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Development/Plasticity/Repair

De Novo Neurogenesis in Adult Hypothalamus as a
Compensatory Mechanism to Regulate Energy Balance
Andrew A. Pierce and Allison W. Xu
Diabetes Center, University of California, San Francisco, San Francisco, California 94143

The ability to develop counter-regulatory mechanisms to maintain energy balance in response to environmental and physiologic insults
is essential for survival, but the mechanisms underlying these compensatory regulations are poorly understood. Agouti-related peptide
(AGRP) and Neuropeptide Y are potent orexigens and are coexpressed in neurons in the arcuate nucleus of the hypothalamus. Acute
ablation of these neurons leads to severe anorexia and weight loss, whereas progressive degeneration of these neurons has minimal
impact on food intake and body weight, suggesting that compensatory mechanisms are developed to maintain orexigenic drive. In this
study, we show that cell proliferation is increased in the hypothalamus of adult mutant animals in which AgRP neurons undergo
progressive neurodegeneration due to deletion of mitochondrial transcription factor A, and that a subset of these newly generated cells
differentiate into AgRP neurons along with other resident neuronal subtypes. Furthermore, some of the newly generated cells are capable
of responding to leptin, and a central blockade of cell proliferation in adult animals results in decreases in food intake and body adiposity
in mutant but not in control animals. Our study indicates that neurons important for energy homeostasis can be regenerated in adult
feeding centers under neurodegenerative conditions. It further suggests that de novo neurogenesis might serve as a compensatory
mechanism contributing to the plastic control of energy balance in response to environmental and physiologic insults.

Introduction
The ability to maintain energy balance in an ever-changing environment or in response to physiologic insults is essential for survival. Agouti-related peptide (AGRP) and Neuropeptide Y
(NPY) are potent orexigens agents and are coexpressed in neurons within the arcuate nucleus (ARC) of the hypothalamus. Located adjacent to the median eminence, a circumventricular organ,
AgRP and Npy neurons are in constant communication with metabolic signals such as leptin, insulin, ghrelin, and glucocorticoids.
AgRP neurons project to the proopiomelanocortin (Pomc) neurons
in the ARC, and the release of NPY and GABA from AgRP
neuronal terminals potently inhibits Pomc neuronal activities.
AgRP neurons also project to neurons expressing melanocortin-4
receptor (MC4R), where AGRP acts as an antagonist and an inverse
agonist (for review, see Morton et al., 2006; Williams et al., 2009).
It is known that central administration of AGRP or NPY
causes hyperphagia and that overexpression of AgRP in transgenic mice causes severe obesity (Ollmann et al., 1997). However,
targeted deletion of the AgRP gene, or AgRP and Npy combined,
has minimal impact on feeding (Qian et al., 2002; Wortley et al.,
2005). Previously, we generated mice in which the mitochondrial
transcription factor A (Tfam) gene was specifically deleted from
the AgRP neurons (designated AgRP-Tfam mutant mice). As a
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result, the AgRP neurons undergo progressive neurodegeneration due to depletion of mitochondria over a period of several
months (Sorensen et al., 2001; Xu et al., 2005b). Despite the loss
of ⬃85% of AgRP neurons, mutant animals exhibit no difference
in food intake and body weight (Xu et al., 2005b). In stark
contrast, mice exhibit severe anorexia and weight loss within
days when AgRP neurons are acutely ablated using diphtheria
toxin-mediated strategies (Gropp et al., 2005; Luquet et al.,
2005), despite the use of the same Tg.AgRP-Cre line in both the
acute and progressive ablation studies (Gropp et al., 2005; Xu
et al., 2005b). These results demonstrate that the AgRP neurons are essential for feeding and energy homeostasis. They
further suggest that compensatory mechanisms may have developed during the progressive degeneration of the AgRP neurons, allowing the animals to escape the life-threatening
effects of severe anorexia.
Although compensatory regulation of energy balance is frequently observed, the underlying mechanisms are largely unexplored. In this study, we show that cell proliferation increases in
the AgRP-Tfam mutant hypothalamus, and a subset of newly
generated cells take on AgRP neuronal identity. In addition,
newly proliferated cells are capable of responding to leptin by
activating signal transducer and activator of transcription 3
(Stat3) signaling. Finally, we show that inhibiting cell proliferation in the adult brain significantly decreases food intake and body
adiposity in the mutants but not in the controls, suggesting that de
novo cell proliferation is functionally required for maintenance of
energy balance in the mutant mice. Our study indicates that neurons
important for energy balance regulation can be regenerated in adult
feeding centers, suggesting that de novo neurogenesis is a novel
mechanism contributing to the plastic control of energy balance.
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Materials and Methods
Animals. Mice used this study were generated
by using two different breeding strategies, and
male mice were used all experiments. For the
LacZ colocalization experiment, Tg.AgRP-Cre
transgenic mice that were heterozygous for the
floxed Tfam allele (Xu et al., 2005b) and homozygous for the R26R-LacZ Cre reporter
(B6.129S4-Gt(ROSA)26Sortm1Sor/J, The Jackson Laboratory) were bred with mice that were
heterozygous for the floxed Tfam allele. Resultant offspring produced control mice that were
wild type or heterozygous for floxed Tfam, heterozygous for Tg.AgRP-Cre, and heterozygous
for the R26R-LacZ gene. Resultant mutant offspring were homozygous for floxed Tfam, heterozygous for Tg.AgRP-Cre, and heterozygous
for the R26R-LacZ gene.
For other experiments, female mice that were
homozygous for the floxed Tfam allele were bred
with male mice that were homozygous for the
floxed Tfam allele and heterozygous for the
AgRP-Cre transgene. The conditional allele for
Tfam has been characterized in multiple studies with different Cre lines (Silva et al., 2000;
Sorensen et al., 2001; Wang et al., 2001; Hansson
et al., 2004), and the specificity of the Tg.AgRPCre transgenic mice has been characterized and
validated by multiple studies (Gropp et al., 2005;
Xu et al., 2005a,b; Kitamura et al., 2006; Konner
et al., 2007; van de Wall et al., 2008; Zhang et al.,
2008). The effect of the loss of Tfam in neurons,
including AgRP-expressing neurons, has been
previous described in detail (Sorensen et al., 2001;
Xu et al., 2005b).
All mice were housed in the mouse barrier
facility of the University of California, San
Francisco in a room with a 7 A.M.–7 P.M. light/
dark cycle. Mice were fed standard mouse
chow and given access to water ad libitum. All
experiments were carried out under a protocol
approved by the University of California, San
Francisco Institutional Animal Care and Use Figure 1. Cell proliferation is increased in the hypothalamus of AgRP-Tfam mutant mice. A–D, Immunohistochemical analyses
for endogenous cell proliferation markers Ki-67 (A, B) and PCNA (C, D) were carried out in 2.5- to 4-month-old male control and
Committee.
Intracerebroventricular infusion. In a single AgRP-Tfam mutant mice. E, F, A separate cohort of control (E) and mutant (F ) mice was infused intracerebroventricularly with
surgical procedure, 12-week-old mice were BrdU (3.2 g/l) via osmotic minipumps (flow rate of 0.15 l/h for 6 weeks; Alzet model 2006; Durect). Immunofluorescence
anesthetized with ketamine and xylazine (45 analysis of BrdU in the hypothalamus of controls and mutants is shown. G, Proportional increase of Ki-67-, PCNA-, or BrdU-positive
and 5 mg/kg, respectively) supplemented with cells in the mutants was compared with that of the controls. Detailed quantification of positive cells is shown in Table 1. Error bars
isofluorane inhalation. Mice were mounted on represent SEM; **p ⱕ 0.01. 3V, Third ventricle.
a stereotaxic apparatus (model 1900; David
Kopf Instruments) and implanted with an AlBody weight, food intake, and body composition analysis. Animals were
zet steel guide cannula (Durect) into the right lateral cerebroventricle
weighed regularly before intracranial surgery. Following surgery, all mice
(anteroposterior, ⫺0.3 mm to bregma; lateral, ⫹1.0 mm to bregma; and
were weighted again and underwent dual energy x-ray absorptiometry
dorsoventral, ⫺2.5 mm below skull). The cannula was connected to an
(DEXA; Lunar PixiMus II; GE Healthcare) scans to determine body
osmotic minipump (flow rate of 0.15 l/h for 42 d; Alzet model 2006;
composition. Body weight and food intake were determined daily for
Durect) via a 50-mm-long vinyl tubing (inner diameter 1.22 mm, Durect).
1 week following surgery and weekly thereafter. Body composition
Each minipump was filled with either vehicle solution alone or vehicle soluwas determined every 2 weeks following surgery. Food intake was
tion with Ara-C (10.9 g/l; Sigma). The vehicle solution was artificial CSF
determined by measuring the amount initially in the food hopper and
containing 3.2 g/l Ig-free bovine serum albumin (BSA; Jackson Immufood remaining in the food hopper at the end of week. Cages were
noResearch Laboratories) and 3.2 g/l 5-bromodeoxyuridine (BrdU;
monitored for evidence of grinding and food spillage, and any mice
Sigma). Pumps connected to the intracerebroventricular cannulae were
that showed excess food grinding were removed from the study.
primed overnight at 37°C in 0.9% saline. Mice were housed singly and
Immunohistochemical analysis. Ad libitum fed mutant and control
monitored for body weight, body composition, and food intake. At the
mice were injected with either PBS or leptin (5 mg/kg, i.p.). Forty-five
end of the study, 10 l of trypan blue dye was injected through the tube
minutes later, mice were anesthetized and perfused transcardially with
attached to the cannula to validate ventricular placement of the cannulae,
normal PBS followed by 4% paraformaldehyde in normal buffered PBS
and residual volumes in the pumps were checked to ensure that proper
(Electron Microscopy Supply). Brains were postfixed in perfusion soluinfusion took place. In addition, correct placement of the cannulae was
tion at 4°C overnight, infiltrated with 30% sucrose in PBS at 4°C oververified by histological examination.
night, and sectioned at 10 m in the coronal plane using a cryostat.
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Table 1. Quantification of cell proliferation in the hypothalamus of adult AgRP-Tfam mutant mice
ARC
VMH
DMH

Ki-67
Control
Mutant
PCNA
Control
Mutant
BrdU
Control
Mutant

LHA

Mean ⫾ SEM

n, N

Count

Mean ⫾ SEM

n, N

Count

Mean ⫾ SEM

n, N

Count

Mean ⫾ SEM

n, N

28
153

1.8 ⫾ 0.4
5.5 ⫾ 0.7**

16, 5
28, 6

14
28

1.0 ⫾ 0.3
1.2 ⫾ 0.3

13, 5
23, 6

9
16

0.7 ⫾ 0.2
0.7 ⫾ 0.2

13, 5
23, 6

14
15

1.0 ⫾ 0.2
0.6 ⫾ 0.2

13, 5
23, 6

44
195

4.0 ⫾ 1.2
11.5 ⫾ 1.1**

11, 5
17, 6

49
85

5.5 ⫾ 2.4
5.7 ⫾ 1.3

9, 4
15, 6

26
57

2.9 ⫾ 0.7
3.6 ⫾ 0.6

9, 4
16, 6

31
41

3.4 ⫾ 1.1
2.6 ⫾ 0.6

9, 4
16, 6

114
332

3.9 ⫾ 0.4
9.8 ⫾ 1.0**

29, 4
34, 4

62
79

4.5 ⫾ 0.8
4.9 ⫾ 0.6

14, 4
16, 4

36
60

2.6 ⫾ 0.6
3.8 ⫾ 0.5

14, 4
16, 4

24
33

1.9 ⫾ 0.4
2.1 ⫾ 0.4

13, 4
16, 4

Count

Number of cells positive for Ki-67, PCNA, or BrdU was quantified in different regions of the hypothalamus. Cell counts were corrected using the Abercrombie correction method (Abercrombie, 1946). The Count columns contain the total
number of positive cells corrected using the Abercrombie method. Mean is the average number of positive cells per section. All sections were 10 m. n, Number of sections evaluated; N, number of mice from which the sections were
evaluated. **p ⱕ 0.01, the difference between mutant and control mice.

For immunohistochemical and 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-gal) staining, the procedures used were similar to
those previously described (Xu et al., 2005a,b; Xu et al., 2007). Briefly,
sections were washed in Tris-buffered saline (TBS) with 0.2% Tween 20.
X-gal staining was carried out overnight at 37°C in PBS that contained 5
mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl2,
and 1 mg/ml X-gal. After X-gal staining, sections were washed with
0.25% Triton X-100 in PBS (three times, 10 min each time), incubated in
0.3% hydrogen peroxide and 0.3% normal goat serum in PBS for 5 min at
room temperature, and then washed in 0.2% Tween 20 in TBS (three
times, 10 min each time). Antigen unmasking was then done by boiling
the sections in sodium citrate and holding at a sub-boil for 10 min. After
cooling for 30 min at room temperature, sections were washed (three
times for 10 min each time) and then incubated in 50% normal goat
serum and 1% BSA in PBS for 1 h at room temperature. Sections were
subsequently immunostained with a rabbit polyclonal Ki-67 antibody
(Novocastra Laboratories) at a 1:1000 dilution in blocking buffer or a
mouse monoclonal proliferating cell nuclear antigen (PCNA) antibody
(BD Pharmingen) at a 1:4000 dilution overnight at 4°C. Sections were
washed with 0.2% Tween 20 in TBS (three times for 10 min each time)
and then incubated with the appropriate biotinylated goat anti-rabbit or
biotinylated goat anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories) at a 1:500 dilution in blocking buffer for 1 h at room
temperature. After washing with 0.2% Tween 20 in TBS (three times for
10 min each time), biotin was detected using a horseradish peroxidase
detection kit (Vector Laboratories). Sections were mounted and coverslipped using Vectashield mounting media. Bright-field images were
captured using a Zeiss Axioscope imaging system.
Double immunofluorescent experiments were carried out using procedures similar to those described previously (Xu et al., 2007). To visualize cells expressing AGRP neuropeptides, mutant and control mice
were injected with 1 l of colchicine (20 g/l) into the third ventricle as
described previously (Xu et al., 2005a). Forty-eight hours after colchicine
injection, mice were transcardially perfused and sections were prepared
as described above. Sections were washed and the antigen retrieval with
sodium citrate was accomplished as described above. Following blocking, sections were incubated with a rabbit polyclonal AGRP antibody (Xu
et al., 2005a,b) and a mouse monoclonal anti-human PCNA antibody
described above (1:4000 dilution; BD Pharmingen).
For all other colocalization studies, mice did not receive colchicine
injection. The staining procedure was similar to that described above, but
a polyclonal anti-rat ACTH (from Dr. A. F. Parlow, National Hormone and
Peptide Program, Torrance, CA) or a polyclonal anti-phosphorylated (Tyr705) STAT3 (pSTAT3; Cell Signaling Technology) was used at a dilution
of 1:500 or 1:200, respectively (Hentges et al., 2004; Piper et al., 2008). For
BrdU immunofluorescence staining, antigen retrieval was performed by
washing the sections in glycine for 10 min followed by SDS for 10 min at
room temperature. After antigen retrieval, DNA was denaturated in 1N
HCl for 6 min at 60°C. Immunofluorescence analysis was carried out
using a rat anti-BrdU primary antibody (1:200 dilution; Serotec). For
antibody detection, the sections were incubated in the appropriate Alexa
Fluor 488 or 555 secondary antibodies (Invitrogen) at a 1:200 dilution in

1% BSA with PBS. Fluorescent images were captured using a Zeiss Axioscope 2. Cell counts were quantified by visually counting positive cells at
the microscope and by examining photomicrographs of each section.
The observer was blind to the identity of each section at the time of
counting.
Cell counting. Photographs of immunohistochemical sections of the
control and mutant animals were taken using the same exposures and
visualized in Photoshop Creative Suite 2 (Adobe Systems). Nuclear
localization of Ki-67, PCNA, and BrdU signals was verified by colocalization with 4⬘,6-diamidino-2-phenylindole (DAPI). Regions of the
hypothalamus, such as the ARC, ventromedial hypothalamus (VMH),
dorsomedial hypothalamus (DMH), and lateral hypothalamic area
(LHA), were defined using Paxinos and Franklin (2004). The observer
was blinded to the identity of the sections at the time of counting. Positive
signals were gauged by comparing the intensity of the Ki-67, PCNA, or
BrdU signals in dentate gyrus, an adult neurogenic region, with signals
from non-neurogenic regions such as cortex and thalamus. Positive cells
in the hypothalamus of intensity similar to that of cells in the dentate
gyrus and having a nuclear staining pattern were considered positive. For
BrdU analysis, sections of 10 m thickness were sampled from the rostral, medial, and caudal thirds of the ARC between bregma ⫺1.82 to
⫺2.30. Each glass slide contained two adjacent sections, but only one of
them was used for cell counting (randomly selected or based on tissue
integrity). An independent cohort of mice was used for Ki-67 and PCNA
analysis. Sections of approximately equal spacing were sampled between
bregma ⫺2.06 to ⫺2.30. Double counting was avoided by analyzing
nonadjacent sections. To avoid overestimation of cell numbers due to
cell fractionation in thin sections, cell counts were corrected using the
Abercrombie method (Abercrombie, 1946). Nuclear diameters of 25–35
cells for each proliferation marker were measured using NIH ImageJ.
Four transects, at 45° angles to one another, were placed across each
nucleus. The average transect length was used as the diameter for the
nucleus being measured. The mean diameter of Ki-67, PCNA, and BrdUpositive nuclei was ⬃8 m in length. The crude cell count was corrected
following the correction formula P ⫽ A ⫻ M/(L ⫹ M ), where P is the
corrected cell count, A is the crude cell count, M is the section thickness
(in micrometers), and L is the mean cell diameter (in millimeters).
Statistical analysis. All statistical analyses were done using the SPSS
14.0 program. T tests were used to analyze differences between genotypes
in immunofluorescent experiments. A two-way ANOVA (treatment ⫻
genotype) was used to test for differences among BrdU cell counts and for
food intake in vehicle and Ara-C-infused mutants and controls. Significant main effects were evaluated by a posteriori multiple pairwise comparisons using the Holm–Sidak method. Two-way repeated measures
ANOVA was used to analyze the changes in body weight and body composition. A significant interaction term (genotype ⫻ treatment) was
found in terms of body fat content over time; therefore, we evaluated the
within-subjects effects of the different treatments. Because there was a
significant main effect, we performed a posteriori multiple pairwise comparisons using the Holm–Sidak method. Statistical differences were accepted at p ⬍ 0.05.
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Results
Cell proliferation increases in the
hypothalamus of adult mutant mice in
response to AgRP neurodegeneration
Deletion of the Tfam gene from cells leads
to progressive depletion of mitochondria
and apoptosis (Wang et al., 2001). Cells
positive for active caspase 3, an apoptosis
marker, can be detected in the ARC of the
AgRP-Tfam mice as early as 2.5 month of
age. Thus, if neurodegeneration induces a
microenvironment permissive for cell proliferation, such inductive signals would be
present following the onset of apoptosis. In
this study, we first sought to determine
whether cell proliferation increased in the
hypothalamus of male mutants at 2.5– 4
months of age. AgRP-Tfam mutant mice
were generated by crossing the Tfam floxed
allele with Tg.AgRP-Cre mice that were used
in the previous study (Xu et al., 2005b). The
specificity of the Tg.AgRP-Cre animals has
been previously characterized and validated
by a number of independent research
groups (Gropp et al., 2005; Xu et al.,
2005a,b; Kitamura et al., 2006; Konner et
al., 2007; van de Wall et al., 2008; Zhang
et al., 2008).
Immunohistochemical analysis was
carried out using Ki-67 and PCNA, two
commonly used proliferation markers that
mark cells in the active cell cycle. AgRPTfam mutant mice exhibited an over
threefold increase in the number of Ki67-positive cells in the ARC of the hypothalamus (Fig. 1A,B,G; Table 1). Similarly, a Figure 2. Newborn hypothalamic cells take on AgRP neuronal identity. A–C, Representative field showing the colocalization of
significant increase in the number of cells AGRP immunoreactivity (cytoplasmic signals) and PCNA nuclear signals from a colchicine-injected AgRP-Tfam mutant mouse. The
expressing PCNA, which has a longer half- arrows show the colocalized cell. DAPI staining revealed all nuclei in the field. The specificity of the AGRP antibody was previously
life than that of Ki-67, was detected in the characterized (Xu et al., 2005a,b). D–G, X-gal staining combined with immunohistochemical analysis of PCNA or Ki-67 in hypoARC of the AgRP-Tfam mutant animals thalamic sections from the AgRP-Tfam mutant animals. Control and mutant animals carried the Tg.AgRP-Cre transgene and the
Cre-activatable R26R-LacZ reporter so that Agrp neurons were identified by LacZ expression (Xu et al., 2005a,b). In this preparation,
(Fig. 1C,D,G; Table 1). To further confirm LacZ expression is characteristically seen as perinuclear blue dots, whereas brown nuclear staining represents the PCNA or Ki-67
the increase in cell proliferation, we infused signal as indicated. Arrows show a LacZ/PCNA coexpressing neuron and a LacZ/Ki-67 coexpressing neuron. E, Magnified view of the
BrdU, which is incorporated into newly rep- boxed area in D; G, magnified view of the boxed area in F. The specificity of the Tg.AgRP-Cre transgenic mice has been characterized
licating DNA, intracerebroventricularly and validated by multiple studies (Gropp et al., 2005; Xu et al., 2005a,b; Kitamura et al., 2006; Konner et al., 2007; van de Wall et
into 3-month-old controls and mutants for al., 2008; Zhang et al., 2008). 3V, Third ventricle.
6 weeks via osmotic minipumps. A significantly higher number of BrdU-positive cells
A subset of the newly generated cells take on AgRP
were detected in the ARC of the AgRP-Tfam mutant mice (Fig.
neuronal identity
1E–G, Table 1), consistent with the increase in the endogenous cell
Because AgRP neurons are specifically degenerated in the AgRPproliferation markers Ki-67 and PCNA. Many of the Ki-67- and
Tfam mutant animals, we wished to determine whether AgRP
PCNA- and some of the BrdU-positive cells were present in douneurons could be regenerated in the mutant hypothalamus. By
blets, suggesting that these cells had just undergone cell divisions and
double immunofluorescence analysis, some PCNA-positive cells
still remained in close proximity.
were found to express AGRP in the mutant hypothalamus, sugTo determine whether increased cell proliferation was occurring
gesting that AgRP neurons were regenerated (Fig. 2 A–D). Using
in specific hypothalamic nuclei, Ki-67-, PCNA-, and BrdU-positive
an independent approach, we generated control and mutant mice
cells were quantified in the ARC, VMH, DMH, and LHA. Ki-67,
that carry the Tg.AgRP-Cre and Cre-activatable Rosa26-LacZ rePCNA, and BrdU cell counts were all significantly higher in the ARC
porter so that AgRP neurons can be identified by LacZ expression
of mutants relative to controls. However, Ki-67, PCNA, and BrdU
in control and mutant animals (Xu et al., 2005a,b; Xu et al., 2007).
did not differ significantly in the VMH, DMH, or LHA of mutants
Zero of 1055 AgRP neurons (LacZ positive) were positive for
and controls (Fig. 1G, Table 1). Taken together, our results suggest
Ki-67 in the controls, whereas 39 of 2498 AgRP neurons coexthat degeneration of AgRP neurons in the ARC leads to increased cell
pressed Ki-67 in the mutants. Conversely, we found that 0 of 48
Ki-67-positive and 1 of 83 PCNA-positive cells expressed LacZ in
proliferation in this region of the adult mutant animals.

Pierce and Xu • Compensatory Regulation of Energy Balance

J. Neurosci., January 13, 2010 • 30(2):723–730 • 727

tion, the proliferation of non-AgRP
neurons argues against the notion that
the incorporation of BrdU and the increased expression of PCNA and Ki-67
in the AgRP-Tfam mutant mice are the
result of DNA repairs in degenerating
AgRP neurons.

Figure 3. Newborn hypothalamic cells take on Pomc neuronal identity. A, Representative field of the ARC showing
expression of PCNA (nuclear signal) and ACTH (product of the Pomc neurons; cytoplasmic signal) in an AgRP-Tfam mutant
animal. DAPI marked all nuclei in the field. B–D, Magnified views of the boxed area in A, showing a pair of PCNA-positive
cells that expressed ACTH. Arrows indicate the two colocalized cells. Fourteen Pomc cells were identified out of 150
PCNA-positive cells from six different mutant mice. The ACTH antibody was previously used and it was highly specific (Piper
et al., 2008). 3V, Third ventricle.

the controls, whereas 33 of 278 Ki-67-positive and 27 of 373
PCNA-positive cells expressed LacZ in the mutants (Fig. 2 E, F ).
Taken together, these results suggest that a small population
(7.2–11.8%) of dividing cells in the hypothalamus differentiates
into AgRP neurons at a given time.
A subset of the newly generated cells take on Pomc neuronal
cell fate
Because neurodegeneration was specific to the AgRP neurons in
the AgRP-Tfam mutant mice (Xu et al., 2005b), we wished to
evaluate whether de novo neurogenesis is confined to neurons
that would restore orexigenic drive. Pomc neurons are situated in
the vicinity of AgRP neurons in the ARC, and Pomc and AgRP
neurons have opposite functions in energy balance regulation.
Thus, we investigated whether Pomc neurons were regenerated
in the hypothalamus of the same AgRP-Tfam mutant mice.
Double immunofluorescence analysis was carried out to detect
ACTH- (the product of Pomc neurons) and PCNA-coexpressing
cells. The ACTH antibody was used previously and was highly
specific (Hentges et al., 2004; Piper et al., 2008). Although there
was no significant difference in the number of Pomc neurons
between the controls and mutants (Xu et al., 2005b), zero Pomc
neurons were seen to coexpress PCNA in the controls, whereas
9.3% of PCNA-positive cells were identified as Pomc-expressing
neurons (14 Pomc cells out of 150 PCNA-positive cells from
six different mutant mice) (Fig. 3). These data suggest that
anorexigenic Pomc neurons are generated in the AgRP-Tfam
mutant mice along with orexigenic AgRP neurons. In addi-

A subset of the newly generated cells are
responsive to leptin
Both AgRP and Pomc neurons express the
leptin receptor long form. Leptin administration robustly stimulates pSTAT3 in
Pomc, AgRP, and other leptin target neurons in the hypothalamus. To determine
whether some of the newly proliferated
neurons in AgRP-Tfam mutant mice acquired leptin responsiveness, control and
mutant mice were injected intraperitoneally with saline or leptin (5 mg/kg) and the
mice were killed 45 min later. Leptin but
not saline treatment induced strong
pSTAT3 immunoreactivity in the hypothalamus (Fig. 4 A, B). Double immunofluorescence analysis revealed that 22.6%
of PCNA-positive cells expressed pSTAT3
in the ARC of leptin-treated mutant animals (Fig. 4C–F ). These results suggest
that some of the newly proliferated cells in
the AgRP-Tfam mutant animals are leptin
responsive. Similar proportion of newborn cells was shown to be leptin responsive in the hypothalamus of CNTF-treated
mice (Kokoeva et al., 2005).

Central blockade of cell proliferation results in decrease in
food intake and body adiposity in the AgRP-Tfam mutants
but not in controls
Acute ablation of AgRP neurons results in severe anorexia and
weight loss, whereas progressive ablation of AgRP neurons in the
AgRP-Tfam mutants causes little change in feeding and body
weight (Gropp et al., 2005; Luquet et al., 2005; Xu et al., 2005b).
Thus, we sought to determine whether the newly proliferated
cells in the mutant hypothalamus functionally compensated for
the loss of AgRP neurons and helped the AgRP-Tfam mutant
mice escape starvation. To this end, we inhibited cell proliferation in the brains of 3-month-old male AgRP-Tfam mutants and
controls by intracerebroventricular infusion of the antimitotic
compound arabinosylcytosine (AraC; 10.9 g/l at a flow rate of
0.15 l/h for 4 weeks via osmotic minipumps). This dose of AraC
effectively blocked cell proliferation in the hypothalamus (Fig.
5 A, B) without causing overt adverse effects on health (Kokoeva
et al., 2005). Although AraC-treated control mice did not show
significant change in food intake compared with vehicle-treated
controls, AgRP-Tfam mutant animals decreased their feeding
significantly during the 4 week AraC treatment compared with
vehicle-treated mutants (Fig. 5C). In addition, body composition
was measured by DEXA before and after AraC or vehicle treatments. Whereas 4 weeks of AraC treatment did not affect lean
body mass in either controls or mutants, it significantly reduced body fat mass in the mutants but not in the controls (Fig.
5 E, F ). Body weight followed the same trend, although it did not
reach statistical significance (Fig. 5D). This experiment demon-
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strates that newly generated cells in the
mutant hypothalamus are functionally required, at least in part, for the maintenance
of feeding and body adiposity.

Discussion
AgRP and Npy neurons are key first-order
neurons in the ARC of the hypothalamus
that sense and integrate diverse metabolic
signals. Paradoxically, chronic and acute
disruptions of AgRP gene or AgRP neurons have produced very different outcomes. Although acute reduction of AgRP
gene expression by 50% using RNA interference results in significant weight loss
days after small interfering RNA administration (Makimura et al., 2002), germline
mutation of AgRP gene has minimal consequence on body weight (Qian et al.,
2002; Wortley et al., 2005). Similarly,
acute ablation of AgRP neurons leads to
severe anorexia and weight loss, while
progressive degeneration of AgRP neurons in the AgRP-Tfam mutants has minimal impact on feeding and body weight
although the same Tg.AgRP-Cre line was
used in both studies (Gropp et al., 2005;
Xu et al., 2005b). These results clearly
demonstrate that compensatory mechanisms develop during the gradual loss of
AgRP neuronal function, which allow the
mice to escape the deleterious effects of
weight loss. In this study, we provide evidence that de novo cell proliferation in- Figure 4. Newly generated hypothalamic cells are responsive to leptin. Four-and-a-half-month-old AgRP-Tfam mutant mice
creases in the hypothalamus of adult were treated with either vehicle or leptin (5 mg/kg, i.p.), and mice were killed 45 min later. Immunofluorescence analysis was
AgRP-Tfam mutant mice in response to carried out to identify cells that express pSTAT3 and PCNA. A, B, Leptin but not saline treatment activated pSTAT3 in the ARC of the
degeneration of the AgRP neurons, and hypothalamus. C, A field in the ARC of the hypothalamus showing expression of PCNA and leptin-induced pSTAT3 expression.
that some of the newly generated cells take Arrow indicates a colocalized cell. D–F, Magnified views of the colocalized cell indicated by the arrow in C showing PCNA, pSTAT3
on AgRP neuronal cell fate. We further immunoreactivity, and merged images. Arrow indicates a colocalized cell. Twenty-four of 106 PCNA cells (22.6%) were found to be
show that a subset of the newly prolifera- positive for pSTAT3. Fourteen sections from six mice were analyzed. 3V, Third ventricle.
tive cells are capable of responding to lepmay contribute to the lower cell counts. Also, different types of
tin and that central blockade of cell proliferation leads to
osmotic minipumps were used. Second, genetic background may
decreased feeding and body adiposity in the mutants but not in the
influence the rate of adult neurogenesis. Whereas Kokoeva and
controls. Thus, our study suggests that de novo neurogenesis procolleagues used C57BL/6 mice, our AgRP-Tfam mice were on a
vides a new level of neural plasticity in reshaping the hypothalamic
mixed background with contributions from 129/SvJ, C57BL/6, and
feeding circuits.
FVB mice. It has been shown that C57BL/6 mice exhibit a higher
It should be noted that there are methodological limitations in
degree of adult neurogenesis in the hippocampus region compared
the detection of neurogenesis in the adult brain (Emsley et al.,
with other mouse strains, including 129/SvJ (Kempermann et al.,
2005), and the one most relevant to this study is the potential
1997; Kempermann and Gage, 2002). Thus, it is possible that geincorporation of BrdU into AgRP neurons that are undergoing
netic background variation may contribute to the discrepant cell
DNA repair. However, evidence of mitotic divisions indicated by
counts in these studies.
closely situated cell doublets, the generation of non-AgRP neuAGRP and NPY are two of the most potent orexigens identirons such as Pomc neurons, and alteration of energy balance
fied to date. Disruption of AgRP/Npy neuronal function due to
upon inhibition of CNS cell proliferation strongly argue that cell
mutations, injuries, or neurodegeneration can lead to severe anproliferation is indeed increased in the hypothalamus of AgRPorexia and weight loss, which is life threatening. Thus, evolution
Tfam mutant mice. The nuclear localization of BrdU signals also
may have favored the development of multiple mechanisms to
excludes mitochondrial labeling. The basal levels of BrdUensure that the orexigenic drive is not lost. The fact that AgRP and
positive cells in our control hypothalamus appear to be lower
Npy are coexpressed in the same neurons in the ARC suggests
than those previously reported by Kokoeva et al. (2005, 2007).
that one such safeguarding mechanism is by coexpression of
There are several possible reasons for this discrepancy. First, there
genes that perform similar functions. Another level of compenare differences in experimental procedures. For example, Kokosation could be provided by the redundant wiring of AgRP/Npy
eva and colleagues prepared hypothalamic sections at 25 m and
neurons on their targets. AgRP/Npy neurons are known to
we prepared ours at 10 m, so our sections were thinner, which
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Adult neurogenesis is readily observed
in the subventricular zone of the lateral
ventricle and the subgranular zone of the
dentate gyrus in the hippocampus but is
limited in the adult hypothalamus under
normal conditions (Ming and Song, 2005).
However, resident neural stem cells have
been described in the adult hypothalamus, where de novo neurogenesis occurs
at a low rate (Kokoeva et al., 2007). A
number of growth factors, and neurotrophic factors such as FGF2, BDNF, CNTF,
VEGF (vascular endothelial growth factor),
and TGF␣, have been shown to regulate
neural stem cells and neural progenitor proliferation in the adult rodent brain (Hagg,
2005; Lledo et al., 2006). Infusion of BDNF
into the lateral ventricle of the adult rat leads
to generation of new neurons in the hypothalamus (Pencea et al., 2001). In addition,
central administration of CNTF to mice
stimulates neurogenesis in the adult hypothalamus (Kokoeva et al., 2005). Together,
these results suggest that neurogenesis in the
adult hypothalamus can be stimulated under certain conditions. It is likely that neurodegeneration in the AgRP-Tfam mutant
mice activates this latent pool of neural stem
cells, and they differentiate into AgRP neurons along with other resident cell types,
such as Pomc neurons and glial cells. Because AgRP neurons, but not Pomc or other
neurons, are specifically degenerated in the
AgRP-Tfam mutant animals, regeneration
of AgRP neurons would be expected to have
Figure 5. Blockade of cell proliferation in the adult brain leads to decreased food intake and body adiposity in AgRP-Tfam mutants but greater impact on the AgRP neuronal cell
not in control mice. Vehicle or mitotic blocker AraC (10.9 g/l) was infused into the lateral ventricle of 3-month-old control and AgRP- pool, whereas the addition of new Pomc
Tfam mutant mice via osmotic minipumps (flow rate of 0.15 l/h). A, B, AraC effectively blocked cell proliferation in the hypothalamus of neurons may not affect the overall Pomc
mutantmiceasevidentbyreducednumberofBrdU-positivecellsuponAraCtreatment.C,Averageweeklyfoodintakeduringa4weekAraC population. It is difficult to directly compare
treatment in control and mutant mice. D, Body weight of mice after 4 weeks of AraC or vehicle treatment was compared with their own
the relative abundance of newborn AgRP
pretreatment body weight. E, F, Body composition was measured by DEXA before and after 4 weeks of AraC or vehicle treatment. Four
neurons with newborn Pomc neurons due
weeks of AraC treatment did not change body lean mass in either controls or mutants, whereas it significantly decreased body fat mass in
to differences in antibody sensitivity. Howthe mutants but not in the controls. n ⫽ 5– 6 mice for each group; *p ⱕ 0.05; **p ⱕ 0.01. 3V, Third ventricle.
ever, it is conceivable that the increase in cell
proliferation in the mutant hypothalamus
project to MC4R neurons and also to their upstream Pomc neuwould partially restore orexigenic drive while having a smaller imrons that express the ligand for MC4R (Bagnol et al., 1999; Cowley et
pact on anorexigenic drive.
al., 1999; Cowley et al., 2001; Roseberry et al., 2004). Thus, AgRP/
Neurogenesis in the adult brain, although at low rates, could be a
Npy neurons exert their orexigenic functions by inhibiting two difcritical mechanism to replenish degenerated neurons due to aging,
ferent anorexigenic neurons, the Pomc and MC4R neurons, via
gene mutations, or environmental toxins, and impairment in this
regulation of neuronal activities and receptor signaling. The redunprocess could lead to disease onset or aggravate disease progression.
dant wiring and differential regulation of Pomc and MC4R neurons
Impaired adult neurogenesis has been implicated in the etiology and
provide another safeguarding mechanism to ensure sufficient inhiprogression of neurodegenerative disorders such as Alzheimer’s disbition of anorexigenic drive. The current study provides an addiease, Parkinson’s disease, or amyotrophic lateral sclerosis, which are
tional compensatory mechanism in that de novo cell proliferation
characterized by loss of neurons in particular brain regions (for refunctions to replenish the diminishing AgRP neuronal cell pool.
view, see Abdipranoto et al., 2008). Stimulation of neurogenesis has
Previous studies indicate that neurons can survive and remain funcbeen found to associate with functional recovery of memory
tional for a few months following Tfam deletion (Sorensen et al.,
and learning in models of Alzheimer’s disease. In addition, it
2001). Thus, the ability to regenerate neurons in the AgRP-Tfam
has been shown that neurogenesis increases following ischemia or
mutants would allow other compensatory mechanisms to develop,
stroke in both humans and rodents, suggesting that stroke-induced
which would act in concert to provide full functional compensation.
neurogenesis serves as a self-repair mechanism (Okano et al., 2007;
Some of these potential compensatory mechanisms include moduWiltrout et al., 2007). Interestingly, recent studies show that conlation of synaptic densities on MC4R, Pomc, or other downstream
sumption of a high-fat diet in rodents causes hypothalamic endoneurons, change in MC4R and NPY receptor sensitivity, and alterplasmic reticulum stress (Zhang et al., 2008; Ozcan et al., 2009), and
ations of gene expression in downstream neurons.
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a high-fat diet induces apoptosis of hypothalamic neurons (Moraes
et al., 2009). Thus, these findings raise the possibility that dietinduced neurodegeneration may play a role in the etiology of obesity. Our current study provides new evidence that AgRP neurons,
critical regulators of energy balance, can be regenerated in the adult
hypothalamus, suggesting that adult neurogenesis is one adaptive
mechanism to reshape the feeding circuits in response to hypothalamic neurodegeneration. Understanding the mechanisms underlying neural stem cell activation would pave the way for future
therapeutic intervention to treat feeding disorders that are associated
with neurodegeneration.
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