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Peptides derived from the proopiomelanocortin (POMC) precursor are critical for the normal reg-
ulation of many physiological parameters, and POMC deficiency results in severe obesity and
metabolic dysfunction. Conversely, augmentation of central nervous system melanocortin func-
tion is a promising therapeutic avenue for obesity and diabetes but is confounded by detrimental
cardiovascular effects including hypertension. Because the hypothalamic population of POMC-
expressing neurons is neurochemically and neuroanatomically heterogeneous, there is interest in
the possible dissociation of functionally distinct POMC neuron subpopulations. We used a Cre
recombinase-dependent and hypothalamus-specific reactivatable PomcNE® allele to restrict Pomc
expression to hypothalamic neurons expressing leptin receptor (Lepr) in mice. In contrast to mice
with total hypothalamic Pomc deficiency, which are severely obese, mice with Lepr-restricted Pomc
expression displayed fully normal body weight, food consumption, glucose homeostasis, and lo-
comotor activity. Thus, Lepr” POMC neurons, which constitute approximately two-thirds of the
total POMC neuron population, are sufficient for normal regulation of these parameters. This
functional dissociation approach represents a promising avenue for isolating therapeutically rel-

evant POMC neuron subpopulations. (Endocrinology 156: 1292-1302, 2015)

he proopiomelanocortin (Pomic) gene encodes a pro-
Tpeptide that is processed posttranslationally into a
number of bioactive peptides, including ACTH, a-, B-,
and y-MSH and B-endorphin (1). Within the brain, Pownic
is expressed principally in the arcuate nucleus of the hy-
pothalamus. POMC peptides regulate multiple physiolog-
ical parameters including appetite, energy expenditure,
glucose homeostasis, lipid metabolism, blood pressure
(BP), and heart rate (2—8). The critical physiological role
of the Pomc gene and its peptide products is demonstrated
by the striking obesity and metabolic dysfunction result-
ing from loss-of-function mutations of Pomc in humans

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in U.S.A.

Copyright © 2015 by the Endocrine Society
Received May 7, 2014. Accepted January 8, 2015.
First Published Online January 16, 2015

1292 endo.endojournals.org

Endocrinology, April 2015, 156(4):1292-1302

and mice (9, 10). These effects are mediated by hypotha-
lamic neurons expressing Pomic because they can be reca-
pitulated by the hypothalamus-specific disruption of
Pomc expression (11, 12). Conversely, melanocortin aug-
mentation causes reduced food consumption, increased
energy expenditure, and loss of body weight (13-15).
However, melanocortin augmentation also causes poten-
tially adverse physiological effects, including hyperten-
sion, tachycardia, and increased sexual drive (4, 5,
16-20).

Hypothalamic POMC neurons are heterogeneous in
several respects. They differ from one another in their ex-

Abbreviations: AUC, area under the curve; BP, blood pressure; CLAMS, comprehensive lab
animal monitoring system; GFP, green fluorescent protein; 5-HT,¢R, serotonin 2C recep-
tor; IR, immunoreactivity; LEPR, leptin receptor; MC4R, melancortin 4 receptor; NTS, nu-
cleus of the solitary tract; POMC, proopiomelanocortin; pSTAT3, phosphorylation of signal
transducer and activator of transcription 3; RER, respiratory exchange ratio; VCO,, CO,
production; VO,, O, consumption.
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pression of the neurotransmitters glutamate, y-aminobu-
tyric acid, and acetylcholine as well as the receptors for
leptin, insulin, and serotonin (21-25). Furthermore, dif-
ferent hypothalamic POMC neurons appear to project to
distinct target sites within the brain and spinal cord (26—
30). The neurochemical and neuroanatomical heteroge-
neity of POMC neurons, combined with their broad func-
tional repertoire, has led to the postulation of functionally
distinct POMC neuron subpopulations. Functional disso-
ciation of these subpopulations may have therapeutic sig-
nificance. For example, selective activation of POMC neu-
rons or the melanocortin receptors driving hypophagia,
increased energy expenditure, and weight loss without si-
multaneous activation of the subset of POMC neurons or
receptors driving hypertension, tachychardia, and sexual
arousal might be therapeutically beneficial.

In this study, we used a hypothalamus-specific null re-
activatable Pomc allele to restrict hypothalamic Pomic ex-
pression to neurons expressing the leptin receptor (Lepr)
in mice. Leptin is an adipokine hormone that conveys a
feedback signal from adipose tissue and coordinates en-
ergy balance and metabolism, partly by direct engage-
ment of LEPR on POMC neurons (31, 32). This ap-
proach provides a means to probe the specific function
of the Lepr™ POMC neuron subpopulation and serves
as a blueprint for further functional dissociation of
POMC neuron subpopulations.

Materials and Methods

Animals

PomcREP | Pomn PP, Lepr©™, and Pomc™E© mice were
generated and propagated as previously described on a C57BL/6] ge-
netic background (12, 25, 31, 33). The Pomc®***P and Pomc™c™
transgenes have their respective fluorescent protein cDNA, Sim-
ian virus 40-polyA signal and transcriptional stop sequence in-
serted into the 5’ untranslated end of Pomc exon 2 at position
+3.2 kb between the intron/exon splice junction and the ATG
start codon for POMC translation. The 22.3 kb Pomc™“F" trans-
gene includes all genomic sequences from —13.3 kb to +8.0 kb
relative to the transcriptional start site in exon 1. Subsequent to
generating the Pomc"“** mice, we determined that sequences
between —6.8 and —2.1 kb and between +3.2 and +8.0 kb were
not necessary for hypothalamic neuron-specific gene expression;
therefore, these sequences were deleted to simplify construction
of the 13.3 kb Pomc®®<d transgene. Our published data indicate
that the individual transgenic strains each have greater than 90%
coexpression with endogenous POMC in the arcuate nucleus
(25, 31, 34). Supplemental Figure 1 shows the colocalization of
native Discosoma sp. (ds) Red fluorescence and POMC immu-
noreactivity in a complete set of serial coronal sections through-
out the rostrocaudal length of the medial basal hypothalamus of
a Pomc®REP mouse. Lepr®Y'P mice were generated in like man-

ner to Lepr™“F* mice (35) but using a Rosa®**" instead of Ro-
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saPSFP reporter mouse line (Jackson Laboratory). All mice were
genotyped by PCR using genomic DNA obtained from tail sam-
ples and specific oligonucleotide primer pairs. Only female com-
pound heterozygous Lepr“™*; Pomc™E’* mice bred to male
Pomc™NEC" mice were used for the production of Pomc ¥R mice
because transmission of the two alleles by male breeders uni-
formly yielded widespread somatic recombination instead of the
desired specificity in Lepr neurons.

The mice were group housed, except where noted, in venti-
lated cages under controlled light (12 hours on/12 hours off) and
temperature (21.5-22.5°C) conditions with ad libitum access to
drinking water and laboratory chow containing 28.0% kcal pro-
tein, 12.1% kcal fat, and 59.8% kcal carbohydrate. All exper-
iments were conducted under approved Institutional Animal
Care and Use Committee protocols and followed the Public
Health Service guidelines for the humane care and use of exper-
imental animals.

Immunohistochemistry

Mice were deeply anesthetized with tribromoethanol and
transcardially perfused with 10% sucrose followed by 4% para-
formaldehyde. Brains were extracted, postfixed in 4% parafor-
maldehyde overnight at 4°C, and then cryoprotected in 30%
sucrose in PBS overnight at 4°C. Brains were sectioned either
sagitally or coronally on a freezing microtome (Leica SM2010R)
at 30 wm thickness. For dual immunofluorescence, free-floating
sections were blocked with 1% normal goat serum and 0.1%
Triton X-100 for 1 hour. Sections were then incubated with
primary antibodies at room temperature overnight [rabbit anti-
POMC, 1:1000; Phoenix Pharmaceuticals; chicken anti-green
fluorescent protein (GFP), 1:1000; Abcam; rabbit anti-dsRED,
1:1000; Clontech]. After PBS washes, sections were incubated
with goat secondary antibodies (conjugated to fluorescein iso-
thiocyanate or Alexa Fluor 568) for 2 hours at room tempera-
ture, washed again, and mounted on gelatin-coated slides. Slides
were air dried and coverslipped with polyvinyl alcohol mounting
medium (Sigma).

For immunohistochemical labeling of phosphorylation of sig-
nal transducer and activator of transcription 3 (pSTAT3), a sim-
ilar protocol was followed but, prior to blocking, endogenous
peroxidase activity was depleted with 1% H,O, in PBS for 30
minutes. A rabbit-anti-pSTAT3 primary antibody (1:250; Cell
Signaling) was used followed by a biotinylated donkey anti-rab-
bit secondary antibody (1:250; Jackson ImmunoResearch). For
detection, the Vectastain ABC kit (Vector Labs) was used, fol-
lowed by development with the metal enhanced diaminobenzi-
dine substrate kit (Thermo Scientific). Slides were dehydrated
and coverslipped with dibutyl phthalate in xylene (DPX). Re-
combinant mouse leptin, a generous gift from Amylin, Inc, was
suspended in PBS and administered as a single ip injection of 5
mg/kg body weight 30 minutes prior to perfusion for immuno-
histochemical detection of pSTAT3.

Sections were imaged on a Nikon 90i fluorescence micro-
scope for quantitative analysis and a Leica SP5 confocal micro-
scope for representative images. Black pSTAT3 diaminobenzi-
dine labeling was false colored for display purposes. For
quantitative analysis, four different sections of each brain nu-
cleus per animal were counted. Fiber density analysis was auto-
mated in Nikon Elements software by thresholding signal within
a region of interest and quantifying the density of thresholded

The Endocrine Society. Downloaded from press.endocrine.org by [${individua User.displayName}] on 12 June 2015. at 14:12 For persona use only. No other uses without permission. . All rights reserved.


http://press.endocrine.org/doi/suppl/10.1210/en.2014-1373/suppl_file/en-14-1373.pdf

1294 Lam et al Pomc Reexpression in Lepr* Neurons

signal as described previously (34). A minimum of four mice per
genotype/treatment combination were analyzed.

Physiological assessment

For glucose tolerance tests (n = 5-9 per group), mice were
fasted overnight (5:00 pM to 9:00 Am). Mice were injected ip with
2 g/kg dextrose. Blood glucose levels were monitored in tail
blood with an AlphaTRAK 2 glucose meter (Abbott Laborato-
ries). Area under the curve was calculated with fasting glucose as
the baseline. For insulin tolerance tests (n = 4—8 per group), mice
were fasted for 6 hours (9:00 AM to 3:00 pm) and then injected ip
with 0.5 U/kg Humulin R human insulin (Eli Lilly). Blood glu-
cose levels were monitored in tail blood as above. For the analysis
of fasting plasma insulin (n = 3-10 per group), tail blood was
collected and centrifuged at 4000 rpm for 15 minutes. Plasma
supernatant was collected and the Ultra Sensitive mouse insulin
ELISA kit (Crystal Chem) was used to quantify insulin content.

For automated metabolic assessment (n = 8 per group), an-
imals were first acclimated to single housing in home cages for 1
week and then tested in the comprehensive lab animal monitor-
ing system (CLAMS) apparatus (Columbus Instruments) for 72
hours. O, consumption (VO,), CO, production (VCO,), X ac-
tivity, and Z activity were collected in 20-minute bins. The final
24 hours of recordings are presented. Subsequent to CLAMS
analysis, body composition was measured by nuclear magnetic
resonance (Mini-Spec LF90II; Bruker Optics). Cardiovascular
function (n = 5-8 per group) was measured with a noninvasive
tail cuff plethysmographic recording system (II'TC Life Science).

For d-fenfluramine administration studies, male mice (6—7
per group) were acclimated to individual housing for 1 week and
to ip injections of 0.9% saline for 2 days and then fasted over-
night. Mice were injected ip with 0.9% saline or 5 mg/kg d-
fenfluramine (Tocris). Food was provided immediately after
injection and consumption was measured after 1 hour. The ex-
perimental design was within subjects, with each mouse ran-
domized to receive either saline or d-fenfluramine on the first test
day and the opposite treatment on the second test day, with at
least 5 days in between each treatment.

Statistical analysis

Differences in Lepr/Pomc coexpression across different ana-
tomical levels were analyzed by ANOVA. For immunohisto-
chemical cell counts and fiber densities, Pomc™™™ mice were
compared with Pomc™ T mice by a two-tailed ¢ test. For physi-
ological parameters lean mass, fat mass, food intake, fasting
plasma insulin, glucose tolerance test area under the curve
(AUC), insulin tolerance test AUC, oxygen consumption, respi-
ratory exchange ratio, X activity, Z activity, systolic BP, and
heart rate, Pormc™E© and Pomc™*"® groups were independently
compared with Pomc¥" by a two-tailed ¢ test. Food consump-
tion in response to d-fenfluramine was analyzed by repeated-
measures ANOVA with genotype and drug treatment as the
independent variables. For all comparisons, P < .05 was con-
sidered significant.

Results

Lepr is expressed in a majority of hypothalamic
POMC neurons

Robust detection of endogenous Lepr transcript or
LEPR protein in neurons has proven challenging (36, 37).
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To circumvent this problem, we used Lepr*¥*" reporter

mice. In an additional approach, we used immunoreac-
tivity for leptin-induced pSTATS3 as a sensitive readout of
cell-autonomous LEPR activity (38). To identify POMC
neurons, we used either POMC precursor immunoreac-
tivity (IR) or two previously validated transgenic reporter
lines, Pomc®™REP mice (25, 34) and Pormc®“*F mice (31).
Supplemental Figure 1 shows the overlap of POMC im-
munoreactivity and native dsRed fluorescence in a com-
plete series of coronal sections throughout the rostrocau-
dal extent of the hypothalamus from a Poc4sREP

We combined these Lepr and Pomic detection methods in
five different permutations and observed that 50%-80%
of hypothalamic POMC neurons express Lepr, with the
exact proportion dependent on the detection methods
used (Figure 1). Furthermore, we observed no regional
variation in Lepr/Pomc coexpression along the rostral-
caudal axis of the arcuate nucleus (Figure 1, B and C). For
visualization of the reference level at —1.34 mm relative to
bregma, see panel D.v in Supplemental Figure 1. In addi-
tion to the hypothalamus, a small population of neurons
in the nucleus of the solitary tract (NTS) in the caudal
medulla expresses Pomic (39). We also observed hetero-
geneity in these neurons, with 30%-40% of them coex-
pressing Lepr (Figure 1E).

mouse.

Restricted expression of hypothalamic Pomc in
Lepr neurons

To achieve subpopulation-restricted hypothalamic Pormic
expression, we used a hypothalamus-specific null reac-
tivatable Pomc™NE© allele (12). This allele carries a loxP-
flanked neomycin resistance transcription-blocking
cassette knocked into the hypothalamic Pomic neuron-spe-
cific enhancer region located 10-12 kb upstream of the
transcriptional start site. Homozygous Pomc™NE© mice
have unaltered pituitary and brainstem Pomic expression
but almost undetectable hypothalamic expression (12).
Cre-mediated excision of the cassette leads to eutopic ex-
pression of the mutant Pomc allele in POMC neurons lo-
cated in the arcuate nucleus (Figure 2A).

To achieve the reactivation of Pomic specifically in the
subpopulation of Lepr-expressing POMC neurons, we
used Lepr“™ mice (33). These mice contain a Cre recom-
binase sequence preceded by an internal ribosome entry
site knocked in to the LepRb (long form)-specific exon 18
of the Lepr gene. We intercrossed Lepr©™ NEO
mice to generate the following three experimental geno-
types used in our studies: 1) Lepr™ " ;Pomc '™ (Pomc™'™)
mice, which served as positive controls with full eutopic
Pomec expression; 2) Lepr™’*;PomcNEO™NEC (Poyn NEC)
mice, which served as negative controls with a complete ab-

sence of hypothalamic Pomc expression; and 3) Lepr“™/*;

and Pomic
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amygdala and periaqueductal gray.
Pomc PR mice had significantly re-
duced POMC-IR fiber density in
most forebrain areas. Interestingly,
there was a trend for Lepr” neuron-
restricted Pormic expression to restore
fiber density closer to full wild-type
levels in the central nucleus of the
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Figure 1. A majority of hypothalamic POMC neurons coexpress Lepr. A, Representative dual-
labeling images of 8-week-old mice showing that some POMC neurons (red) coexpress Lepr
(green), resulting in a yellow/orange signal (solid arrowheads), whereas others do not (open
arrowheads). Both rostral (—1.46 mm from bregma) and caudal (—1.94 mm from bregma)
images of the arcuate nucleus are shown for each combination of labeling techniques. Scale bar,
100 wm. 3V, third ventricle. B and C, Quantification of Lepr expression in POMC neurons at
different coronal levels of the hypothalamus, based on labeling Lepr and Pomc, respectively, with
PSTAT3 and Pomc®REP (B) or with Lepr®"™ and Pomc®REP (C) (n = 4). D and E, Quantification of
Lepr expression in POMC neurons throughout the hypothalamus (D) and NTS (E) using different
combinations of labeling techniques (n = 4). Data presented as mean = SEM.

NEO/NEO ( LEPR)

Pomc Pomc mice, which were expected to
express Pomc eutopically only in the Lepr ™ subpopulation
of arcuate POMC neurons.

POMC neurons in the hypothalamus send efferent pro-
jections to multiple forebrain areas as well as the midbrain
periaqueductal gray (Figure 2B). Pomc™ ™ mice had ap-
proximately 67% as many hypothalamic POMC-IR neu-
rons as Pomc™ 7T
POMC neurons normally expressing Lepr (Figure 2, C
and D), whereas POMC-IR was completely absent in
Pomc™EC mice (Figure 2C, middle panel).

We assessed the anatomical distribution of POMC-IR
WT LEPR

mice, consistent with the proportion of

efferents throughout the brain in Pomc™ * and Pomic
mice and analyzed the density of these POMC-IR fibers by
semiquantitative immunofluorescence in all brain regions
in which they were detectable (Figure 2, E-G). In Pomc™' "
mice, there was a clear trend of declining POMC-IR fiber
density from more medial-rostral to more lateral or caudal
regions (Figure 2F). For example, the preoptic area had
approximately 7 times greater fiber density than the

velop severe obesity due to the ab-
sence of hypothalamic Pomic expres-
sion (males: Figure 3, A and B;
females: Figure 4, A and B). Resto-
ration of Pomc expression only to
Lepr™ neurons, which constitute ap-
proximately 67 % of the total POMC
neuron population, was sufficient to
completely normalize body weight
and body composition (males: Fig-
ure 3, A and B; females: Figure 4, A and B). The hyperpha-
gia of Pomc™E©
of Pomc expression to Lepr" neurons (Figure 3C). Despite
the development of marked hyperinsulinemia and insulin

resistance (males: Figure 3, D-F; females: Figure 4, C-E),
NEO

mice was also normalized by restoration

Pomc mice were only mildly, if at all, glucose intol-
erant (males: Figure 3, G and H; females: Figure 4, F and
G). Restoration of Pomc expression only to Lepr™ neu-
rons was sufficient to normalize insulin levels, insulin sen-
sitivity, and glucose homeostasis (males: Figure 3, D-H;

females: Figure 4, C-G).

Lepr-restricted Pomc expression normalizes
locomotor activity

We analyzed the metabolism and behavior of Pomc™ T,
Pomc™NFO, and Pomc"*P® mice at age 10 weeks in the
CLAMS. We did not detect any significant differences be-
tween genotypes in their 24-hour oxygen consumption
normalized to lean mass (although there was a small re-
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Figure 2. Partial restoration of Pomc expression in Pomc-t"% mice. A, Generation of Pomc-t"R mice. Lepr™"® mice were crossed with Pomc“E° mice to
selectively restore Pomc expression to Lepr* neurons. B, Schematic of efferent projections from POMC neurons. Thickness of lines indicates relative
density of efferent fibers in target region. C, Representative images of POMC-IR in hypothalamus (sagittal sections, 8 wk old mice) of experimental
genotypes. Scale bar, 100 um. D, Quantification of hypothalamic POMC-IR perikarya from coronal sections (n = 4). E, Representative images of POMC-IR
efferent fibers in target regions (sagittal sections, 8 wk old mice). Scale bar, 100 um. F, Quantification of POMC-IR efferent fiber density in target regions
(n = 4). G, Pomc**™® data from panel F expressed relative to Pomc"" fiber density. Data are presented as mean + SEM. *, P < .05. ac, anterior
commissure; AMG, amygdala; BST, bed nucleus of the stria terminalis; BSTMV, medial ventral bed nucleus of the stria terminalis; CeA, central amygdaloid
nucleus; LPAG, lateral periaqueductal gray; LPO, lateral preoptic area; LV, lateral ventricle; ox, optic chiasm; PAG, periaqueductal gray; PaLM, lateral
magnocellular paraventricular hypothalamic nucleus; POA, preoptic area; PT, paratenial thalamic nucleus; PVA, anterior paraventricular thalamic nucleus;
PVH, paraventricular hypothalamic nucleus; PVT, paraventricular thalamic nucleus; Re, reuniens thalamic nucleus; st, stria terminalis; 3V, third ventricle;

4V, fourth ventricle.
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Figure 3. Normalized energy balance and glucose homeostasis in
male Pomc‘t"R mice. A, Body weight (n = 8—12). B, Body composition
measured by NMR at age 8 weeks (n = 8). C, Twenty-four-hour food
intake at age 32 weeks (n = 4-6). D, Fasting plasma insulin at age 32
weeks (n = 3-7). E and F, Insulin tolerance test, showing blood
glucose levels over time (E) and calculated AUC (F) at age 32 weeks

(n = 6-8). G and H, Glucose tolerance test at age 5 weeks, showing
blood glucose levels over time (G) and calculated AUC (H) (n = 5-9).
Data are presented as mean = SEM. *, P < .05, ***, P < .001
compared with Pomc™".

duction in female Pomc™F© mice during the dark period

only that was not normalized in Pomc"*"® mice) (males:
Figure 5A; females: Figure 6A), or in their respiratory ex-
changeratio (RER) during the dark or light periods (males:
Figure 5B; females: Figure 6B). However, locomotor ac-
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Figure 4. Normalized energy balance and glucose homeostasis in
female Pomcc"® mice. A, Body weight (n = 5-8). B, Body composition
measured by NMR at age 8 weeks (n = 8-10). C, Fasting plasma
insulin at age 32 weeks (n = 4-10). D and E, Insulin tolerance test,
showing blood glucose levels over time (D) and calculated AUC (E) at
age 32 weeks (n = 4-7). F and G, Glucose tolerance test at age 5
weeks, showing blood glucose levels over time (F) and calculated AUC
(G) (n = 6-9). Data are presented as mean = SEM. *, P < .05, **, P <
.01, ***, P < .001 compared with Pomc*T.

tivity in both the horizontal and vertical axes was signif-
icantly reduced in Pomc™NE© mice and fully restored in
Pomc"**® mice of both sexes (males: Figure 5, C and D;
females: Figure 6, C and D). We did not detect any dif-
ferences between genotypes in systolic BP or heart rate
(males: Figure 5, E and F; females: Figure 6, E and F). The
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Figure 5. Indirect calorimetry, locomotor activity, and cardiovascular function in male Pomc-=™ mice. A,
VO, normalized to lean mass. B, RER (VCO,/N/O,). C, Horizontal activity. D, Vertical (rearing) activity [n = 8
for CLAMS data (age 10 wk)]. E, Systolic BP. F, Heart rate [n = 5-6 for cardiovascular function (age 6 wk)].

Data are presented as mean =+ SEM. *, P < .05 compared with Pomc*V".

latter studies were repeated at age 32 weeks in male mice and
were very similar (data not shown). Therefore, Pormc™F© mice
are apparently inappropriately normotensive, given their severe
obesity and insulin resistance.

Mice with Lepr-restricted Pomc expression retain
anorexic sensitivity to serotonergic stimulation

It has previously been suggested, on the basis of elec-
trophysiological responses, that leptin-responsive (Lepr
expressing) POMC neurons form a distinct population
from serotonin-responsive POMC neurons (40). Further-
more, it has been shown that the anorectic response to the
serotonin-releasing drug d-fenfluramine is strongly depen-
dent on serotonin 2C receptors (5-HT,R) expressed on
POMC neurons (41-43).

To investigate the effects of Lepr-restricted Pomic ex-
pression on the anorectic response to serotonergic stimu-
lation, we treated Pomc¥ T and Pomc "R mice with the
serotonin-releasing drug d-fenfluramine. We observed
that the anorectic response to d-fenfluramine was intact in
Pomc"**® mice (Figure 7).

Discussion

Using complementary neuroanatomical labeling techniques
based on lineage tracing of Lepr“™ expression, cell-autono-

tin administration rather than Lepr
localization or pSTAT3 signaling and
found somewhat different results de-
pendent on the method. Their highest
degree of leptin responsiveness in

PomchrGFP

neurons (67%) was in the middle to more
caudal arcuate nucleus and most in agreement with our
results. We found no POMC neurons in the most rostral
retrochiasmatic area (levels —0.94 mm to —1.16 mm
from bregma) of our mice by either POMC immunore-
activity or native dsRed fluorescence, which might also
account for some discrepancies. However, the number
and distribution of POMC neurons appeared to be sim-
ilar to that described by Williams et al (22) at more
caudal levels from —1.34 mm to —2.30 mm from
Bregma. Intracellular signaling cascades, such as the
STAT3 pathway, are not necessarily directly coupled to
electrophysiological changes (and vice versa), and it re-
mains unclear which effects of leptin are more impor-
tant functionally. Nevertheless, in this study Lepr ex-
pression was used as a genetic delineation marker rather
than a critical functional determinant.

However, the pattern of POMC-immunoreactive effer-

ent fibers that remains intact in Pomc TR

mice, which
express Pomc only in Lepr™ neurons, indicates that the
subpopulation of Lepr™ POMC neurons projects to all
efferent targets of POMC neurons to some degree. This is

in agreement with a recent report which showed that ef-
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Figure 6. Indirect calorimetry, locomotor activity, and cardiovascular function in female
Pomc-¥"R mice. A, VO, normalized to lean mass. B, RER (VCO,/VO,). C, Horizontal activity. D,
Vertical (rearing) activity [n = 8 for CLAMS data (age 10 wk)]. E, Systolic BP. F, Heart rate [n =
6—8 for cardiovascular function (age 6 wk)]. Data are presented as mean = SEM. *, P < .05

compared with Pomc™".

ferents from Lepr " neurons express POMC-IR in all re-
gions innervated by POMC-IR efferents (46). Neverthe-
less, the extent of POMC-IR efferent restoration in

Pomc"™ ™R mice indicated that Lepr* POMC neurons proj-
@ 1.5
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Figure 7. Anorectic responses to d-fenfluramine. Male mice (n = 6—
7) were fasted overnight and then injected ip with 0.9% saline or 5
mg/kg d-fenfluramine. Mice were immediately provided with food,
and total intake was measured after 1 hour. Data are presented as
mean = SEM. F(1,11) = 56.33 (P < .0001, main effect of treatment).
There was no significant main effect of genotype or an interaction
between treatment and genotype). ***, P < .001 compared with
saline (Bonferroni’s multiple comparisons test). FEN, d-fenfluramine;
SAL, saline.
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ect with some proportional selectiv-
ity to more lateral and caudal target
areas.

It has previously been shown that
mice with hypothalamus-specific
Pomc deficiency develop severe hy-
perphagia, hypolocomotion, and obe-
sity (11, 12), and our assessment of
PomcNF© mice replicated these phe-
notypes. We also found severe hyper-
insulinemia and reduced insulin sensi-
tivity in the Pomc™*© mice compared
with wild-type mice, but mild if any
glucose intolerance. The Pomc ™R
mice were fully normalized in all these
parameters, indicating that POMC-
derived peptides synthesized in Lepr™
neurons are sufficient to maintain
these parameters within the normal
physiological range. Nonetheless, it re-
mains possible that a more subtle or

Y cryptic function of POMC peptides re-
6‘8 leased from the minority of POMC neu-
<° rons that do not express LEPR could be

revealed by the appropriate physiologi-
cal or environmental challenge to the
Pomc" PR mice.

There is a strong association be-
tween obesity and hypertension in
humans (47), and mice with diet-in-
duced obesity also become hypertensive (48). Previous
studies in humans have shown that patients deficient in
melancortin 4 receptor (MC4R), a principal brain recep-
tor for POMC-derived peptides, develop severe obesity
but are protected from obesity-associated hypertension (4,
49). The mechanism for this protective effect appears to be
related to reduced sympathetic nervous system activity in
MCA4R-deficient patients (4). Indeed, POMC-derived pep-
tides appear to promote hypertension via MC4R-medi-
ated sympathetic activation (50). We observed that se-

O

verely obese Pomc™F© mice, in contrast to earlier reports

in diet-induced obese mice (48), did not develop hyper-
tension. However, to clearly demonstrate that PomcNE©
mice are protected from obesity-associated hypertension,

NEO mice with

further studies directly comparing Pomic
diet-induced obese wild-type mice are needed. Similarly,
conclusively determining whether Lepr™ POMC neurons
are involved in regulating the cardiovascular system

LEPR mice are

would require assessment of whether Pomic
protected from hypertension when they develop diet-in-

duced obesity.
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We observed that PomctFPR

sive to the serotonin-releasing drug d-fenfluramine. It is
unclear whether this response was mediated by the re-
maining intact POMC neurons or by non-POMC neu-
rons. However, in previous studies, mice null for 5-HT, R

mice are still fully respon-

receptor had significantly blunted anorectic response to
d-fenfluramine, and full responsivity was restored by re-
expressing 5-HT,R only in POMC neurons (41, 42). In
follow-up studies, deletion of 5-HT, R only from POMC
neurons was sufficient to abolish the anorectic response to
d-fenfluramine (43). Furthermore, our recent study dem-
onstrated that obese Pomc™NF© mice are totally resistant to
the anorexic actions of d-fenfluramine as well as the se-
rotonin/norepinephrine reuptake inhibitor sibutramine
(51). Taken together with our current data demonstrating
conserved d-fenfluramine action in Pomc™ "8 mice, it ap-
pears likely that there is a functionally significant overlap
of 5-HT, R and LEPR expression in a subpopulation of
POMC neurons.

This conclusion disagrees with a previous study based
on electrophysiological recordings indicating that 5-HT, R
and LEPR are expressed on distinct subpopulations of
POMC neurons (40). The reason for these discrepant
results is not known, but several possibilities can be
considered. First, there may well be functional readouts
of 5-HT, R and LEPR action on POMC neurons in vivo
that are not reflected in the changes in membrane po-
tential and excitability measured by patch-clamp anal-
ysis. The study by Sohn et al (40) did not exclude co-
localization of the two receptors in POMC neurons
by an alternative method such as dual-label in situ hy-
bridization. Furthermore, the study by Sohn et al (40),
and another by Williams et al (22), which identified
distinct leptin- and insulin-responsive subpopulations
of POMC neurons, respectively, relied on the identifi-
cation of the POMC neurons in slices by fluorescence of

a PomchrGFP

transgene. A significant portion of the re-
corded neurons in each study that provided evidence for
distinct subpopulations was located in the most rostral
retrochiasmatic area around position —0.94 mm from
Bregma in which we have been unable to identify POMC
neurons by either immunohistochemistry for POMC
peptides or expression of fluorescent reporters in the
Pomc¥*®d mice or PomcE™" mice. Finally, it is possible
that the lineage marker Lepr©™ transgene is transiently
expressed developmentally in some POMC neurons
that subsequently turn off Lepr expression at later time
points. Such a scenario is difficult to completely exclude
but could in principle be responsible for the Pomic re-
activation in some 5-HT, R POMC neurons of our

Pomc PR mice.

Endocrinology, April 2015, 156(4):1292-1302

In summary, we have shown that mice with hypo-
thalamus-specific Pomic deficiency develop severe obe-
sity. Restoration of Pomic expression only to the subset
of potential POMC neurons that are Lepr ™, approxi-
mately 67% of the total, is sufficient to fully normalize
food intake, body weight, and locomotor activity.
These findings indicate that Lepr ™ POMC neurons may
selectively regulate these parameters and consequently
may represent a valuable, highly specific, therapeutic
target. Further experiments are required to elucidate the
role of the Lepr~ POMC neurons and which subpopu-
lations mediate the other effects of POMC-derived pep-
tides, including those on cardiovascular and sexual
function. The novel hypothalamus-specific null reacti-
vatable Pomic allele we used here represents an invalu-
able tool for functional dissociation of POMC neuron
subpopulations.
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