controls (Fig EV2C). As cort is a remote
indicator for CRH neuron activity and especially its level is
controlled by complex feedback regulation through its own
control at both CRH and pituitary levels, the diurnal pattern of
cort may not necessarily reflect PVH CRH neuron activity pattern.
Supporting this, mice with PVH-specific deletion of glucocorticoid
receptor, known to inhibit CRH expression, show disrupted diur-
nal patterns in adrenocorticotropic hormone (ACTH) and exhibit
heightened diurnal changes in cort levels [35]. We therefore used
CRH expression level as a proxy for CRH neuron activity.
Notably, CRH immunostaining showed an increased CRH accumu-
lation in the median eminence (ME), where CRH neuron fibers
are located (Fig EV3D). Consistent with the fact that CRH is
normally transported to terminals, CRH immunostaining failed to
show clear immunoreactive structures in PVH CRH neurons
during both morning and night periods in controls; however,
NachBac mice showed abundant CRH-immunoreactive soma and
fibers in the PVH at both day and night periods (Fig EV2E).
These data, although on their own, cannot approve, nevertheless
support, that NachBac expression increases PVH CRH neuron
activity and disrupts diurnal patterns of activity.

Figure 2. Clamping PVH CRH neuron activity at high levels disrupted neuron responsiveness.

A-C CRH-Cre male mice received stereotaxic delivery of AAV-EFla-Flex-EGFP-P2A-mNachBac vectors at 7-8 weeks of age and recordings were made at least 4 weeks
after viral delivery on neurons with NachBac (one side) or control neurons (contralateral side) of the same animal (A); typical action potentials (APs) in controls
(B, top panel) and typical NachBac-mediated APs showing lower threshold and long duration (B, bottom, the inset highlighting the long duration) in NachBac mice;
and the distribution of the membrane potential and firing cells in the two groups (C, ratios in the bracket denoting neuron number out of total number recorded

with the indicated behavior).

D-F CRH-Cre male mice were injected with either AAV-Flex-GFP or AAV-EF1a-Flex-EGFP-P2A-mNachBac to examine c-Fos expression in the PVH in 24 h fasting or refed
after fasting. (D) Representative images showing CRH neurons expressing GFP or NachBac (GFP in the top two rows and NachBac in the bottom two rows of the
first column), c-Fos expression (red in the second column), merged images of red and green (the third column), and the amplified pictures for the boxed areas in
the merged images (the fourth column). The experimental conditions for each group (fasting versus refed) are labeled on the left. (E, F) Comparison of average
neuron numbers from cell counting on total number of c-Fos-positive neurons in the PVH (E, **P < 0.0001: fasting versus refed; **P = 0.0026: fasting versus
fasting/NachBac; **P < 0.0001: fasting/NachBac versus refed/NachBac) and total number of c-Fos-positive CRH neurons (F, **P < 0.0001: fasting versus refed;

**p < 0.0001: fasting versus fasting/NachBac; P = 0.3423: fasting/NachBac versus refed/NachBac), n = 3-4 each, data presented as mean & SEM, two-way ANOVA

tests.

G-J CRH-Cre male mice received stereotaxic delivery of a mixture of AAV-Flex-GCaMP6m and AAV-EFla-Flex-EGFP-P2A-mNachBac vectors at 7-8 weeks of age with
optic fiber implantation targeting PVH neurons. (G, H) Representative traces showing typical responses of PVH CRH neurons to water spay (arrows) in NachBac
mice (G) and comparison of responsiveness to water spray between NachBac and control mice (H). (I, ]) Representative traces showing typical responses of PVH
CRH neurons to water spay (arrows) in NachBac mice (I) and comparison of responsiveness to water spray between NachBac and control mice (J).Gray traces
showed Ca®*-independent signal for system stability, and red ones showed Ca®*-dependent signals for neuron activity, N = 5-7 each, males, data presented as

mean £ SEM, **P < 0.0001 in both (H and ), unpaired Student’s t-tests.

Data information: All mice were fed chow unless otherwise noted. 3V: the third ventricle; downward arrows indicating onset of stimuli or Dex injections. Scale

bar = 200 pm.
Source data are available online for this figure.
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We then used mice with NachBac vector injections to bilateral
PVH of CRH-Cre mice to examine the effect on body weight. When
fed chow, NachBac mice gained a slightly but significant more body
weight than controls (Fig 3A). However, after exposure to HFD,
these mice gained rapid body weight and were 10 g heavier than
controls 4 weeks after HFD diet switch (Fig 3A). The observed body
weight gain was associated with increased fat mass (Fig 3B), but no
changes in lean mass (Fig 3C), suggesting obesity development.
When measured at 7 weeks after viral delivery but before HFD
switch, these mice exhibited lower energy expenditure (Fig 3D and
E) and greater feeding levels (Fig 3G and H). Interestingly, when the
difference between day and night periods was compared, NachBac
mice showed much less difference in either energy expenditure
(Fig 3F) or feeding (Fig 31I), suggesting reduced rhythmicity in both,
which is reminiscent to the dampening effect on diurnal rhythmicity
by HFD feeding [5]. When comparison between the two groups
during light and dark periods was performed, we found that
NachBac mice ate more food but spent less energy, especially during
light periods (Fig EV3A-D), suggesting an increased feeding effi-
ciency. A similar reduction in activity level in NachBac mice was
also observed (Fig EV3E-I). Weekly glucose levels trended to
increase on chow but were significantly elevated in HFD-fed condi-
tions (Fig EV3J), likely due to a secondary effect of obesity develop-
ment. In addition, NachBac mice exhibited an increased anxiety
level in our behavioral tests (Appendix Fig S2). These data collec-
tively demonstrate that clamping PVH CRH neuron activity at high
levels diminishes the responsiveness of these neurons and leads to
DIO.

The aforementioned results suggest that NachBac expression
diminished PVH CRH responsiveness while increased the activity
level of these neurons. To ascertain the role of diminished respon-
siveness in DIO and rule out a potential direct role from an
increased neuron activity level, we aimed to generate a new mouse
model with disrupted PVH CRH neuron responsiveness through
clamping neuron activity at low levels. Towards this end, we used a
mutated form of the Kir2.1 channel, which has previously used to
reduce neuron activity [32]. We delivered either AAV-Flex-GFP
vectors to one side as control or AAV-EFla-DIO-Kir2.1-P2A-
dTomato vectors to the other side of the PVH of CRH-Cre mice for
recording experiments (Fig 4A). Compared to controls, Kir2.1
expression reduced resting membrane potential (Fig 4B and C) and
significantly increased the size of minimum currents required to be
injected to elicit action potential, i.e., rheobase (Fig EV4A-C),
suggesting that expression of Kir2.1 effectively reduces the PVH
neuron activity.

We next examined the effect of Kir2.1 expression on c-Fos induc-
tion in response to switch from fasting to refeeding. We delivered
AAV-EF1a-DIO-Kir2.1-P2A-dTomato vectors to one side of the PVH
of CRH-Cre mice (Fig 4D), which allows to effectively examine the
effect of Kir2.1 on c-Fos expression by using the other side of PVH
with no Kir2.1 expression within the same brain as control condi-
tions. Compared to controls, Kir2.1 expression in PVH CRH neurons
significantly reduced the number of c-Fos positive neurons in the
PVH during fast-refeeding transitions (Fig 4D and E). When count-
ing PVH CRH neurons with c-Fos expression, we found that while
the control side with mCherry expression showed a great number of
PVH CRH neurons with c-Fos expression, few of these neurons with
Kir2.1 expression was found to express c-Fos during the fast-
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refeeding switch (Fig 4D and F), suggesting that expression of
Kir2.1 effectively clamped PVH CRH neuron activity at low levels
and disrupted the ability of these neurons in responding to nutri-
tional challenges during fast-refeeding transitions.

We further examined the impact of Kir2.1 expression on PVH
CRH neuron response to acute stress and hormonal action. In CRH-
Cre mice with co-injections of AAV-Flex-GCaMP6m and AAV-EF1a-
DIO-Kir2.1-P2A-dTomato (Appendix Fig S3A), in contrast to
controls, water spray (Fig 4G and H) or Dex administration (Fig 41
and J) failed to induce changes in the activity of CRH neurons. To
verify that the failure in PVH CRH neuron response is not due to an
experimental defect, we performed similar isoflurane inhalation as
previously described and found that isoflurane was effective in
reducing the activity of these neurons (Appendix Fig S3B). Thus,
clamping PVH neuron activity at low levels with Kir2.1 expression
is sufficient to blunt the responsiveness of these neurons, in a simi-
lar fashion to HFD feeding.

We also measure the HPX axis to confirm the effect of Kir2.1
inhibition. Compared to a nature diurnal pattern of cort, Kir2.1 mice
exhibited a flat pattern across 24 h (Fig EV4D), suggesting chronic
inhibition of PVH CRH neurons is sufficient to diminish diurnal cort
pattern. We then used CRH-Cre::Ai9 mice (Fig EV4E and G) and
CRH-Cre mice with one side injection of Kir2.1 vectors (Fig EV4F
and H) to examine the effect of Kir2.1 inhibition on CRH expression.
While control mice exhibited even CRH immunoreactivity between
the two sides of ME, Kir2.1 mice showed much less CRH immunore-
activity in the side with more Kir2.1 expression (Fig EV4H), demon-
strating inhibition of CRH expression by Kir2.1.

We then delivered the Kir2.1 vector to bilateral PVH of CRH1-Cre
mice for body weight studies. While Kir2.1-expressing mice showed
no difference in body weight on chow diet, they gained more body
weight once switched to HFD (Fig 5A). The increased body weight
is associated with increased fat mass (Fig SB) but no changes in
lean mass (Fig 5C), suggestive of obesity development. When
measured between 7 and 8 weeks after viral delivery, energy expen-
diture was reduced (Fig 5D and E) and, importantly, the difference
between night and day in energy expenditure was reduced in mice
with Kir2.1 expression (Fig SF). Food intake was increased (Fig 5G
and H), and the difference between night and day in feeding was
also reduced in mice with Kir2.1 expression (Fig 5I). When compar-
ison during light and dark periods was performed, we found that
Kir2.1 mice ate more food but spent less energy, especially during
light periods (Fig EV5A-D), suggesting an increased feeding effi-
ciency. A similar reduction in activity level in NachBac mice was
also observed (Fig EVSE-I). These data demonstrate that Kir2.1
expression reduces PVH CRH neuron activity, disrupts the respon-
siveness of these neurons, and leads to DIO. Notably, despite no
body weight difference when fed chow, these mice exhibited lower
blood glucose levels, but rapidly increased their glucose levels to a
similar level of controls after exposure to HFD, likely due to their
development of obesity (Fig EV5J). Collectively, these results
suggest that PVH CRH neuron activity clamped at either high or low
levels both blunted responsiveness of these neurons and induced
DIO. Thus, disrupted responsiveness of PVH CRH neurons, but not
their absolute activity levels, predisposes to DIO.

In this study, we found that HFD feeding blunted the response of
PVH CRH neurons to nutritional challenges, acute stressors, and
hormonal action. To test whether the blunted responsiveness

© 2020 The Authors
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Figure 3. Clamping PVH CRH neuron activity at high levels causes rapid diet-induced obesity.

A-I CRH-Cre male mice received stereotaxic delivery of AAV-EF1a-Flex-EGFP-P2A-mNachBac or control GFP vectors at 7-8 weeks of age and were maintained on chow
diet for 7 weeks before switching to HFD. Weekly body weight gain after viral delivery (A), and measurements of fat mass (B) and lean mass (C) at 11 weeks after
viral delivery. (D-F) Measurements of energy expenditure during the 7" week after viral delivery. Comparison of real-time O, consumption traces during the 4-day
measurement period (D), of average O, consumption between the two groups (E), and of the difference between day and night periods between the two groups (F).
(G-I) Measurements of feeding during the 7" week after viral delivery. Comparison of real-time feeding c traces during the 4-day measurement period (G), of
average food intake between the two groups (H), and of the difference in food intake between day and night periods between the two groups (l). n = 5-6 each,

*P < 0.0001 in A, *P = 0.0019 in B, P = 0.2316 in C, *P = 0.0196 in E, *P = 0.0466 in F, *P = 0.0062 in H, and *P = 0.0298 in |, unpaired Student’s t-tests. All data
presented as mean + SEM.

Source data are available online for this figure.
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Figure 4. Clamping PVH CRH neuron activity at low levels disrupted neuron responsiveness.

A-C CRH-Cre male mice received stereotaxic delivery of AAV-EF1a-DIO-Kir2.1-P2A-dTomato vectors and AAV-Flex-GFP at 7-8 weeks of age, and recording was made at
least 4 weeks after viral delivery on neurons with Kir2.1 (one side) or control GFP neurons (contralateral side) of the same animal (A); typical spontaneous neuron
activity recorded in GFP controls (B, top panel) and Kir2.1 neurons (B, bottom); and comparison in resting membrane potentials between the two groups

(C, **P < 0.0001, unpaired Student’s t-test).

D-F CRH-Cre male mice were injected with either AAV-Flex-mCherry or AAV-EF1a-DIO-Kir2.1-P2A-dTomato to examine c-Fos expression in the PVH in 24 h fasting or
refed after fasting. (D) Representative images showing CRH neurons expressing mCherry or Kir2.1 (mCherry in the top two rows and Kir2.1 in the bottom two rows
of the second column), c-Fos expression (green in the first column), merged images of red and green (the third column), and the amplified pictures for the boxed
areas in the merged images (the fourth column). The experimental conditions for each group (fasting versus refed) are labeled on the left. (E, F) Comparison of
average neuron numbers from cell counting on total number of c-Fos-positive neurons in the PVH (E, **P = 0.0001: fasting versus refed; *P = 0.0497: refed versus
refed/Kir2.1; **P = 0.0025: fasting/Kir2.1 versus refed Kir2.1) and total number of c-Fos-positive CRH neurons (F, **P < 0.0001: fasting versus refed; P = 0.9586:
fasting/Kir2.1 versus refed/Kir2.1), n = 3-4 each, two-way ANOVA tests. All data presented as mean =+ SEM.

G-J CRH-Cre male mice received stereotaxic delivery of a mixture of AAV-Flex-GCaMP6m and AAV-EF1a-DIO-Kir2.1-P2A-dTomato vectors at 7-8 weeks of age with optic
fiber implantation targeting PVH neurons. (G-H) Representative traces showing typical responses of PVH CRH neurons to water spay (arrows) in Kir2.1 mice (G) and
comparison of responsiveness to water spray between Kir2.1 and control mice (H). (I, ]) Representative traces showing typical responses of PVH CRH neurons to
water spay (arrows) in Kir2.1 mice (I) and comparison of responsiveness to water spray between Kir2.1 and control mice (J).Gray traces showed Ca**-independent
signal for system stability, and red ones showed Ca®*-dependent signals for neuron activity, N = 5 each, males, data presented as mean + SEM, **P < 0.0001 in

both (H and J), unpaired Student’s t-tests.

Data information: All mice were fed chow unless otherwise noted. 3V: the third ventricle; downward arrows indicating onset of stimuli or Dex injections. Scale

bar = 200 pum.
Source data are available online for this figure.

mediates DIO, we created two complementary animal models with
PVH CRH neuron activity clamped at either high or low levels, both
confirmed to exhibit blunted responsiveness, mimicking the effect
of HFD feeding. Interestingly, despite differences in body weight
and glucose homeostasis on chow, both models developed rapid
DIO. These results demonstrate that it is the responsiveness of PVH
CRH neurons, but not their absolute activity level, dictates the
susceptibility to DIO, thus providing a novel insight on the mecha-
nism underlying DIO. This novel mechanism has important implica-
tions to prevalent investigations focusing on the role of neuron
activity levels in the regulation of feeding and obesity development.

One potential mechanism for HFD to diminish neuron respon-
siveness may lie in alterations in synaptic neurotransmission from
upstream neurons, given that HFD is known to cause rapid changes
in synaptic currents on hypothalamic neurons [36-38]. One
upstream site might be arcuate neurons, which are known to
provide direct synaptic inputs to PVH neurons and respond to ambi-
ent signals including those induced by HFD feeding [39]. Disrupted
neuron responsiveness may also lie in the changes within PVH CRH
neurons induced by HFD diet as these neurons also exhibited
reduced responses to Dex, a hormone that presumably acts directly
on these neurons. The expression of either NachBac or Kir2.1
greatly blunted the responsiveness, suggesting that the action of
NachBac and Kir2.1, which likely lock the neuron activity at respec-
tive elevated or reduced levels, may override the action induced by
stressors and hormones. Notably, mice with NachBac expression
exhibited a significant increase in body weight on chow, suggesting
a sufficiency of chronic activation of PVH CRH neurons in causing a
HFD-mimicking effect. No body weight difference observed in
Kir2.1 mice on chow may be due to a beneficial effect of reducing
PVH CRH neuron activity, as evidenced from improved glucose
homeostasis in these mice, which was quickly reversed on HFD.
The greater susceptibility of these mice to DIO demonstrates that
appropriate responses of these neurons to HFD feeding are required
to mount balanced body weight regulation on HFD feeding.

High-fat high-caloric diet-induced disruption in the responsive-
ness of PVH CRH neurons has important implications. As PVH CRH

© 2020 The Authors

neuron activity regulates the HPA axis, our findings are supported
by previous studies showing that HFD blunts the HPA axis and
alters diurnal rhythms of cort [23,24,40]. The reduced responsive-
ness of PVH CRH neurons may underlie the effect of chronic
stress on exacerbating HFD-induced obesity. Chronic stress
induces a sustained increase in the activity of PVH CRH neurons
[41], which may mimic the effect induced by NachBac in clamping
the neuron activity at high levels. Thus, disrupted neuron respon-
siveness may explain obesity development induced by chronic stres-
sors (e.g., social stress) [42,43] and synergistic effects between
chronic stress and HFD on obesity development [6-9]. Given the
socioeconomic stress faced by humans is chronic in nature, and a
positive correlation between cort levels and low socioeconomic
status [44], our results support that chronic stress contributes
significantly to obesity development, especially in the current HFD
environment.

The PVH CRH neuron activity pattern is orchestrated by dynamic
changes in synaptic inputs and hormonal action [13]. Thus, disrup-
tion in the response of these neurons to stressors and hormonal
action may impact long-term acitivity patterns of these neurons. It is
known that both CRH and cort levels exhibit a diurnal pattern in
mice [34,45], indicating that PVH CRH neurons may exhibit a diur-
nal pattern of activity. Thus, although remains to be determined,
HFD feeding, and NachBac or Kir2.1 expression may disrupt diurnal
patterns of PVH CRH neurons. Given the reduced diurnal rhythmic-
ity in feeding and energy expenditure as a common feature in all
animal models presented in this study, it is likely that loss of diurnal
metabolism in DIO may be contributed significantly by disrupted
diurnal activity pattern of PVH CRH neurons owing to loss of
responsiveness. As scheduled feeding is known to improve metabo-
lism and diurnal rhythms [5], it would be interesting in future stud-
ies to examine whether HFD-induced disruption in responsiveness
of PVH CRH neurons can be reversed by scheduled feeding. In
summary, our current findings reveal a novel mechanism underly-
ing DIO in which HFD feeding diminishes responsiveness of PVH
CRH neurons, thereby affecting diurnal rhythms in feeding and
metabolism and leading to obesity development, and that PVH CRH
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Figure 5. Clamping PVH CRH neuron activity at low levels causes diet-induced obesity.

A-I CRH-Cre male mice received stereotaxic delivery of AAV-EF1a-DIO-Kir2.1-P2A-dTomato or control AAV-Flex-mCherry vectors at 7-8 weeks of age and were
maintained on chow diet for 7 weeks before switching to HFD. Weekly body weight gain after viral delivery (A, *P < 0.0001, unpaired Student’s t-test), and
measurements of fat mass (B, **P = 0.0006, unpaired Student’s t-test) and lean mass (C, P = 0.3728, unpaired Student’s t-test) at 15 weeks after viral delivery. (D-F)
Measurements of energy expenditure during the 7 week after viral delivery. Comparison of real-time O, consumption traces during the 4-day measurement period
(D), of average O, consumption between the two groups (E, *P = 0.0007, unpaired Student’s t-test), and of the difference between day and night periods between
the two groups (F, P = 0.0791, unpaired Student’s t-test). (G—I) Measurements of feeding during the 7" week after viral delivery. Comparison of real-time feeding c
traces during the 4-day measurement period (G), of average food intake between the two groups (H, **P = 0.0019, unpaired Student’s t-test), and of the difference
in food intake between day and night periods between the two groups (I, *P = 0.0363, unpaired Student’s t-test). n = 6 each. All data presented as mean + SEM.

Source data are available online for this figure.
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neurons may serve as a primary neural substrate in mediating
converging effects on obesity development by HFD feeding and
chronic stress.

Materials and Methods

Animal care

Mice were housed at 21-22°C with a 12-h light/12-h dark cycle with
standard pellet chow and water provided ad libitum unless other-
wise noted for fasting experiments. Animal care and procedures
were approved by the University of Texas Health Science Center at
Houston Institutional Animal Care and Use Committee. CRH-Cre
mice were purchased from the Jax lab and described and confirmed
to express Cre in PVH CRH neurons previously [10,46]. Addition-
ally, in most breeding pairs, either male or female breeders (or both)
contained the Ai9 reporter gene (Rosa-LSL-tdTomato) to allow RFP
expression in the presence of cre recombination 2. The HFD used in
this study were purchased from Research Diet (D12492). All study
subjects were littermates and randomly distributed between study
groups. Group size was estimated based on relevant literature
reports and differences in average between groups from pilot stud-
ies. All mice that were used for stereotaxic injections were at least
8-10 weeks old.

Surgeries and viral constructs

Stereotaxic surgeries to deliver viral constructs and for optical fiber
implantation were performed as previously described. Briefly, mice
were anesthetized with a ketamine/xylazine cocktail (100 mg/kg
and 10 mg/kg, respectively), and their heads were affixed to a
stereotaxic apparatus. Viral vectors were delivered through a 0.5 pl
syringe (Neuros Model 7000.5 KH, point style 3; Hamilton, Reno,
NV, USA) mounted on a motorized stereotaxic injector (Quintessen-
tial Stereotaxic Injector; Stoelting, Wood Dale, IL, USA) at a rate of
30 nl/min. Viral preparations were titered at more than
~ 1,012 particles/ml. Viral delivery was targeted to the PVH
(150 nl/side; anteroposterior [AP]: —0.9 mm; mediolateral [ML]:
4+ 0.1 mm; dorsoventral [DV]: —4.8 mm). AAV-Flex-GCaMP6m,
AAV-EFla-Flex-EGFP-P2A-mNachBac, or AAV-EFla-DIO-Kir2.1-
P2A-dTomato were delivered bilaterally into PVH of CRH-Cre mice.
Two mutations (E224G and Y242F) were made in the Kir2.1
construct so that its activity will be less rectified by membrane
potentials [32], thereby more effective in reducing neuron activity.
AAV-Flex-GFP and AAV-Flex-mCherry injections were used as a
control group. All viral vectors were either serotype 5 or DJ8, and
provided through the Neuroconnectivity Core of Baylor College of
Medicine with titer more than 1 x 10*12 GC/ml. Behavioral testing
was conducted following a minimum 4-week recovery period post-
surgery.

Brain slice electrophysiological recordings
Mice were given an overdose of Avertin and then perfused intrac-
ardially with ice-cold cutting solution containing (in mM) 212

sucrose, 3 KCl, 1.25 NaH,PO4, 26 NaHCO;, 7 MgCl,, and 10
glucose. Whole brain was excised quickly and immediately
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immersed into ice-cold cutting solution. Coronal brain slices (250
300 um) containing the PVH from mice that had received stereo-
taxic injections of AAV-EFla-Flex-EGFP-P2A-mNachBac, AAV-
EF1la-DIO-Kir2.1-P2A-dTomato, or AAV-Flex-GFP to PVH at least
4 weeks prior to the recording were cut in oxygenized, ice-cold
cutting solution. Slices were incubated for 60 min in artificial
cerebrospinal fluid (aCSF) containing (in mM) 125 NaCl, 2.5 KCl,
1 MgCl,, 2 CaCl,, 1.25 NaH,P0,, 25 NaHCO;, and 11 p-glucose
bubbling with 95% 0,/5% CO,, at 32-34°C, for recovery. Individ-
ual slices were transferred to a recording chamber mounted on an
upright microscope (Olympus BX51WI) and continuously super-
fused (2 ml/min) with aCSF warmed to 32-34°C by passing it
through a feedback-controlled in-line heater (TC-324B; Warner
Instruments). Cells were visualized through a 40x water-immer-
sion objective with differential interference contrast (DIC) optics
and infrared illumination. Fluorescent-guided whole-cell patch
clamp recordings were performed with a MultiClamp 700B ampli-
fier (Axon Instruments). Patch pipettes were 3-5 MQ when filled
with an internal solution containing (in mM) 145 KGlu, 10
HEPES, 0.2 EGTA, 1 MgCl,, 4 Mg-ATP, 0.3 Na,-GTP, and 10 Na,-
Phosphocreatine (pH 7.3 adjusted with KOH; 295 mOsm). The
whole-cell patch clamp recording was initiated by rupturing the
plasma membrane of the cell voltage-clamped at —60 mV. Imme-
diately after the formation of the whole-cell configuration, the
clamp mode was switched to current clamp and the current injec-
tion was set to zero, membrane potential and spontaneous firing
were recorded before a negative current pulse was applied to
measure the input resistance, and a series of current steps were
used to detect the action potential rheobase (the minimal injected
current required for the generation of an action potential). Voltage
clamp recordings were performed following current clamp record-
ings. The junction potential was not corrected throughout the
study.

Body weight, food intake, and energy expenditure

Body weight studies

Weekly body weight was monitored on all genotypes mice fed stan-
dard mouse chow (Teklad F6 Rodent Diet 8664, 4.05 kcal/g,
3.3 kcal/g metabolizable energy, 12.5% kcal from fat, Harlan
Teklad, Madison, WI) from 4 to 20 weeks of age. Body composition
(fat mass and lean mass) was measured at indicated times by using
the Echo-MRI system (EchoMRI, Houston, TX). Littermate subjects
were randomly assigned to study groups with a comparable initial
body weight between groups. Animal IDs were blinded when body
weight data were collected.

Food intake measurements

In young age mice, all study subjects were individually housed
after weaning, and daily food intake was monitored for 1 week
after 3 days acclimation. Body weights of these mice were also
recorded at the beginning and end of the measurement period. In
adult age mice (19-20 weeks old), all study subjects were pre-
acclimated for at least 1 week by single housing, and then, daily
food intake was monitored for 1 week. For both age groups, daily
food intakes were calculated as the mean values of the 1-week
measurement. All housing cages were changed daily during the
measurement period.
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Energy expenditure analysis

Energy expenditure was measured by oxygen consumption by indi-
rect calorimetry. Individual housed mice maintained on chow diet
at 4-5 weeks old were placed at room temperature (22-24°C) in
chambers of a Comprehensive Lab Animal Monitoring System
(CLAMS, Columbus Instruments, Columbus, OH). Food and water
were provided ad libitum. Mice were acclimatized in the chambers
for at least 48 h prior to data collection.

Fast-refeeding studies

Mice received injections of viral vectors were used for fasting and
fast-refeeding studies at least 4 weeks after viral delivery. For the
HFD condition, mice were switched to HFD and maintained on HFD
for at least another 4 weeks of period before fasting-refeeding stud-
ies. For the fast group, mice were fasted for 24 h and for the fast-
refeeding group, mice were allowed to eat food ad libitum for 2 h
after 24-h fasting. All mice were handled daily for a week to reduce
stress levels before transcardial perfusion.

Behavioral assays

All behavioral assays were performed before body weight became
different between groups fed on chow, and the animal ID was
blinded when behavior tests were conducted.

Open field test

The apparatus consists of a white Plexiglas box and is brightly illu-
minated (120 1x). Each mouse was placed in the corner of the appa-
ratus to initiate a 20-min test session. A camera (Noldus, Leesburg,
VA, USA) mounted above the apparatus monitors the mice, and the
track of its movements was recorded, which were analyzed by Etho-
Vision XT software. Time spent in the center was recorded and
subsequently analyzed, longer times spent exploring the arena in
the center seen as less anxiety-like behaviors.

Elevated-plus maze

Elevated-plus maze that consists of two open and two closed arms
was positioned 50 cm above the floor (Kinder Scientific, Poway, CA,
USA). Mice were placed on the central facing an open arm, to initi-
ate a 10-min session test. The time spent in the open or closed arms
was recorded and analyzed by Kinder Scientific Motor Monitor soft-
ware.

Light/dark room test

The light/dark room test apparatus consists of two same space
parts, light room and the dark room (Kinder Scientific, Poway, CA,
USA). Mice were placed in the center of apparatus with an opening
to the both side, to initiate a 10-min session test. The time spent in
the light room was recorded and analyzed by Kinder Scientific
Motor Monitor software.

Brain tissue preparation, immunohistochemistry, imaging, and
post hoc analysis

After behavioral experiments were completed, study subjects were
anesthetized with a ketamine/xylazine cocktail (100 and 10 mg/kg,
respectively) and subjected to transcardial perfusion. During
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perfusion, animals were flushed with 20 ml of saline prior to fixa-
tion with 20 ml of 10% buffered formalin. Freshly fixed brains were
then extracted and placed in 10% buffered formalin in 4°C overnight
for post-fixation. The next day, brains were transferred to 30%
sucrose solution and allowed to rock at room temperature for 24 h
prior to sectioning. Brains were frozen and sectioned into 30 pm
slices with a sliding microtome and mounted onto slides for post hoc
visualization of injection sites and cannula placements. Primary
antibodies used were rabbit mAb against c-Fos from cell signaling
technology (#2250, 1:1,000 dilution) and rabbit polyclonal antibody
against CRH from Peninsula Laboratories International Inc. (Cat.
No: T-4037, 1:1,000 dilution). Mice with missed injections to the
PVH were excluded from data analysis. Representative pictures of
PVH injection sites were visualized with confocal microscopy (Leica
TCS SP5; Leica Microsystems, Wetzlar, Germany).

In vivo fiber photometry experiments

Corticotropin-releasing hormone-Cre mice with specific delivery of
AAV-Flex-GCaMP6m [30] to the PVH and optic fiber implantation
targeting PVH neurons were used for the in vivo fiber photometry
Ca®" imaging studies. The GCaMP6m virus was provided by the
Baylor Neuroconnectivity Core. The experiments were conducted at
least 4 weeks after the surgery. All fiber photometry was conducted
using a Doric Lenses setup, with an LED Driver controlling two
connectorized LEDs (405 and 465 nm) routed through a five port
Fluorescence MiniCube (Order code: FMC5_AE(405)_AF(420-450)
_E1(460-490)_F1(500-550)_S) to deliver excitation light for calcium-
independent and calcium-dependent signals to the implanted optic
fiber simultaneously. Emitted light was received through the Mini-
Cube and split into two bands—420-450 nm (autofluorescence—
calcium-independent signal) and 500-550 nm (GCaMP6 signal—
calcium-dependent signal). Each band was collected by a Newport
2151 Visible Femtowatt Photoreceiver module (photometer) with an
add-on fiber-optic adaptor. Output analog signal was converted to
digital signal through the fiber photometry console and recorded
using the “Analog-In” function on Doric Studios (V4.1.5.2). Mice
were acclimated to the behavioral chamber for at least 15 min prior
to the beginning of each testing session. After baseline recording for
10 s, water spray was started by spraying one time with water
toward the head of mice with a sprayer and the recording will
continue for about 2 min. The signal from the independent channel
was used to control for potential fiber slippage or other mechanical
issues.

Data were acquired through Doric Studios V4.1.5.2. and saved as
comma-separated files (header was deleted) at a sampling rate of
1 kS/s. For water spray, the baseline was calculated from 10 s prior
to stimulus onset, to 20 s after stimulus onset. For Dex injections,
1.5 min prior to IP injection was used to calculate baseline, and this
period was averaged and compared to a 1.5-min time segment
occurring 5 min after IP injection.

Statistics
GraphPad Prism 7.00 (GraphPad Software, Inc., La Jolla, CA, USA)
was used for all statistical analyses and construction of graphs

except as described above. Single variable comparisons were made
by paired or unpaired two-tailed Student’s t-tests, or one-way
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ANOVA followed by Tukey’s multiple comparison post hoc tests.
Error bars in graphs were represented as + SEM.

Expanded View for this article is available online.
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