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Leptin receptor expression in hindbrain
Glp-1 neurons regulates food intake
and energy balance in mice

Michael M. Scott, Kevin W. Williams, Jari Rossi, Charlotte E. Lee, and Joel K. EImquist

Division of Hypothalamic Research, Departments of Internal Medicine and Pharmacology,
The University of Texas Southwestern Medical Center, Dallas, Texas, USA.

Leptin is an adipose-derived hormone that signals to inform the brain of nutrient status; loss of leptin signaling
results in marked hyperphagia and obesity. Recent work has identified several groups of neurons that contrib-
ute to the effects of leptin to regulate energy balance, but leptin receptors are distributed throughout the brain,
and the function of leptin signaling in discrete neuronal populations outside of the hypothalamus has not
been defined. In the current study, we produced mice in which the long form of the leptin receptor (Lepr) was
selectively ablated using Cre-recombinase selectively expressed in the hindbrain under control of the paired-like
homeobox 2b (Phox2b) promoter (Phox2b Cre Lepr/*¥/flox mice). In these mice, Lepr was deleted from glucagon-
like 1 peptide-expressing neurons resident in the nucleus of the solitary tract. Phox2b Cre Lepr/**//lox mice were
hyperphagic, displayed increased food intake after fasting, and gained weight at a faster rate than wild-type
controls. Paradoxically, Phox2b Cre Lepr*¥/fx mice also exhibited an increased metabolic rate independent of a
change in locomotor activity that was dependent on food intake, and glucose homeostasis was normal. Togeth-

er, these data support a physiologically important role of direct leptin action in the hindbrain.

Introduction

Leptin, an adipocyte-derived hormone, circulates at concentrations
that reflect overall fat mass and informs the body of nutritional
status (1-3). Loss of leptin or leptin receptor expression, in both
humans and animal models (3-5), leads to a striking elevation in
food intake. This is accompanied by decreased sympathetic tone,
energy expenditure, locomotor activity, and body temperature that
produces marked obesity and alterations in glucose homeostasis.
Deletion of leptin receptors in the CNS recapitulates the effects
of leptin deficiency on metabolic homeostasis (6). In addition,
several studies have found that selective perturbation of leptin
action within populations of medial basal hypothalamic neurons
accounts for some of the effects of leptin in the regulation of ener-
gy balance (7-11). For example, leptin receptor deletion in pro-
opioid melanocortin (POMC) arcuate neurons and steroidogenic
factor 1 neurons in the ventromedial hypothalamus (VMH) pro-
duces modest obesity (7, 10). Interestingly, the metabolic altera-
tions observed in animals with these hypothalamic manipulations
of leptin expression were substantially less than those observed
in the global receptor null, suggesting that the actions of leptin
in the CNS are distributed across neuronal populations in addi-
tion to those in the hypothalamus. This is not surprising since
leptin receptor expression has been observed in nuclei outside of
the medial basal hypothalamus in cell populations implicated in
the regulation of food intake and metabolic rate (12-14).

In particular, leptin receptor expression in the nucleus of the sol-
itary tract (NTS) has been suggested to affect food intake through
the modulation of meal size as a result of the potentiation of the
gastric distention signal received from the vagus (15-18). In rats,
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leptin potentiates the NTS response to a gastric preload or to the
satiation signal cholecystokinin (CCK), increasing the food intake-
reducing actions of these stimuli. In agreement with these data,
many NTS neurons have been shown to be directly responsive to
leptin, resulting in changes in acute neuronal activity (19, 20).
However, the requirement of leptin action in the NTS in the con-
trol of food intake and metabolic homeostasis remains to be estab-
lished. Both the deletion of leptin receptor and the restoration of
receptor expression in specific hypothalamic nuclei have been
accomplished using cell type-specific Cre recombinase expressing
mouse lines (7, 8, 10), along with the use of virally delivered recom-
binase (21) and recombinant leptin receptor (22). In the current
report, we describe the use of a transgenic approach in targeting
leptin receptor-expressing populations of neurons outside of the
hypothalamus, through the development of what we believe to be
anovel Cre recombinase expressing mouse line that selectively tar-
gets populations of brainstem neurons expressing the transcrip-
tion factor paired-like homeobox 2b (Phox2b), including gluca-
gon-like 1 peptide (Glp-1) neurons of the NTS (23-26).

Results
Generation of the Phox2b Cre mouse line. Phox2b and its paralog Phox2a
are basic helix-loop-helix transcription factors expressed during
embryonic development that are required for the specification of
both parasympathetic and sympathetic neurons (24-28). An impor-
tant aspect of Phox2b expression is the presence of this transcrip-
tion factor in neurons that form autonomic loops in neurons that
form both the afferent and efferent arms of the autonomic nervous
system. We predicted that the use of Phox2b enhancer elements
would thus allow for gene expression exclusively in select neu-
rons of the autonomic nervous system. Of interest in the analysis
of leptin receptor function, Phox2b and leptin receptor are both
expressed in the NTS (13, 23, 24). Subsequently, we developed a
mouse line expressing Cre recombinase from the Phox2b locus of a
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Table 1
Summary of Phox2b Cre—activated lacZ expression

Line 1 Line 2 Line 3
NTS/DMV —/+++ 4+ 4+
Sympathetic ganglia - - -
Parasympathetic ganglia - - -
Enteric nervous system - - -
Sensory ganglia (DRG) - - -
Nodose +++ 4+ .
WAT/BAT - - -

Lung, liver, kidney - — _
Testes, thyroid, pancreas muscle - - -

All lines exhibited high levels of expression in the nodose. Expression in
the periphery was absent. All lines showed differences in NTS expres-
sion, with line 3 exhibiting the greatest level of expression of Phox2b

Cre lacZ (- indicates no expression, + indicates minimal expression, ++
indicates extensive expression, and +++ indicates expression in all cells).
Line 3 was subsequently used to delete Lepr from NTS neurons. DMV,
dorsal motor nucleus of the vagus nerve; DRG, dorsal root ganglion;
WAT, white adipose tissue; BAT, brown adipose tissue. No expression
was observed in the spinal cord (data not shown).

BAC to target the deletion of Lepr from the NTS. Injection of trans-
gene produced several independent founder lines, all of which had
variable expression of Cre-activated lacZ in the hindbrain (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI43703DS1). Importantly, no expression was
observed in the hypothalamus (Supplemental Figure 2). Further-
more, transgene expressing neurons also expressed Phox2b as shown
by in situ hybridization (Supplemental Figure 1). While all lines
showed expression in brachial and visceral motor neurons, along
with the sensory ganglia such as the nodose (Supplemental Figures
1 and 2 and Table 1), NTS expression differed markedly. We chose
the line with the greatest degree of NTS expression, as evidenced by
Cre-activated lacZ expression, line 3 (Supplemental Figure 1). Inter-
estingly, in all founder lines, peripheral expression was absent in the
parasympathetic and sympathetic ganglia along with the enteric
nervous system. Thus, the Phox2b Cre mouse lines described here
appear to be a useful tool in the investigation of gene function in the
hindbrain, as they permit hindbrain targeting in either the absence
(line 1) or presence (line 3) of NTS-directed recombination. An ini-
tial report of the use of the Phox2b Cre line 2 mice has recently been
published, demonstrating the utility of these animals in the selective
targeting of the autonomic nervous system (29).

Phox2b Cre selective deletion of Lepr in the NTS. Phox2b Cre mice were
crossed with Lepr¥/fex (flox) mice for the analysis of hindbrain
leptin receptor deletion. The resulting mice, Phox2b Cre Leprfiox/flex
(PC flox) and flox mice, were used in the analysis of hindbrain
NTS leptin receptor function. To confirm loss of leptin receptor

Figure 1

Quantification of Phox2b Cre deletion of Lepr in the hindbrain. Neurons
immunoreactive for phospho—STAT-3 were counted after a 12-hour
fast and leptin (5 mg/kg) given i.p. (A) Control flox mice showed sig-
nificantly more NTS STAT-3* cells than (B) the PC flox animals. aq,
aqueduct. (C) Phox2b Cre deletion resulted in a 60%—70% reduction
of phospho—STAT-3 expressing neurons (n = 4, P < 0.02). (D) GIp1
mRNA is expressed by the Phox2b Cre transgene expressing cells
(arrows). Scale bar: 100 um (A and B); 25 um (D).
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signaling in the NTS, we looked at the ability of leptin to induce
phosphorylation of STAT-3 (pSTAT-3), a selective marker of Lepr
activity (13). No change in pSTAT-3 in other regions of the brain,
including the hypothalamus, was observed. In contrast, a signifi-
cant decrease of leptin-induced pSTAT-3 was seen in the NTS in PC
flox versus flox mice, confirming the selective hindbrain deletion
of Lepr (Figure 1). Notably, unlike in the rat (30), wild-type nodose
expression of leptin receptor was undetectable (our unpublished
observations). This suggests that the leptin receptor deletion in the
Phox2b Cre flox animals occurs primarily in the NTS. These data
demonstrate the utility of the Phox2b Cre model system in perturb-
ing leptin signaling selectively in the NTS.

Characterization of NTS neurons targeted by Phox2b Cre. In order to
characterize the population of neurons targeted by the Phox2b
Cre transgene, we attempted to identify the neurochemical pheno-
type of subsets of neurons targeted by the Phox2b Cre transgene.
While our prior studies have shown that Lepr-expressing neurons
do not coexpress tyrosine hydroxylase (13), we examined Phox2b
Cre-lacZ colocalization with other hindbrain-expressed neuro-
peptides. Expression of the proopiomelanocortin-derived peptide
B-endorphin was not detected in the hindbrain. However, marked
colocalization with Glp-1 was observed (Figure 1D). These data
suggest that a primary target of the Phox2b Cre transgene is the
Glp-1 neuron, which also expresses leptin receptor.

Hindbrain neuronal Lepr activity defends against weight gain. Several
reports suggest leptin may be affecting body weight through
actions in the hindbrain (15-18, 31). To assess the requirement of
Lepr action in the appropriate regulation of body weight, we ana-
lyzed weight gain in mice with reduced Lepr expression in hind-
brain Glp-1 neurons. Deletion of Lepr in PC flox mice resulted in
an increase in rate of weight gain over a 28-week time period, as
determined by analysis of the rate of weight change over time when
compared with that of flox controls (Figure 2, P < 0.001). Notably,
no difference was observed between wild-type controls and Phox2b
Cre mice (Supplemental Figure 3), demonstrating that the Phox2b
Cre transgene itself has no effect on body weight homeostasis.
Body composition was not altered in 6-week-old mice (Figure 2).
At the end of the analysis, there was a trend toward increasing
body fat in PC flox mice, while lean body mass was similar between
genotypes (Figure 2, P < 0.10). These results reported here are in
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Figure 2

Phox2b Cre deletion of Lepr increases rate of weight gain. (A) Weights of PC flox and flox mice were followed over time on chow diet (n = 20).
Analysis of the rate of weight changes demonstrated a significant increase in rate of weight gain in the Lepr-deleted mice (95% confidence
interval: PC flox [slope, 0.6095 to 0.7058 g of body weight per week] versus flox [slope, 0.5089 to 0.5961 g of body weight per week], P < 0.001).
Individual data points suggest a trend toward significant difference in body weight at the end of the study (P < 0.07). (B) At 6 weeks of age, no
difference in body composition was observed. (C) A trend toward an increase in body fat percentage was observed at the end of the body weight
study, with PC flox—deleted mice showing an increase in adiposity (n = 10, P < 0.10).

agreement with those obtained in the rat using antisense knock
down of hindbrain leptin receptor (32). Similar to our data, rat
Lepr knockdown (32) resulted in an increase in body weight on
regular chow, confirming the role of NTS leptin receptor expres-
sion in the regulation of energy balance.

Lepr deletion increases weekly food intake and results in augmented
hyperphagia in a fasting-refeeding test. Leptin regulates energy balance
in part by the modulation of food intake. It has been suggested
that leptin may act in both the hypothalamus and hindbrain to
modulate feeding (7, 22). To determine the requirement of leptin
signaling in the NTS in the regulation of food consumption,
intake was monitored in PC flox mice and compared with that in
flox controls. Over a 7-day period, mice with a loss of Lepr ate sig-
nificantly more than controls (Figure 3A). As an independent mea-
sure of the action of leptin within the NTS, we next determined the
role of leptin action in the control of feeding after an 18-hour fast.
Several studies have demonstrated that leptin reduces the amount
of food consumed during the refeeding phase (reviewed in ref. 33),
illustrating the physiological relevance and potency of leptin in the
control of metabolic homeostasis. Following the fast, Lepr-null
mice displayed more hyperphagia when refed (Figure 3B), suggest-
ing leptin action is required not only for the regulation of food
intake in the fed state but also in the response to fasting as well.

Deletion of neuronal Lepr expression results in an elevation of metabolic
rate. The significant alteration in food intake, coupled with only a
mild increase in body weight, suggested that metabolic rate may
in fact be altered in the PC flox mice and would thus blunt the
effect of elevated food intake on body weight. Consistent with this
hypothesis, metabolic rate was significantly elevated in the dark
phase of the light cycle in hindbrain Lepr-deleted mice. This sug-
gests that the effect of an elevation in food intake resulting from
Lepr deletion primarily in NTS neurons is abrogated through the
elevation of metabolic rate (Figure 3). The elevation in metabolic
rate was unexpected, as prior descriptions of leptin action have
cited an increase in metabolic rate upon leptin administration (3).
We then examined whether the change in metabolic rate was a pri-
mary effect of Lepr deletion or whether it was secondary to the
elevation in food intake. Prior to fasting, PC flox mice exhibited an
elevated metabolic rate (Figure 4). However, when challenged with
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an overnight fast, the metabolic rate of PC flox mice was identi-
cal to that of the control flox mice (Figure 4). In both the fed and
fasted states, locomotor activity was unchanged (Figure 4). The
lack of an elevation of metabolic rate upon fasting in the PC flox
mice suggests that the altered metabolic rate is dependent on the
presence of food and that the elevated metabolic rate is secondary
to increased food intake.

We next examined whether NTS leptin receptor deletion modu-
lated the effect of high-fat diet (HFD) on food intake and meta-
bolic rate compared with that in wild-type animals. Interestingly,
unlike the phenotype displayed by the chow-fed group, deletion
of leptin receptor did not alter chronic body weight homeostasis
on HFD (Figure 5). As well, both food intake and metabolic rate
were unchanged in PC flox mice relative to those in controls when
challenged acutely with HFD feeding (Figure S).

Normal glucose homeostasis in Phox2b Cre Lepr-deleted mice. Leptin
action on hypothalamic arcuate neurons has been shown to be suf-
ficient for the maintenance of normal glucose levels (21). However,
the role of the NTS may also be significant, in that hypothalamic
output may influence vagal-dependent glucose production from the
liver (33). The requirement of NTS leptin signaling in the control
of glucose homeostasis was tested using glucose and insulin toler-
ance tests. Interestingly, both insulin and glucose tolerance in PC
flox mice were identical to those of wild-type mice, suggesting no
significant changes in glucose homeostasis (Figure 3). Fasting and
fed glucose levels (Figure 3), along with fed insulin levels, were also
unchanged in PC flox mice (data not shown) relative to those of con-
trols. These data again demonstrate the distributed actions of leptin,
showing how, unlike in the hypothalamus (7, 21), leptin acts to affect
food intake in the absence of an effect on glucose homeostasis.

Acute responses to CCK injection are intact in mice with Lepr deletion in
hindbrain neurons. As noted above, Phox2b Cre deletion of Lepr in
the hindbrain produces a significant reduction in leptin-sensing
pSTAT-3-positive neurons. To determine whether this reduction
is sufficient to blunt the hindbrain sensing of the anorexigenic gut
peptide CCK, we injected fasted flox and PC flox mice with CCK-8
(20 ug/kg) and examined the acute anorectic effect of hormone
administration. In prior reports, leptin receptor expression has
been shown to be required for the actions of CCK in the hindbrain.
Volume 121~ Number 6
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Figure 3

Analysis of food intake, glucose homeostasis, and metabolic parameters. (A) Phox2b Cre deletion of Lepr resulted in an increase in food intake
in ad libitum fed mice, (B) while increasing food intake in fasted mice (n = 10). (C) An increase in metabolic rate (data were raised to the power
of 0.75) was observed during the dark phase in the PC flox—deleted mice (n = 10, P < 0.05). (D) Deletion of Lepr in the NTS produced no altera-
tions in respiratory exchange rate (n = 10), indicating that fuel preference was unaltered. (E) No difference in locomotor activity was detected
between flox and PC flox mice (n = 10). (F) Glucose and (G) insulin tolerance tests showed no difference in glucose handling or in the response

to insulin in the Lepr-deleted mice (n = 10).

In both PC flox and flox mice, CCK reduced food intake over a
24-hour period (Figure 6), demonstrating that while the number
of leptin receptor sensing neurons has been significantly reduced
in the PC flox mice, the remaining Leprb expressing cells are capa-
ble of responding to CCK (22).

Responses to exogenously applied leptin are intact in the neuronal Lepr-
deleted mice. We next examined whether mice with deletion of Lepr
from NTS neurons respond appropriately to leptin, exhibiting a
reduction in food intake and body weight. When control mice received
a constant infusion of leptin via osmotic minipump, they exhibited
both a reduction in food intake and body weight, relative to those of
saline controls (Figure 6). Interestingly, hindbrain Lepr-deleted mice
demonstrated a similar reduction in food intake and body weight,
suggesting that the hindbrain deletion is not required for the effect of
exogenously applied leptin on food intake and body weight.
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Discussion
Much attention has been focused on the actions of leptin in the
hypothalamus in the control of metabolic homeostasis. Several
studies have demonstrated that leptin action in the arcuate
nucleus and VMH (7-9) is relevant to the control of food intake,
glucose homeostasis, and metabolic rate. One notable finding
from these studies is that only fractions of total leptin deficiency
or leptin resistance are recapitulated by neuron-specific deletion
of leptin receptors. These findings suggest that the actions of
leptin to regulate food intake and energy balance are distributed
throughout CNS sites expressing leptin receptors. Consistent
with this model, a recent report also suggested that leptin recep-
tors in the hindbrain are required for normal food intake and
body weight in rats (32). When leptin receptors in the medial
NTS were knocked down, the authors reported a significant
Volume 121
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increase in body weight and food intake. In this report, we dem-
onstrate that hindbrain leptin receptor action is required for the
regulation of food intake, both in the fed state and in response to
a fast in mice. Interestingly, unlike in Hayes et al. (32), deletion of
leptin receptor, primarily from NTS Glp-1 neurons, also resulted
in an increase in metabolic rate that was secondary to the eleva-
tion in food intake in the absence of any change in locomotor
activity. This response likely contributed to the modest effects
of NTS deletion on body weight. Collectively, these results sug-
gest that the actions of leptin in the hindbrain appear to have
significant differences from those in other nuclei. For example,
the gradual rate of increased weight gain seen with hindbrain
deletion was different from that observed in other hypothalamic
Lepr deletion models, such as in POMC arcuate cells, in which
the deletion produced a modest but more rapid change in body
weight before plateauing (7).

Phox2b Cre and transgenic manipulation of the hindbrain. The genera-
tion of the Phox2b Cre transgenic line has allowed us to reproduc-
ibly and selectively target hindbrain NTS neurons, including those
expressing Glp-1, leaving other hypothalamic populations intact.
Importantly, the lines described in this report target the afferent
and efferent arms of the vagus, along with the NTS, permitting a
selective targeting of the autonomic nervous system in the absence
of peripheral recombination.

The Phox2b transgene, while being expressed in numerous
cells of the NTS, does not appear to target all NTS leptin recep-
tor-expressing neurons, as a population remains after Phox2b
Cre deletion of Lepr. This may be due to the fact that the trans-
gene is expressed at a low level, resulting in recombination in a
select population of neurons. In this case, the transgene would be
expected to be expressed in all NTS Lepr neurons. However, the
incomplete deletion of Lepr might also result from leptin expres-
sion in non-Phox2b expressing NTS neurons, as it is possible that
not all NTS neurons express Phox2b. Outside of the NTS, no other
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Figure 4

Elevated metabolic rate of PC flox
mice is normalized during fasting.
During the initial 3-day period prior to
fasting, mice were fed ad libitum. (A)
PC flox mice exhibited an elevation in
metabolic rate when compared with
that of control flox mice. (B) During the
fasting period, PC flox mice showed
no difference in metabolic rate when
compared with that of control flox
mice. (C and D) Locomotor activity
was unchanged in both groups.

Fasted metabolic rate

PC flox
fast

Flox
fast

Fasted locomotor activity

PC flox

site of leptin receptor expression was observed to colocalize with
transgene expression. This observation suggests that the observed
change in food intake and metabolic rate on chow results solely
from the NTS neuronal deletion of Lepr.

Our observation that leptin action in hindbrain NTS neurons
of the mouse is required for the regulation of food intake is in
agreement with pharmacological and viral approaches aimed at
targeting leptin receptor function in the rat. Prior studies have
identified NTS neurons that are responsive to gastric distention
that are also capable of sensing leptin (15, 17, 18). These neurons
have been shown to express cfos in greater numbers when receiv-
ing both gastric input and leptin stimulation. Recently, viral
knockdown of leptin receptor in the rat hindbrain confirmed
the requirement for leptin receptor signaling in the regulation
of feeding, demonstrating the requirement for NTS leptin in
the anorectic response to CCK (32). The latter observation dif-
fers from our current data, as Phox2b Cre-mediated deletion of
Lepr did not affect the response to exogenously administered
CCK. It is quite likely that, since all leptin receptor expression
was not completely deleted from the hindbrain by the Phox2b
Cre transgene, the remaining leptin receptor-expressing neurons
were still capable of mediating the response to CCK. Alternately,
Phox2b Cre deletion of Lepr may have selectively targeted those
neurons that are nonresponsive to CCK application while still
being responsive to leptin in the regulation of food intake. Simi-
lar to this CCK effect, our data demonstrate that hindbrain Glp-1
neuronal Lepr-deleted mice are still capable of sensing leptin.
Osmotic minipump delivery of leptin over a 7-day period demon-
strated that, while modulation of food intake and metabolic rate
requires the full compliment of leptin receptor-expressing neu-
rons of the NTS, other circuits exist that are capable of modulat-
ing feeding in response to leptin. Specifically, it is quite likely that
leptin receptor-expressing neurons of the NTS that remain in the
Phox2b Cre Lepr-deleted animals may be mediating the response
Volume 121~ Number 6
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Figure 5

Analysis of food intake and metabolic parameters on HFD. Hindbrain leptin deletion produced no change in (A) food intake, (B) locomotor activity,
(C) fuel preference, (D) metabolic rate, or (E) rate of weight change when challenged with HFD-fed diet ad libitum.

to the exogenous dose of leptin. Alternately, leptin applied via the
lateral cerebral ventricle may act on another circuit outside of the
hindbrain to produce a reduction in feeding and body weight.
The elevation in metabolic rate, observed with the deletion of Lepr
in the Phox2b Cre mouse model, was also unexpected. Prior descrip-
tions of leptin action have cited a decrease in metabolic rate upon
receptor deletion in the CNS (6). It is then likely that the observed
increase in metabolic rate occurs as an indirect result of the eleva-
tion in food intake, thereby reducing the hyperphagic effect on
body weight gain. The observation that the elevated metabolic rate
was present only during the fed state suggests that the ingestion of
food was required to manifest the elevation in metabolic rate. The
proposed role of NTS Lepr in the elevation of sympathetic outflow,

coupled with an elevation in core body temperature (34), also argues
against leptin acting to directly suppress metabolism through
actions in the NTS. However, further testing of this hypothesis is
warranted. For example, a pair-feeding paradigm would permit an
analysis of metabolism in the absence of changes in feeding. Such
an experiment would thus determine unequivocally whether NTS
deletion of Lepr directly affects metabolic rate.

Interestingly, the elevation in metabolic rate may explain the
difference in body weight gain observed in this report compared
with that of Hayes et al. (32). While we observed a significant
change in the rate of body weight gain, Hayes et al. (32) showed
a larger effect after leptin receptor knockdown. Differences may
be due to several reasons. For example, the extent of leptin recep-
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Figure 6

Effect of hindbrain Lepr deletion on CCK- and leptin-induced food intake and body weight. (A) CCK was injected i.p. (20 ng/kg) in PC flox and flox con-
trol mice after an overnight fast. Both PC flox and control flox mice consumed significantly less food over a 24-hour period (1-way ANOVA, P < 0.05)
compared with that of saline-injected controls. There was no difference between genotypes. Leptin, delivered by osmotic minipump at a rate of
1 ug/d for 7 days, significantly reduced (B) food intake and (C) body weight in both PC flox and control flox mice, relative to that of controls.
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tor deletion differs between our study and that of Hayes. In addi-
tion, differences in leptin signaling in the hindbrain of rat and
mouse may also exist. For example, in the mouse, nearly half of all
hindbrain leptin receptor-expressing neurons express the peptide
Glp-1, while, in the rat, coexpression is absent (31). Functional
differences between the mouse and rat hindbrain neuroanatomy
would then be expected to affect the actions of leptin in modulat-
ing metabolism and feeding. This point is especially relevant, as
we found that the Phox2b Cre transgene selectively targets the
Glp-1 neuronal population.

The lack of effect of Lepr deletion on metabolic homeostasis when
challenged both acutely and chronically with HFD was quite sur-
prising. The data suggest that leptin action in sites outside of the
hindbrain has a greater modulatory role on regulating food intake
and metabolic rate when palatable, calorically dense food is present-
ed. It is also possible that, since a small leptin responsive popula-
tion of cells remains in the PC flox animals, they would be able to
appropriately regulate food intake under conditions of hyperlepti-
nemia during HFD exposure. For example, descending leptin-sens-
ing projections from the hypothalamus might exert a stronger tonic
input during high-calorie food intake. Interestingly, while we saw no
effect of Lepr deletion in mice fed HFD, Hayes et al. did observe the
requirement for hindbrain Lepr in regulating the metabolic changes
observed with high-fat feeding. Again, these differences highlight
the disparities not only between the rat model used by Hayes et al.
and our mouse preparation but also the likely homogeneity of NTS
neurons expressing leptin receptor. As the population of NTS neu-
rons targeted by Hayes et al. was not specified, it is possible that
our select targeting of glp-1 leptin receptor-expressing cells dif-
fered from those neurons targeted by viral injections in the recent
manuscript by Hayes et al. Last, there are differences in the timing
of hindbrain deletion between our Phox2b Cre model, which has
demonstrated gene excision embryonically, and the rat model used
by Hayes, which involves gene knockdown during adulthood. Thus,
this developmental difference in the timing of leptin receptor per-
turbation, along with the other methodological and anatomical dif-
ferences mentioned earlier, might be responsible for the phenotypic
differences observed between the 2 models.

Mechanism of NTS Lepr modulation of feeding. The mechanism of
hindbrain leptin action in the control of feeding has been hypoth-
esized to involve interactions with hypothalamic neurons that are
also leptin sensitive (22, 34). Through the sensing of gut stretch,
NTS neurons relay information on satiety to hypothalamic centers
and receive output from these same areas to produce a change in
food intake (35). However, exactly how these pathways interact to
produce a change in feeding is only beginning to be described. In
prior studies, tracing experiments have shown that the PVN and
DMH receive a significant input from the GLP-1 NTS neurons,
demonstrating connections between 2 important hypothalamic
sites implicated in the control of food intake (36). Interestingly,
output from the NTS Lepr neurons likely involves a polysynap-
tic loop, signaling first to the hypothalamus and then back to the
hindbrain and the vagus, as hindbrain leptin-induced feeding is
blocked by a melanocortin antagonist (34).

The action of leptin both in the hindbrain and hypothalamus
suggests that there may be redundant sites of leptin action in
the control of feeding and that not all sites may be required for
the satiating response to leptin. However, the observed change in
chow food intake in the Phox2b Cre-deleted mice is significant-
ly greater than any observed effect in the hypothalamus when
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leptin receptor is deleted from a specific subset of neurons (8).
While leptin action in the VMH was required for the regulation
of high-fat food intake (8), the observed changes in food intake
in the present study occurred when animals were fed standard
chow. This difference highlights the likely divergence in nuclei
function in the control of body weight homeostasis, with leptin
not being required to affect chow food intake when acting in cer-
tain hypothalamic nuclei.

In conclusion, we have shown that leptin signaling in hind-
brain neurons is required for the regulation of food intake. In
the absence of leptin action in Phox2b neurons, mice consume
more and exhibit an elevation in metabolic rate, which likely
counters the increase in energy intake, moderating weight gain.
These data support and extend findings that leptin effects on
food intake require a distributed network of cells, including
neurons of the NTS.

Methods
Animals. All animal procedures were conducted in accordance with The Uni-
versity of Texas Southwestern Medical School’s Institutional Animal Care
and Use Committee guidelines and those of the Association for Assessment
and Accreditation of Laboratory Animal Care. Mice were housed either indi-
vidually or in groups on a 12-hour-light/dark cycle, with ad libitum access to
food and water unless specified otherwise. Floxed leptin receptor (Lepr) mice
were backcrossed for 10 generations onto C57BL/6. Mouse colonies were
maintained behind a barrier facility and were free of known pathogens. For
the experiments described here, Phox2b Cre mice on a C57BL/6 background
were initially mated to homozygous flox mice. Hemizygous Phox2b Cre and
heterozygous flox offspring were then intercrossed to produce study animals.

Flox mice were genotyped according to prior reports (6). R26R LacZ
reporter mice were genotyped using primers, wild type (GCGAAGAGTTT-
GTCCTCAACC), transgene (AAAGTCGCTCTGAGTTGTTAT), and
wild type reverse (GGAGCGGGAGAAATGGATATG), with an anneal-
ing temperature of 60°C. Phox2b Cre mice were genotyped using prim-
ers, Phox2b forward (CCGTCTCCACATCCATCTTT), Phox2b reverse
(CTACGGACTGCTCTGGTGGT), and Cre reverse (ATTCTCCCACC-
GTCACTACG), with an annealing temperature of 60°C.

Phox2b Cre transgenic mice. To target Cre expression to brachial/visceral
motor neurons and to those in the NTS, a BAC clone, RP24-95M11, con-
taining the Phox2b locus flanked by more than 75 Kb of genomic DNA
at both the 3" and 5’ ends of the gene, was used to drive Cre recombinase
expression (Supplemental Figure 1). A Cre recombinase cassette was intro-
duced into the ATG transcription start codon of the Phox2b BAC, using
bacteria-dependent recombination as performed previously (6). Briefly, a
Cre expression cassette fused with a gene encoding neomycin was coupled
to 90 bp of DNA homologous to the Phox2b locus S’ of the Phox2b ATG
and to DNA directly 3’ of the ATG by PCR. This targeting fragment was
then electroporated into recombination-competent bacteria harboring
the Phox2b BAC. Recombinants were identified by positive antibiotic selec-
tion. The Phox2b Cre BAC was injected into C57BL/6] mouse pronuclei to
produce independent founder lines. Each line was crossed with the R26R
LacZ reporter line to map the activity pattern of Cre recombinase. We sub-
sequently selected a Phox2b Cre line that expressed Cre recombinase-acti-
vated LacZ in the greatest number of NTS cells (Supplemental Figure 1).
In this particular line, Cre-activated lacZ was detected in parasympathetic
visceral and brachial motor neurons as expected, given the role of Phox2b
in patterning the development of these cell types (24-28). Interestingly, no
Cre-activated Lacz expression was observed in the periphery in this particu-
lar cell line, although Phox2b expression is observed in peripheral ganglia
along with the enteric nervous system (Table 1).
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Immunobistochemistry and in situ hybridization histochemistry. Phox2b Cre
mice were crossed with a Rosa26 B-galactosidase reporter mouse line (stock
no. 003309, The Jackson Laboratory) for the detection of Cre expression in
the adult. Mice were perfused transcardially with 4% formalin, and brains
and peripheral tissues were sectioned on a freezing sliding microtome.
Immunostaining for lacZ was performed using chicken anti-f-galactosi-
dase (Ab9361-250, Abcam). Detection of Stat-3 phosphorylation, a marker
of leptin receptor activation, was performed as described previously (13).
Phospho-specific Stat-3 antisera was obtained from Cell Signaling Tech-
nologies. Double label fluorescent immunohistochemistry for ChAT and
LacZ was also performed as described previously (13), using goat anti-
choline acetyltransferase (catalog AB144p, Chemicon). In situ hybridiza-
tion histochemistry was performed as previously described (13). Primers
used to amplify template cDNA for the Phox2b in situ hybridization were
as follows: 5'-GCCATCCAGAACCTTTTCAA-3" and 5'-GCTCCTGCTTGC-
GAAACTTA-3'". Glp-1 in situ hybridization experiments were performed as
described previously (37).

Energy expenditure and locomotor activity. Weight- and body composi-
tion-matched 4- to 6-week-old and 8- to 12-week-old Phox2b Cre Lepr flox
mice were used for metabolic assessment. Four separate cohorts of ani-
mals were used to produce the metabolic data, with measurements sorted
into 12-hour-light/dark periods. To exclude the possibility that changes
in body weight or composition would contribute to energy expenditure
measurements, metabolic assessment was done using weight- and body
composition-matched mice (38). Two separate cohorts of Phox2b Cre Lepr
flox animals were used to produce the metabolic data, with measurements
sorted into 12-hour-light/dark periods. Data, where applicable, were also
normalized to lean body mass, by raising metabolic data to the power of
x0.75 (or by expressing data on a per animal basis) (38).

Mice were first acclimatized to the metabolic cages and housed individu-
ally for 4 days before measurements were taken. Mice were analyzed in the
metabolic chambers for 4 days and were provided with food ad libicum.
Energy expenditure was measured by indirect calorimetry, while locomotor
activity was assessed using an infrared light beam detection system (Lab-
master, TSE Systems GmbH). Data was collected using a TSE Labmaster
monitoring system (TSE Systems GmbH). Locomotor activity and energy
expenditure were determined for both the 12-hour-light and 12-hour-dark
cycle as well as for the whole 24-hour period. Data (# = 10 mice per group)
were averaged over the 4-day period of measurement. For the measurement
of fasting metabolic rate, measurements of food intake during unrestricted
access were made for 2 days prior to food removal. On the third day, food was
removed at the onset of the dark cycle and was replaced after 12 hours. Mice
were subsequently followed for 24 hours during refeeding.

Body weight and composition analysis. Animals (n = 20) were weaned and
placed on a normal chow diet or a Western-style HFD (40% fat by kcal)
at 4 to 5 weeks of age. Body weight was measured weekly up to 28 weeks
for the chow-fed animals, while HFD-fed mice were followed for 20 weeks.
Body composition of 6-week-old and 28-week-old ad libitum fed mice was
assessed using nuclear magnetic resonance spectroscopy using an NMR
spectrometer (EchoMRI).

Glucose and insulin tolerance tests. Mice (n = 10) were fasted overnight and
were treated with 2 g/kg glucose i.p. (Sigma-Aldrich). For the insulin toler-
ance test, mice were first fasted for 3 hours and then given 1 U/kg of insulin
(Humulin R, Lilly) i.p. Tail vein blood was assayed for glucose at time 0 and
then at 15 minutes, 30 minutes, 60 minutes, and 120 minutes after glucose
or insulin administration using a One Touch Ultra glucometer (Lifescan).

Food intake and refeeding. Twelve-week-old mice (n = 10) were individually
housed for 1 week prior to measurement of food intake. Food intake was
then quantified over a 7-day period. For the analysis of food intake after
fasting, mice were individually housed and then acclimatized to feeding
2420
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from a plastic petri dish in the bottom of their cage for 3 days. Mice were
then fasted overnight and then presented with a pellet of mouse chow. The
amount of food eaten was measured after 3 hours.

Acute responses to CCK. Twelve-week-old mice (n = 10) were individually
housed for 1 week prior to injection of CCK. For the analysis of food intake
after fasting and CCK injection, mice were acclimatized to feeding from
a plastic petri dish in the bottom of their cage for 3 days. Mice were then
fasted overnight, injected with CCK (20 ug/kg i.p.) (39), and then presented
with a pellet of mouse chow. The amount of food eaten along with the
change in body weight was measured after 24 hours.

Osmotic minipump infusion of leptin. Minipump studies were conducted as
described previously (40). Singly housed mice underwent stereotaxic sur-
gery to implant a cannula into the lateral cerebral ventricle with follow-
ing coordinates: 0.34 mm from the bregma and 1-mm lateral and 2.3-mm
ventral from the surface of the skull. An osmotic minipump (Alzet) filled
either with saline vehicle or leptin (delivering 1 ng/day for 14 days) was
implanted subcutaneously and was attached to the cannula using a cath-
eter. Mice were maintained on chow diet and were allowed to recover from
the surgery for 7 days. Food intake and body weight were then tracked for
7 days after this recovery period.

Statistical methods and cell counting. Statistical analysis was carried out
using GraphPad 5 (GraphPad) software. Phox2b Cre Lepr flox mice
were compared with control Lepr flox mice using a 2-tailed Student’s
t test with a P value of less than 0.05 being considered significant. In
all instances, data are presented as mean =+ SEM. A separate experiment
(cumulative body weight change over time) was performed to compare
Phox2b Cre mice with wild-type mice to ensure that the Cre line had no
homeostatic abnormalities. Body weight curves were compared using
a linear regression analysis. Cell counts were performed on every fifth
section of each mouse brain. Estimates of cell counts were performed
using a x20 objective. The data were not corrected for double counting
and was stereological technique not used, due to the fact that cell size
and section thickness did not vary between animals. Neurons were deter-
mined to be positively labeled by in situ hybridization if the number of
silver grains in a specific cell was greater than that of background signal,
defined as signal observed in non-Phox2b expressing neurons outside of
the NTS within the hindbrain (41).
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