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Abstract
Recent studies in human and animal models of narcolepsy have suggested that obesity in narcolepsy
may be due to deficiency of hypocretin signaling, and is also under the influence of environmental
factors and the genetic background. In the current study, using two hypocretin/orexin deficient
narcoleptic mouse models (i.e. prepro-orexin knockout (KO) and orexin/ataxin-3 transgenic (TG)
mice) with cross-sectional assessments, we have further analyzed factors affecting obesity. We found
that both KO and TG narcoleptic mice with mixed genetic backgrounds (N4-5, 93.75-96.88 % genetic
composition of C57BL/6) tended to be heavier than wild type (WT) mice of 100 to 200 days old.
The body weight of heterozygous mice was intermediate between those of KO and WT mice. Obesity
was more prominent in females in both KO and TG narcoleptic mice and was associated with higher
serum leptin levels, suggesting a partial leptin resistance. Obesity is less prominent in the congenic
TG narcoleptic mice, but is still evident in females. Our results confirmed that hypocretin/orexin
ligand deficiency is one of the critical factors for the obese tendency in narcolepsy. However, multiple
factors are also likely to affect this phenotype, and a gender specific alteration of leptin-hypocretin
signaling may be involved.
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1. Introduction
Increasing evidence has suggested that narcolepsy is not a simple sleep disorder, but a condition
with abnormalities in energy homeostasis, autonomic and neuroendocrine functions, and loss
of hypocretin/orexin signaling underlies its pathophysiology [20,21,28]. Obesity has been
reported in narcolepsy for several decades [4,5,13,27], but this phenotype has not been given
much attention. This is partially due to the facts that obesity in narcolepsy can be secondary
to reduced daytime activities, and that obesity is only observed in a subset of patients,
suggesting that this phenotype may not be the cardinal symptom of narcolepsy. Experiments
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using animal models led to the discovery of major pathophysiology of human narcolepsy, and
narcolepsy has been identified to associate with deficiencies in hypocretin/orexin
neurotransmission [2,11,17]. Hypocretins/orexins are neuropeptides involved in various
hypothalamic functions, including appetite regulation, energy homeostasis, neuroendocrine
function and sleep/wake control [1,2,6,17,24,25]. Several experimental evidences have
suggested that obesity in narcolepsy may also be due to deficiencies in hypocretin signaling.
Theses findings include (1) hypocretin-deficient narcoleptic patients tend to be more obese
compared to narcoleptic patients with normal CSF hypocretin levels [21] and non-hypocretin-
deficient hypersomnias [23]; (2) hypocretin-deficient narcoleptic mice (i.e. orexin/ataxin-3
transgenic (TG) mice; hypocretin cell ablated mice) eat less, but are obese compared to their
wild type (WT) littermates, suggesting a contribution of reduced metabolism to obesity in
hypocretin-deficient narcoleptic mice [11,12]. Detailed analysis in two mouse narcoleptic
models (ligand knockout (KO) and cell ablation TG mice) suggested that obesity is under the
influence of hypocretin deficiency as well as genetic background of the animals: (1) cell-
ablated mice are more obese than ligand KO mice suggesting that the loss of substances
colocalized in the hypocretin neurons, such as dynorphins, may also contribute to obesity; (2)
Obesity of TG mice was found to be less prominent in pure C57BL/6 line than C57BL/6-DBA
hybrid line. Other factors, such as gender, age, environment, and diet are also likely to
significantly contribute to obesity in narcolepsy [11,12]. Involvement of multiple factors may
explain why only a subset of human narcoleptics are obese.

Hypocretin/orexin, when injected intracerebroventricularly, increases food intake, energy
expenditure, and locomotor activity [1,7,10]. Thus, hypocretin deficiency decreases appetite
and energy expenditure, but the latter may have larger impact, resulting in a positive weight
gain. Hypocretin neuronal activity is under the influence of peripheral metabolic clues: leptin
inhibits activities of hypocretin neurons, while low circulating glucose and ghrelin (an appetite-
stimulatory hormone mostly produced by the stomach) stimulate hypocretin neurons [29].
Leptin is a peptide hormone produced by the ob gene in adipocytes in proportion to visceral
fat mass; decreased leptin is a starvation signal for the hypothalamus [8,9,30]. Two independent
human studies also demonstrated that peripheral leptin signaling is reduced in hypocretin-
deficient narcolepsy [16,26], and this may contribute to obesity in narcolepsy.

In order to further dissect factors affecting obesity in hypocretin-deficient narcolepsy, we
carried out cross-sectional assessments of the body weight of two narcoleptic mouse models,
namely preproorexin KO and orexin/ataxin-3 TG mice, and their respective WT mice housed
in the same environment. Serum leptin levels were also assessed in a selected population of
TG and WT mice.

2. Method
2.1 Animals and body weight measurement

The breeding pairs of N3 generations of preproorexin KO (N3: 87.5% C57BL/6 and 6.3%
129SvEv) and orexin/ataxin 3 TG (N3: 87.5 % C57BL/6 and 6.3% DBA1) mice arrived at
Stanford University in April 2002 from University of Tsukuba, Ibaraki, Japan, and breeding
was conducted at the Stanford Center for Narcolepsy. Since majority of our breeding crosses
represented homozygous (H) with heterozygous (Hz), Hz with Hz, or Hz with WT for KO (90
%) and hemizygous (Hz) x WT for TG (100%) lines, the sample population in this study was
mostly from littermate animals. All mice were provided with regular rodent oval pellets (Prolab
RMH 3000, PMI Nutrition International) and water ad libitum, and maintained under a 12h:
12h light-dark cycle. All animals were under controlled conditions of temperature and
humidity. In August 2003, the weights of N4-5 mice in the colony were recorded (Numbers of
animals: 207 H KO, 212 Hz KO, 193 WT for KO group; 335 TG, and 284 WT for TG group),
and weight, age and genotype of the mice were analyzed.
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In addition to these data collections, we further backcrossed the mice and obtained a congenic
strain of TG mouse (N9: 99.8 % C57BL/6 and 0.2 % DBA1). Weight, age and genotype of the
congenic TG mice (n = 290) and the respective WT mice (n = 402) were analyzed in Summer
2005.

2.2. Leptin measurement
In a selected population of TG (n=53, 162.8 ± 30 [SD] days of age) and respective WT (n=39,
159.6 ± 31.2 [SD] days of age) mice from N4-5 generation, we collected their blood to examine
serum leptin levels. All blood samples were collected by cardiac puncture under isoflurane
anesthesia (1-3 %) between 9 -11a.m. followed by euthanasia. The blood samples were kept
in room temperature for 30 min, and then centrifuged (3000 rpm, 5 min) to obtain sera. The
serum samples were stored at-80 °C until radioimmunoassay (RIA). Serum leptin levels were
measured in duplicate using a 125I-RIA (Meddiagnost, Tubingen, Germany).

2.3. Statistical analysis
Data are shown as means ± SEM. Comparisons between groups were performed using the
Mann-Whitney U test, Kruskal-Wallis analysis of variance (ANOVA), or Friedman’s test
depending on data type and form. Correlations between serum leptin levels and body weight
were analyzed by Pearson’s correlation. Comparison of the relationship of serum leptin levels
and body weight between TG and WT was analyzed by one-way analysis of covariance
(ANCOVA). Statistical significance was set at p < 0.05 (two-tailed).

All experiments were carried out in accordance with the guidelines described in The National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

3. Results
3.1. Obesity in N4, N5 narcoleptic mice

The body weight of KO mice became heavier than that of WT mice after 100 days of age (Fig.
1a, b). This tendency was noticeable in female mice, but less clear in the male mice. In order
to examine the influence of age on body weight in detail and to apply statistical comparison,
we analyzed the weight data of both male and female mice with 50-day age bins up to 200 days
old (Fig. 1c, d). We found that female KO mice were significantly heavier than WT mice at
101 to 150 days and 151 to 200 days (p<0.01, Kruskal-Wallis test followed by Sheffe’s post
hoc test). (Fig. 1c). Interestingly, Hz animals exhibited intermediate body weight in these age
groups; the mean body weight of Hz mice were significantly heavier than that of WT mice,
and significantly lighter than that of KO mice (p<0.05, Kruskal-Wallis test followed by
Sheffe’s post hoc test) (Fig. 1c). In contrast, no statistically significant difference was observed
in male mice of any age groups (p>0.05. Kruskal-Wallis test) (Fig. 1d).

We found similar tendencies in body weight changes in TG mice. Female TG mice became
heavier than female WT mice after 100 days of age, but this tendency was not clear in male
mice (Fig. 2a, b). The mean body weight of female TG mice was significantly heavier than
that of WT mice at 51 to 100 (P<0.05), 101 to 150 (P<0.01), and 151 to 200 (P<0.01) days of
age (Mann-Whitney test) (Fig. 2c). The body weight of male TG mice was heavier than that
of WT mice at 51 to 200 days old, but the difference reached significance level only at 101 to
150 days of age (Fig. 2d).

3.2. Obesity in the congenic narcoleptic mice
The body weight distribution across age of the congenic TG animals showed a similar pattern
to that of animals in N4-5 generation (Fig. 3a, b). However, the tendency of body weight of
female TG mice being heavier than that of WT mice was not as apparent; the significant
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difference between TG and WT was only observed in females of 151 to 200 days of age
(P<0.01, Mann-Whitney test) (Fig. 3c, d).

3.3. Serum leptin level
Since gender and body weight (fat weight) significantly affects serum leptin levels [8,22], the
leptin results are displayed in scattergram with the x-axis as body weight. Serum leptin levels
and body weight showed clear linear correlations in female TG (Y= 1.66 X -29.87, r = 0.80, p
< 0.0001), female WT (Y= 0.59 X -8.86, r = 0.82, p = 0.0002), male TG (Y= 2.17 X -59.56, r
= 0.91, p < 0.0001), and male WT (Y= 0.85 X -17.27, r = 0.65, p = 0.0006) (Fig. 4a, b). Similar
to other species, leptin levels in female mice were higher than those in male mice (Fig. 4a, b).
We found significant difference between female TG and WT mice in relationship of body
weight and serum leptin level (P < 0.01, ANCOVA), but not in male mice (p = 0.63, ANCOVA).
The ratio of leptin to body weight of TG females was significantly larger than that of WT
females (P < 0.01, Mann-Whitney test), but no significant difference was found in male mice
(p = 0.9, Mann-Whitney test) (Fig 4c).

4. Discussion
We observed that both hypocretin/orexin-deficient KO and TG (ligand deficit and hypocretin/
orexin cell death, respectively) narcoleptic mice with mixed genetic background are obese
compared to their WT littermates housed in the same environment. The obesity is gender
specific and prominent in female narcoleptic mice in both models. Preprohypocretin/
preproorexin Hz KO animals were reported to produce 75 to 83 % of hypocretin peptides of
WT mice [2] and these Hz mice exhibited intermediate mean body weight between
homozygous KO and WT mice. These results strongly suggest that hypocretin/orexin
deficiency is one of the most important factors for the obese tendency in narcoleptic mice. It
is likely, however, that other factors also affect this phenotype. It has been previously reported
[11,12] that obesity is age-dependent (i.e. late onset) and less clear in the congenic lines of
C57BL/6 strain background. In this regard, our results of cross-sectional evaluation are very
consistent with those of time series evaluation by Hara et al [11,12], demonstrating that
maturation and genetic background significantly affect body weight gain.

In addition, we found that gender also significantly affects obesity in these mice. The studies
by Hara et al included only male mice, and the gender effect has not been noted previously.
The gender effect was observed in both KO and TG mouse models with mixed genetic
background. Furthermore, a significant increase in body weight in females was still observed
in the congenic TG line (151-200 days old).

Daniels was the first to report that up to 50% of his narcoleptic patients gained a considerable
amount of weight (5-45 kg) around the time of disease onset [5]. Importantly, however, he also
noted that this phenotype was quite variable and more frequent in women. In our study of
hypocretin-deficient human narcolepsy, we also observed similar tendency: Above 125% of
body mass indexes (BMI; adjusted by age, gender and ethnicity) were observed in 9 out of 37
subjects (male/female is 18/19), and 8 of them were females (Fischer’s exact probability was
p=0.0188, two-tailed) [21]. Although some other studies did not note the gender difference for
weight gain in narcolepsy, a high incidence for obesity in females was also confirmed in our
extended study with a large sample population (93 hypocretin deficient narcolepsy and 111
controls) (Arnulf manuscript in preparation). Therefore, this gender effect may generally be
observed in both hypocretin-deficient mice and humans.

Another important result we obtained from the mouse experiments is the high levels of serum
leptin in female TG mice. In human narcolepsy, Schuld et al. reported more than 50% decrease
in fasting serum leptin, but no change in CSF leptin in 15 patients with narcolepsy-cataplexy
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(9/6) [26]. We observed normal to slightly increased CSF leptin (commensurate with increased
BMI) in 38 narcoleptic subjects [21], and this may suggest an altered central penetration of
leptin signaling in narcolepsy. Kok et al also reported that serum leptin levels were reduced in
six male narcoleptic patients, compared to BMI-matched healthy male controls, when sampled
over 24 hours [16]. Leptin decreases appetite and food intake, and leptin deficient animals are
obese and hypoactive, while the majority of obese human subjects have increased serum leptin
concentrations, suggesting some degree of leptin resistance (i.e. partial leptin resistance) [9,
19]. Schuld et al and Kok et al interpreted their data as that reduced circulating leptin in
narcolepsy could lead to obesity [16,26]. However, we did not observe any significant
difference in serum-leptin, CSF-leptin and CSF: serum leptin ratio between hypocretin-
deficient narcoleptic and control subjects in our extended study with larger sample population
(Arnulf manuscript in preparation), including a subsample population under the design Schuld
et al used. The discrepancy of these results is not known, but may be due to the type I error
(due to the small sample size), and the heterogeneous nature of human sample population, such
as differences in living environment, nutrition, and medication status. Variation in narcolepsy
symptomatology, such as degree of sleep disturbance across samples, may affect leptin results
[18]. All of the factors mentioned above have been reported to affect serum leptin levels.

In this regard, our animal data are more dependable than the human data since our results are
obtained from littermate mice housed in the same environment, and animals have not received
any medication. In contrast to human data, we observed higher serum leptin levels in female
TG narcoleptic mice. This is not only secondary to the increase in body weight, since serum
leptin levels were higher in TG mice even when compared with the levels of WT mice with
similar body weight (see Fig. 4). Considering the fact that this tendency was not observed in
male mice, it is likely that altered leptin signaling may functionally contribute to the weight
gain in female narcoleptic TG mice. Although we have not evaluated the CSF leptin levels and
CSF: serum leptin ratios in these mice, our results suggest a partial leptin resistance in female
narcoleptic TG mice, in contrast to some earlier human findings.

The reason for the gender difference in obese tendency is not known. The leptin levels are
influenced by various hormones and cytokines that are also under the influence of gender [3,
14], and leptin levels in females are higher than in males [3,8,14]. Similarly, higher levels of
preprohypocretin mRNA in the hypothalamus of female rats compared to male rats are reported
[15]. As mentioned earlier, leptin significantly affects hypocretin signaling [29]. Therefore,
sexual dimorphism of hypocretin/leptin signaling likely exists, and alteration of this signaling
may contribute to the gender difference in obesity. Detailed mechanisms underlying the gender
difference should be further studied to better understand the physiology of obesity.
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Figure 1.
Body weight and age relationship of preprohypocretin/preproorexin knockout (KO) mice.
Individual data for females (a) and males (b) are shown. After 100 to 200 days of age, a cluster
of homozygotes (Homo) were heavier than other groups in females. This was not obviously
observed in males. Body weight data were divided into 4 age groups (1-50, 51-100, 101-150,
and 151-200 days of age) and shown as mean ± SEM (c, d). Homo mice were significantly
heavier than wild-type mice (WT) in 101-150 and 151-200 age groups in females (c).
Heterozygote (Hz) female mice were significantly heavier than WT and lighter than Homo in
these age groups. This phenomenon was not observed in male mice (d).
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Fugure 2.
Body weight and age relationship of orexin/ataxin-3 transgenic (TG) mice. Individual data for
females (a) and males (b) are shown. After 100 to 200 days of age, a cluster of TG mice were
heavier than wild type in females. This was not obviously observed in males. Body weight data
were divided into 4 age groups (1-50, 51-100, 101-150, and 151-200 days of age) and shown
as mean ± SEM. TG were significantly heavier than wild-type mice (WT) in 51-100 (p < 0.05),
101-150 (p < 0.01) and 151-200 (p < 0.01) age groups in females (c). This phenomenon was
only observed in the 101-150 age group (p < 0.01) in male mice (d).
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Figure 3.
Body weight and age relationship of congenic (N7 and N8 generations) orexin/ataxin-3
transgenic (TG) mice. Individual data for females (a) and males (b) are shown. After 150 to
200 days of age, a cluster of TG female mice seemed to be heavier than wild type mice. This
was not observed in male mice. Body weight data were divided into 4 age groups (1-50, 51-100,
101-150, and 151-200 days of age) and shown as mean ± SEM. Congenic TG mice were
significantly heavier than wild-type mice (WT) in the 151-200 (p < 0.01) age group in females
(a). This phenomenon was not observed in male mice (b).
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Figure 4.
Correlation between serum leptin level and body weight in female (a) and male (b) orexin/
ataxin-3 transgenic (TG) mice. The leptin levels in females are higher than those in males with
similar body weight (gray bars). Solid lines represent the regression lines for TG and broken
lines represent the regression lines for wild type (WT). The thin lines indicate the 95%
confidential lines for each data set. There was a significant difference between TG and WT in
relationship of body weight and serum leptin level in females (p < 0.01, ANCOVA) (a), but
not in males (b). The ratios of leptin to body weight (BW) of female TG mice (0.49 ± 0.03)
were significantly larger than that of female WT mice (0.32 ± 0.04) (p < 0.05, t-test), but no
difference was observed between male TG (0.39 ± 0.03) and male WT (0.37 ± 0.04) (c).
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