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Abstract

Previous studies indicate that oxytocin (OT) administration reduces body weight in high-fat diet (HFD)-induced obese (DIO)
rodents through both reductions in food intake and increases in energy expenditure. We recently demonstrated that chronic
hindbrain [fourth ventricular (4V)] infusions of OT evoke weight loss in DIO rats. Based on these findings, we hypothesized that
chronic 4V OT would elicit weight loss in DIO mice. We assessed the effects of 4V infusions of OT (16 nmol/day) or vehicle over
28 days on body weight, food intake, and body composition. OT reduced body weight by approximately 4.5%+1.4% in DIO mice
relative to OT pretreatment body weight (P < 0.05). These effects were associated with reduced adiposity and adipocyte size
[inguinal white adipose tissue (IWAT)] (P < 0.05) and attributed, in part, to reduced energy intake (P < 0.05) at a dose that did
not increase kaolin intake (P = NS). OT tended to increase uncoupling protein-1 expression in IWAT (0.05 < P < 0.1) suggesting
that OT stimulates browning of WAT. To assess OT-elicited changes in brown adipose tissue (BAT) thermogenesis, we examined
the effects of 4V OT on interscapular BAT temperature (Tiga7). 4V OT (1ng) elevated Tigat at 0.75 (P = 0.08), 1, and 1.25h (P <
0.05) postinjection; a higher dose (5 ng) elevated Tigar at 0.75-, 1-, 1.25-, 1.5-, 1.75- (P < 0.05), and 2-h (0.05 < P < 0.1) postinjec-
tion. Together, these findings support the hypothesis that chronic hindbrain OT treatment evokes sustained weight loss in DIO
mice by reducing energy intake and increasing BAT thermogenesis at a dose that is not associated with evidence of visceral

illness.

brown adipose tissue; obesity; oxytocin, thermogenesis; white adipose tissue

INTRODUCTION

There is growing evidence to suggest that the hypothalamic
peptide, oxytocin (OT), is important in the control of overall
energy balance (1-4). OT has been shown to reduce food
intake, elicit weight loss, and/or reduce body weight gain in
male and/or female diet-induced obese (DIO) (5-10) and ge-
netically obese mice and rats (9, 11-16). Of translational im-
portance is the finding that OT can reduce food intake and/or
body weight in DIO nonhuman primates (17) and obese and
overweight humans (18-21) highlighting that OT’s effects on
energy balance are well conserved across species.

Although it is understood that OT’s ability to elicit weight
loss in mice is due, in part, to its ability to reduce food intake,
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it is becoming clear that other mechanisms can also be a con-
tributing factor. OT-elicited effects on body weight in mice
exceed that of pair-fed controls (22) suggesting that reduc-
tions in food intake do not fully explain OT-elicited weight
loss. In addition, acute third ventricular (3V) or subcutane-
ous administration of OT increases energy expenditure (EE)
in mice (23, 24). Although brown adipose tissue (BAT) ther-
mogenesis is important in the control of EE (for review see
Refs. 25, 26), it is unclear whether OT’s effects of OT on EE
result from activation of BAT thermogenesis. Sutton et al.
(27) demonstrated that use of designer drugs (DREADDS)
technology to chemogenetically activate paraventricular nu-
cleus (PVN) OT neurons increases both EE and interscapular
brown adipose tissue (BAT) temperature (Tigar) in Oxytocin-
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Ires-Cre mice. In addition, Yuan et al. (28) recently reported
that peripheral administration of OT promotes BAT differen-
tiation in vitro and the expression of genes involved in ther-
mogenesis in interscapular BAT (IBAT) in high-fat diet
(HFD)-fed mice. Furthermore, reduced OT signaling is asso-
ciated with obesity (24, 29-31), reductions of EE (23, 24, 31,
32), and deficits in BAT thermogenesis (32-35) in mice.
Collectively, these findings support a role for increased BAT
thermogenesis in OT-elicited weight loss in mice.

The OT receptor (OTR) populations that contribute to the
effects of OT on BAT thermogenesis and EE in mice remain
uncertain. The majority of studies have examined the effects
of acute administration of OT in mice on BAT thermogenesis
and EE when administered into the third ventricle (3V) (10,
23, 24). However, this route of administration potentially
allows OT access to OTRs in the forebrain, midbrain, and
hindbrain. Here, we sought to clarify the role of hindbrain
OTRs on energy balance in the mouse model by 1) determin-
ing if hindbrain OTRs contribute to the effects of chronic OT
to reduce body weight and adiposity in DIO mice and 2)
measuring the response to acute fourth ventricular (4V) OT
on Tpar (as functional readout of BAT thermogenesis).

Our findings demonstrate that chronic hindbrain (4V)
administration of OT reduces HFD consumption at a dose
that did not increase kaolin intake (marker of visceral illness)
in a mouse model of diet-induced obesity. These effects were
associated with reductions of body fat mass, adipocyte size,
and plasma leptin concentrations. Furthermore, we deter-
mined that hindbrain administration of OT elevates uncou-
pling protein-1 (UCP-1) expression in inguinal white adipose
tissue (IWAT) of both DIO and chow-fed control mice, which
suggests that hindbrain OT treatment may be associated
with browning of WAT. We also confirm that hindbrain OT
administration stimulates BAT thermogenesis in mice.
Collectively, these findings support the hypothesis that
chronic hindbrain OT treatment produces sustained weight
loss in DIO mice by reducing energy intake and increasing
BAT thermogenesis at a dose that is not associated with vis-
ceral illness.

METHODS

Animals

Adult male C57BL/6J mice (=~5.25-6.5mo/25.7-51.3 g) were
obtained from The Jackson Laboratory (Bar Harbor, ME). All
animals were housed individually in Plexiglas cages in a
temperature-controlled room (22 +2°C) under a 12:12-h light-
dark cycle. All mice were maintained on a 6 AM/6 PM light
cycle with the exception of study 2B where we examined the
impact of OT administration during the late-light cycle on
IBAT temperature (Tigar) (1 AM/1 PM). Mice had ad libitum
access to water and either a HFD providing 60% kcal from
fat (~6.8% Kkcal from sucrose and 8.9% of the diet from su-
crose) (Research Diets, D12492i, New Brunswick, NJ) or a
low-fat chow diet containing 16% [SLG4 (Lab Diet); ~0.79%
diet from sucrose] kcal from fat, respectively, unless other-
wise stated. Kaolin pellets were also purchased from
Research Diets, Inc. The research protocols were approved
both by the Institutional Animal Care and Use Committee of
the Veterans Affairs Puget Sound Health Care System
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(VAPSHCS) and the University of Washington in accordance
with NIH Guidelines for the Care and Use of Animals.

Drug Preparation

Fresh solutions of OT acetate salt (Bachem Americas, Inc.,
Torrance, CA) were prepared on the day of each experiment.
OT was solubilized in sterile water.

4V cannulations for acute injections.

Animals were implanted with a cannula (P1 Technologies,
Roanoke, VA) that was directed toward the 4V as previously
described (5, 36, 37). Briefly, mice under isoflurane anesthe-
sia were placed in a stereotaxic apparatus with the incisor
bar positioned 4.5 mm below the interaural line. A 26-gauge
cannula (P1 Technologies) was stereotaxically positioned
into the 4V (5.9 mm caudal to bregma; 0.4 mm lateral to the
midline, and 2.7 mm ventral to the skull surface) and secured
to the surface of the skull with dental cement and stainless
steel screws.

4V cannulations for chronic infusions.

Mice were implanted with a cannula within the 4V with a
side port that was connected to an osmotic minipump
(model 2004, DURECT Corporation) as previously described
(10, 38). Mice under isoflurane anesthesia were placed in a
stereotaxic apparatus with the incisor bar positioned 4.5 mm
below the interaural line. A 30-gauge cannula (P1 Technolo-
gies) was stereotaxically positioned into the 4V (5.9 mm cau-
dal to bregma; 0.4 mm lateral to the midline, and 3.7 mm
ventral to the skull surface) and secured to the surface of the
skull with dental cement and stainless steel screws. A 1.2 in.
piece of plastic Tygon Microbore Tubing (0.020 in. x 0.060
in. OD; Cole-Parmer) was tunneled subcutaneously along the
midline of the back and connected to the 21-gauge sidearm
osmotic minipump-cannula assembly. A stainless steel 22-
gauge pin plug (Instech Laboratories, Inc.) was temporarily
inserted at the end of the tubing during a 2-wk postoperative
recovery period, after which it was replaced by an osmotic
minipump (DURECT Corporation) containing saline or OT.
Mice were treated with the analgesic ketoprofen (5mg/kg;
Fort Dodge Animal Health) and the antibiotic enrofloxacin
(5mg/kg; Bayer Healthcare LLC., Animal Health Division
Shawnee Mission, KS) at the completion of the 4V cannula-
tions and were allowed to recover at least 10 days before im-
plantation of osmotic minipumps.

Implantation of temperature transponders underneath
IBAT.

Animals were anesthetized with isoflurane and had the dor-
sal surface along the upper midline of the back shaved. The
area was subsequently scrubbed with 70% ethanol followed
by betadine swabs to sterilize/clean the area before a 1 in.
incision was made at the midline of the interscapular area.
The temperature transponder (14mm long/2mm wide)
(HTEC IPTT-300; Bio Medic Data Systems, Inc., Seaford, DE)
was implanted underneath both IBAT pads as previously
described (10, 39, 40) and secured in place by suturing it to
the brown fat pad with sterile silk suture. HTEC IPTT-300
transponders were used in place of IPTT-300 transpond-
ers to enhance accuracy in our measurements. The IPTT-300
transponders are specified to be accurate to +0.4°C between
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35°C and 39°C (x1.0°C between 32°C and 42°C), whereas
the HTEC IPTT-300 transponders are accurate to*0.2°C
between 32°C and 42°C (personal communication with Geoff
Hunt from Bio Medic Data Systems). The interscapular inci-
sion was closed with Nylon sutures (5-0), which were
removed in awake animals 10-14 days after surgery.

Acute 4V injections and measurements of T;gar-

OT (or saline vehicle; 1uL injection volume) was adminis-
tered immediately before the start of the dark cycle following
4 h of food deprivation. Animals remained without access to
food for an additional 4h during the course of the Tigar
measurements to prevent the confounding effects of diet-
induced thermogenesis on Tigar. A handheld reader (DAS-
8007-1US Reader System; Bio Medic Data Systems, Inc.) was
used to collect measurements of Tigar. The 4V injections
were administered at 1ul/min using an injection pump
(Harvard Apparatus Pump II Elite; Harvard Apparatus,
Holliston, MA) via a 33-gauge injector (P1 Technologies) con-
nected by polyethylene 20 tubing to a 10-uL. Hamilton sy-
ringe. Animals underwent all treatments (unless otherwise
noted) in a randomized order separated by at least 48h
between treatments.

Body composition.

Determinations of lean body mass and fat mass were made
on un-anesthetized mice by quantitative magnetic reso-
nance using an EchoMRI 4-in-1-700 instrument (Echo
Medical Systems, Houston, TX) at the VAPSHCS Rodent
Metabolic Phenotyping Core. Measurements were taken
before 4V cannulations and minipump implantations as well
as at the end of the infusion period.

Study Protocols

Study 1A: Effects of chronic 4V OT infusions on energy
intake, body weight, and body composition in male
chow-fed and DIO mice.

Mice were fed ad libitum and maintained on chow or HFD
for ~5 mo before receiving implantations of 4V cannulas and
28-day minipumps to infuse vehicle or OT (16 nmol/day)
over 28 days, respectively. This dose was selected because it
was found to be effective at reducing body weight when
given into the 3V in DIO mice (10). Daily energy intake and
body weight were recorded manually on days 1-28.

Study 1B: Effect of chronic 4V OT infusions on kaolin
consumption in male DIO mice.

The amount of kaolin intake (g) was assessed across
28 days following implantation of minipumps containing
vehicle (saline) or OT (16 nmol/day) in a subset of animals
from Study 1A.

Study 2A: Effects of acute 4V OT administration during
early-light cycle on Tiga1in male chow-fed mice.

A separate group of mice was implanted with 4V cannulas
and temperature transponders. Following adaptation to a
4-h fast (fast started at 6 AM) and handling, 4-h fasted mice
received 4V injections of either vehicle or OT (1, 5 pg/uL) dur-
ing the early-light cycle [injections between 9:45 and 10 AM
(lights off at 6 PM)] in a crossover design at 48-h intervals

AJP-Regul Integr Comp Physiol « doi:10.1152/ajpregu.00294.2020 - www.ajpregu.org

such that each animal served as its own control. Tigar Was
measured at baseline (—2h; 8:00 AM), immediately before
4V injections (0 h), and at 0.25-, 0.5-, 0.75-, 1-, 1.25-, 1.5-, 2-,
3-, 4-, and 24-h postinjection (10:00 AM). These doses were
selected because they were found to be effective at elevating
Tigar When given into the 3V in chow-fed mice (10).

Study 2B: Effects of acute 4V OT administration during
late-light cycle on T,;gat in male chow-fed mice.

The same mice from study 2A were also used in study 2B.
Study parameters were identical to study 2A with the
exception that the fast started at 9:00 AM and 4-h fasted
mice received 4V injections of either vehicle or OT (1,
S5ug/uL) during the late-light cycle [injections between
12:45 and 1 PM (lights off at 1 PM)] in a crossover design at
48-h intervals such that each animal served as its own
control. Tigat Was again measured at baseline (-2 h; 11:00
AM), immediately before 4V injections (0 h), and at 0.25-,
0.5-, 0.75-, 1-, 1.25-, 1.5-, 2-, 3-, 4-, and 20-h postinjection
(9:00 AM).

Study 2C: Effects of acute 4V OT administration during
early-light cycle on Tiga1in male DIO mice.

Study parameters were identical to study 2A with the excep-
tion that DIO mice were used in place of lean mice. TigaT Was
again measured at baseline (-2h; 8:00 AM), immediately
before 4V injections (0O h), and at 0.25-, 0.5-, 0.75-, 1-, 1.25-,
1.5-, 2-, 3-, 4-, and 20-h postinjection (10:00 AM).

Blood collection.

Blood was collected from 3-h fasted mice toward the early-
light cycle within a 2-h window (10:00 AM-12:00 pm/6 AM/6
PM light cycle) as previously described in DIO CD IGS rats
and mice (5, 10). Treatment groups were counterbalanced at
the time of euthanasia to avoid time of day bias. Blood sam-
ples [up to 0.5 mL (mice)] were collected immediately before
transcardial perfusion by cardiac puncture in chilled K2
EDTA Microtainer Tubes (Becton Dickinson, Franklin Lakes,
NJ). Whole blood was centrifuged at 6,000 rpm for 1.5 min at
4°C; plasma was removed, aliquoted, and stored at —80°C for
subsequent analysis.

Adipose tissue processing for adipocyte size and UCP-1
analysis.

Mice from Study 1A were euthanized at the end of the infusion
period following a 3-h fast. Mice were euthanized with intraper-
itoneal injections of ketamine cocktail [ketamine hydrochloride
(390 mg/kg), xylazine (26.4 mg/kg) in an injection volume up to
1mL/mouse] and transcardially exsanguinated with PBS fol-
lowed by perfusion with 4% paraformaldehyde in 0.1M PBS.
Inguinal white adipose tissue (IWAT) and epididiymal white
adipose tissue (EWAT) was dissected and placed in 4% parafor-
maldehyde-PBS for 24h and then placed in 70% ethanol
(EtOH) before paraffin embedding. Sections (5um) sampled
were obtained using a rotary microtome, slide-mounted using a
floatation water bath (37°C), and baked for 30 min at 60°C to
give ~15-16 slides/fat depot with 2 sections/slide.

Adipocyte size analysis and UCP-1 staining.

Adipocyte size analysis was performed on deparaffinized
and digitized IWAT and EWAT sections collected from mice
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used in Study 1A. The average cell area from two random-
ized photomicrographs was determined using the built-in
particle counting method of ImageJ software (National
Institutes of Health, Bethesda, MD). Fixed [4% parafor-
maldehyde (PFA)], paraffin-embedded adipose tissue was
sectioned and stained with a primary rabbit anti-UCP-1
antibody [1:100; Abcam, Cambridge, MA (No. ab155117/
RRID: AB_2783809)] as has been previously described in
HFD-fed Ldlr~'~ mice (41) and in HFD-fed C57BL/6 (42)
and C57BL/6J mice (43). Immunostaining specificity con-
trols included omission of the primary antibody and
replacement of the primary antibody with normal rabbit
serum at the same dilution as the respective primary anti-
body. Area quantification for UCP1 staining was per-
formed on digital images of immunostained tissue
sections using image analysis software (Image Pro Plus
software, Media Cybernetics, Rockville, MD). Slides were
visualized using brightfield on an Olympus BX51 micro-
scope (Olympus Corporation of the Americas; Center
Valley, PA) and photographed using a Canon EOS 5D SR
DSLR (Canon U.S.A., Inc., Melville, NY) camera at x100
magnification. Values for each tissue within a treatment
were averaged to obtain the mean of the treatment group.

Plasma hormone measurements.

Plasma leptin and insulin were measured using elect-
rochemiluminescence detection [Meso Scale Discovery
(MSD), Rockville, MD] using established procedures (10,
44). Intra-assay coefficient of variation (CV) for leptin was
5.9% and 1.6% for insulin. The range of detectability for
the leptin assay is 0.137-100 ng/mL and 0.069-50 ng/mL
for insulin. Plasma fibroblast growth factor-21 (FGF-21)
(R&D Systems, Minneapolis, MN) and irisin (AdipoGen,
San Diego, CA) levels were determined by enzyme-linked
immunosorbent assay (ELISA). The intra-assay CV for
FGF-21 and irisin were 2.2% and 9.1%, respectively; the
ranges of detectability were 31.3-2,000 pg/mL (FGF-21)
and 0.078-5ug/mL (irisin). Plasma adiponectin was also
measured using ELISA [Millipore Sigma (Burlington, MA)]
using established procedures (10, 44). Intra-assay CV for
adiponectin was 3.7%. The range of detectability for the
adiponectin assay is 2.8-178 ng/mL. The data were normal-
ized to historical values using a pooled plasma quality con-
trol sample that was assayed in each plate.

Blood glucose and lipid measurements.

Blood was collected for glucose measurements by tail
vein nick and measured with a glucometer using the
AlphaTRAK 2 blood glucose monitoring system (Abbott
Laboratories, Abbott Park, IL) (45). Total choleste-
rol (TC) [Fisher Diagnostics (Middletown, VA)] and free
fatty acids (FFAs) [Wako Chemicals USA, Inc., Rich-
mond, VA)] were measured using enzymatic-based Kits.
Intra-assay CVs for TC and FFAs were 1.4% and 2.3%,
respectively. These assay procedures have been vali-
dated for rodents (46).

Transponder placement.

All temperature transponders were confirmed to have
remained underneath the IBAT depot at the conclusion of
the study.

R474

Histological verification of coordinate to target 4V in
C57BL/6J mice.

We initially verified the coordinate to target the 4V in a subset
of C57BL/6J mice following postmortem ink administration.

Figure 1. Photomicrograph of coronal section of the mouse brain showing
ink distribution in the fourth ventricular (4V) (A) following postmortem 4V
ink injections into a C57BL/6J mouse (x10 magnification) and cannula
tract immediately dorsal to the 4V from an oxytocin (OT)-treated diet-
induced obese (DIO) C57BL/6J mouse at X10 (B) and Xx20 (C)
magnification.
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Brains from a subset of animals from study 1A were examined
to verify accurate placements surrounding the 4V. The proce-
dure for histological verification of injection sites has been
described previously (47-50). Briefly, brains were frozen by
submerging for 10-15s in isopentane. Coronal cryostat sec-
tions (14 or 24 pm) were mounted on microscope slides and
stored frozen until staining with Cresyl violet (Fig. 1). Slides
were analyzed using brightfield on a Nikon 80i microscope
(Nikon Instruments, Melville, NY) and images obtained using
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NIS Elements and Nikon Digital Sight Series color camera
(DS-Fil; Nikon Instruments). All measurements were made
using a x20 objective lens. Digital RGB images were exported
to Photoshop (Adobe, Tucson, AZ). Injection sites examined
were found to be located within a 0.2 mm beyond boundary
of the 4V. Although, we did not measure the area of the ne-
crotic tissue based on the observations that at higher magnifi-
cation revealed no obvious visual differences between groups
with respect to histological and morphological appearances.

== 4V-VEH

== 4V-0OT
N=9-10/group

—— 4V-VEH
—— 4V-0T

Figure 2. Effects of chronic fourth ventric-
ular (4V) oxytocin (OT) infusions on body
weight, body weight gain, body composi-
tion, and energy intake in male chow-fed
and diet-induced obese (DIO) mice. Ad
libitum-fed mice were either maintained
on high-fat diet (HFD) (60% kcal from fat;
n = 9-11/group) or chow (n = 9-10/group)
for approximately 5 mo before receiving
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0.05 OT vs. vehicle or baseline (pretreat-
ment; A and E).
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The brain tissue appeared normal in all cases, as compared
with brain tissue from reference material from mice and rats
that had received acute injections or continuous infusions of
vehicle or OT prepared in a similar way. Nothing was noted
visually in either group that suggested damage.

Statistical Analyses

All results are expressed as means * SE. Comparisons
between multiple groups involving between-subjects designs
were made using one- or two-way ANOVA as appropriate,
followed by a post hoc Fisher’s least significant difference
test. Comparisons involving within-subjects designs were
made using a one-way repeated-measures ANOVA followed
by a post hoc Fisher’s least significant difference test.
Analyses were performed using the statistical program
SYSTAT (Systat Software, Point Richmond, CA). Differences
were considered significant at P < 0.05, two-tailed.

RESULTS

Study 1A: Effects of Chronic 4V OT Infusions on Energy
Intake, Body Weight, and Body Composition in Male
Chow-Fed and DIO Mice

To determine whether the weight-reducing effect of
chronic 4V OT infusion is observed in DIO mice, we exam-
ined the effects of 4V OT on energy intake, body weight,
and body composition in age-matched DIO and chow-fed
C57BL/6J mice. By design, DIO mice weighed more
(48.5+£0.9 g) and had increased adiposity (18.6 £ 0.7 g) rela-
tive to chow-fed mice (body weight 32.4+0.4 g; fat mass
4.0+0.4 g) (P < 0.05) at baseline (after maintenance on ei-
ther chow or HFD for ~5mo). Mice were also matched for
body weight, fat mass, and weight change post-4V cannu-
lations before minipump implantations within each die-
tary group.

HFD.

4V OT treatment induced reductions of body weight (~4.7%
relative to pretreatment in OT-treated mice or ~9.3% relative
to vehicle-treated mice; P < 0.05) (Fig. 2A) and weight gain
(Fig. 2B) throughout the 28-day infusion period [F(1,17) =
20.190; P < 0.001)] with significant reductions in daily
weight gain evident on days 4-28 (P < 0.05; Fig. 2B). There
was a significant main effect of OT to reduce fat mass (Fig.
2C; P < 0.05) with no effect on lean body mass (P = NS), as
was observed in DIO rats, effects that were mediated, at least
in part, by a modest reduction of energy intake (Fig. 2D; P <
0.05).

Chow.

Similar to our previously reported observations in rats (10),
the weight-reducing effect of 4V OT in HFD-fed DIO mice
was not observed in mice fed standard chow (Fig. 2E; P =
NS), although a slight attenuation of weight gain relative to
4V vehicle-treated controls was observed over the 28-day pe-
riod (Fig. 2F; P < 0.05). This modest effect was not associated
with significant effects on fat mass or lean mass (Fig. 2G; P =
NS) or energy intake relative to vehicle-treated controls
(Fig. 2H).
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Two-way ANOVA revealed a significant diet and drug
interactive effect indicating that 4V OT produced a more
preferential reduction of body weight gain in HFD-fed mice
compared with chow-fed mice across days 9-28 (P < 0.05).
In addition, OT produced a preferential reduction of energy
intake in HFD-fed rats relative to chow-fed rats across days
4,6,11,13, and 15 (P < 0.05).

Two-way ANOVA revealed a significant main effect of
4V OT (drug) [(F(1,35)=13.007, P = 0.001] and diet [F(1,35) =
89.433, P < 0.001] to impact fat mass as well as significant
interactive effect of the 4V OT to preferentially reduce fat
mass in HFD-fed mice [F(1,35) = 4.905, P = 0.033]. These find-
ings extend our previous findings in the DIO rat model and
indicate that hindbrain (4V) administration of OT preferen-
tially reduces fat mass in DIO mice relative to chow-fed
mice.

Overall, these findings demonstrate a preferential effect of
OT to reduce energy intake and produce sustained weight
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Figure 3. Effects of chronic fourth ventricular (4V) oxytocin (OT) infusions on
weekly energy intake and kaolin intake in male diet-induced obese (DIO)
mice. Ad libitum-fed mice were maintained on high-fat diet (HFD) and
infused with 4V vehicle or OT (16 nmol/day). Weekly energy intake (A) and
kaolin consumption (B) are presented (n = 6/group). One-way ANOVA, data
are expressed as means t SE. *P < 0.05 OT vs. vehicle treatment.
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loss by decreasing fat mass while sparing lean mass in DIO
mice at a dose that was largely ineffective in chow-fed mice.

Study 1B: Effect of Chronic 4V OT Infusions on Kaolin
Consumption in Male DIO Mice

To determine whether the weight-reducing effect of
chronic 4V OT infusion observed in DIO mice was associ-
ated with visceral illness, we examined the intake of kaolin
diet, which is commonly used to assess malaise or aversion
in rodent populations (51-54) including mice (55). These
effects do not appear to result from an aversive effect of 4V
OT, since there was no effect on kaolin consumption (rela-
tive to vehicle-treated DIO control mice; n = 6/group) over
the 28-day measurement period (P = NS; Fig. 3). Overall,
these findings demonstrate that the response of DIO mice

LT
o‘v"‘:

Veh-HFD
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to 4V OT is similar to our previous findings in DIO rats (10)
and they extend previous evidence that neither acute nor
chronic 3V administration of OT affects kaolin consump-
tion (5, 10, 23).

Adipocyte size.
OT significantly reduced adipocyte size from IWAT in DIO
mice [F(1,18)=9.582, P = 0.006], but it did not significantly
reduce adipocyte size from IWAT in chow-fed mice [F
(1,17)=0.822, P = 0.377] (Fig. 4, A-D and Fig. 5A). OT did not
significantly reduce adipocyte size from EWAT in either DIO
mice [F(1,18)=0.004, P = 0.951] or chow-fed mice [F
(1,17)=0.233, P= 0.636] (Fig. 4, E-H and Fig. 5B).

Two-way ANOVA revealed a significant main effect
of 4V OT (drug) [(F(1,35)=9.060, P = 0.005] and diet [F

Figure 4. A-H: effects of chronic fourth ventricular (4V) oxy-
tocin (OT) infusions on adipocyte size in inguinal white adi-
pose tissue (IWAT) and epididiymal white adipose tissue
(EWAT) in male chow-fed and diet-induced obese (DIO) mice.
Adipocyte size was analyzed using ImageJ. Images were
taken from fixed (4% paraformaldehyde) paraffin-embedded
sections (5pm) containing IWAT (A-D) or EWAT (E—H) in
chow-fed or high-fat diet (HFD)-fed mice treated with OT or
vehicle. A and E: Veh-chow. B and F: OT-chow. C and G:
Veh-HFD. D and H: OT-HFD; (A-H) all visualized at x100
magpnification.
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Figure 5. A and B: effects of chronic fourth ventricular (4V) oxytocin (OT)
infusions on adipocyte size in inguinal white adipose tissue (IWAT) and
epididiymal white adipose tissue (EWAT) in male chow-fed and diet-
induced obese (DIO) mice. A: adipocyte size (pixel®) was measured in
IWAT from mice that received chronic 4V infusion of OT (16 nmol/day) or
vehicle (n = 9-10/group). B: adipocyte size was measured in EWAT from
mice that received chronic 4V infusion of OT (16 nmol/day) or vehicle (n =
9-10/group). One-way ANOVA,; data are expressed as means * SE. *P <
0.05 OT vs. vehicle.

(1,35)=237.714, P < 0.001] and a near significant interactive
effect of the 4V OT and diet to reduce adipocyte size of IWAT
[F(1,35)=3.824, P = 0.059]. These findings extend our previ-
ous findings and indicate that hindbrain (4V) administration
of OT preferentially reduces IWAT adipocyte size in DIO
mice relative to chow-fed mice.

UCP-1expression.

OT tended to increase UCP-1 from IWAT in DIO mice [F
(1,17)=3.867, P = 0.066] and produced a significant eleva-
tion in UCP-1 from IWAT in chow-fed mice [F(1,16)=
6.692, P=0.02] (Fig. 6, A-D and Fig. 7A). OT tended to ele-
vate UCP-1 from EWAT in DIO [F(1,16) =2.051, P = 0.171]
and chow-fed mice [F(1,16) =1.940, P = 0.183] although
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this did not reach statistical significance (Fig. 6, E-H and
Fig. 7B).

Two-way ANOVA revealed a significant main effect of 4V
OT (drug) [(F(1,33)=9.837, P = 0.004] and diet [F
(1,33) =51.542, P < 0.001] and a near significant interactive
effect of the 4V OT and diet to increase UCP-1 in IWAT [F
(1,33)=3.602, P = 0.066].

Although OT was effective in stimulating UCP-1 from
IWAT in both HFD and chow-fed mice, these findings indi-
cate that hindbrain (4V) administration of OT appears to
preferentially increase UCP-1 in IWAT of chow-fed mice rela-
tive to DIO mice.

Plasma hormone concentrations.

To characterize the endocrine and metabolic effects of 4V
OT in both DIO and chow-fed mice, we measured blood glu-
cose levels and plasma concentrations of leptin, insulin,
FGF-21, irisin, adiponectin, TC, and FFAs. At baseline, vehi-
cle-treated DIO animals exhibited increased levels of leptin,
insulin, FGF-21, and TC relative to chow-fed vehicle-treated
animals (P < 0.05; Table 1). As expected, OT treatment was
associated with a reduction of plasma leptin in DIO animals
(5, 6, 10) (in which fat mass was also reduced), but not in
chow-fed control animals. In contrast, OT administration
did not significantly alter blood glucose or plasma concen-
trations of insulin, irisin, TC, or adiponectin in either DIO or
chow-fed mice.

Two-way ANOVA revealed a significant main effect of 4V
OT (drug) [(F(1,36)=6.485, P = 0.015] and diet [F(1,36)=
86.598, P < 0.001] and a significant interactive effect of the
4V OT and diet to reduce plasma leptin [F(1,36)=5.374, P =
0.026]. As expected, based on our findings on fat mass, these
findings indicate that hindbrain (4V) administration of OT
preferentially reduces plasma leptin in DIO mice relative to
chow-fed mice.

Study 2A-B: Effects of Acute 4V OT Administration on
Tigat in Male Chow-Fed Mice

Given that reduced energy intake cannot fully explain the
ability of either acute (9) or chronic OT (6, 22) to reduce body
weight in rodents and the finding that acute administration of
OT increases EE in both rodents (23, 24, 56) and nonhuman
primates (17), we hypothesized that the anti-obesity effect of
OT action in the central nervous system (CNS) involves
increased EE. Numerous data suggest that increased activation
of BAT is one mechanism that can contribute to increased EE
(for review see Refs. 25, 26). Being that changes in both EE and
IBAT have been more easily measured in response to acute OT
administration (17, 23, 24, 56), we initially sought to determine
the extent to which acute administration of OT stimulates BAT
thermogenesis (as a surrogate for EE) and whether hindbrain
OTRs may be involved in contributing to these effects.
Therefore, we measured the effect of acute hindbrain (4V)
administration of OT on Tigar in chow-fed mice.

Study 2A: Early-light cycle treatment.

Consistent with this hypothesis, we found that, similar to our
previous findings in the rat model (10), there was a significant
main effect of 4V OT to elevate Tigar at 1- [(F(2,16)=7.919, P <
0.01], 1.25- [(F(2,16)=9.074, P < 0.01], 1.5- [(F(2,16)=6.577, P <
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0.01], and 1.75-h postinjection [(F(2,16)=5.115, P < 0.05] and
there was also a tendency (NS) for 4V OT to elevate Tigar at
0.75- [(F(2,16)=3.246, P = 0.066]. We also found a significant
effect of time [(F(8,192)=22.262, P < 0.01] and a significant
interactive effect between time and dose [(F(16,192) = 2.530, P <
0.01] across nine time points over the 2-h measurement period.

Specifically, 4V OT also increased Tipat at both 1 and 5ug
doses throughout the 2-h measurement period in chow-fed
mice (N = 9/group). Specifically, OT (1pg) tended to increase
Tigar at 0.75(0.05 < P < 0.1), and significantly elevated Tigat
at both 1- and 1.25-h postinjection (P < 0.05). The higher
dose (5pg) of 4V OT increased Tigar at 0.75-, 1-, 1.25-, 1.5-,
and 1.75-h postinjection (P < 0.05), whereas it tended to ele-
vate Tipat at 2-h postinjection relative to vehicle treatment
(Fig. 84; 0.05 < P < 0.1). OT also produced corresponding
changes in the change in Tigar relative to baseline Tipat at
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Figure 6. A—H: effects of chronic fourth ventricular (4V) oxy-
tocin (OT) infusions on uncoupling protein-1 (UCP-1) in ingui-
nal white adipose tissue (IWAT) and epididiymal white
adipose tissue (EWAT) in male chow-fed and diet-induced
obese (DIO) mice. UCP-1 was analyzed using ImageJ.
Images were taken from fixed (4% paraformaldehyde) paraf-
fin embedded sections (5um) containing IWAT (A-D) or
EWAT (E-H) in chow-fed or high-fat diet (HFD)-fed mice
treated with OT or vehicle. A and E: veh-chow. B and F: OT-
chow. C and G: veh-HFD. D and H: OT-HFD; A—H: all visual-
ized at x100 magnification.

1-, 1.25-, 1.5-, and 1.75-h postinjection relative to vehicle treat-
ment (Fig. 8B).

There was also a significant main effect of 4V OT to elevate
Tsar When the data were averaged over the 2-h posttreatment
period [(F(2,16) = 6.231, P < 0.05]. Specifically, 4V OT (5ug; P <
0.05) produced a significant elevation of Tigar When data were
averaged over the 2-h posttreatment period (Fig. 8C) whereas
the low dose (1pg) tended to elevate Tigar (NS; 0.05 <
P < 0.01). Similar to what we observed following 4V adminis-
tration in the rat model (10), acute 4V OT administration did
not produce a significant elevation in Tigar at 24-h postinjec-
tion (P = NS; data not shown).

Study 2B: Late-light cycle treatment.

To assess the extent to which OT elicits changes in BAT ther-
mogenesis when administered at the end of the light cycle,
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Figure 7. A and B: effects of chronic fourth ventricular (4V) oxytocin (OT) infu-
sions on uncoupling protein-1 (UCP-1) in inguinal white adipose tissue (IWAT)
and epididiymal white adipose tissue (EWAT) in male chow-fed and diet-
induced obese (DIO) mice. A: UCP-1 staining was quantified in IWAT from
mice that received chronic 4V infusion of OT (16 nmol/day) or vehicle (n = 9—
10/group). B: UCP-1 staining was quantified in EWAT from mice that received
chronic 4V infusion of OT (16 nmol/day) or vehicle (n = 8—10/group). One-way
ANOVA,; data are expressed as means + SE. *P < 0.05 OT vs. vehicle.

we initially examined the effects of acute 4V injections of OT
(1, 5pg/uL) or vehicle on Tipat in a small cohort of 4-h fasted
mice (n = 4/group). Preliminary data indicate that acute 4V
injections of OT (5 ug) elevated Tipat at 1.5- (P < 0.05) and 4-
h (0.05 < P < 0.1) postinjection in mice.

We subsequently confirmed these effects in a larger group
of chow-fed mice (N = 10/group). There was a significant
main effect of 4V OT (drug) to elevate Tigar at 0.75- [(F
(2,18)=9.547, P < 0.01], 1- [(F(2,18) =5.025, P < 0.05], 1.25- [(F
(2,18)=5.701, P < 0.05], and 1.75-h postinjection [(F(2,18) =
4.586, P < 0.05] and there was also a tendency (NS) of 4V OT
to elevate Tigar at 1.5-h postinjection [(F(2,18)=2.672, P =
0.096]. We also found a significant effect of time [(F(8,216) =
45.790, P < 0.01] but we did not find a significant interactive

R480

effect between time and dose [(F(16,216)=0.944, P = NS]
across nine time points over the 120-min measurement
period.

OT (1pg) increased Tipat at 0.75-h postinjection, whereas
it tended to elevate Tigar at 1-, 1.25-, and 1.75-h postinjection
(0.05 < P < 0.1). The higher dose (5pg) of 4V OT increased
Tigat at 0.75-, 1-, 1.25-, and 1.75-h postinjection (P < 0.05),
whereas it tended (NS) to elevate Tigat at both 1.5- (0.05 <
P < 0.1) and 4-h (P = 0.05) postinjection relative to vehicle
treatment (Fig. 9A). OT also produced a corresponding
change in Tipat relative to baseline Tigat at 0.75-h postinjec-
tion relative to vehicle treatment (Fig. 9B). There was also a
significant main effect of 4V OT to elevate Tigat When the
data were averaged over the 2-h posttreatment period [(F
(2,18)=7.499, P < 0.01]. Specifically, 4V OT (5pug; P < 0.05)
produced a significant elevation of Tigar When data were
averaged over the 2-h posttreatment period (Fig. 9C).

When comparing the Tipat following either vehicle or OT
treatment, there were clear differences in the Tigat response
to both, depending on timing of administration. Consistent
with our unpublished observations in untreated mice and
rats, Tigar Was higher in mice treated with vehicle at the end
of the light cycle (1.25-, 1.5, 1.75-, 2-, 3-, and 4-h postinjec-
tion; P < 0.05). Similarly, Tigar Was also higher in response
to 4V OT when given during the end of the light cycle (2-, 3-,
and 4-h postinjection) but this did not reach significance rel-
ative to vehicle treatment, due to the already high baseline
Tigat Which likely impeded the ability of 4V OT to further
elevate Tigar. However, when OT was administered into the
4V during the early-light cycle (when baseline Tigar tends to
be lower), 4V OT tended to elevate Tigat tO a greater degree
at both 0.75- (P = 0.019) and 1-h postadministration (P =
0.110).

Study 2C: Effects of Acute 4V OT Administration during
Early-Light Cycle on T,gat in Male DIO Mice

In a separate group of DIO mice (n = 13/group), there was a
significant main effect of 4V OT to elevate Tigar at 0.15- [(F
(2,24)=4.998, P < 0.05], 0.75- [(F(2,24)=3.687, P < 0.05], 1-
[(F(2,24)=10.947, P < 0.01], and 1.25-h postinjection [(F
(2,24)=3.811, P < 0.01].

We also found a significant effect of time [(F(8,288)=
14.233, P < 0.01] and a significant interactive effect between
time and dose [(F(16,288)=2.819, P < 0.01] across nine time
points over the 120-min measurement period.

Specifically, OT (5ug) produced a significant increase in
Tisar at 1- and 1.25-h postinjection (P < 0.05). The high dose
also appeared to stimulate Tigat at 0.75- (P = 0.085), 1.5- (P =
0.059), and 1.75-h postinjection (P = 0.091) although this did
not reach significance. The lowest dose (1pg) stimulated
Tisar at 0.75- and 1-h postinjection (P < 0.05; Fig. 10A) and
also appeared to stimulate 0.25- (P = 0.062) and 1.25-h postin-
jection (P = 0.080), although this did not reach significance.
Similar findings were apparent when measuring change in
Tigat relative to baseline Tigat (Fig. 10B). There was also a
significant main effect of 4V OT to elevate Tigar When the
data were averaged over the 2-h posttreatment period [(F
(2,24)=3.987, P < 0.05]. Specifically, 4V OT at 1 (P < 0.05)
and 5Spug (P < 0.05) produced significant elevations of Tigar
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Table 1. Plasma measurements following 4V infusions of OT or vehicle in male chow-fed and HFD-fed DIO mice from

study 1A
Chow HFD
4V Treatment Vehicle oT Vehicle oT

Leptin, ng/mL 3.2+0.3° 2.4+0.3° 439+5.8° 26.9+3.4°
Insulin, ng/mL 0.6+0.08° 0.5+0.06° 19+0.6° 2.0+0.4°
FGF-21, pg/mL 247+512° 150 +25.4° 1652 +296° 1052 +134°
Irisin, pg/mL 6.0+0.2°° 6.5+0.4°¢ 7.3+0.6° 7.9+0.6%¢
Adiponectin, pg/mL 15.0+0.6° 13.5+0.6° 15.4+0.9° 13.8+0.7°
Blood glucose, mg/dL 187+5.3° 187.5+5.1° 180+8.5° 180+2.0°
FFA, mEq/L 0.24+0.02° 0.18+0.01° 0.17+0.02° 0.15+0.01°
Total cholesterol, mg/dL 110+3.2° 105+3.7° 217.6+10.1° 206.9+10.4°

Data are expressed as means + SE. Different letters denote significant differences between treatments. DIO, diet-induced obese; FFA,
free fatty acids; FGF, fibroblast growth factor-21; HFD, high-fat diet; OT, oxytocin; 4V, fourth ventricular. Shared letters are not signifi-

cantly different from one another (P < 0.05). n = 8-11/group.

when data were averaged over the 2-h posttreatment period
(Fig. 100).

DISCUSSION

The goal of the current studies was to determine 1)
whether chronic hindbrain (4V) administration of OT elicits
sustained weight loss in a mouse model of diet-induced obe-
sity, 2) if this effect is associated with reductions of body adi-
posity and adipocyte size in addition to reduced energy
intake, and 3) if stimulation of hindbrain OTRs is associated
with increased BAT thermogenesis and browning of WAT.
Our findings indicate that chronic hindbrain (4V) adminis-
tration of OT reduces HFD consumption at a dose that did
not increase intake of kaolin. These effects were associated
with reductions of body fat mass, adipocyte size, and plasma
leptin concentrations. Furthermore, we determined that
hindbrain administration of OT appeared to elevate UCP-1
expression in IWAT of both DIO and chow-fed control mice,
suggesting that hindbrain OT signaling may be linked to
browning of WAT. We also confirm that hindbrain adminis-
tration of OT stimulates BAT thermogenesis in mice and that
these effects appeared to be more robust when OT was
administered during the early-light cycle. Collectively, these
findings support the hypothesis that chronic increases of OT
signaling within the hindbrain elicits sustained weight loss
in DIO mice by reducing energy intake and increasing BAT
thermogenesis at a dose that is not associated with visceral
illness.

Our finding that chronic hindbrain (4V) administration of
OT evokes weight loss in DIO mice consuming a HFD reca-
pitulate our previous findings from our laboratory and
others following 3V administration in the DIO mouse model
(10, 23, 24) suggesting that OT’s effects on hindbrain OTRs
contribute to its effects on weight loss. Moreover, these find-
ings are also similar to our previous findings in the rat model
(10) suggesting that sustained activation of hindbrain OTRs
is sufficient to elicit weight loss in both rats and mice. These
findings also extend previous studies that implicate an im-
portant role of endogenous OT signaling within the hind-
brain in the control of food intake in mice (57). Future
studies will be required to determine the extent to which
OTRs in specific hindbrain sites [i.e., nucleus of the solitary
tract (NST) or raphe pallidus] are necessary for the anti-
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obesity effects of OT. Specifically, it will be important to
address the extent to which site-specific ablation of OTRs in
DIO mice and rats 1) eliminates the effects of chronic 4V OT
to reduce body weight, energy intake, and increase EE and 2)
predisposes animals to diet-induced obesity and metabolic
abnormalities associated with diet-induced obesity.

To our knowledge, these are the first data which demon-
strate that hindbrain administration of OT increases Tigar in
a mouse model. Furthermore, these data also indicate that
OT’s effects on Tigar appear to be more robust when it is
administered early during the light cycle. Our finding is also
consistent with an earlier report in DIO mice that indicate
that OT produces a more robust effect on body weight and
EE when administered during the early-light cycle relative
to later in the light cycle (24). These effects may be attrib-
uted, in part, to 1) the ability of exogenous OT to restore
impairments in OT diurnal rhythmicity in DIO mice (24) and
2) reductions of sympathetic nervous system (SNS) outflow
to IBAT during the early-light cycle. Previous studies indi-
cate that 1) circulating norepinephrine concentrations are
higher during the dark cycle relative to light cycle (58), 2) cat-
echolamine content in IBAT is lower during the light cycle
compared with dark cycle in rats (59), 3) peak glucose uptake
into IBAT occurs during the late-light cycle (60), and 4) peak
fatty acid uptake into IBAT tends to occur at onset of dark
period (61). Elevated SNS outflow to IBAT toward the late-
light cycle could also explain, in part, our observation that
IBAT temperature appears to be elevated in vehicle-treated
mice during this time. Whether OT requires SNS outflow
to IBAT to elicit weight loss is the focus of ongoing invest-
igation.

Our findings are the first to demonstrate that hindbrain
administration of OT increases browning of WAT in the
mouse model. These findings are consistent with recent data
showing that subcutaneous infusion of OT can also reduce
subcutaneous fat mass in male and female DIO mice (7). In
addition, subcutaneous infusion of OT was found to reduce
adipocyte size in subcutaneous fat in db/db mice (16) and in
IWAT of HFD-fed mice (28). Subcutaneous infusion of OT
(125ng/kg/h or ~ 66.2nmol/day) also appeared to increase
UCP-1 content in subcutaneous fat of db/db mice (16),
although the data were not quantified in this study. Similar
to our findings, subcutaneous infusion of OT (100 nmol/day)
also elevated UCP-1 expression in IWAT but not in EWAT of
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Early Light Cycle Administration
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Figure 8. Effects of fourth ventricular (4V) oxytocin (OT) administration during
the early-light cycle on interscapular brown adipose tissue (BAT) temperature
(Tigat) in male chow-fed mice. A: Tigar Was measured in mice that received
acute 4V injections of OT (1, 5 pg/pL) or vehicle (n = 9/group). B: change in
TigaT relative to baseline Tigat Was measured in mice that received an acute
4V injection of OT (1, 5 ng/pL) or vehicle (n = 9/group). C: 2-h average Tigar
following 4V injection of OT (1, 5 pg/uL) or vehicle. One-way repeated-meas-
ures ANOVA; data are expressed as means + SE. *P < 0.05 vs. vehicle.

HFD-fed mice (28). Although it is possible that the effects
observed on WAT browning in our study may be attributed,
in part, to leakage from the 4V to OTRs in the spinal cord
and/or periphery it is important to note that the dose used in
the earlier study in DIO mice was ~6.25-fold (28) higher than
that found to be effective following hindbrain delivery in the
current study. Collectively, these findings suggest that, in
addition to a central mechanism mediated through hind-
brain and/or spinal cord OTRs, OT may also act peripherally
to induce browning of WAT through a direct action on OTRs
found on adipocytes (6, 62, 63).

It is not clear why OT elicited differential effects on
browning in IWAT and EWAT although it is clear that fat
depots may receive anatomically and functionally specific
input from the SNS. Bartness and coworkers have found that
central administration of MTII, which may act, in part
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through OT signaling, also elicits differential effects on nor-
epinephrine turnover (NETO; surrogate marker of SNS out-
flow) across WAT depots. In particular, Brito et al. (39) found
that central administration produced differential effects on
SNS outflow to WAT and IBAT. In addition, they found that
MTII increased NETO to inguinal WAT as well as dorsosub-
cutaneous WAT and IBAT NETO, but it did not alter NETO
in epididymal WAT or retroperitoneal WAT. Given that
browning of WAT is dependent on SNS innervation of WAT
(64) and that SNS outflow to various WAT (including IWAT
and EWAT) can be separate or distinct (65), OT may be elicit-
ing these effects through alterations in SNS outflow in a fat
pad specific manner. It remains to be determined if hind-
brain OT elicits differential effects on WAT browning, in
part, through distinct neuronal projections originating in the
NST or raphe pallidus, that are anatomically positioned to

Late Light Cycle Administration
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Figure 9. Effects of fourth ventricular (4V) oxytocin (OT) administration during
the late-light cycle on interscapular brown adipose tissue (BAT) temperature
(Tigat) in male chow-fed mice. A: Tigar Was measured in mice that received
acute 4V injections of OT (1, 5 pg/pL) or vehicle (n = 10/group). B: change in
TisaT relative to baseline Tigar was measured in mice that received an acute
4V injection of OT (1, 5 ng/uL) or vehicle (n = 10/group). C: 2-h average Tigat
following 4V injection of OT (1, 5 ng/pL) or vehicle. One-way repeated-meas-
ures ANOVA; data are expressed as means + SE. *P < 0.05 vs. vehicle.
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Figure 10. Effects of acute fourth ventricular (4V) oxytocin (OT) administra-
tion during early-light cycle on interscapular brown adipose tissue (BAT)
temperature (T\gat) in male diet-induced obese (DIO) mice. A: Tigat Was
measured in mice that received acute 4V injections of OT (1, 5 pg/pL) or
vehicle (n=13/group). B: change in TgaT relative to baseline Tigat Was
measured in mice that received an acute 4V injection of OT (1, 5 pg/uL) or
vehicle (n=10/group). C: two-hour average Tgat following 4V injection of
OT (1, 5pg/uL) or vehicle. One-way repeated-measures ANOVA; data are
expressed as means + SE. *P < 0.05 vs. vehicle.

regulate SNS outflow to WAT (66-69) and express OTRs
[mice: (70, 71)/rats: (72-75)]. Bartness and coworkers (39, 76)
had speculated that EWAT may not be as prone to other lipo-
lytic factors such as glucoprivation, fasting, and cold expo-
sure, in part, because removal of this fat depot can
negatively impact spermatogenesis (77).

Although our findings do not differentiate a hindbrain
from spinal cord site of OT action in the regulation of BAT
thermogenesis or browning of WAT, functional and/or ana-
tomical data support both possibilities. Sutton et al. (27) have
published recent data to suggest that spinal cord OTRs could
be important in the control of BAT thermogenesis and EE in
Oxytocin-Ires-Cre mice. Recent anatomical data indicate the
existence of both shared and separate CNS circuits that con-
trol SNS outflow to IBAT and IWAT (78) in Siberian hamsters.
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In particular, parvocellular PVN (pPVN) OT neuronal cell
bodies have been found to project to IBAT (79, 80) (rats),
EWAT (67, 69) (Siberian hamsters, rats) and IWAT (67, 79)
(Siberian hamsters, rats), and a small subset of PVN OT neu-
rons overlap and project to both IBAT and IWAT (79) (rats).
OT neurons are thus anatomically positioned to control SNS
outflow to IBAT and IWAT to stimulate BAT thermogenesis
and browning of IWAT, respectively. This could occur, in
part, through direct descending projections to the hindbrain
NST (81, 82) and/or spinal cord (82), both of which may regu-
late SNS outflow to IBAT and WAT and are linked to the con-
trol of BAT thermogenesis (83, 84). Whether OTRs within the
NST, other hindbrain areas (including the raphe pallidus)
(34, 84-87) or spinal cord (27) contribute to the effects of 4V
OT on weight loss as well as BAT thermogenesis and brown-
ing of WAT remains to be determined.

Given the heterogeneity with respect to pPVN OT popula-
tions and outgoing projections to hindbrain or spinal cord,
targeting specific PVN OT neuronal populations or axonal
projections will be helpful in differentiating the roles of spe-
cific neuronal subsets that control food intake from those
that control SNS outflow to IBAT and IWAT to impact EE.
Current studies raise the possibility of species differences in
the anatomical origin (rostral versus caudal) of the more pre-
dominant descending pPVN OT neuronal projections to the
hindbrain. Specifically, the pPVN OT neurons that project to
the hindbrain NST are primarily located in the caudal pPVN
in rats (81). Although it remains to be determined if this is
also true in mice, there appear to be few OT projections from
the rostral pPVN to the NST in mice and those in the rostral
PVN appear to project to spinal cord (27). These findings
raise the possibility that parvocellular PVN OT neurons
located more caudally project to subsets of NST OTR-
expressing neurons in both mice and rats. It is also possible
that, in mice, pPVN OT neurons do not innervate the hind-
brain as heavily relative to rats, although studies provide
indirect evidence in support of such a projection in mice (57,
88-90) and suggest that caudal hindbrain OTR are important
in the control of energy balance in both mice (57, 88) and
rats (72-74, 91, 92).

Our findings raise the possibility that increased locomotor
activity may contribute, in part, to the elevated IBAT tem-
perature in these animals. Others have found that DREADD-
elicited activation of PVN oxytocin neurons in Oxytocin-
IRES-Cre mice resulted in a small increase in locomotor ac-
tivity, energy expenditure and subcutaneous IBAT tempera-
ture (27) in animals whose transponders were placed above
the IBAT pad. One study did show that acute OT administra-
tion into the ventromedial hypothalamus increased physical
activity in the rat model at 1-h postinjection (REF) but these
effects failed to match the more extended effects of OT on
Tsat that we have found following CNS administration in
rats (10) and mice (10). We and others have also found that
chronic lateral ventricular or third ventricular (3V) OT, at a
dose that reduces body weight and elevates Tigat, did not
impact locomotor activity in DIO rats (6, 10, 17). Maejima et
al. (8) have also demonstrated that systemic administration
of OT also failed to impact locomotor activity at a dose that
reduced body weight in DIO mice. In addition, Carson et al.
(93) found that systemic administration of OT reduced meth-
amphetamine-elicited elevations in locomotor activity in

R483

Downloaded from journals.physiology.org/journal/ajpregu at Univ of California Davis (169.237.106.105) on August 23, 2021.


http://www.ajpregu.org

¢)) HINDBRAIN OXYTOCIN INFUSION ELICITS WEIGHT LOSS IN DIO MICE

rats. Furthermore, systemic OT reduced locomotor activity
in rats and this effect was blocked following central adminis-
tration of an OTR antagonist (94). In addition, central deliv-
ery of OT was found to block the effects of central
administration of an OTR antagonist to increase locomotor
activity. Although the majority of studies suggest that OT ei-
ther has no impact or reduces locomotor activity, future
studies will be required in order to examine the extent to
which locomotor activity may contribute to the effects of
acute 4V on both Tigar.

Perspectives and Significance

Obesity is a growing health concern and increases the risk
for heart disease, hypertension, type 2 diabetes (T2D), can-
cer, and overall morbidity and mortality, including that
from COVID-19 infection (95-100). Obesity rates have
reached epidemic proportions in the US and worldwide.
According to the National Center for Health Statistics, obe-
sity prevalence (age-adjusted) between 1999-2000 and 2017-
2018 has increased in adults from 30.5% to 42.4% (101).
Nearly 73 million people in the United States alone are con-
sidered overweight or obese (102, 103) and the projected
health care costs to treat the medical consequences of obe-
sity is 147 billion dollars (104). In addition to these alarming
statistics, current anti-obesity medications are often poorly
tolerated and associated with adverse side effects [including
nausea and insomnia (105)], thus highlighting the need for
new and more effective treatments.

Our findings demonstrate that hindbrain OT adminis-
tration reduces energy intake and increases BAT thermo-
genesis leading to the reduction of body weight and fat
mass without eliciting a reduction in lean mass in a
mouse model. Moreover, these effects were not associated
with increased consumption of kaolin suggesting that
hindbrain OT treatment is not associated with visceral ill-
ness in our mouse model. In addition, they confirm that
optimal effects for OT delivery may be achieved when OT
is administered during the early- to mid-light cycle which
is consistent with the recent findings from Zhang and Cai
(24). It will be important to address the extent to which
OT-elicited activation of SNS outflow to BAT is required
for OT to elicit weight loss. Given the positive findings in
male DIO mice and the recently reported anti-obesogenic
effects in response to systemic OT treatment in female
DIO mice (7), future studies should also address the
extent to which hindbrain administration reduces body
weight and adiposity in female DIO mice.
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