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AVP neurons in the paraventricular nucleus of the @) ...«
hypothalamus regulate feeding"

Hongjuan Pei', Amy K. Sutton?, Korri H. Burnett', Patrick M. Fuller®, David P. Olson'-*

ABSTRACT

Melanocortins and their receptors are critical components of energy homeostasis and the paraventricular nucleus of the hypothalamus (PVH) is an
important site of melanocortin action. Although best known for its role in osmoregulation, arginine vasopressin (AVP) has been implicated in feeding
and is robustly expressed in the PVH. Since the anorectic melanocortin agonist MTII activates PVH-AVP neurons, we hypothesized that PVH-AVP
neurons contribute to PVH-mediated anorexia. To test this, we used an AVP-specific Cre-driver mouse in combination with viral vectors to acutely
manipulate PVH-AVP neuron function. Using designer receptors exclusively activated by designer drugs (DREADDs) to control PVH-AVP neuron
activity, we show that activation of PVH-AVP neurons acutely inhibits food intake, whereas their inhibition partially reverses melanocortin-induced
anorexia. We further show that MTII fails to fully suppress feeding in mice with virally-induced PVH-AVP neuron ablation. Thus PVH-AVP neurons

contribute to feeding behaviors, including the acute anorectic response to MTII.

© 2014 The Authors. Published by Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

The importance of the paraventricular nucleus of the hypothalamus
(PVH) in regulating energy balance is well established [1,2]. Lesions of
the PVH produce hyperphagia and obesity in rodents [3]. Inactivation of
one copy of Sim7, a key hypothalamic transcription factor required for
PVH development, disrupts PVH function and produces hyperphagic
obesity with associated glucose dysregulation in both rodents and
humans [4-6]. A detailed understanding of the molecular mechanisms
and neural pathways used by the PVH to modulate energy homeostasis
has however been complicated by the cellular complexity of this nucleus.
Although some PVH cell types have been neurochemically-defined, the
specific roles of these PVH subsets in energy balance are incompletely
understood [7].

The central melanocortin system is critical for energy homeostasis.
Melanocortin agonists such as melanotan-Il (MTIl) promote energy
expenditure and suppress food intake [8,9] largely through the action
of melanocortin-4 receptors (MC4R) [10,11]. MC4Rs are densely
expressed in the PYH and MC4R action in the PVH is particularly
important for restraining feeding [12]. Although oxytocin neurons have
been proposed as important regulators of feeding, mice lacking oxytocin
neurons display normal feeding and a normal anorectic response to MTII
[13]. Together these findings suggest that neurons other than oxytocin
neurons within the PVH are important for feeding regulation.

Arginine vasopressin (AVP) is robustly expressed in parvocellular cells of
the PVH, but its physiologic function within the brain, and specifically
in energy balance, has not been fully defined [14]. AVP has been

implicated in feeding, blood glucose regulation and locomotor activity
[15-18], but the role of PVH-AVP in melanocortin signaling and energy
regulation remains unclear. In this study, we demonstrate that the
anorectic melanocortin agonist MTII activates PVH-AVP neurons and that
pharmacogenetic activation of PVH-AVP neurons blunts food intake
acutely. Moreover, acute inhibition or deletion of PVH-AVP neurons
partially reverses melanocortin-induced anorexia. Thus PVH-AVP neurons
appear to be involved in the regulation of food intake and may function
as an important regulatory “node” in melanocortin-controlled feeding
pathways.

2. MATERIALS AND METHODS

2.1. Materials

Melanotan-Il (MTII) was purchased from Bachem (Torrance, CA). Donkey
and goat serum, biotinylated goat anti-rabbit IgG and donkey anti-rabbit
lgG were from Jackson ImmunoResearch (West Grove, PA). ABC
Vectastain Elite kit was purchased from Vector Laboratories (Burlingame,
CA). Metal Enhanced DAB Substrate Kit was from Thermo scientific
(Rockford, IL).

2.2. Animals

AVP-iCre mice were generated using recombineering techniques as
previously described [13,19,20]. All mice were housed in a 12 h light/
12 h dark cycle and cared by Unit for Laboratory Animal Medicine
(ULAM) at the University of Michigan. Animals had ad libitum access to
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food and water, except during experiments in which mice were fasted
before perfusion or during timed feeding studies. All animal care and
procedures are approved by and in accordance with the guidelines of
the University Committee on the Care and Use of Animals at the
University of Michigan.

2.3. Immunohistochemistry and immunofluorescence

Mice were anesthetized with an overdose of intraperitoneal (IP) pento-
barbital and transcardially perfused with sterile PBS followed by 10%
formalin. Brains were removed, postfixed, and cryoprotected before
sectioning into 30 um coronal slices (four representative series) and
stored at —20 °C. For immunocytochemistry, sections were pretreated
in 0.3% H,0,, blocked in 3% goat or donkey serum and incubated in
primary antibodies. For DAB staining, detection was performed following
incubation with biotinylated secondary antibodies using the ABC
Vectastain kit and a Metal Enhanced DAB Substrate Kit. For immuno-
fluorescent detection, species-specific Alexa 488 or 568 antibodies
(Invitrogen, 1:200) were used to identify primary antibody targets. The
following antibodies were used: c-Fos (Calbiochem, rabbit, 1:20,000),
GFP (Abcam, chicken, 1:1000), AVP (Peninsula Laboratories, guinea pig,
1:4000 or Millipore, Rabbit, 1:10,000), oxytocin (Peninsula Laboratories,
rabbit, 1:4000), Dsred (Clontech, rabbit, 1:1000).

2.4. Stereotaxic virus injections

For intracranial virus injections, adult AVP-iCre (> 8-week-old) mice
were anesthetized with vaporized isofluorane, and fixed in a stereotaxic
apparatus. PVH coordinates relative to Bregma were A/P, —0.54; M/L,
—0.2; and D/V, —4.85. An access hole was drilled in this spot and
virus was injected into the brain using a 500 nl Hamilton syringe at a
rate of 100 nl per min. Following virus infusion the syringe was removed
after 2 min, the craniotomy was sealed with bone wax and the surgical
incision was sutured. Mice were then allowed to recover for 5-14 days,
after which they were used in physiologic experiments or perfused and
processed for immunohistochemistry.

2.5. Neuronal activation by melanocortin agonist (MTII)

To identify melanocortin-responsive cells in the PVH, mice were
habituated to daily intraperitoneal (IP) injection for 5 days with sterile
PBS. Following habituation, 6—8-week-old mice were fasted for 24 h,
injected with 10 mg/kg MTII, and then perfused 2 h later. Nuclear c-Fos
immunoreactivity was then used as a marker for neuronal activation in
PVH subsets.

2.6. Temporal control of PVH-AVP neuron activity alters feeding
AVP-iCre mice were injected bilaterally in the PVH with either stimulatory
(DIO-hM3Dg-mCherry-AAV10; 3Dq) or inhibitory (DIO-hM4Di-mCherry-
AAV10; 4Di) DREADD AAV-vectors. After recovery (10-14 days), mice
were habituated to IP injections for 5 days. To determine the feeding
response following PVH-AVP neuron activation, food was removed 9 h
before lights out; then, at the onset of the dark cycle (1800 h), mice
were injected IP with vehicle or CNO (0.3 mg/kg) and at the same time,
food was provided. Cumulative food intake was then measured over the
following 4 h. For PVH-AVP inhibition experiments, food was removed
from the cage in the morning and then, 1 h before the onset of dark
(1700 h), mice were injected IP with vehicle or CNO (0.3 mg/kg). One
hour later, just prior to the onset of the dark cycle (1800 h), mice were
injected IP with PBS or 5mg/kg MTIl and food was given back.
Cumulative food intake was measured over the next 4 h. In both
experiments, each mouse served as its own control.
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2.7. MTIl-induced anorexia in mice lacking PVH-AVP neurons

To specifically ablate AVP neurons from the PVH, we placed small
bilateral injections of a Cre-dependent cellular toxin, lox-mCherry-
lox-DTA-AAV (DTA-AAV) into the PVH of AVP-iCre mice. Matching volume
injections of GFP-AAV were placed into additional mice to serve as vector
injection controls. After 14-21 days, to allow recovery and DTA-mediated
cell death, the mice were habituated to IP injections and fed ad libitum.
On the day of the experiment, food was removed from the cage in the
morning. At the onset of the dark cycle (1800 h), mice were injected IP
with PBS or 5 mg/kg MTII in PBS and food was given back. Cumulative
food intake was measured for 4 h following the injection.

3. RESULTS

3.1. AVP-iCre knock-in mice express Cre recombinase in AVP neurons
To selectively manipulate AVP neurons, we generated knock-in mice that
express Cre recombinase in AVP neurons. Using homologous recombination
techniques, a DNA cassette containing an internal ribosomal sequence, Cre
coding sequence and polyadenylation sequence (-iCre) was inserted
downstream of the stop codon of the endogenous AVP gene. This results
in Cre recombinase being expressed by the targeted, endogenous neuro-
peptide promoter and prevents the problem of ectopic Cre expression often
seen with transgenic lines. To confirm the specific expression of Cre, we
crossed AVP-iCre mice with a Cre-dependent loxGFP reporter line. Immuno-
staining of brain sections from the double transgenic mice (AVP-iCre,
loxGFP) showed a nearly complete colocalization of AVP (red) with GFP
(green) in the PVH and essentially no Cre activity in neighboring oxytocin
neurons. Therefore, this strain can be used for genetic manipulation of AVP
neurons (Supplemental Figure 1).

3.2. PVH-AVP neurons are activated by the melanocortin agonist (MTII)
Injection of melanocortin agonist (MTII) suppresses food intake and
melanocortin receptors in the paraventricular hypothalamus are impor-
tant for this effect [21]. Since MTII induces c-Fos expression in PVH-
Sim1 neurons [22], we determined if PVH-AVP neurons are responsive
to melanocortin action. Because MTIl treatment acutely reduces AVP
immunoreactivity in the PVH (data not shown), we used AVP-iCre, loxGFP
reporter mice to assess MTIl-induced activation of PVH-AVP neurons.
As shown in Figure 1A, MTIl administration induced nuclear c-Fos
immunoreactivity in the majority of GFP-expressing PVH-AVP neurons
(~65%), but only a small percentage (~ 15%) of PVH-oxytocin neurons.
Quantification of MTIl-activated PVH-AVP and PVH-OXT neurons is
represented in Figure 1B.

3.3. Activation of PVH-AVP neurons can decrease food intake

Since melanocortin agonists both suppress food intake and activate
PVH-AVP neurons, we hypothesized that direct PVH-AVP activation
would be sufficient to blunt food intake. To test our hypothesis, we took
advantage of new technology that allows for acute manipulation of
neural activity. Designer receptors exclusively activated by designer
drugs (DREADDs) are modified human muscarinic receptors that are
coupled to stimulatory G-proteins (Gq) or inhibitory G-proteins (Gi). Upon
binding the otherwise pharmacologically inert ligand clozapine-N-oxide
(CNO), the stimulatory (3Dq) or inhibitory (4Di) DREADD couples through
the Gg or Gi pathway to depolarize or hyperpolarize neurons,
respectively. In order to directly test the ability of PVH-AVP neurons to
modulate feeding, AVP-iCre, loxGFP transgenic mice were stereotaxically
injected in the PVH with the Cre-dependent, stimulatory AAV-3Dg-m-
Cherry vector. Transduction of AVP-iCre neurons with the stimulatory

www.molecularmetabolism.com
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Figure 1: MTIl induces c-Fos expression in PVH-AVP neurons. AVP-iCre, loxGFP mice were treated with PBS or MTII. (A) Representative images of PVH showing the colocalization between c-Fos
(red) and AVP (green), left; colocalization of ¢-Fos (red) and oxytocin (green), right, following MTIl treatment. (B) Quantification of colocalization between c-Fos and AVP or oxytocin in the PVH after

MTIl treatment. (n=4, SEM; *P < 0.05) Scale bar="100 pm. 3V: third ventricle.

3Dg-mCherry was confirmed by co-localization of the mCherry fusion
protein with the GFP reporter protein showing that DREADD expression
was limited to the PVH-AVP neurons (Figure 2A). Administration of CNO
greatly increased c-Fos immunoreactivity in the PVH-AVP neurons
demonstrating that this approach acutely and specifically stimulated
neuronal activity (Figure 2B). Importantly, DREADDs expression and
neuronal activation did not extend to AVP neurons within the supra-
chiasmatic nucleus ventral to the PVH (Supplemental Figure 2). To
assess the physiologic effect of PVH-AVP neural activation, AVP-iCre
mice with PVH stimulatory 3Dq injections were treated with either
vehicle or CNO at the onset of dark and food intake was measured
during refeeding. As shown in Figure 2C, the activation of PVH-AVP
neurons by CNO blunted food intake through 4 h of refeeding (2 h
feeding suppressed by 40%; 4 h feeding suppressed by 30%) relative to
the vehicle control, suggesting that PVH-AVP neuron activation directly
suppressed food intake.

MOLECULAR METABOLISM 3 (2014) 209-215
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3.4. Inhibition of PVH-AVP neurons blunts MTII-mediated anorexia

To confirm the contribution of PVH-AVP neuron activity to melanocortin-
induced anorexia, AVP-iCre, loxGFP transgenic mice were stereotaxically
injected bilaterally in the PVH with the inhibitory AAV-4Di-mCherry
vector. Immunostaining showed that the inhibitory DREADD expres-
sion was limited to PVH-AVP neurons (Figure 3A). Furthermore, CNO-
pretreatment of AVP-iCre mice with PVH-directed inhibitory 4Di-DREADD
blunted c-Fos activation following MTII administration (Figure 3B). If PVH-
AVP activation is required for a full anorectic response to MTII, then
blocking this activation should ameliorate the MTIl-associated anorexia.
To test this hypothesis, the PVH-AVP-4Di-DREADD mice were pretreated
with vehicle or CNO and then given MTIl at the onset of dark cycle
feeding. We found that MTIl decreased food intake as expected (~ 65%)
following vehicle pretreatment. However, when these same mice were
pretreated with CNO to “pre-inhibit” PVH-AVP neurons, MTIl only
suppressed food intake by ~25% compared to CNO-treated controls

www.molecularmetabolism.com 2117
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Figure 2: Activation of PVH-AVP neurons suppresses food intake. AVP-iCre, loxGFP mice were injected bilaterally into PVH with stimulatory 3Dg-DREADD vector. (A) Costaining of DREADD (dsred)
and AVP (GFP) showed that DREADD expression was limited to PVH-AVP neurons. (B) CNO treatment of AVP-iCre mice expressing 3Dg-DREADDSs drives increased c-Fos expression in the PVH,
(C) Dark cycle food intake in AVP-iCre mice with PVH-3Dg-DREADDs treated with vehicle or CNO; food intake was measured over the next 4 h. Each animal serves as its own control. (SEM, n=6;
*P<0.05, *P<0.01, NS: not significant). Insets: magnified view of merged images between GFP (AVP) and DREADD. Scale bar=100 pm. 3V: third ventricle.

(Figure 3C). Thus PVH-AVP neuron activation is an important component
of the acute anorectic response to MTII.

3.5. Deletion of PVH-AVP neurons blunts MTIl-anorexia

To extend and confirm our findings from the DREADD-injected animals,
we selectively ablated PVH-AVP neurons using a Cre-dependent “toxic”
virus, lox-mCherry-lox-DTA-AAV (DTA-AAV) (Figure 4A). This virus
expresses the cellular toxin diphtheria toxin subunit A (DTA) only in
the presence of Cre recombinase. Stereotaxic delivery of the DTA-AAV
virus limits neuronal death to Cre-expressing cells in the field of injection
without affecting neurons in adjacent brain regions. To demonstrate the
efficacy of DTA-AAV in inducing cell death within the PVH, we injected it
into AVP-iCre, loxGFP mice. PVH-directed DTA-AAV injection results in
selective deletion of AVP neurons only in the PVH while leaving AVP
neurons of supraoptic nucleus intact (Figure 4B and C). Importantly, the
injection of DTA virus had little effect on neighboring PVH-oxytocin
neurons (Figure 4D).
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Since MTIl induces the activation of PVH-AVP neurons, we asked
whether mice lacking PVH-AVP neurons can respond normally to MTII
treatment. In control mice, MTIl treatment induced c-Fos immunor-
eactivity of PVH neurons. However, in mice lacking PVH-AVP neurons,
there was little c-Fos immunoreactivity in the PVH, demonstrating that
PVH-AVP neurons are required for MTII-induced c-Fos activation of the
PVH (Figure 4E). To assess the physiologic effect of PVH-AVP neuron
ablation, a cohort of AVP-iCre mice were stereotaxically injected with
AAV-GFP control virus or DTA-AAV virus. Following recovery and
allowing time for viral expression to induce cell death, the mice were
treated with PBS or MTII just prior to the onset of the dark cycle, and
food intake was measured over the following 4 h. As expected, MTII
treatment decreased food intake in controls (62% of vehicle control),
however, MTll-induced anorexia was greatly attenuated in mice lacking
PVH-AVP neurons (Figure 4F). This effect was not secondary to
alterations in water handling as mice receiving PVH-directed AAV-DTA
virus consumed the same amount of water as controls animals

www.molecularmetabolism.com
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Figure 3: Inhibition of PVH-AVP neurons reverses partly MTIl-induced anorexia. AVP-iCre, loxGFP mice were injected bilaterally into PVH with inhibitory 4Di-DREADD. (A) Merged image between
GFP and DREADD showed that 4Di-DREADD expression was limited to PVH-AVP neurons. (B) CNO treatment of AVP-iCre mice with PVH-4Di-DREADDs inhibits ¢-Fos expression in the PVH.
(C) AVP-iCre mice expressing 4Di-DREADD were injected with PBS or MTI after an hour vehicle or CNO pretreatment at the onset of dark cycle. Cumulative food intake was measured 2 h after
injection. (SEM, n=7; *P< 0.05, P < 0.01, NS: not significant) Scale bar="100 pm. 3V: third ventricle.

(AAV-DTA mice: 7.5+ 0.6 mL/day (n=4) vs. controls: 7.0 + 0.5 mL/
day (n=4); P=0.5).

4. DISCUSSION

The melanocortin system is well known for its role in the regulation of
energy balance and the PVH is a particularly important brain region for
mediating these effects. Because mice lacking oxytocin neurons respond
normally to the melanocortin agonist MTII [13], other non-oxytocin
PVH neurons must be involved in food intake regulation. As AVP is
prominently expressed in PVH and has been implicated in energy
balance [14,23,24], we hypothesized that PVH-AVP neurons might
participate in the regulation of feeding behaviors. We first demonstrate
that the pharmacologic melanocortin agonist MTIl induces c-Fos
immunoreactivity in the majority of PVH-AVP neurons, whereas not in
the neighboring oxytocin neurons. This suggests that PVH-AVP neurons
are part of the neural substrate through which melanocortins exert some
of their metabolic and homeostatic effects.

Since melanocortin agonists decrease food intake and also activate PVH-
AVP neurons, we hypothesized that activation of PVH-AVP neurons
would mimic melanocortin action and blunt food intake. To test this
hypothesis, we used a novel Cre-driver in combination with viral vectors
to spatially and temporally manipulate AVP neuron function and then
assessed the effects of this manipulation on dark cycle feeding.

MOLECULAR METABOLISM 3 (2014) 209-215
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We found that direct activation of PVH-AVP neurons acutely inhibits
food intake thereby implicating PVH-AVP neurons in feeding behavior.
AVP neurons project widely in the brain and spinal cord; however, it is
not known if PVH-AVP neurons project to hindbrain areas involved in
feeding. Other brain regions may also be the direct targets of PVH-AVP
neurons and mediate their effects; one potential target may be the
lateral hypothalamic area, an important regulatory region through which
PVH-AVP neurons project. Given the presence of local glutamatergic
interneurons within the PVH [25], it is also possible that PVH-AVP
neurons are coupled to other PVH subsets and that resulting physiologic
outputs from the PVH reflect an integrated summation of discrete cell
type activities.

Pharmacogenetic activation of PVH-AVP neurons demonstrates the
previously unrecognized ability of these neurons to alter food intake.
To determine if PVH-AVP neuron activity is required for the acute
anorectic response to the melanocortin agonist MTIl, we used two
complementary approaches to inhibit PVH-AVP neuron activity. We found
that transient inhibition of PVH-AVP neurons using inhibitory DREADDs
partially reverses the anorectic effects of MTII. Moreover, selective
ablation of PVH-AVP neurons blunts MTIl-mediated c-Fos activation
within the PVH. As might be expected from this inhibition of PVH
activation, mice lacking PVH-AVP neurons were relatively unresponsive
to the acute anorectic effects of MTIl. Thus PVH-AVP neurons are critical
components for transducing the anorectic effects of melanocortin
agonists.

www.molecularmetabolism.com
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Figure 4: Deletion of PVH-AVP neurons blunts MTll-anorexia. (A) Schematic diagram of “toxic” lox-mCherry-lox-DTA-AAV (DTA-AAV) vector. (B) AVP neuron ablation is limited to the site (PVH) of
the DTA-AAV injection. (C) Higher magnification shows complete ablation of PVH-AVP neurons by DTA injection. (D) PVH-oxytocin expression (red) is minimally affected by DTA-mediated ablation of
PVH-AVP neurons. (E) c-Fos staining following treatment with MTIl in control (GFP) and DTA-treated mice. (F) Dark cycle feeding responses to MTII in control and PVH-AVP ablated mice. Cumulative
food intake was measured 4 h after treatment. (SEM, n=38; *P < 0.05, NS: not significant) Scale bar="100 pum; PVH: paraventricular nucleus of hypothalamus; SCN: suprachiasmatic nucleus;

SON: supraoptic nucleus.

In summary, we demonstrate that PVH-AVP neurons are activated by
melanocortin agonists and that direct activation of PVH-AVP neurons
suppresses food intake. Moreover, PVH-AVP neurons or neuron activity
are required for the acute anorectic effects of the potent melanocortin
agonist MTII thereby placing the PVH-AVP neurons within the neural
circuitry affecting feeding behaviors. Future work will investigate the
mechanisms and neural pathways, including intra-PVN network connec-
tivity, through which PVH-AVP neurons regulate feeding and contribute to
overall energy homeostasis.
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APPENDIX A. SUPPLEMENTARY MATERIALS

Supplementary data associated with this article can be found in the online version at
http://dx.doi.org/10.1016/j.moImet.2013.12.006.
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