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Nearly all neurodegenerative diseases are associated with abnor-
mal accumulation of ubiquitin (Ub) conjugates within neuronal
inclusion bodies. To directly test the hypothesis that depletion of
cellular Ub is sufficient to cause neurodegeneration, we have
disrupted Ubb, one of four genes that supply Ub in the mouse.
Here, we report that loss of Ubb led to a progressive degenerative
disorder affecting neurons within the arcuate nucleus of the
hypothalamus. This neurodegenerative cytopathology was accom-
panied by impaired hypothalamic control of energy balance and
adult-onset obesity. Ubb was highly expressed in vulnerable hy-
pothalamic neurons and total Ub levels were selectively reduced in
the hypothalamus of Ubb-null mice. These findings demonstrate
that maintenance of adequate supplies of cellular Ub is essential
for neuronal survival and establish that decreased Ub availability
is sufficient to cause neuronal dysfunction and death.
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biquitin (Ub) is a highly conserved small protein that

functions as a key signaling molecule in multiple proteolytic
and nonproteolytic pathways in all eukaryotic cells (1, 2). Ub
signaling is initiated by covalent ligation of one or more Ub
molecules to amino groups on target proteins and is terminated
by hydrolysis of these isopeptide bonds (1-3). Cellular Ub,
therefore, exists in a dynamic equilibrium between pools of free
(activated or monomeric) Ub and polymeric Ub—substrate con-
jugates, governed by the opposing activities of enzymes that
catalyze covalent Ub conjugation and deconjugation. Ub is an
abundant protein in eukaryotic cells (4-7) and, because of its
crucial roles in so many different signaling processes, its levels
are tightly regulated. Although steady-state Ub pools are
thought to be largely maintained by enzymatic recycling of Ub
by deubiquitinating enzymes (DUBs) associated with the 26S
proteasome, a fraction of Ub is consumed during proteolysis (8)
and must be replenished by de novo synthesis.

Mammalian Ub is encoded by two polyubiquitin genes, Ubb
and Ubc, composed, respectively, of three or four and nine or ten
tandem-repeat Ub coding units arranged in a head-to-tail spac-
erless array, and two Uba genes, Uba52 and UbaS80 (also known
as Rps27a), comprised of linear fusions between Ub and small
ribosomal proteins (9-14). Although disruption of murine Ubc
results in embryonic lethality, owing to a requirement of this
polyubiquitin gene for fetal liver development (15), mice lacking
Ubb are born at the expected Mendelian frequency (16).

A substantial body of genetic evidence suggests that the Ub
system is essential for neuronal development, function, and
survival. Ub-dependent protein degradation is required for axon
remodeling during development and after injury (17), and Ub
conjugation is emerging as a regulator of synaptic function (18).
Recessive mutations in genes encoding the E3 Ub ligase Parkin
underlie the pathology in autosomal recessive juvenile parkin-
sonism (19). Loss-of-function mutations in the DUBs Usp14 and
UchL1 cause synaptic dysfunction and degeneration of neurons
in the ataxia (ax’) (20) and gracile axonal dystrophy (gad) (6)
mice, respectively, suggesting that maintenance of Ub pool
homeostasis is essential for neuronal function and survival. The
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finding that cytoplasmic inclusion bodies, the defining cyto-
pathological features of most late-stage neurodegenerative dis-
eases, are heavily enriched in Ub conjugates has long suggested
that disruption of Ub pool dynamics could be a common
neuropathogenic mechanism (21, 22). Although this hypothesis
has been strongly bolstered by the recent demonstration of global
changes to Ub conjugate pools early in disease progression in a
mouse model of Huntington’s disease (23), whether changes to
UDb pools and consequent chronic decreased Ub availability are
causes or effects of underlying pathology has remained untested.
In this study, we directly tested this hypothesis by disrupting Ubb
in the mouse.

Results

Adult-Onset Obesity in Ubb—'~ Mice. Ubb~/~ mice are smaller than
wild-type or heterozygous littermates (Fig. 14) and exhibit
subtle perinatal linear growth retardation (Fig. 1B) but are
otherwise indistinguishable from wild-type mice in gross appear-
ance. By 16 weeks of age, however, body weights of Ubb~/~ mice
stabilized at a level similar to that of littermate controls (Fig.
1C). Strikingly, adult Ubb~/~ mice could be readily identified by
their short stature (Fig. 1D) and obese appearance (Fig. 1E).
Body fat content, assessed by dual-energy x-ray absorptiometry
(DEXA) (Fig. 24) or by direct measurement of dissected
inguinal and reproductive fat pad mass (Fig. 2B and data not
shown), was significantly elevated in adult Ubb~/~ mice. This
increased body fat content was not accompanied by an increase
in total body mass (Fig. 1C) but was associated instead with
reduced lean body mass and correspondingly increased fat mass
(Fig. 2C). The adult-onset obesity was not accompanied by
disturbances in blood glucose [supporting information (SI) Fig.
6A] or serum insulin (SI Fig. 6B) levels, indicating that the
increased fat content was not a consequence of impaired pan-
creatic endocrine function or glucose homeostasis. Serum leptin
levels were within the normal range in young Ubb~/~ mice but
were significantly elevated in adults (SI Fig. 6C), even after food
deprivation (SI Fig. 6D). Because leptin is secreted by adipo-
cytes, it is probable that this adult-onset hyperleptinemia is a
direct consequence of the increased fat content of the adult
Ubb~'~ mice.

Impaired Compensatory Refeeding and Hypothalamic Neuropeptide
Expression in Ubb—/~ Mice. To determine whether the adult-onset
obesity phenotype of Ubb~/~ mice is associated with an under-
lying abnormality in the hypothalamic circuitry required for
maintenance of peripheral energy stores, we examined whether
Ubb~/~ mice can increase food intake acutely, as in Ubb ™/ mice,

Author contributions: K.-Y.R., J.C.G., X.-Y.L., G.S.B., and R.R.K. designed research; K.-Y.R.,
J.C.G., and X.-Y.L. performed research; G.S.B. contributed new reagents/analytic tools;
K.-Y.R., X.-Y.L, G.S.B., and R.R.K. analyzed data; and K.-Y.R. and R.R.K. wrote the paper.

The authors declare no conflict of interest.
5To whom correspondence should be addressed. E-mail: kopito@stanford.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0800096105/DC1.

© 2008 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0800096 105


http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1
http://www.pnas.org/cgi/content/full/0800096105/DC1

Body weight(g)

E185 1 5 9 13 17 21

Age (days)
B 40 1 Male 40 4 Female
—~ 35  —=—+/+ +— 35 o ===+, 4
230 4 =—i- 30 4 ——-
s
3 25 25
220 20 2
§ 15 15
10 1 ok — 10 12 sow =
5+ 5
357 911131517 357 911131517
Age (weeks) Age (weeks)
60 =1
C o D E ,
Cl £ 10 |
= o
-.5’ 40 E
230 o 9 hiid
3
3 20 S
o £ 8
@ 10 3
j = _/_
0 w7
14 7 10 XX
Age (months) P

Fig.1. Abnormal growth of Ubb~/~ mice. (A) Newborn Ubb~'~ (—/—) (n = 18)
mice are smaller and exhibit reduced perinatal weight gain compared with
littermate controls (+/+ and +/—) (n = 39). Smaller size of Ubb~/~ mice is also
evident at E18.5 (+/+ and +/—, n = 13; —/—, n = 3). (B) Growth curve of male
and female mice after weaning. Body weights of Ubb~/~ (male, n = 19; female,
n = 17) mice are significantly lower than those of their littermate controls
(male, n = 51; female, n = 76) before 16 weeks of age. At 16 weeks of age,
there is no significant difference in weight between Ubb~/~ mice and litter-
mate controls. (C) Total body mass of male mice determined by DEXA (+/+ and
+/—=,n =4-12; —/—, n = 3 or 4). (D) Snout-anus length of 4-month-old mice
(+/+ and +/—, n = 18; —/—, n = 13). (E) Representative photographs of adult
Ubb*'* (+/+) and Ubb~'~ littermates. All data are expressed as means = SEM
from the indicated number of mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001 for
Ubb~/~ vs. littermate controls.

after a period of food deprivation. Although young Ubb*'* and
Ubb~'~ mice displayed a similar response to food deprivation,
this compensatory hyperphagia was substantially blunted in
adult Ubb~/'~ mice (Fig. 34). Likewise, whereas young Ubb*/*
and Ubb~/~ mice were able to fully recover their prefasting body
weight within 48 h of refeeding, adult Ubb~/~ mice were signif-
icantly impaired in body weight recovery after fasting (Fig. 3B).
This defect in body weight recovery can, at least in part, be
explained by the impaired compensatory hyperphagia observed
in adult Ubb~/~ mice (Fig. 34). These findings indicate that the
hypothalamic circuitry responsible for maintaining energy ho-
meostasis is disrupted in adult Ubb~/~ mice.

Leptin receptors (Ob-R) on hypothalamic neurons transduce
hormone binding into distinct physiological responses mediated,
in large measure, by repression of genes encoding orexigenic
neuropeptides such as neuropeptide Y (NPY), Agouti-related
protein (AgRP), orexin, and melanin-concentrating hormone
(MCH), together with activation of genes encoding anorexigenic
neuropeptides such as a-melanocyte-stimulating hormone (a-
MSH) and cocaine- and amphetamine-regulated transcript
(CART) (24, 25). To determine whether the impaired compen-
satory refeeding behavior observed in adult Ubb~/~ mice is
associated with impaired hypothalamic neurohormonal signal-
ing, we measured the responses of the genes encoding, NPY,

Ryu et al.

A __60 B 2 Female
= 50 5 18 e
: i
o © E
§ 40 % 12
S 30 S
Q pay
o EFH
% 10 204
w =02

0 0
1 4 7 10 1 3 7 15 4
Age (months) Age (months)  Age (months)
C 357 vws 4 357 e, i
30 {m/— ~ 30 1m- 3 I L
C 225 I i
? & 20
o S
E E1s
© ©
w o 10
-5
0
1 4 7 10 1 4 7 10
Age (months) Age (months)
Fig. 2. Altered body composition in adult Ubb~/~ mice. (A) Whole-body fat

content of male Ubb~/~ mice (n = 3 or 4) and littermate controls (n = 4-12)
measured by DEXA. Fat content is expressed as a percentage of body weight.
(B) Inguinal fat pad weight of male (+/+,n =6-11; —=/—,n = 6-11) and female
(+/+, n =5o0r7; —/—, n = 6) mice. (C) Fat and lean mass of male Ubb~/~ mice
(n =3 or4) and littermate controls (n = 4-12) measured by DEXA. All data are
expressed as means = SEM from the indicated number of mice. *, P < 0.05; **,
P < 0.01; #**, P < 0.001 for Ubb~/~ vs. littermate controls or Ubb*/*.

AgRP, and proopiomelanocortin (POMC), the precursor of
a-MSH (Fig. 3C). In young mice fed ad libitum (Fig. 3C Upper),
the levels of these neuropeptide mRNAs were similar, irrespec-
tive of genotype. Upon fasting, the levels of these mRNAs in
both young and adult littermate controls exhibited stereotypical
responses, with increased expression of genes encoding orexi-
genic neuropeptides, NPY and AgRP, and decreased expression
of the gene encoding the anorexigenic neuropeptide precursor
POMC. In young Ubb~/~ mice, whereas NPY and POMC mRNA
levels, respectively, increased and decreased in response to food
deprivation, AgRP mRNA levels failed to respond to fasting
(Fig. 3C, Upper). By contrast, in adult Ubb~/~ mice (Fig. 3C
Lower), the response of all three mRNA levels to fasting was
severely attenuated. Moreover, the basal levels of AgRP mRNA
were significantly reduced, even in fed Ubb~/~ mice. Thus, loss
of Ubb results in an early-onset defect in AgRP signaling and a
profound, late-onset disruption in the responsiveness of orexi-
genic and anorexigenic neuropeptide genes to feeding status.

Adult-Onset Degeneration of Hypothalamic Neurons in Ubb—/~ Mice.
The dramatic impairment in AgRP transcripts in adult Ubb~/~
mice could be attributable either to silencing of AgRP gene
transcription or to a loss of AgRP neurons. To discriminate
between these two possibilities, we examined brains of adult
Ubb~'~ mice for evidence of neurodegeneration. The spatial
distribution of AgRP mRNA expression in the arcuate nucleus,
assessed by in situ hybridization, revealed a significant, nearly
50% decrease in Ubb~/~ mice at 3 months of age; this difference
was not evident in 1-month-old mice (Fig. 44). Strikingly, total
neuron counts in the arcuate nucleus of Ubb~/~ mice, assessed
by in situ hybridization with a panneuronal probe, neuron-
specific enolase (NSE), were significantly reduced by ~30% in
3-month-old Ubb~/~ mice compared with controls, whereas no
difference was evident at 1 month of age (Fig. 4B). These
findings suggest that adult-onset obesity in mice lacking Ubb is
strongly correlated with the selective degeneration of neurons
that control energy balance in the arcuate nucleus and imply that
Ubb must play a unique role among ubiquitin genes in the
survival of these neurons.
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Fig.3. Defective central regulation of body weight and energy homeostasis
in Ubb~'~ mice. (A) Ad libitum food intake during the 24 h preceding fasting
for 48 h and the two 24-h intervals after refeeding was measured and
expressed as per gram body weightin 7-week-old (+/+,n=9; —/—,n=11)and
15-week-old (+/+,n = 11; —=/—, n = 11) mice. (B) Recovery of body weight after
fasting for 48 h and refeeding for 48 hin 7-week-old (+/+,n=9; —=/—,n = 11)
and 15-week-old (+/+, n = 11; =/—, n = 11) mice. Loss of body weight after
fasting was arbitrarily assigned as —100% in each genotype of mice. (C)
Abnormal expression of hypothalamic neuropeptides in adult Ubb~/~ mice.
Normalized mRNA levels, measured by quantitative real-time RT-PCR from
hypothalamus of young (5-6 weeks old) and adult (3-4 months old) ad libitum
fed (+/+ and +/—, n = 12; —/—, n = 5 or 6) or 48-h fasted (+/+ and +/—, n =
12 or 16; —/—, n = 6) mice. All data are expressed as means = SEM from the
indicated number of mice. In Aand C: *, P < 0.05; **, P< 0.01; #, P = 0.07. In
B: *%%, P < 0.001 vs. 15-week-old Ubb*/* mice after refeeding for 48 h.

Contribution of Ubb to the Maintenance of Ub Levels in Hypothalamic
Neurons. Quantitative real-time RT-PCR analysis of mRNA
products of the four ubiquitin genes in hypothalamus indicated
that Ubb expression levels are ~3 times higher than that of the
other polyubiquitin gene, Ubc, in wild-type mice. Thus, the slight
increase in Ubc expression in Ubb~/~ mice could only partially
compensate for the loss of Ubb (Fig. 54). Indeed, in hypothal-
amus of wild-type mice, the Ub-coding potential of Ubb (i.e., the
absolute level of transcript multiplied by the number of ubiqg-
uitins per transcript) is clearly dominant. Whereas total Ub levels
did not differ significantly among different Ubb genotypes in
whole brain, Ub content was selectively reduced by nearly 30%
in the hypothalamus of Ubb™/~ compared with wild-type mice
(Fig. 5B), consistent with the predictions based on mRNA
quantification (Fig. 54).

The spatial distribution of Ubb gene expression, determined by
confocal microscopy of the GFP-puro’ fusion protein knocked in
to the Ubb locus, revealed that Ubb was highly expressed in a
subset of neurons within the arcuate nucleus (Fig. 5C). By
contrast, fluorescence of GFP-puro” knocked in to the Ubc locus
(15) was distinctly less intense and more diffusely distributed in
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Fig. 4. Degeneration of hypothalamic neurons in adult Ubb~/~ mice. In situ
hybridization of AGRP (A) and NSE (B) mRNA from Ubb~/~ mice (n = 3 or 4) and
littermate controls (n = 3 or 4). Images are representative for each age and
group. For quantification, stereological counts were obtained from eight
serial sections generated from each brain. 3V, third ventricle. The data are
expressed as means + SEM from the indicated number of mice. *, P < 0.05.

hypothalamus and cerebral cortex (SI Fig. 7), consistent with the
conclusion that Ubb is the predominant polyubiquitin gene in
these brain regions. Indeed, Ubb expression, as assessed by GFP
fluorescence, corresponded precisely with the localization of the
neuropeptides NPY, AgRP, and «-MSH, indicating that the
neurons that are most vulnerable to ablation of Ubb are those
that express the highest levels of this polyubiquitin gene (Fig. 5D).

Discussion

We report here that disruption of murine Ubb gives rise to a
novel neurodegenerative syndrome characterized initially by
dysfunction of neurons within the CNS and progressing, over the
course of 4 months, to neuronal loss within the hypothalamus.
These findings demonstrate that Ubb transcription is essential
for neuronal function and survival.

Sufficient Ub Levels Are Essential for Neuronal Survival. Abnormal
accumulation of Ub conjugates within cytoplasmic or nuclear
inclusion bodies in affected neurons is a diagnostic feature of
nearly all adult-onset neurodegenerative diseases, long suggest-
ing that disruption of Ub homeostasis may be a common factor
in the pathogenesis of these otherwise diverse disorders (21, 22).
The obvious possibility that sequestration of Ub into intracel-
lular inclusion bodies may lead to depletion of Ub availability has
not received serious attention because it is widely assumed that
the cellular supplies of this highly abundant protein are never
limiting. However, the extent to which Ub levels are in excess of
demand under basal or stressed conditions in any mammalian
cell or tissue is not known. The finding that modest reduction in
the level of free Ub in brain is linked to synaptic dysfunction and
neuronal degeneration associated with loss-of-function muta-
tions in DUBs in the ax’ mouse (20) and the gad mouse (6),
respectively, suggests that adequate neuronal Ub supply appears
to be maintained by a surprisingly precarious homeostasis. It
remains to be determined whether the phenotypes of these DUB
mutants are simply attributable to reduced availability of free Ub
or are associated with other manifestations of altered Ub
homeostasis that could arise from defects in the activity or
specificity of DUBs (26). However, because the sole known
function of Ubb is to provide Ub molecules (which are chemically
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GFP-Puro’ and NPY, AgRP, and a-MSH immunoreactivity from 4-month-old Ubb*/~ mice (n = 4) are shown. 3V, third ventricle. (Scale bars, 100 um.)

identical to the products of the other ubiquitin genes), the
simplest interpretation of our data is that reduced Ub availability
causes a progressive syndrome beginning with impaired neuronal
function and resulting in neuronal death.

The primary translation product of Ubb is a tetraubiquitin
polyprotein that is assumed to be efficiently processed into indi-
vidual Ub moieties during or shortly after its synthesis (27, 28).
Although unlikely, we cannot, at present, exclude the possibility that
this short-lived Ub polyprotein could serve some unknown, but
essential, function in neurons before proteolytic processing. Con-
sidering that Ub levels were reduced by ~30% in the hypothalamus,
the most affected region of the brains of Ubb~/~ mice, and that the
contribution of Ubb to total Ub was likely to be higher in the subset
of neurons within the arcuate nucleus than the regional average, it
is likely that Ub levels are even more substantially decreased in
specific neuronal subpopulations. Indeed, we find a striking corre-
spondence between the vulnerable neurons within the arcuate
nucleus and those that express the highest levels of GFP-puro’.

Despite the critical role played by Ub in a broad spectrum of
cellular processes including cell cycle regulation, DNA repair,
transcriptional regulation, stress response, protein quality control,
signal transduction, endocytosis, antigen processing, and apoptosis
(1, 2), surprisingly little is known about the mechanisms that control
ubiquitin gene expression in metazoan organisms. The data re-
ported here indicate that a deeper understanding of the homeo-
static mechanisms that control neuronal ubiquitin gene expression
to maintain Ub levels may help to illuminate the pathogenic
mechanisms that underlie degenerative diseases and perhaps may
suggest new therapeutic avenues in their treatment.

Hypothalamic Phenotype of the Ubb Knockout. Although Ubb~/~
mice are smaller than wild-type or heterozygous littermates at
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birth and fail to exhibit a growth surge after weaning, they do
eventually achieve and maintain stable body weights comparable
with those of Ubb*/* or Ubb™/~ mice. This is reminiscent of the
phenotype of mice lacking melanocortin-3 receptors (Mc3r),
which exhibit normal food intake but store fat more efficiently
(29, 30). Like Ubb~'~, Mc3r~'~ mice exhibit decreased linear
growth and mild late-onset obesity without hyperphagia. Mice
lacking Ubb resemble Mc3r-deficient mice in that both models
display modestly increased postweaning body fat content with a
compensating reduction in lean body mass, such that their body
weights remain within the normal range. Both knockout strains
exhibit normal levels of circulating glucose and insulin but
elevated leptin. The similarity between the metabolic pheno-
types of Ubb~/~ and Mc3r~/~ mice suggest that Ub may serve a
particularly important function in Mc3r signaling or, perhaps,
even for the survival of Mc3r neurons.

The obesity of Ubb~/~ mice differs from the phenotypes of
other murine obesity models, particularly those that disrupt the
proximal signals in leptin circuitry. For example, disruption of
the genes encoding leptin, leptin receptor (Ob-R) (31), or
STAT3, which transduces signals directly downstream of Ob-R
(32), result in severe early-onset obesity characterized by con-
stitutive hyperphagia, greatly increased body weight, and a
~5-fold increase in adiposity. Likewise, morbid obesity results
from impairment of melanocortin signaling by disruption of the
gene encoding POMC (33) or overexpression of the melanocor-
tin receptor antagonist AgRP (34, 35).

Depletion of Ub from hypothalamic neurons is likely to interfere
with the integrated signaling network that controls energy balance
and feeding in complex ways that reflect the balance between the
maintenance of Ub supply and the demands of the most Ub-
intensive pathways in the subsets of neurons in which the contri-
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bution of Ubb to Ub supply is greatest. In this respect, the phenotype
of Ubb™'~ mice is more akin to neuron ablation than to individual
gene knockouts. However, loss of Ubb led to degeneration of ~30%
of total neurons from the arcuate nucleus, implying that this gene
is required for the survival of more than just AgRP neurons. Indeed,
recent data indicate that multiple neuronal signaling and survival
pathways are disrupted throughout the hypothalamus of Ubb~/~
mice (K.-Y.R. and R.R.K,, unpublished data). Thus, the disruption
of body weight homeostasis in Ubb~/~ mice is likely the result of
impaired function of multiple hypothalamic networks. Deconvolu-
tion of the relative contributions of these different circuits to the
overall phenotype will require targeted, cell-type specific gene
knockout approaches.

Injection of neonatal mice with monosodium glutamate
(MSG) produces hypothalamic lesions that selectively destroy
the arcuate nucleus (36). Like Ubb~/~ mice, adult mice with
MSG-induced lesions are obese but not hyperphagic and have
reduced snout—anus length (36). By contrast, selective ablation
of AgRP neurons does not result in obesity (37). The finding of
high GFP-puro® expression in several types of neurons in Ubb™/~
mice, together with the demonstration of ~30% reduction in the
number of total neurons in Ubb~/~ mice (assessed by NSE in situ
hybridization), suggests that Ubb is particularly important for the
survival and function of neurons within the arcuate nucleus.
These findings imply that either the relative contribution of Ubb
to the maintenance of basal Ub levels or the ability of other
ubiquitin genes to compensate for the loss of Ubb is greatest in
the arcuate nucleus. Our observations do not exclude the
possibility that Ubb~/~ mice may exhibit other neurological
phenotypes resulting from the contribution of this gene to the
maintenance of Ub homeostasis and neuronal function in other
parts of the brain. Nevertheless, these data reveal an essential
role for Ubb in the maintenance of neuronal Ub levels and
establish that decreased Ub availability is sufficient to cause
neuronal dysfunction and death. These findings suggest that a
deeper investigation of the role of Ub depletion in the patho-
genesis of both sporadic and hereditary neurodegenerative
diseases is needed.

Materials and Methods

Mouse Studies. All mice were kept in plastic cages with ad libitum access to
food and water, with 12-h light cycle (7 a.m. to 7 p.m.). All procedures fol-
lowed National Institutes of Health guidelines with the approval of Stanford
University Administrative Panel on Laboratory Animal Care. For the fasting/
refeeding study, mice were individually housed for 1 week and daily food
intake was measured at 4 p.m. to 5 p.m. for 7 consecutive days. For fasting,
food was removed at 4 p.m. to 5 p.m. for 48 h and mice only had ad libitum
access to water. Refeeding was also started at4 p.m.to 5 p.m., and food intake
was measured at 24 and 48 h later. Body fat content was determined by
PIXImus DEXA. Mice were anesthetized by i.p. injection of 2.5% avertin
(0.011-0.014 ml/g body weight). After body composition measurement, mice
were always monitored for wake up and returning to normal behavior.
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Quantitative Real-Time RT-PCR. Real-time RT-PCR was performed as described
previously (15). Additional details can be found in SI Materials and Methods.

In Situ Hybridization. /n situ hybridization was performed essentially as de-
scribed previously (38-40). See S/ Materials and Methods for details.

Confocal Microscopy. Ad libitum-fed mice were anesthetized and perfused
transcardially with ice-cold PBS followed by 4% paraformaldehyde. Brains
were postfixed in 4% paraformaldehyde at 4°Cfor 12 h, cryoprotected with
30% sucrose, and sectioned with microtome in the coronal plane. A series
of free-floating sections (25 um thick) were generated from 1.5 to 2.1 mm
posterior to bregma and stored at —20°Cin a cryoprotective medium (25%
glycerol, 30% ethylene glycol, 45% PBS) until use. Ubb transcriptional
activity was monitored by direct visualization of GFP fluorescence. Briefly,
sections were washed with TBS and stained with TO-PRO-3 iodide (1:1,000;
Molecular Probes) in 0.3% Triton X-100/Tris-buffered saline (TBST) for 30
min at room temperature for visualization of DNA. Sections were washed
with TBST followed by TBS only and mounted on slides with ProLong Gold
antifade reagent (Molecular Probes). To mark for neurons, Nissl staining
was carried out by using the NeuroTrace red fluorescent Nissl staining kit
(1:20; Molecular Probes) according to the protocol of the manufacturer. To
stain the neuropeptide-containing neuronal cell bodies, mice were pre-
treated with i.c.v. injection of colchicine (Sigma) 48 h before euthanasia to
block axonal transport. Deeply anesthetized mice received 1.5 to 2 ul of
colchicine solution (15 ug/ul in 0.9% sterile saline, 0.75 pg/g body weight)
over a 5-min period at 1 mm lateral and 0.3 mm posterior to bregma and
2 mm ventral to the surface of the skull. Free-floating sections were
generated as described above, washed with TBS, permeabilized with TBST,
and blocked with 3% normal goat serum in TBST for 1 h at room temper-
ature. For NPY, AgRP, and «a-MSH immunofluorescence, sections were
incubated with anti-NPY (1:200; Immunostar), AgRP (1:500) (41), and
a-MSH (1:200; Immunostar) polyclonal antibodies in blocking buffer at 4°C
overnight, washed with TBST, and incubated with Alexa Fluor 555-
conjugated goat anti-rabbit IgG (1:200; Molecular Probes) and TO-PRO-3
iodide (1:1,000) in blocking buffer for 1 h at room temperature. Sections
were washed and mounted as described above. Confocal images were
collected with a TCS SP2 laser scanning system (Leica) with sequential
image recording.

Indirect Competitive ELISA. Tissue lysates were treated with Usp2-cc (42, 43)
and subjected to indirect competitive ELISA as described previously (7). Addi-
tional details can be found in S/ Materials and Methods.

Statistical Analysis. Two-tailed unpaired Student’s t test with equal or unequal
variance, which was determined by F test, was used to compare the data
between two groups. P < 0.05 was considered to be statistically significant.
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