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Abstract

Loss of neurons or neuronal functions over time has been hypothesized to contribute to the
dysregulation of autonomic functions observed in aging. In this study, we evaluated the total number
of the hypothalamic hypocretin (orexin) immunopositive neurons in 100, 400, 800 and 1,000 day old
male and female C57BI/6 mice that are commonly used in aging studies in vertebrates. Males had
15-20% more hypocretin immunopositive neurons (HIN) than females at all ages examined. Neuronal
number for both sexes was stable in the first 400 days of life, but started declining between 400 and
800 days with rates of approximately 1 neuron per day. The rate of loss doubled in males between
800 and 1000 days of age. The total average number of HIN for males was 2251 + 139 at 100 days,
2235 £ 112 at 400 days, 1914 + 81 at 800 days, and 1596 + 301 at 1,000 days. The total average
number of HIN for females was 1805 + 76 at 100 days, 1887 + 118 at 400 days, and 1521+ 181 at
800 days. Evaluation of the time-dependent decline in the number of hypocretin immunopositive
neurons may help to explain the physiological changes in sleep or energy homeostasis regulation
during aging.

Loss of hypothalamic neurons or their function over time has been proposed to contribute to
the autonomic decline observed with aging [11,24]. Although a thorough evaluation of
neuronal loss is typically difficult, it is possible for discrete populations like hypocretin (orexin)
neurons. These cells are found exclusively in the lateral hypothalamus and their relatively small
number enables the whole population to be quantified as opposed to taking representative
sections [10,30]. Hypocretins (hypocretin 1 and hypocretin 2 or orexin-A and orexin-B), are
neuropeptides derived from a common precursor (preprohypocretin) that bind to two G protein-
coupled receptor subtypes (hypocretin receptor-1 and 2) [10,30]. A substantial number of
studies have identified the hypocretin system as an important regulator of sleep/wakefulness,
energy homeostasis and reward seeking (for recent comprehensive reviews see [2,9,15]).

A mutation in one of the hypocretin receptors is responsible for narcolepsy in dogs and genetic
ablation of the hypocretin gene or selective hypocretin neuronal loss induces a narcolepsy
phenotype in mice [6,13,22]. Almost 90% of human narcoleptic patients show decreased levels
of hypocretin-1 in their cerebrospinal fluid most likely due to a loss of hypocretin neurons
[23,26]. Levels of hypothalamic hypocretin-1 are higher during waking and REM sleep
compared to slow wave sleep, providing additional evidence for the role of hypocretin in sleep/
wakefulness [20].
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The hypocretin system may also be responsible for the correlation between sleep and metabolic
disturbances [18]. Hypocretin null mice develop late onset obesity and narcolepsy in humans
is often associated with being overweight and an increased susceptibility to type 2 diabetes
[13,17,21,27,31]. The excitability of hypocretin neurons was demonstrated to be influenced
by glucose, ghrelin and leptin, which suggests that these cells can act as primary sensors of
nutrients and participate in energy homeostasis [4,5,29,34,35]. Recently it has been
demonstrated that hypocretin null mice develop age dependent insulin resistance both centrally
and peripherally [33].

Previous studies in rats showed age-dependent reductions in the level of preprohypocretin,
hypocretin receptors mRNA, hypocretin and the number of hypocretin axonal fibers [28].
Decreased numbers of hypocretin fibers were also found in the locus coeruleus of cats and
rhesus macaques and in the magnocellular preoptic nucleus and the vertical and horizontal limb
of the diagonal band of Broca in guinea pigs [12,22,36,37]. In the rhesus macaques age was
associated with a decrease of hypocretin immunopositive axon density but the reduction of
thetotal number of hypocretin immunopositive neurons (HIN) in the lateral hypothalamus was
not statistically significant [12]. In mice, increased age has been reported to be associated with
a reduction of hypocretin receptor 1 and 2 mRNA levels in different brain regions [32]. To
further assess the effects of aging on the hypocretin system, we investigated the total number
of HIN in the lateral hypothalamus of young (~100 days), adult (~400 days), and old (~800
to 1000 days) male and female C57BL/6 mice.

Mice were housed four per cage with a 12:12 hr light/dark cycle with lights on at 6:00 am,
were fed ad libitum and had unlimited access to water. Males were 100 (100-157) (n=5), 400
(400-484) (n=3), 800 (775-897) (n=7), and 1000 (1000-1157) (n=3) days old; females were
100 (100-121) (n=8), 400 (400-559) (n=5), and 800 (750-889) (n=5) days old] All procedures
were approved by the Institutional Animal Care and Use Committee of The Scripps Research
Institute. Tissue collection occurred between the hours of 10:00 am and 2:00 pm.
Immunohistochemistry was performed using antibody specific for hypocretin-1(SC-8070,
Santa Cruz Biotechnology) as previously described [8].

Given the relatively small number of hypocretin neurons and their discrete localization we
opted for counting the cell number in all consecutive sections containing HIN rather than in
sections selected by systematic sampling. We were thus able to determine the absolute number
of HIN without assuming that each section was typical or representative of the entire
population. To the best of our knowledge this is the first study counting directly the total number
of HIN in mouse. To determine the total number of HIN, mice were deeply anesthetized using
4-5% isoflurane and subsequently perfused with a 0.1M phosphate buffer (PB) wash followed
by 4% paraformaldehyde. Brains were removed and fixed in 4% paraformaldehyde for two
days, before being transferred to 30% sucrose for another two days. Frozen brain tissue was
cut into 35 um coronal sections using a cryostat. In order to evaluate the total cell number all
consecutive sections encompassing the lateral hypothalamus (Bregma +2, -3 mm) were
collected. Groups of 3 consecutive sections were placed in 12 wells CoorsTek ceramic plates
for free floating immunohistochemistry. On the same day, slices were incubated with 0.3%
hydrogen peroxide for 30 minutes, rinsed twice in 0.1M PBS and 1% BSA, pre-incubated with
0.1M PBS, 0.5% BSA, and Triton-100X for 30 minutes, rinsed twice in 0.1M PBS and 0.5%
BSA, and incubated overnight with a primary antibody specific for hypocretin-1 (SC-8070,
Lot# A2604, Santa Cruz Biotechnology). The following day, slices were rinsed twice in 0.1M
PBS and 0.5% BSA, incubated in perioxidase secondary antibody for 60 minutes, rinsed twice
in 0.1M PBS and 0.5% BSA, incubated with Vectastain ABC (Vector Labs, Burlingame, CA)
for 60 minutes, rinsed twice in 0.1M PB, and reacted with diamino benzidine (DAB) for 15
minutes for visualization. All consecutive section slices were mounted on microscope slides.
The raw number of hypocretin immunopositive neurons was determined by two independent
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investigators counting the number of DAB stained cell bodies using a regular optical
microscope and a manual cell counter. HIN were counted in coronal sections beginning and
ending with at least 3 consecutive sections that were void of immunopositive neurons.
Representative sections of hypocretin immunopositive neurons are shown in Figure 1(a-c). The
actual number of hypocretin neurons was calculated using the Abercrombie correction with
the formula Actual Number = Raw Number x Section Thickness / (Section Thickness + Cell
Diameter) where Section Thickness was 35 um and Cell Diameter was 20 um [1, 7, 10].
Statistical analysis was done using single factor ANOVA and values are expressed as the mean
+ SEM.

The total number of hypocretin immunopositive neurons was summarized in Table I. In males,
the number of neurons remained unchanged between 100 days and 400 days. It declined by
15% (p< 0.05) between 400 and 800 days and by 29% (p=0.37) between 800 and 1,000 days
(this decline was marginally statistically significant most likely due to the low number of 1,000
day old animals available (Figure 1d)). The rate at which immunopositive neurons were lost
was 24 neurons/month (or 0.8 neurons per day) between 400 and 800 days, and doubled to 47
neurons/month (or 1.58 neurons/day) between 800 and 1000 days (Table I1). Despite a trend
towards a decline in the number of HIN in females and an overall 16% loss observed between
100 and 800 days, the difference was not statistically significant (Figure 1d). The rate of decline
between 400 and 800 days for females was 27 neurons/month (or 0.91 neurons/day). No 1,000
day old females were available as absolute lifespan for female C57BI/6 mice is shorter than
males [3].

Finally, the number of HIN showed a gender-specific difference of approximately 20%.
Females had consistently fewer HIN than males: 19.8 %, 15.6% and 20.5% at 100*, 400 and
800* days, respectively (*p<0.05) (Figure 1e).

Thus, reduction of the total number of HIN effectively occurs with a late onset in a progressive
and cumulative fashion. These features are consistent with the theory that biological aging is
the result of progressive accumulation of molecular damage eventually leading to loss of
biological function [16], which is possibly mediated by free radicals [14]. In this scenario,
molecular damage to hypocretin neurons was reduced or simply did not reach biological
significance during the first 400 days (or approximately one year) of life, but began showing
its effects thereafter. Although a more complete evaluation of the rate of decline would require
the measurement of neuronal numbers at shorter time intervals, the data collected here for
males between age 800 and 1,000 days highlights the progressive and cumulative nature of the
mechanisms of decline.

Whether the reduction in neuronal number was due to neuronal cell death or loss of hypocretin
expression was not evaluated in this study. Both phenomena are believed to contribute to age-
related declines in cognitive and physiological function [25]. The gender specific differences
in hypocretin immunopositive cell number were particularly interesting. Male mice not only
had a higher number of immunopositive neurons at all ages examined, but also the 800 day old
males that had already lost 15% of their total HIN population had a higher number of HIN than
the 100 day old females. A previous study investigating gender specific differences in the rat
did not measure cell number, but found that the levels of hypocretin-1 peptide and prepro-
orexin mMRNA were higher in females [19].

Aging is associated with decline of autonomic functions, which affect several homeostatic
systems including sleep, energy balance, stress and reproduction. The reduction of HIN
observed here, alone or in conjunction with age-dependent reduction of other neuronal groups
regulating similar functions and not investigated in this study, may contribute to this decline.
Due to its relatively modest lifespan and the availability of numerous transgenic models, the
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mouse is the most commonly used model to investigate aging in vertebrates. The profile of
HIN loss over time in both female and male C57BI/6 mice will serve as a comparative parameter
for studies investigating aging in other hypothalamic neuronal populations and their possible
contribution to autonomic dysfunctions.
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Figure 1.

Regpresentative hypocretin immunohistochemistry on 35 um thick brain coronal sections of
male (a and b) and Female (c left) C57BI/6 mice. Bar is 1 mm in a and 0.25 mm in b and c.
The histograms show the total number of HIN in male and female mice at different ages as
indicated. (d) Gender-specific age-dependent decline; The slope of neuronal numbers over time
is shown as dotted line (*p<0.05).
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Table Il

Rates of daily decline of hypocretin immunopositive across different ages expressed as slope of the neuronal loss
curve and as average number of neurons lost per day.

Males Females
100 - 400 days -0.05 0.27
400 - 800 days -0.8 (0.8/day) -0.91 (0.9/day)
800 -1000 days -1.58 (1.6/day)
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