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Remodeling of the arcuate nucleus energy-
balance circuit is inhibited in obese mice
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In the CNS, the hypothalamic arcuate nucleus (ARN) energy-balance circuit plays a key role in regulating
body weight. Recent studies have shown that neurogenesis occurs in the adult hypothalamus, revealing that
the ARN energy-balance circuit is more plastic than originally believed. Changes in diet result in altered gene
expression and neuronal activity in the ARN, some of which may reflect hypothalamic plasticity. To explore
this possibility, we examined the turnover of hypothalamic neurons in mice with obesity secondary to either
high-fat diet (HFD) consumption or leptin deficiency. We found substantial turnover of neurons in the ARN
that resulted in ongoing cellular remodeling. Feeding mice HFD suppressed neurogenesis, as demonstrated by
the observation that these mice both generated fewer new neurons and retained more old neurons. This sup-
pression of neuronal turnover was associated with increased apoptosis of newborn neurons. Leptin-deficient
mice also generated fewer new neurons, an observation that was explained in part by a loss of hypothalamic
neural stem cells. These data demonstrate that there is substantial postnatal turnover of the arcuate neuronal
circuitry in the mouse and reveal the unexpected capacity of diet and leptin deficiency to inhibit this neuronal
remodeling. This insight has important implications for our understanding of nutritional regulation of energy

balance and brain function.

Introduction

The hypothalamus is a critical regulator of energy balance.
Lesions of the ventromedial nucleus (1) or arcuate nucleus (ARN)
(2) result in obesity, while lesions of the lateral hypothalamic area
(3) result in weight loss. Energy-related signals such as leptin (4, 5)
are integrated by responsive neurons in the ARN and ventrome-
dial hypothalamus. In particular, leptin stimulates the anorexi-
genic proopiomelanocortin (POMC) neurons and inhibits orexi-
genic neuropeptide Y (NPY) neurons. In situations of negative
energy balance, reduced leptin levels inhibit the activity of POMC
neurons and activate NPY neurons. While this feedback circuit
is essential for normal energy homeostasis (see review refs. 6, 7),
most obesity is associated with dysregulation of the circuit and
leptin resistance (8).

Two commonly studied mouse models of obesity, the high-fat
diet-induced (HFD-induced) obesity (DIO) model (9) and the
more severe obesity arising from the lack of leptin (4, 5), share
features such as increased fat mass, hyperglycemia, hyperinsu-
linemia, and activation of the adrenal axis but are distinct in that
DIO mice have elevated peripheral leptin levels and are resistant to
both endogenous and exogenous leptin (8). DIO mice also become
resistant to centrally administered leptin (10). This phenomenon
is reversible, with leptin responsiveness returning several months
after cessation of HFD consumption (11).

The molecular and cellular mechanisms underlying hypothalam-
ic dysfunction in the context of obesity over long-time frames are
still not fully understood. Possible mechanisms include impaired
leptin transport across the blood brain barrier (10, 12-14), endo-
plasmic reticulum stress (15), and defects in the leptin receptor
signaling pathway (16-18). In addition, we and others have shown
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that neurogenesis, the generation of neurons, occurs in adult
hypothalamus (19, 20).

Our recent work showed that i.c.v. infusion of the growth factor
CNTF in DIO mice results in both enhanced hypothalamic neu-
rogenesis and long-term body weight loss (19). Hence, it might be
the case that neurons that compose the energy-balance circuit are
themselves differentially remodeled during the course of obesity.
Here we investigate hypothalamic neuronal turnover in mice, com-
paring those fed a standard diet with DIO mice. We found that
ARN neurons involved in energy-balance regulation exhibited sub-
stantial turnover in the adult mouse, with more than half of those
neurons being replaced between 4 and 12 weeks of age. Surpris-
ingly, this remodeling of hypothalamic neurons is suppressed in
DIO, in part due to increased apoptosis of the newly divided cells.
Furthermore, this effect of HFD can be reversed by a short period
of calorie restriction. Like DIO mice, genetically obese mice lacking
leptin (0b/0b mice) also have reduced hypothalamic neurogenesis.
However, unlike DIO mice, leptin-deficient mice lack hypothalamic
neural stem cells. This is consistent with our observation that leptin
stimulates neural stem cell expansion in vivo. These observations
provide evidence for an unexpected degree of dynamic remodeling
of the hypothalamic neuronal circuitry, its regulation by diet, its
failure in DIO, and the role of the adipokine leptin.

Results
The hypothalamic energy-balance circuit is dynamically remodeled in the adult
mouse. We have recently shown that neurogenesis occurs in the adult
mouse hypothalamus (19, 21). Since the generation of new neurons
is not accompanied by an expansion of the hypothalamus with age,
neuronal turnover is likely to occur to maintain the integrity of the
tissue. To evaluate the postnatal turnover of neurons in the hypo-
thalamic ARN, we developed a strategy to label neurons born during
embryogenesis and then to quantify those remaining in adulthood.
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BrdU administration at E10.5 labels embryo-born neurons in the adult
hypothalamus. (A) Coronal sections of ARN at E10.5, showing prolif-
erative neural stem cells (labeled with BrdU [red]) within the hypotha-
lamic neuroepithelium giving rise to energy-balance neurons (POMC*
[green] counterstained with DAPI [blue]). (B) By 4 weeks of age, all
strongly BrdU-labeled (red) cells within the parenchyma (white arrow-
heads) had differentiated into neurons (NeuN*HuC/D* [green] counter-
stained with DAPI [blue]). The inset shows a high-magnification view of
a labeled ARN neuron. Rare ependymal glia retain strong BrdU label
(asterisk) and may represent adult neural stem cells. Scale bar: 50 um.
Original magnification, x2 (inset).

During development, most ARN neurons are generated between
E10.5 and E12.5 (22, 23). Energy-balance neurons were the earli-
est born, with substantial numbers present at E10.5 that express
the neuropeptide POMC (Figure 1A) shortly after cell-cycle exit
(22, 23). These immature POMC" neurons do not solely become
mature POMC" neurons but also give rise to mature NPY* neurons
(24). We confirmed our previous findings that embryonic genera-
tion of these energy-balance neurons occurred around E10.5 by
counting the number of POMC* immature ARN neurons in devel-
oping embryos within the E10.5 gestational window (n = 6). The
mean number of POMC neurons present was 1,032 + 202, rang-
ing from 544 POMC" neurons in the most immature embryo to
1,780 neurons in the most mature embryo (Figure 1A and data
not shown). By E12.5, the number of immature POMC neurons
had risen to 3,039 + 154 POMC* neurons (n = 6), similar to that
present in the adult (22, 25). These data indicate that the E10.5
gestational window coincides with the main phase of energy-bal-
ance neuron generation.

To label a sample of energy-balance neurons across this win-
dow, FVB female mice were time mated with male mice express-
ing humanized Renilla green fluorescent protein from the Npy
promoter (NPY-hrGFP mice) (FVB background), and the result-
ing embryos were treated with BrdU at E10.5 to label the neural
progenitors giving rise to the ARN neurons (22). At 4 weeks of age,
the resulting mice were sacrificed, and BrdU* cells were revealed by
immunofluorescence.

Using WT mice, BrdU* ARN cells were exclusively neurons,
as revealed by their immunoreactivity for the neuronal markers
HuC/D* and NeuN* (Figure 1B). Next, to quantify adult ARN
neuronal turnover, we assayed the replacement of these BrdU*
neurons by new unlabeled neurons between 4 weeks and 12 to
26 weeks of age (Figure 2). Between 4 and 12 weeks, there was no
change in the total number of cells within the ARN (DAPI stain-
ing in Figure 2, A-D; P = 0.25). However, the number of embryo-
born BrdU* neurons was reduced by 63% (P = 0.0013). There was
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no further depletion of BrdU* neurons between 12 and 26 weeks
(P =0.9), although the total number of ARN cells decreased by
23% (P =0.0003). Similar data was obtained when the number of
BrdU* neurons was calculated as a percentage of ARN cells at each
stage (data not shown).

POMC neurons were turned over at a similar rate as those in the
ARN as a whole (compare black bars in Figure 2, D and H). The
number of BrdU® POMC neurons was reduced by 55% between
4 and 12 weeks (P = 0.0196), with no further reduction between
12 and 26 weeks (P = 0.2; Figure 2, E-H). Likewise, the number of
BrdU* POMC neurons as a proportion of the total POMC popula-
tion decreased from 9.9% at 4 weeks to 4.5% at 12 weeks (P =0.0051)
with no further change by 26 weeks (P = 0.4, data not shown).

Using NPY-hrGFP, the turnover of NPY neurons was assessed.
Compared with that of POMC neurons, the total population of
NPY neurons decreased to a lesser extent, by 34% (P = 0.0059)
between 4 weeks and 12 weeks, with no further reduction by
26 weeks (P = 0.6; Figure 2, I-L). Similar to POMC neurons, how-
ever, the number of BrdU" NPY neurons initially decreased by 79%
between 4 and 12 weeks (P = 0.0094), with no further depletion
between 12 and 26 weeks (P = 0.9). At 4 weeks, BrdU* NPY neurons
represented 4.6% of the total NPY population, while this number
decreased to 1.4% by 12 weeks (P = 0.0147), with no further deple-
tion by 26 weeks (P = 0.9; data not shown).

The turnover of ARN neurons between 4 and 12 weeks of age was
confirmed in a second cohort of mice using WT C57BL/6 mice,
which received 3 BrdU pulses, one each at E10.5, E11.5, and E12.5
(n = 4 each stage, data not shown). Like E10.5 labeled FVB mice,
E10.5-E12.5 labeled C57BL/6 mice also showed a loss of labeled
ARN neurons, with 51% of labeled neurons remaining at 12 weeks
compared with those at 4 weeks (P = 0.0190; data not shown). At
4 weeks, BrdU" neurons represented 11.9% of the total ARN popu-
lation decreasing to 6.9% by 12 weeks (P = 0.0184; data not shown).
This confirms that remodeling is not limited to the FVB strain
or the E10.5 labeling window. Together, these data unexpectedly
reveal that more than half of the POMC and NPY neurons present
at 4 weeks of age are replaced by ongoing neurogenesis during the
following 8 weeks. This represents a substantial and unanticipated
remodeling of the energy-balance circuit in adulthood.

Although few forebrain neurons are generated at E10.5 outside
the hypothalamus, a distinct population of neural progenitor cells
within the amygdala was found to have entered the cell cycle by
BrdU staining at E10.5 (data not shown). However, in contrast to
that in the ARN, there was no significant variation in the number
of BrdU* amygdala neurons between 4 and 12 weeks (P =0.3) or 12
and 26 weeks (P = 0.9; Figure 2, M-P), suggesting that postnatal
neuronal turnover, as seen in the ARN, is not found uniformly in
the brain but only in discrete regions.

DIO leads to decreased hypothalamic neurogenesis in the adult. Our pre-
vious results indicate that increasing hypothalamic neurogenesis
via CNTF treatment leads to a long-term reduction in body weight
(19). We, therefore, then decided to investigate whether DIO has
an effect on hypothalamic neurogenesis in the adult mouse.

The generation of new cells in the adult hypothalamus was evalu-
ated by i.c.v. infusion of BrdU in 16-week-old DIO mice compared
with that in chow-fed controls (Supplemental Table 1; supple-
mental material available online with this article; doi:10.1172/
JCI43134DS1). Mice were sacrificed 4 weeks after infusion, and
BrdU* cells were then detected by immunofluorescence. The num-
ber of newborn BrdU~ cells in adult ARN was substantial in mice
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Figure 2

ARN energy-balance neurons are turned over by ongoing neurogenesis. (A—C) Nuclei labeled with BrdU (red) at E10.5 remaining in the ARN at
4,12, and 26 weeks, counterstained with DAPI (blue). (D) Quantification of ARN neuron survival, showing that labeled ARN neurons were lost
between 4 and 12 weeks of age but not between 12 and 26 weeks of age. (E-G) POMC neurons (green) labeled with BrdU (red) at E10.5 remain-
ing in the ARN at 4, 12, and 26 weeks. (H) Quantification of POMC neuron survival, showing that labeled POMC neurons were lost between 4
and 12 weeks of age but not between 12 and 26 weeks of age. (I-K) NPY neurons (green) labeled with BrdU (red) at E10.5 remaining in the
ARN at 4, 12, and 26 weeks. We made use of NPY-hrGFP mice to reveal NPY neurons. (L) Quantification of NPY neuron survival, showing that
labeled NPY neurons were lost between 4 and 12 weeks of age but not between 12 and 26 weeks of age. (M—0) Nuclei labeled with BrdU (red)
at E10.5 remaining in the amygdala at 4, 12, and 26 weeks, counterstained with DAPI (blue). (P) Quantification of amygdala neuron survival,
showing that labeled amygdala neurons were not lost between 4 and 12 weeks of age or between 12 and 26 weeks of age. (Columns indicate
total cell counts as a percentage of cell count at 4 weeks.) *P < 0.05 compared with 4 weeks; #P < 0.05 compared with 12 weeks. (Q) Schematic
of analysis. Mean + SEM; n = 10-19 at 4 weeks, 7—11 at 12 weeks, 4-9 at 26 weeks. Scale bar: 100 um.

fed chow: an average of 66 + 5 BrdU* cells were revealed in each 12-
um section. Strikingly, in DIO mice, the number of BrdU* cells was
half of that seen in chow-fed mice (P = 0.0001; Figure 3, A-C). The
proportion of BrdU* cells that differentiated into neurons (revealed
by the neuronal marker HuC/D*) was similar between DIO and con-
trol mice (Figure 3D). Together, these data indicate that DIO mice
have a decrease in the number of newly generated cells in the ARN,
including neurons.
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DIO leads to the depletion of actively proliferating progenitor-like cells in
the hypothalamus. In the adult CNS, neurons are generated from pre-
cursor glial cells. A simplified view of the multistep process leading
to generation of neurons is that slowly proliferating multipotent
stem cells give rise to highly proliferative progenitor cells that have
limited capacity for self-renewal (neuroblasts) and ultimately give
rise to neurons (for reviews, see refs. 26, 27). Stem-like cells capable
of generating multipotent neurospheres ex vivo are present in the
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DIO inhibits adult hypothalamic neurogenesis. Sixteen-week-old mice
were i.c.v. infused with BrdU for 7 days and harvested 4 weeks later.
(A—C) The number of newborn (BrdU-labeled) cells, including neurons,
was significantly reduced in the hypothalamus of DIO mice compared
with that in lean controls. (D) However, there was no difference in the
percentage of cells adopting a neuronal fate between the 2 groups, as
indicated by an equal proportion of BrdU-labeled cells adopting a HuC/D*
fate. Scale bar: 100 um. Data are mean + SEM. n = 5 chow; n = 6 DIO.

hypothalamus (28). Likewise, we have previously shown that highly
proliferative progenitor cells are present in the hypothalamus and
give rise to neurons (19, 21). Therefore, the decreased neurogen-
esis observed in the hypothalamus of DIO mice may result from
decreased availability of neural stem-like cells and/or of highly
proliferative progenitor-like cells.

To investigate the cause of reduced adult neurogenesis in the con-
text of DIO, we first examined the presence of hypothalamic neural
stem-like cells in 16-week-old DIO mice using a neurosphere assay
(28). The ventricular lining of the hypothalamus was dissociated
and grown in serum-free conditions containing EGF and bFGF.
Neurospheres derived from DIO mice were slightly larger than
those from lean controls (diameter: lean, 0.47 + 0.02 mm [n = 100]
vs. DIO, 0.55 + 0.02 mm [» = 100]; P = 0.0137; Figure 4, A and B).
Unexpectedly, the hypothalamus of DIO mice generated 3.5 times
more neurospheres per 2,000 cells plated than that of lean controls
(P =0.0002; Figure 4C). In addition, the number of DIO-derived
neurospheres after 1 passage remained higher than that in lean
controls (P =0.0008; Figure 4D). These data indicate that DIO does
not result in the loss of hypothalamic neural stem-like cells.

To then evaluate the number of highly proliferative progeni-
tor-like cells, mice on chow or HFD were repeatedly injected with
BrdU (i.p.) over a day to cumulatively label cells in S-phase. Mice
were sacrificed 48 hours after the first injection. The number of
hypothalamic BrdU* cells was significantly reduced in DIO mice
compared with that in lean controls (P = 0.0496; Figure 4E), indi-
cating a lower number of highly proliferative progenitor-like cells
in DIO mice. This result was confirmed by immunohistochemistry
against the proliferating cell markers Ki67 and proliferating cell
nuclear antigen (PCNA) (P = 0.0078 for Ki67, Figure 4F; P = 0.0089
for PCNA, data not shown).

All together, these results indicate that DIO leads to an expan-
sion of the pool of hypothalamic neural stem-like cells while lead-
ing to a depletion of the pool of highly proliferative progenitor-
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like cells. This suggests that DIO inhibits the differentiation of
stem-like cells into more proliferative progenitor-like cells and/or
impairs the survival of these progenitor-like cells.

DIO selectively increases apoptosis of newly divided cells. Interestingly, the
number of hypothalamic BrdU* cells in DIO mice was only reduced
by 28% compared with that in control mice at 48 hours after label-
ing (Figure 4E), while it was reduced by 50% at 4 weeks after labeling
(Figure 3C). This discrepancy suggests that many newborn cells are
lost after S-phase in the hypothalamus of DIO mice.

To investigate the loss of these newborn cells, the rate of apop-
tosis was determined using the TUNEL method at 48 hours after
BrdU labeling. In lean controls, no TUNEL*BrdU* cells could be
detected, whereas 8.9% + 3.3% of BrdU* cells were TUNEL* in DIO
mice (Figure 5, A-C). Although, the apoptosis of newborn cells was
increased, there was no overall difference in the rate of apopto-
sis in the hypothalamus of DIO mice (lean, 2.1% = 0.1% vs. DIO,
2.4% + 0.4%; P = 0.54; Figure 5D). This result indicates that the loss
of newborn neurons in DIO mice is due in part to the selectively
increased apoptosis of newly divided cells.

A short-term period of calorie restriction rescues DIO-impaired hypotha-
lamic neurogenesis. In order to investigate the permanence of the neu-
rogenic defects seen in DIO mice, 16-week-old DIO mice were calo-
rie restricted to 70% of the normal intake of chow-fed mice. After
4 weeks of restriction, body weight (32.5 + 0.8 g) had reduced to
similar levels as those of age-matched chow-fed mice (34.2 + 0.6 g;
P=0.1). Asecond cohort of DIO mice was maintained on ad libitcum
HEFD as a control group (45.3 + 1.5 g). The availability of hypotha-
lamic neural stem-like cells was examined using the neurosphere
assay, while the number of actively proliferating progenitor-like
cells was evaluated in vivo with repeated BrdU injections followed
by sacrifice 48 hours later, as described above.

After calorie restriction, the number of hypothalamic neuro-
sphere-forming cells (neural stem-like cells) was similar to that
obtained with DIO control mice (P = 0.84; Figure 6A). In contrast,
the number of actively proliferating progenitor-like cells was
increased by 69% after calorie restriction, as measured by in vivo
BrdU incorporation (P = 0.0122; Figure 6B).

All together, these results suggest that the loss of highly prolifera-
tive progenitor-like cells caused by DIO is a dynamic phenotype that
can be rescued by calorie restriction, while the DIO-induced expan-
sion of the hypothalamic stem-like cell pool may be a more long-last-
ing phenotype. This supports the view that the loss of the newborn
progenitor cells occurs via a process that s distinct from that causing
an increase in the number of hypothalamic stem-like cells.

DIO alters the dynamic remodeling of the hypothalamic energy-balance
circuit and leads to a relative ageing of the neuronal population. Since
hypothalamic neurogenesis is altered by DIO with a selective
loss of newborn cells, but the overall rate of cell death remains
unchanged compared with that of lean controls, we investigated
whether the survival of old neurons is increased in DIO to com-
pensate for the reduced generation of new neurons, in order to
maintain hypothalamic integrity. C57BL/6 mouse embryos were
labeled with BrdU at E10.5 as described above, weaned on chow,
and were either given a HFD at 6 weeks of age or kept on chow
until sacrifice at 16 weeks of age (Figure 7). The retention of the
neurons born during embryogenesis was then examined by BrdU
immunofluorescence detection.

At 16 weeks, the number of BrdU* ARN cells was greater in DIO
mice than that in chow-fed controls (Figure 7, A-C). This indicates
that DIO reduces the normal postnatal depletion of old ARN neu-
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rons. Although the number of BrdU* neurons was increased, there
was no difference in the total number of ARN cells between DIO and
control mice (P=0.13; data not shown), suggesting that the increased
retention of old neurons in DIO is balanced by the decreased gen-
eration of new neurons. Likewise, the survival of embryo-born, spe-
cific energy-balance neurons was enhanced by DIO, with an increase
in both the number of BrdU*NPY" neurons (Figure 7, D-F) and
BrdU*POMC' neurons (Figure 7, G-I) remaining in DIO mice com-
pared with those in lean controls. Together, these results suggest that
neurons forming the energy-balance circuit in the hypothalamus of
DIO mice are older than those of control mice.

Leptin is required for maintenance of hypothalamic stem cells. To inves-
tigate whether the loss of hypothalamic neurogenesis occurs in
another model of obesity with distinct molecular etiology, we
examined neurogenesis and neural stem cell biology in a genetic
model of obesity lacking leptin, the 0b/ob mouse.

The generation of new cells in the adult hypothalamus was evalu-
ated by i.c.v. infusion of BrdU in 16-week-old 0b/ob mice compared
with that in lean controls. Mice were sacrificed 4 weeks after infu-
sion, and BrdU* cells were then detected by immunofluorescence.
The number of newborn BrdU" cells in adult ARN was severely
reduced in 0b/ob mice compared with that in WT controls (n = 5
vs.n=35; P=0.0005; Figure 8, A-C). The proportion of BrdU" cells
that differentiated into neurons (revealed by the neuronal marker
HuC/D") was similar between 0b/0b and lean controls (Figure 8D).
This indicates that leptin-deficient mice have a severely reduced
neurogenesis, more extensive than that seen in DIO mice.

To investigate the cause of this reduced adult neurogenesis in ob/ob
mice, the ventricular lining of the hypothalamus was dissociated
and grown in serum-free conditions containing EGF and bFGF. In
contrast to findings in the DIO mouse, the hypothalamus of 0b/ob
mice generated fewer neurosphere-forming cells compared with that
of lean controls (P < 0.0001; Figure 8, E-G). Although 0b/ob-derived
neurospheres were of a similar size compared with WT neurospheres,
few of the neurosphere-forming cells derived from 0b/0b mice were
146
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Figure 4

Obese mice do not lack hypothalamic stem cells but have a reduced
number of actively proliferating cells. The number of hypothalamic neural
stem/progenitor cells in 16-week-old mice was examined using the neu-
rosphere assay. (A and B) Neurospheres derived from DIO mice were
of a similar size and appearance as those derived from lean controls.
(C) However, DIO mice contain a higher number of hypothalamic neu-
rosphere-forming cells than lean controls (n = 4 mice each; 2,000 cells
plated per well). (D) Neurospheres from both DIO mice and lean con-
trols expanded after passage. However, a greater number of second-
ary neurospheres were formed in DIO mice than in lean controls. (E)
Sixteen-week-old mice were i.p. injected with BrdU and harvested
48 hours later. The number of newborn BrdU+ cells was significantly
decreased in DIO mice compared with that in lean controls, although
this decrease appeared mild compared with the loss observed 4 weeks
after BrdU administration (see Figure 1). (F) This decrease in BrdU-
labeled cells was mirrored by a reduction in Ki67-expressing glia in
DIO mice compared with that in lean controls. Data are mean + SEM.
n =4-7 chow; n = 4-5 DIO. Scale bar: 1 mm.

neural stem cells, as they failed to expand after passage (P < 0.0001;
Figure 8H). This was confirmed using immunohistochemistry,
which showed a widespread loss of the neural stem cell markers
GFAP, Vimentin, Nestin, and Sox2 in the hypothalamus of 0b/ob
mice (data not shown). The loss of hypothalamic stem cells in 0b/ob
mice could be detected as early as 4 weeks of age (data not shown).
These data indicate that leptin is required for postnatal hypotha-
lamic neurogenesis at the level of neural stem cells.

To further explore the ability of leptin to regulate hypothalamic
neurogenesis, 8-week-old male C57BL/6 mice were infused with
leptin using a subcutaneously implanted osmotic minipump. After
14 days of leptin infusion, mice lost 2.1 + 0.2 g of body weight (n =5,
P =0.0016; data not shown). Then, the ventricular lining of the
hypothalamus was dissociated and grown in serum-free conditions
containing EGF and bFGF. The hypothalamus of leptin-infused
mice contained 68% more neurosphere-forming cells per 2,000 cells
plated compared with that of vehicle-infused controls (P = 0.0002;
Figure 9A). This indicates that leptin is not only required for the
maintenance of hypothalamic neural stem cells but is also able to
induce their expansion in vivo.

A direct role for leptin in the generation of new neurons in the
adult hypothalamus was evaluated by i.c.v. infusion of leptin and
BrdU for 7 days in 8-week-old C57BL/6 mice. Mice were sacri-
ficed 4 weeks after infusion, and BrdU* cells were then detected
by immunofluorescence. After 7 days of leptin infusion, mice lost
3.6 £ 0.3 g of body weight (n = 5, P = 0.0013; data not shown).
However, the number of newborn BrdU* cells in adult ARN was
unchanged in leptin-infused mice compared with that in mice
infused with BrdU alone (n = 5 vehicle vs. n = 4 leptin, P = 0.3204;
Figure 9B). Likewise, the proportion of BrdU* cells that differenti-
ated into neurons (revealed by the neuronal marker HuC/D") was
similar between leptin- and mock-infused mice (P = 0.1199; data
not shown). Together, these data suggests that leptin acts primar-
ily at the stem cell level and does not regulate progenitor cell pro-
liferation or specification.

Discussion
We have recently shown that neurogenesis occurs in the adult mouse
hypothalamus and, in particular, in the ARN energy-balance circuit.
We have also demonstrated that increasing hypothalamic neuro-
genesis with CNTF administration leads to long-term body weight
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Figure 5

Apoptosis (whole ARN)

DIO results in the apoptosis of newly
dividing cells. Proliferating cells in
16-week-old DIO mice and lean con-
trols were cumulatively labeled with
5 i.p. injections of BrdU and assayed
for apoptosis 48 hours later using the
TUNEL method. (A—C) Unlike lean mice
in which no newly divided cells were
apoptotic, several newly divided cells
were apoptotic in DIO mice, indicating
that the failure of hypothalamic neuro-
genesis is partially due to the apoptosis
of newborn cells. (D) There was no dif-
ference in the overall rate of apoptosis
in the ARN between DIO mice and lean
controls. Data are mean + SEM.n=5
chow; n =5 DIO. Scale bar: 100 um.
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reduction (19, 21). We speculated that the opposite might also be
true, that long-term weight gain might be associated with reduced
neurogenesis within the ARN energy-balance circuit. Using BrdU
labeling, we first investigated the extent of neurogenesis in the adult
ARN in lean mice and found it to be more substantial than initially
thought. We then examined neurogenesis in obese mice and found
that obese animals have reduced adult hypothalamic neurogenesis,
confirming our speculations. This results in reduced neuronal turn-
over of the ARN energy-balance circuit in DIO.

The extent of ARN neurogenesis. The fact that neurogenesis occurs
in the adult hypothalamus implies that the hypothalamic neuronal
network is dynamically remodeled in the adult mouse. However,
the extent of such remodeling was unclear. Similar data based
upon BrdU incorporation in adult mice could be generated either
by a small, rapidly turning over population or by a large, slowly
turning over population. This uncertainty is due to the narrow
time window of BrdU incorporation and is particularly relevant to
small neuronal populations, such as the ARN energy-balance cir-
cuit, in which only an occasional newborn energy-balance neuron
can be detected with this technique.

To circumvent these issues and investigate neuronal cell turn-
over in the ARN, we labeled adult neurons during their embryonic
neurogenesis with a pulse of BrdU at E10.5. As embryos present
at E10.5 are at a range of developmental stages (around 2 days of
developmental time), this technique has the advantage of not label-
ing a single discrete population of neurons but labeling overlapping
populations, ranging from immature embryos at the beginning
of energy-balance neurogenesis to mature embryos near the end
of this process. We then charted the loss of these labeled neurons
at different postnatal time points. We found that the majority of
ARN neurons present at weaning (4 weeks of age) are lost by adult-
hood (12 weeks of age), indicating that most of the ARN neuronal
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network is remodeled within 8 weeks. As this neuronal loss occurs
without a significant reduction in the size of the ARN, adult neuro-
genesis must balance the loss of embryonic labeled neurons.

Although the main phase of embryonic energy-balance neuro-
genesis occurs at E10.5, the population of neurons that was labeled
at that time may not be representative of all ARN neurons, as this
embryonic wave of neurogenesis continues until E12.5 (22). This
possibility was excluded by labeling progenitor cells across the entire
period of ARN neurogenesis, using 3 successive pulses of BrdU at
E10.5,E11.5, and E12.5. This approach confirmed the widespread
remodeling of the ARN between 4 and 12 weeks of age.

Between 12 weeks of age and 26 weeks of age we did not detect
any further loss of the few labeled neurons that remained. This
may indicate that the ARN consists of a main population of neu-
rons that remodels and a smaller relatively static population. How-
ever, given the considerable levels of apoptosis and neurogenesis
at 16 weeks of age, this apparent lack of ongoing neurogenesis
beyond 12 weeks may simply reflect alack of sensitivity, due to the
small number of BrdU-labeled neurons remaining. Distinguish-
ing between these two possibilities and accurately measuring total
ARN turnover in older animals will require the development of
novel methodologies that are not reliant on the continuing pres-
ence of embryo-born ARN neurons.

Suppression of neurogenesis in DIO. We examined adult neurogen-
esis in DIO mice compared with that in lean mice. First, we labeled
newborn cells within the hypothalamus of adult DIO mice and
lean controls with BrdU and counted the number of adult-born
cells 4 weeks after BrdU infusion to allow time for proliferating
cells to adopt mature fates. We found that the number of such
newborn neurons was severely reduced in DIO mice compared
with that in lean mice, showing reduced adult hypothalamic neu-
rogenesis in this state. However, while the total number of new-
Number 1 147
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Figure 6

Calorie restriction partially restores neurogenesis in DIO mice. Sixteen-
week-old DIO mice were either maintained on HFD or calorie restrict-
ed. (A) Four weeks of calorie restriction did not affect the number of
hypothalamic neurosphere-forming cells observed with DIO mice. (B)
However, calorie restriction restored the proliferation of neuronal pro-
genitor cells in DIO mice. Data are mean + SEM. n = 3-5 chow; n =4-5
DIO. ad lib, ad libitum; CR, calorie restriction.

born neurons was reduced, the number of newborn hypothalamic
neurons as a proportion of all newborn hypothalamic cells was
normal in DIO mice. This indicates that there is no defect in the
specification of neuronal cell fate under these conditions.

Next, we investigated the causes of decreased neurogenesis in
DIO. The prevailing view of adult neurogenesis in the mammalian
CNS is that neural stem cells, a subtype of macroglia located in
or near the ventricular lining, are relatively quiescent but capable
of both self-renewal and the generation of highly proliferative
progenitors that in turn adopt neuronal fates (26, 27). Reduced
neurogenesis may result from a loss of stem-like cells and/or from
decreased survival of newborn neurons.

We measured the number of hypothalamic stem-like cells using a
neurosphere assay. Strikingly, a significant increase in the number
of such stem-like cells was observed in DIO mice. This excludes a
simple direct cause, i.e., reduced stem-like cells resulting in reduced
neuronal generation. Conversely, the results of acute BrdU incorpo-
ration, confirmed by Ki67 and PCNA staining, indicated a reduction
in the pool of highly proliferative progenitor-like cells within the
hypothalamus of DIO mice compared with that in lean controls.
The reduction in the number of BrdU-labeled cells after 48 hours
was mild compared with that evident 4 weeks later, suggesting that
in addition to reduced replication of progenitor-like cells, many
newborn cells fail to survive between the 2 time points in the con-
text of DIO. This was confirmed by examining apoptosis in newly
divided cells using the TUNEL method. Whereas we were unable to
detect any newborn cells undergoing apoptosis in lean controls, 8.9%
of newborn cells underwent apoptosis in DIO mice. This increased
apoptosis may not be limited to cells fated to become neurons and
may also include cells fated to remain proliferating progenitors.

Within the ARN as a whole, we detected a considerable degree
of apoptosis in chow-fed mice at 16 weeks of age, supporting the
view of neuronal turnover. However, we did not observe any dif-
ference in the overall rate of apoptosis in DIO mice compared
with that in chow-fed controls. This suggests that the rate of cell
death within older neurons may be decreased to compensate for
the increased apoptosis in newborn cells, leading to maintenance
of ARN energy-balance circuit integrity. Indeed we found no dif-
ference in the size of the ARN between obese and lean mice (data
not shown), supporting this view.

To confirm that the ARN energy-balance circuit remains largely
intact in DIO mice due to increased survival of ARN neurons, we
labeled these neurons in the embryo at E10.5 and charted their
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survival during exposure to differential postnatal diets. After 10
weeks of HFD feeding, labeled neurons, including POMC and NPY
neurons, were extensively retained within the ARN energy-balance
circuit compared with that observed in mice fed chow. This sug-
gests a reduced turnover of the ARN energy-balance circuit during
HFD exposure. However, we were unable to count all NPY neurons
with confidence, and the apparent retention of NPY neurons could
be due to increased detection of NPY neurons in DIO mice. How-
ever, as both ARN neurons overall and POMC neurons specifically
are retained, the NPY result is unlikely to be an isolated artifact.

We also found that calorie restriction was able to recover neu-
rogenesis in DIO without rescue of the expanded neural stem cell
pool phenotype, supporting the view that the loss of neurogenesis
in DIO mice and the expansion of neural stem-like cells are inde-
pendently regulated processes.

Suppression of neurogenesis in leptin-deficient obesity. To determine
whether reduced hypothalamic neurogenesis may be seen in other
states of obesity apart from DIO, we examined the leptin-deficient
ob/ob model of genetic obesity. Genetically obese 0b/ob mice have
a greater loss of hypothalamic neurogenesis compared with that
in the environmentally induced DIO model of obesity, supporting
the view that reduced neurogenesis may have general relevance to
hypothalamic dysfunction in obesity. However, 0b/ob mice show
a distinct neural stem cell phenotype compared with DIO mice;
adult 0b/ob mice have a severe deficiency of hypothalamic neural
stem cells. This may be a direct result of the lack of leptin as long-
term leptin infusion increases the number of hypothalamic neural
stem-like cells in vivo.

This long-term role of leptin in hypothalamic neurogenesis
may be similar to the role of leptin in hippocampal neurogenesis
(29). In agreement with the role of leptin in the hippocampus, we
were unable to detect an acute effect of leptin in cell generation
or specification within the adult hypothalamus. However, leptin
does not appear to act directly on hypothalamic stem cells as it
does in the hippocampus (29). In the adult, the ventricular lining
of the hypothalamus (the location of hypothalamic neural stem
cells) shows little, if any, response to leptin in vivo (ref. 30 and
data not shown). Likewise, we were unable to reliably and robustly
detect an effect of leptin on hypothalamic neurospheres in vitro
(data not shown). This supports the view that leptin regulates
hypothalamic stem cells indirectly via other leptin-responsive cell
types in line with the recent finding that NPY neurons are able to
regulate hypothalamic neurogenesis (20).

Possibility of artifact. Our conclusions regarding postnatal turn-
over of neurons rely in part on the postulate that the loss of BrdU
labeling postnatally is due to the replacement of BrdU-labeled neu-
rons by adult-born unlabeled neurons. Two other possible causes
for the loss of BrdU labeling would be DNA repair or the loss of
neuronal gene expression but not the actual neurons.

Several factors argue against a potential role for DNA repair as
the cause of loss of the BrdU labeling in our system. If it were to be
the case, similar BrdU loss should also be observed with amygdala
neurons that are generated concomitantly with ARN neurons,
and loss of label should remain constant between all postnatal
time points. Neither of these features was observed (Figure 2).
In addition, obesity is a highly oxidative state (31) that would
predict greater nucleotide exchange via DNA repair and hence
increased BrdU incorporation in neurons of obese mice (32), not
less, as observed (Figure 3). Finally, DNA repair in human cortical
neurons does not eliminate or reduce DNA labeled at terminal
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Figure 7

HFD feeding inhibits remodeling of the ARN
energy-balance circuit. ARN neurons were
labeled with BrdU during embryogenesis. Mice
were divided into a HFD-fed and a chow-fed
cohort at 6 weeks, and BrdU-labeled embryon-
ic neurons were assayed after 10 weeks of dif-
ferential feeding. (A—C) In mice continually fed
a chow diet, few labeled ARN neurons (BrdU
[red] and DAPI [blue]) remained at 16 weeks,
but a significantly greater number of labeled
ARN neurons remained in littermates placed
on HFD at 6 weeks of age. (D-F) A similar
retention of labeled NPY neurons (yellow
arrowheads) was found in HFD-fed mice (BrdU
[red] and NPY [green]). (G-I) A similar reten-
tion of labeled POMC neurons (yellow arrow-
heads) was found in HFD-fed mice (BrdU [red]
and POMC [green]). (J) Schematic of analysis.
Mean + SEM. Scale bar: 100 um.
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S-phase over the course of many decades (33). For all of these rea-
sons, DNA repair is an extremely unlikely cause for the changes in
BrdU labeling reported here.

The second possibility is that neuronal turnover is an artifact of
dramatically altered expression of neuronal markers. This can be
rejected for ARN neurons generally, as we first showed that BrdU-
labeled parenchymal ARN cells are neurons and then counted
BrdU-labeled ARN cells without further identification as neurons.
In the case of POMC neurons specifically, if there is a general loss
of POMC detection between 4 and 12 weeks then a reduction in
the number of detected POMC neurons overall should also occur.
This is not apparent (Figure 2), and likewise we do not see a sig-
nificant change in the total number of POMC* neurons between
DIO mice and chow-fed controls. Therefore, this possibility can be
rejected for POMC neurons.

In the case of NPY neurons, although we found that the total
number of NPY* neurons was reduced between 4 and 12 weeks of’
age, the loss of BrdU-labeled NPY* neurons was greater than the loss
of NPY* neurons overall, supporting the conclusion of that NPY
neurons are replaced postnatally. We are unable to reliably count
all NPY* neurons in nontransgenic mice and relied on identifying
only double BrdU*NPY* neurons. It is possible that the increase of
double BrdU*NPY* neurons in DIO mice could be an artifact due to
increased detection of NPY neurons. However, given that ARN neu-
rons overall (and POMC neurons specifically) are retained in DIO
mice, the retention of NPY neurons is unlikely to be an artifact.

It is theoretically possible that the BrdU incorporation we
detect in adult mice does not reflect uptake during S-phase in
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proliferating neural precursors but rather reflects DNA synthe-
sis after an abortive S-phase in postmitotic neurons undergoing
programmed cell death. This can be excluded in the case of adult
labeling, as we tested for the presence of apoptosis in BrdU-
incorporating cells using TUNEL and found no BrdU'TUNEL*
cells in chow-fed mice.

Finally, due to teratogenic effects, embryos exposed to large or
repeated doses of BrdU may display developmental defects. To
reduce this possibility to minimum, the E10.5 BrdU incorporation
pulse was carried out using a single relatively low dose of BrdU
(100 mg/kg). Postnatally, BrdU-labeled animals were physiologi-
cally normal and responded to HFD feeding as expected (Supple-
mental Table 1 and data not shown).

Cellular mechanism of reduced neurogenesis in obesity. Both leptin-
deficient and HFD obese mice have reduced neurogenesis, but the
underlying cellular mechanism appears to be distinct. In ob/ob
mice, the loss of neurogenesis stands at the level of neural stem
cells. DIO mice do not lack neural stem cells; rather, the loss of
neurogenesis in this model appears to occur primarily at the level
of progenitor cell generation/survival. The molecular mecha-
nism by which HFD inhibits the turnover of energy-balance neu-
rons at this level is unresolved. Consumption of free fatty acids
increases neuronal hypothalamic apoptosis in rats potentially via
a TLR4-regulated process (34). Diabetes also increases hypotha-
lamic apoptosis, resulting in the loss of proliferating glia (35, 36),
perhaps involving activation of the adrenal axis, as it does in the
hippocampus (37). Whether inflammation-dependent mecha-
nisms, adrenal axis activation, and/or other factors are involved
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in the alteration of hypothalamic turnover in DIO needs further
investigation. However, the recent discovery that reduced mito-
chondrial function in NPY/AgRP neurons but not POMC neu-
rons results in compensatory neurogenesis (20), suggests that
energy-balance neurons may regulate their own turnover in a cell-
autonomous manner. In addition, it is intriguing to note that
the genetic induction of neurodegeneration in the ARN results
in neurogenic and metabolic changes similar to those induced by
nutrition. That is, degeneration of orexigenic NPY/AgRP neurons
increases neurogenesis much as calorie restriction does in the cur-
rent study, while degeneration of POMC neurons does not and
results in obesity (38).

Our results are consistent with the recent findings that HFD-
induced obesity inhibits adult neurogenesis in the mouse hippo-
campus without resulting in neuronal loss (39). In this case, a role
for reduced BDNF expression in DIO mice was suggested. Given
the central role of BDNF in energy balance regulation (40), BDNF
may play a similar role in the hypothalamus as in the hippocam-
pus. However, DIO mice are also diabetic, and diabetes has also
been shown to inhibit adult neurogenesis in the hippocampus
(37). In this study, the role of glucocorticoid-mediated effects was
emphasized. Taken together, these studies suggest that both nutri-
tion and the endocrine system can regulate adult neurogenesis,
but the molecular mechanism remains elusive.
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Figure 8

Loss of neural stem cells and neurogenesis in mice lacking leptin.
(A—C) Hypothalamic neurogenesis is almost completely abolished in
16-week-old obese ob/ob mice lacking leptin compared with that in
lean littermates (WT/WT or WT/ob [WT/?]). (D) However, there was no
difference in the percentage of cells adopting a neuronal fate (HuC/D+)
between the 2 groups. (E-G) The number of neurosphere-generating
cells is reduced in the hypothalamus of ob/ob mice compared with that
in lean littermates (2,000 cells plated per well). (H) The majority of prima-
ry neurosphere-forming cells present in ob/ob mice are not stem cells,
as they fail to generate new neurospheres after passage. Mean + SEM.
Scale bar: 1 mm.

The consequences of reduced neurogenesis in obesity. As adult hypotha-
lamic neurogenesis is reduced in both an environmental (HFD)
and a genetic (0b/0ob) model of obesity by apparently distinct mech-
anisms, loss of hypothalamic neurogenesis may play a more gen-
eral role in the hypothalamic dysfunction seen in obesity. However,
the mechanism by which this occurs is unclear, and a number of
possible scenarios are apparent.

First, in both leptin-deficient and DIO mice, few newborn neu-
rons are generated and/or survive. These newborn/immature neu-
rons may play a critical role in regulation of energy balance and be
specifically required for long-term weight management. Second,
in lean mice, mature neurons integrated into the local network
circuitry are lost, and new neurons are generated that require inte-
gration into local circuitry. In obese animals, this mechanism of
network plasticity is reduced, and network adaptability may be
critical to long-term energy balance. Third, the metabolic milieu
may be damaging to energy-balance neurons in all mice, and it
may be the failure to replace damaged neurons in obese mice that
directly leads to hypothalamic dysfunction rather than the pres-
ence of a specific damaging “metabolic milieu of obesity.” Finally,
the failure to regenerate ARN energy-balance neurons will lead to a
premature “ageing” of the energy-balance circuit. An aged energy-
balance circuit may be less able to achieve energy homeostasis.

Much remains to be learned about the regulation of hypotha-
lamic neuronal turnover, the mechanism by which HFD sup-
presses it, and the potential implications of these changes for the
pathogenesis of obesity. We believe that answers to these questions
may have major implications for our understanding of nutritional
regulation of energy balance and brain function more generally. In
addition, this discovery raises new questions as to the interpreta-
tion of transgenic models in which the energy-balance circuit is
permanently altered during embryogenesis or early life. Further-
more, DIO induced by 8 to 10 weeks of differential feeding, begin-
ningat 6 to 8 weeks of age, is a standard model in obesity research.
Since neurons of the ARN in an obese mouse may be of an older
neuronal population than those in their lean counterparts, we may
need new interpretations of the changes observed in neuronal gene
expression within the ARN of DIO mice.

Overall, our data establish the existence of a substantial postna-
tal turnover of ARN neuronal circuitry, verifying and substantially
extending previous observations. Even more remarkably, our studies
reveal an unexpected and profound capacity of postnatal exposure to
HFD to suppress this neuronal remodeling, through enhanced sur-
vival of preexisting neurons and reduced generation of new neurons,
the latter in part due to accelerated apoptosis of postnatally born
cells. Likewise, we have discovered that leptin regulates hypothalamic
neurogenesis, with leptin-deficient mice having reduced postnatal
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Leptin infusion increases the number of neurosphere-forming neural
stem/progenitor cells in vivo but does not directly increase neuro-
genesis acutely. (A) Sixteen-week-old mice were infused with leptin
peripherally for 14 days. Leptin-treated mice contained higher num-
bers of neurosphere-forming cells than vehicle-infused control mice.
(B) Acute central infusion of leptin and BrdU did not alter the rate of
hypothalamic neurogenesis compared with that in mice infused with
BrdU alone. Mean + SEM.

neurogenesis in part due to leptin being required for maintenance
of the hypothalamic stem cell pool. Although much remains to be
learned about the mechanisms for these findings and their impli-
cations for energy balance regulation, we believe these observations
force a change in the operative paradigm for the field, suggesting that
it goes beyond changes in the activity of existing neurons, to include
regulated plasticity of the underlying neural circuitry.

Methods

Mice. C57BL/6, FVB, and 0b/ob mice were obtained from The Jackson
Laboratory. NPY-hrGFP mice were a gift of Brad Lowell (Beth Israel Dea-
coness Medical Center) (41). The NPY-hrGFP mice used were on a FVB
background (this strain has been subsequently backcrossed to C57BL/6,
generating The Jackson Laboratory strain 006417). All other experiments
were carried out using the WT C57BL/6 strain. Animals were housed under
a 12-hour-light/12-hour-dark cycle, and noon of the morning of vaginal
plug discovery was assumed to be E0.5. This study was carried out in accor-
dance with the recommendations in the Guide for the Care and Use of Lab-
oratory Animals. The animal protocol was approved by the institutional
animal care and use committee of Beth Israel Deaconess Medical Center.

DIO. Male C57BL/6 mice were divided into 2 cohorts at 8 weeks of age.
One cohort was maintained on a standard lab chow (3.1 kcal/g, 19% calo-
ries from fat, 31% calories from protein, 50% calories from carbohydrates;
no. 8664, Harlan Teklad). The second cohort was maintained on a HFD
(5.6 kcal/g, 58% kcal from fat, 16% calories from protein, 26% calories from
carbohydrate; D-12331, Research Diets), as used previously (19). Mice were
used at 16 weeks, after 8 weeks on the respective diets. Obesity, hyperglyce-
mia, and hyperinsulinemia were confirmed in 16-week-old mice HFD-fed
mice as previously described (18).

Calorie restriction. Sixteen-week-old HFD-fed mice were divided into 2
cohorts. One cohort was maintained on HFD for a further 4 weeks, and
the second cohort was fed 70% of the daily intake of age-matched chow-fed
controls for 4 weeks (see Supplemental Table 2).

BrdU labeling of newborn neurons in the adult by i.c.v. infusion. Adult mice were
infused with BrdU usingi.c.v. minipumps, as previously described (18, 20). In
brief, mice under ketamine and xylazine anesthesia (45 mg/kg and 5 mg/kg,
respectively) were implanted with a steel guide cannula (Plastics One) into
the right lateral cerebroventricle (anteroposterior -0.3 mm; lateral +1.0 mm
to bregma; and dorsoventral -2.5 mm below skull). The cannula was con-
nected to an osmotic minipump (flow rate 0.5 ul/h, 7 d; 1007D, Alzet). Each
minipump was filled with artificial cerebrospinal fluid (aCSF) (19) contain-
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ing 1 ug/ul mouse serum albumin (Sigma-Aldrich) and 1 ug/ul 5-bromode-
oxyuridine (BrdU, Sigma-Aldrich). In the case of leptin infusion, leptin mini-
pumps contained 6 nmol/ulleptin in addition to aCSF and BrdU. Mice were
then housed singly and harvested 4 weeks after minipump implantation.

BrdU labeling of newborn neurons by acute i.p. injection. Mice received 6 i.p.
injections with BrdU (100 mg/kg body weight) 2.5 hours apart, during the
light cycle, and were euthanized 48 hours after the first injection.

Chronic subcutaneous leptin infusion. Infusion was delivered by osmotic
minipump (flow rate 0.25 ul/h, 14 days; 1002, Alzet) placed subcutane-
ously and filled with either PBS alone or PBS containing 2 ug/ul leptin.

Embryonic neuronal survival. WT FVB female mice were mated with trans-
genic NPY-hrGFP males on the same genetic background, and pregnant
dams were injected with a single pulse of BrdU at E10.5 (100 mg/kg body
weight) to label a discrete population of newborn neurons in the ante-
rior portion of the ARN (22, 42). Mice were separated into 2 cohorts, a
NPY-hrGFP* and a WT cohort, which were analyzed for NPY and POMC
neuronal turnover, respectively. The number of labeled cells was quantified
at 4, 12, and 26 weeks of age.

Embryonic neuronal survival in adult HFD-fed mice. Two i.p. injections of
BrdU were given 2.5 hours apart at E10.5. Male mice were separated into 2
cohorts. One cohort was maintained on a standard lab chow. The second
cohort was maintained on a standard lab chow from weaning to 6 weeks of
age before being fed a HFD. Mice were sacrificed at 16 weeks.

Immunobistochemistry. Brain sections were treated with 2 N HCl for 1 hour
prior to incubation in primary antibody diluted in PBS plus 0.1% Triton
X-100 overnight at 4°C. A solution of secondary antibody was then applied
for 60 minutes at room temperature, with DAPI added to visualize the cell
nuclei. In the cases of POMC and HuC/D, samples were subjected to heat-
mediated antigen retrieval in citrate buffer prior to HCI treatment. Primary
antibodies used were as follows: f-endorphin (1:200, Novus Biologicals),
NPY (1:200, Novus Biologicals), HuC/D (1:70, Molecular Probes), NeuN
(1:100, Chemicon), and BrdU (1:200, Accurate). Secondary antibodies were
conjugated to FITC or Cy3 (1:200, Jackson ImmunoResearch Inc.), as pre-
viously described (19).

Imaging. The brain sections were examined using an Axio Imager.Al
microscope (Zeiss) or LSM 510 META upright confocal microscope (Zeiss).
Images were processed using Photoshop 7.0 (Adobe).

Neurosphere culture. Neurospheres were derived from the ventricular lining
of the hypothalamus. Briefly, the brain was removed and placed in a dish
with the median eminence up. Fine forceps were then used to cut around
the median eminence to a depth such that the entire dorsal-ventral lining
of the third ventricle and adjacent parenchymal cells immediately dorsal
to the median eminence was removed from each mouse as a single cone
of tissue. This sample was used as donor tissue for neurosphere genera-
tion. Neurospheres were cultured as previously described (28), except that
additional insulin present in the N2 supplement (Invitrogen) was replaced
with 6 nM IGF-1 (43), while insulin remained present in the B27 supple-
ment, and the glucose was reduced to 100 mg/dl (Invitrogen). Neuro-
spheres from a single mouse were grown in 24 wells of an uncoated 96-well
culture plate. The number of primary neurospheres per well was assessed
7 days after plating. The results of all 24 wells were averaged for each
mouse. To passage, all neurospheres derived from a single mouse were col-
lected, dissociated into single cells, and replated in the original volume
of fresh media. Neurospheres were imaged using a Micromaster Digital
Inverted Microscope (Fisher Scientific).

TUNEL. A TUNEL Detection Kit was used following the manufacturer’s
instructions (Roche).

Histology, cell counting, and statistics. Mice were perfused with 10% formalin.
Brains were immersed in 30% sucrose (w/v), embedded in OCT compound
(VWR), and cut into 12-uM coronal sections using a cryostat (10 series). The
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entire hypothalamus containing the ARN was sectioned and processed for
BrdU and other stains, as described below. The slides were coded, and an
observer blinded to the experiments counted DAPI*, GFP*, POMC*, TUNEL',
and BrdU" cells in 3 consecutive sections, and then averaged the number of
cells as a single data point for each mouse. BrdU* cells were also quantified
automatically using Image] (http://rsbweb.nih.gov/ij/), which produced
equivalent results. The Student ¢ test was used to determine the significance of

differences between means in all cases. P < 0.05 was considered significant.
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