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Study Objectives: Chronic partial sleep loss is associated with obesity and metabolic syndrome in humans. We used rats with lesions in the
ventrolateral preoptic area (VLPO), which spontaneously sleep about 30% less than intact rats, as an animal model to study the consequences of
chronic partial sleep loss on energy metabolism.

Participants: Adult male Sprague-Dawley rats (300-365 g).

Interventions: We ablated the VLPO in rats using orexin-B-saporin and instrumented them with electrodes for sleep recordings. We monitored
their food intake and body weight for the next 60 days and assessed their sleep-wake by 24-h EEG/EMG recordings on day 20 and day 50 post-
surgery. On day 60, after blood samples were collected for metabolic profiling, the animals were euthanized and the brains were harvested for
histological confirmation of the lesion site.

Measurements and Results: VLPO-lesioned animals slept up to 40% less than sham-lesioned rats. However, they showed slower weight gain
than sham-lesioned controls, despite having normal food intake. An increase in plasma ghrelin and a decrease in leptin levels were observed,
whereas plasma insulin levels remained unaffected. As expected from leaner animals, plasma levels of glucose, cholesterol, triglycerides, and C-
reactive protein were reduced in VLPO-lesioned animals.

Conclusions: Chronic partial sleep loss did not lead to obesity or metabolic syndrome in rats. This finding raises the question whether adverse
metabolic outcomes associated with chronic partial sleep loss in humans may be due to factors other than short sleep, such as circadian disruption,

inactivity, or diet during the additional waking hours.
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INTRODUCTION

Chronic partial sleep loss due to voluntary sleep restriction
has become common in modern day society.! Chronic partial
sleep loss, either voluntary or imposed, has been shown to be
associated with adverse effects on daytime performance, cog-
nitive-related tasks, and other functions in humans.? More re-
cently, chronic partial sleep loss in humans has been linked to
obesity and the metabolic syndrome, a clinical condition char-
acterized by increased visceral fat deposition, elevated plasma
glucose and triglyceride (TG) levels, insulin resistance, type 2
diabetes mellitus (T2D), and an elevated risk for cardiovascu-
lar disease.'* For example, subjects who habitually sleep < 6
h per day have an increased risk of obesity and have a higher
mean body mass index than those sleeping > 9 h per day.’ Van
Cauter and colleagues showed that healthy young human vol-
unteers who were restricted to 4 h sleep per night for 6 con-
secutive nights showed elevated glucose levels and decreased
insulin sensitivity. Similar sleep restriction but spanning only
2 consecutive nights altered the levels of appetite-regulating
hormones leptin and ghrelin, which in turn can increase ap-
petite and may ultimately lead to weight gain.” Elevated TG
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and cholesterol (LDL) levels have also been documented in
sleep-restricted humans.® In addition, the metabolic syndrome
is considered a pro-inflammatory state, and sleep loss produces
increases in the plasma levels of inflammatory markers such as
C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-a),
and interleukin-6 (IL-6) in humans.*" Collectively, these re-
sults indicate that chronic sleep loss could potentially increase
the risk for obesity and T2D in humans. However, all long-term
studies performed thus far have been epidemiological and so
provide only a correlative linkage between short sleep periods
and obesity. The short-term studies on healthy volunteers, by
contrast, have not provided insight into the long-term effects of
sleep restriction on metabolic function.

Because it is difficult to control diet and sleep behavior in
humans over long periods of time, studies in animal models are
ultimately critical to understanding whether sleep loss is caus-
ally linked to obesity and T2D development. Moreover, animal
models will be necessary for delineating the underlying neural
mechanisms linking sleep loss with metabolic dysregulation.
Animal studies in the current literature have employed acute or
chronic total sleep deprivation protocols, which are not compa-
rable to humans who experience sleep loss for a few hours per
day on a chronic basis, rather than total sleep deprivation. In
addition, the sleep deprivation procedures employed in animal
models have necessarily included the introduction of external
stressors, ranging from handling by humans to forced locomo-
tion or threat of water immersion if the animal falls asleep. Both
stress and excessive movement alter feeding and energy me-
tabolism, so the independent effect of sleep loss is not clear."?
Moreover, these sleep deprivation studies generally affect the
circadian patterns of other activities including feeding, and
such circadian dysregulation has been shown to influence met-
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abolic regulation.”>!* We would therefore argue that, to date,
there has not been an adequate method for enforcing chronic
partial sleep deprivation in rodents without the introduction of
a chronic stress confound or without affecting the circadian pat-
tern of other activities.

In the present study, we used rats with bilateral lesions of
the ventrolateral preoptic nucleus (VLPO) as an animal model
to investigate the effects of chronic partial sleep loss on energy
metabolism. Studies from our lab and others have established
that the VLPO in the hypothalamus is a critical structure for the
regulation of sleep.'3?° Rats with lesions of the VLPO (VLPOX)
lose up to 50% of their daily sleep, and this sleep loss continues
for at least 3 weeks following lesions with no sign of recovery.!”
This makes VLPOx animals a useful model for studying the
effects of chronic partial sleep loss without continual stressful
experimental interventions. Also, and importantly, VLPO le-
sions have minimal impact on the circadian rhythms of sleep,
locomotion, or body temperature in rats'’; thus the confound-
ing impact of circadian dysregulation is avoided. In the pres-
ent study, we employed the VLPOx rat model to investigate
the effects of chronic partial sleep deprivation for 2 months on
metabolic regulation.

MATERIALS AND METHODS

Animals

Pathogen-free adult male Sprague-Dawley rats (n =41, 300-
365 g, Harlan) were used for the study. The rats were housed in
individual cages. The cages were housed inside isolation cham-
bers, which provided ventilation, computer-controlled lighting
(12:12 light-dark cycle, lights on at 07:00; 200 lux), an ambi-
ent temperature of 22 + 1°C, and visual isolation. Care of the
rats met National Institutes of Health standards, as set forth in
the Guide for the Care and Use of Laboratory Animals, and all
protocols were approved by the BIDMC and Harvard Medical
School Institutional Animal Care and Use Committees.

Surgery

Under anesthesia (chloral hydrate, 350 mg/kg body weight),
the rats were placed in a stereotaxic apparatus. A fine glass pi-
pette containing orexin-B-saporin (OX-SAP; Advanced Target-
ing Systems, CA, USA) solution was lowered to coordinates
(AP -0.6 from bregma, L + 1.00, DV 8.5) corresponding to the
VLPO as per the rat atlas of Paxinos and Watson.?' In 34 ani-
mals, OX-SAP (200 nL of 0.1% solution) was injected using
a compressed air delivery system as described previously.?>*
One group of animals (n = 7) received 200 nL saline into the
VLPO and served as sham lesioned (sham-L) controls. Follow-
ing the injections, 4 EEG screw electrodes were implanted into
the skull, in the frontal (2) and parietal bones (2) of each side,
and 2 flexible EMG wire electrodes were placed into the neck
muscles for the collection of sleep-wake data. The free ends of
the leads were soldered into a socket that was attached to the
skull with dental cement, and the incision was then closed by
wound clips.!”*

Food Intake and Body Weight Measurements
Following the surgical procedure, the rats were maintained
for 60 days, during which the food intake of the rats was mea-
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sured daily (barring the days of habituation and recording) and
body weight was measured once a week. Rats were fed with
regular rat chow (Cat. No 5008; Formulab, USA) containing
26.8% protein, 16.7% fat, and 56.4% carbohydrate during the
entire period of study. Body weight gain during the 60-day ex-
perimental period was calculated by subtracting the initial body
weight on day 0 (the day of surgery) from the body weight on
week 8 (the day of perfusion).

Sleep-Wake (S-W) Recording and Analysis

S-W recordings were carried out on day 20 and on day 50
post-lesion from each animal. The rats were connected via
flexible recording cables to a commutator, which in turn was
connected to a Grass polygraph and computer. The rats were
habituated to the cables for 2 days. Recordings of the EEG/
EMG and time-lock video began after the habituation period
and continued uninterrupted for 24 h on each occasion. The
digitized EEG/EMG data of each rat was divided into 12-sec
epochs and visually scored as wake, non rapid eye movement
sleep (NREM) sleep, or rapid eye movement (REM) sleep as
described previously.!” Scoring was done before histological
examination, so the scorer was unaware of the extent of the
lesions. The daily percentage of time spent in wake, NREM
sleep, and REM sleep and frequency and durations of episodes
of each stage were calculated. Finally, the percentage of sleep
loss in each VLPOx rat was calculated as 100 — (percentage of
total sleep (NREM + REM) in each VLPOx rat x 100 / mean
percentage of total sleep in sham-L rats).

Histology

On completion of the recordings, the rats were fasted
overnight (~15 h), then killed (between 10:00 and 11:00 to
avoid circadian variation in the results) by deep anesthesia
with 500 mg/kg chloral hydrate. The chest was opened and
blood (5 mL) was withdrawn from the right atrium of the
heart (see below), following which the animals were perfused
through the heart with saline (100 mL), followed by 500 mL
of neutral phosphate buffered formalin (Fischer Scientific
Co.). The brains were harvested, post-fixed, and sectioned in
the coronal plane on a freezing microtome into 4 series of 40
pum sections. One series was processed for Nissl staining as
described previously.!”

Lesion sites were identified based on neuronal loss and
gliosis, and the lesion size was then quantified by counting
the remaining number of neurons in the VLPO. Cell counts
were made bilaterally on 3 sections (one every 160 um) for
the VLPO cluster, medial extended VLPO, and dorsal ex-
tended VLPO region. The construction of counting boxes for
these structures (see Figure 1) was similar to that explained
in our previous publication.?* Only cells with a clear nucleus
were counted, nuclear diameters were quantified for a sample
of 20 neurons in each field in each animal, and cell counts
were corrected using Abercrombie’s formula.” Percentage of
cell loss in each of these VLPO subregions was estimated
as 100 — (remaining number of neurons in that subregion of
the VLPO in each VLPOXx rat x 100 / mean cell count in the
same region in sham-L rats). The approximate extent of the
lesions in each case was plotted on templates for the purpose
of comparison (Figure 1).
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Figure 1—Nissl stained brain sections from a rat that received saline into the VLPO (A) and a rat that received orexin-B-saporin into the VLPO (B). The
outline of the lesion, marked by loss of large, darkly stained neurons and excess small glial nuclei, is shown in panel B (dashed line). This is better seen
in enlarged views of the VLPO cluster from these sections in the corresponding insets. Counting boxes were placed over the VLPO cluster (VLPO), dorsal
extended VLPO (dEVLPO), and medial extended VLPO (mEVLPO) as described in our previous study,? and the number of remaining neurons were counted
and then correlated with sleep and metabolic outcomes. Panels C-H show schematic representations of the location and extent of the lesions in each animal
that received OX-SAP (n = 34). Note that a few animals had only unilateral lesions and are illustrated on only one side of the brain (R3898 in panel F and
R3903 and R3860 in panel H). 3V, third ventricle; OC, optic chiasm; VLPO, ventrolateral preoptic area cluster; dEVLPO, dorsal extended VLPO; mEVLPO,
medial extended VLPO; HDB, diagonal band of Broca horizontal; MPO, medial preoptic area. Scale bar = 500 um.
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Table 1—The remaining number of neurons in the ventrolateral preoptic (VLPO) subregions after saline (sham-L rats) or OX-SAP injections into the VLPO

Cell count (mean + SEM)

(VLPOx rats)

Group VLPO cluster
Sham-L rats (n=7) 701 +£22
VLPOx rats with < 10% sleep loss (n =7) 489 + 75*
VLPOXx rats with > 10% sleep loss (n = 27) 246 £ 417

P <0.001.

Cell counts were performed in the VLPO cluster, medial and dorsal extended VLPO (mEVLPO and dEVLPO) regions on both sides on 3 consecutive
Nissl stained brain sections (one every 160 pum) from the sham-L and VLPOx rats and were corrected using Abercrombie’s formula. *P < 0.05; **P < 0.01;

mEVLPO dEVLPO
1,303 + 34 540 £25
1,041 £ 124 372 £ 477

768 + 82 199 + 28™

Blood Collection and Analysis

During the perfusion procedure, approximately 5 mL of blood
was obtained from the right atrium of each animal and stored in
tubes containing heparin. Blood samples were then centrifuged at
5,700 rpm for 5 min at 4°C. Plasma was collected in polycarbon-
ate tubes and frozen for further determination of plasma levels of
various metabolic parameters: glucose, insulin, cholesterol, TG,
adiponectin, ghrelin, leptin, and CRP. All these assays were per-
formed at the Specialized Assay Core Facility, Joslin Diabetes
Center, Boston, USA using commercially available kits. ELISA
kits for insulin (Cat. No. 90060; Crystal Chem Inc, IL, USA; sen-
sitivity 5 pg/mL), leptin (Cat. No. 90040; Crystal Chem Inc, IL,
USA; sensitivity 200 pg/mL), adiponectin (Cat. No. EZRADP-
62K; Millipore, MA, USA; sensitivity 0.155 ng/mL), ghrelin
(Cat. No. 32-5119; ALPCO Diagnostic, NH, USA; sensitivity
0.6 pg/mL) and CRP (Cat. No. 557825; BD, NJ, USA; sensitivity
4.2 ng/mL) were used for their respective assays. Glucose, TG,
and cholesterol were determined by enzymatic and colorimetric
methods (Glucose kit - Cat No; 439-90901; sensitivity linear to
700 mg/dL; Wako Diagnostics; TG kit - Cat No; 2100-430; sen-
sitivity linear to 1,000 mg/dL; Stanbio Laboratory, TX and cho-
lesterol kit -Cat No; 1010-430; sensitivity linear to 750 mg/dL;
Stanbio Laboratory, TX, USA respectively). We also attempted
to assay tumor necrosis factor o (TNF-a), but the plasma values
in all but a few animals were below the limits of detection of the
assay (TNF-a kit: Cat. No. 45-TNFRT-E01.1; ALPCO Diagnos-
tics, NH, USA; sensitivity 4 pg/mL).

Statistical Analysis

To analyze the effects of successful VLPO lesions on sleep-
wake parameters including total time spent in each stage, their
mean bout durations, and bout numbers, we used unpaired ¢-
tests to compare the sham-L rats with animals who sustained
> 70% cell loss in the VLPO cluster, a threshold we had deter-
mined in our previous work as causing profound sleep loss."”
For the analysis of metabolic parameters including food intake,
body weight, and plasma levels of various metabolic factors,
we used unpaired #-tests to compare the sham-L animals to the
same group of VLPOx animals with > 70% cell loss, but also
did a second analysis comparing the sham-L animals with a
larger group of rats with > 10% sleep loss, which represented
a threshold similar to 1 h/day sleep loss in humans, a range
often seen in the general population. For the correlation of cell
loss in the VLPO cluster with the daily percentage of wake,
we analyzed the entire group of VLPOx animals. Similarly, for
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correlation analysis of metabolic variables, the amount of each
variable was plotted against daily percentage of wake, percent-
age of cell loss in the VLPO cluster, and then with the cell loss
in the entire VLPO region (including the VLPO cluster and
medial and dorsal extended VLPO). Pearson correlation coef-
ficients and P values were calculated using SPSS v17 (SPSS
Inc, Chicago, USA).

RESULTS

OX-SAP-Induced VLPO Lesions

In our cohort of 34 animals that received OX-SAP, cell
loss in the VLPO cluster ranged from about 1% to 100%,
depending upon the injection location and spread (see Figure
1). Although the injections were targeted at the VLPO cluster,
most of them extended into the medial and dorsal extended
VLPO. Despite extending medially into the ventrolateral part
of the medial preoptic nucleus (see Figure 1B), none of the
lesions extended sufficiently medially to involve the midline
median preoptic nucleus (MnPO). Some lesions extended
laterally to a small extent into adjacent basal forebrain ar-
eas—the nucleus of the diagonal band of Broca (DBB) or the
substantia innominata (SI). Fortunately, lesions of this size
in the basal forebrain region have minimal effects on sleep-
wake.?*?” Hence, we performed cell counts in the VLPO
cluster and the medial and dorsal extended VLPO regions
(Table 1) to correlate with the observed sleep-wake behavior
in these animals (Figure 2).

Sleep-Wake Changes following VLPO Lesions

S-W data recorded on post-lesion days 20 and 50 showed a
marked increase in wakefulness in the group of animals with
lesions including the VLPO. As there was no significant dif-
ference in the percentages of W (57.02 + 1.25% on day 20 vs.
55.43 £ 1.03% on day 50), NREM (36.43 + 1.07% on day 20
vs. 37.96 £ 0.88% on day 50), and REM (6.55 £+ 0.25% on day
20 vs. 6.61 = 0.22% on day 50) between the recordings on
post-lesion day 20 and day 50 (P > 0.05; paired #-test) from the
entire cohort of animals in which we attempted VLPO lesions
(n=34), the mean values of these 2 periods (day 20 and day 50)
were calculated for each animal and used as their daily percent-
age of sleep-wake stages. As expected, VLPO lesions of vary-
ing extent and location produced different degrees of sleep loss,
and for this entire cohort, the amount of wake time correlated
with the loss of neurons in the VLPO cluster (r=0.50, P<0.01;
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Figure 2—Changes in sleep-wakefulness following lesions in the ventrolateral preoptic area (VLPO). Sleep-wake recordings were carried out on day 20 and
on day 50 post-lesion from each animal and for 24 h on each occasion. As there were no significant differences in sleep-wake parameters between these 2
recordings, the mean values were calculated for each animal and were used for further analysis. (A) Daily percentage of wake in the entire cohort of animals
where we attempted VLPO lesions was positively correlated with the percentage of bilateral cell loss in the VLPO. These animals were then classified in 2
ways—based on their cell loss in the VLPO cluster (> or < 70% cell loss) and based on sleep loss they experienced (> or < 10% sleep loss). Filled circles
(@) = rats with < 70% cell loss in the VLPO but displayed > 10% sleep loss (n = 12). Open circles (o) = rats with < 70% cell loss in the VLPO and had <
10% sleep loss (n = 6). Filled squares (m) = rats with > 70% cell loss and displayed > 10% sleep loss (n = 15). Open square () = rat with > 70% cell loss in
the VLPO but had < 10% sleep loss (n = 1). (B) Daily percentages of sleep-wake stages in sham-lesioned (sham-L; dark bars) animals (n = 7) and VLPO-
lesioned (VLPOX; light bars) animals with > 70% cell loss (n = 16). VLPO lesions produced significant increase in wakefulness and a corresponding decrease
in non-rapid eye movement sleep (NREM) and REM sleep. This sleep loss was brought about through an increase in average duration of wake bouts and
a decrease in average duration of NREM sleep (D). The total number of wake, NREM or REM bouts during 24 h did not show any significant difference (C).
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see Figure 2) and with the loss of neurons in the entire VLPO
region (r=0.53, P<0.01).

Because our earlier study'” found that substantial sleep loss
was seen most reliably in rats with > 70% cell loss bilaterally
in the VLPO cluster, we then compared the sleep-wake param-
eters from the animals with > 70% cell loss in the VLPO cluster
with those of sham-L animals. On average, animals (n = 16)
with > 70% cell loss in the VLPO cluster spent about 26%
more time in wakefulness (58.71 + 1.43%) than sham-L rats
(46.57 £ 1.04%) with corresponding decreases in NREM and
REM sleep (Figure 2). These animals lost 13.5% of sleep in the
light phase (61.8 + 1.2% vs. 71.5 + 2.1% in sham-L animals;
P <0.01) and 44.1% of sleep in the dark phase (19.6 = 1.5% vs.
35.1+£2.7% in sham-L animals; P <0.001). Analysis of the bout
numbers and average durations of sleep-wake stages showed
that VLPO lesions (> 70% cell loss) caused a significant reduc-
tion in NREM bout duration (115.7 £ 4.3 s vs. 151.08 £ 8.6 s
in sham-L animals; P <0.01) and a significant increase in wake

SLEEP, Vol. 35, No. 11, 2012

bout duration (200.74 + 8.78 s vs. 154.07 + 8.08 s in sham-L
animals; P < 0.01). However, the total number of daily wake
and NREM bouts in these rats with > 70% cell loss in the VLPO
cluster was comparable to those of sham-L rats (P > 0.05). In
addition, there was also no significant difference in the aver-
age duration or number of REM bouts (Figure 2). Furthermore,
their diurnal phase and period of the sleep-wake cycle remained
unaltered (Figure 3), and the proportion of waking time spent
in the light vs. the dark period did not differ significantly from
the control animals. For example, about 66.78 + 1.7% and
67.29 + 0.8% of total wakefulness was observed during the
dark period in sham-L rats and VLPOx rats with > 70% cell
loss, respectively (P > 0.05).

Changes in Food Intake and Body Weight in VLPOx Animals
Following sleep-wake analysis from the VLPOx animals,

food intake, body weight gain, and other plasma profiles of

metabolic parameters from the animals with > 70% cell loss
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Parameter Sham-L rats (n=7)
Food intake (g/day) 2256 +0.12
Body weight gain (9/60 days) 109.14 + 12.68
Glucose (mg/dL) 161.18 £ 7.14
Insulin (ng/mL) 045+0.15
Cholesterol (mg/dL) 66.14 £ 9.16
TG (mg/dL) 37.91+£3.45
Adiponectin (pg/mL) 11.34 £1.75
Ghrelin (pg/mL) 100.91 £29.00
Leptin (ng/mL) 1.77+£0.18
Ghrelin/Leptin 66.62 + 21.76
CRP (ng/mL) 23.28 £4.19

Table 2—Plasma profiles of various metabolic markers in the sham-lesioned (sham-L) rats and VLPO-lesioned (VLPOX) rats

VLPOx rats were classified in 2 ways—on the basis of cell loss in the VLPO cluster and the amount of sleep loss they experienced. The metabolic outcomes
from the animals with > 70% cell loss in the VLPO and the animals with > 10% sleep loss were then compared with sham-L animals. Please see text for more
details on these inclusion criteria. Values are mean + SEM. *P < 0.05; **P < 0.01.

VLPOXx rats with > 70% VLPOx rats with > 10%
cell loss (n = 16) sleep loss (n = 27)
22.60+0.32 22.93+0.28
33.13 £5.26* 450 + 5.82**
139.62 £ 8.52 136.53 £ 7.43*
0.61+0.15 0.58 £0.10
47.81 + 1.56* 44.0 £2.5*
2514 £2.31* 2518 £2.34*
16.90 £ 0.81* 16.02 £ 0.89*
305.73 £ 38.94* 288.81 + 34.94*
1.28 £0.22* 1.22 £0.16**
325.76 + 66.20* 342.52 + 60.84*
16.28 + 0.68* 17.52 + 1.88*

100+ *
* —o— Sham-L rats

—o—VLPOXx rats

80+

*
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*
* *
*
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Time spent in sleep (%)
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Figure 3—Average hourly percentage of sleep (NREM + REM) for 24 h
in sham-lesioned (sham-L) rats (n = 7) and VLPO-lesioned (VLPOX) rats
with > 70% cell loss (n = 16), indicating that the overall diurnal pattern
of sleep-wake was not affected by VLPO lesions. Values are mean +
SEM; *P < 0.05; **P < 0.01; repeated measures of ANOVA followed by
unpaired t-test.

in the VLPO cluster were compared with those from sham-L
animals. These results are presented in Table 2. As this cohort
of VLPOx animals had about 25% sleep loss, we did a second
analysis of all animals with 10% or greater sleep loss (VLPOx-
10S; n = 27) to better approximate the human population, in
which increased body mass index is seen when sleep is reduced
by as little as one hour per day. The metabolic parameters of the
entire group of VLPOx-10S animals were compared with those
from sham-L animals. Finally, the data from entire cohort of an-
imals with attempted VLPO lesions (shown in Figure 1; n = 34)
were used for correlation analysis of metabolic variables with
percentage of sleep loss. The results were similar in the animals
with > 70% VLPO lesions and the larger group of VLPOx-10S
rats (Table 2), hence we will describe them in detail only for the
latter comparison, i.e., all animals with > 10% sleep loss.

A reduction in food intake was observed in both sham-L
(17.49 £ 1.01 g/day) and VLPOx-10S rats (19.88 = 1.04 g/day)
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during the first week after surgery (Tukey multiple compari-
son test, P < 0.001), which is a normal post-surgical response.
On the other hand, neither the food intake within the groups
(Tukey multiple comparison test, P > 0.05), or between the
groups (VLPOx-10S animals; 22.93 + 0.28 g/day vs. sham-L
animals; 22.56 + 0.12 g/day) differed significantly during the
subsequent 7 weeks. Furthermore, the food intake was also not
correlated with the percentage of cell loss in the entire VLPO
region (R = 0.12; P > 0.05; Pearson correlation) or with the
percentage of cell loss in the VLPO cluster (R = 0.04; P > 0.05;
Pearson correlation). However, weight gain by VLPOx-10S rats
was 59% less than that of the sham-L animals. While the body
weight of the VLPOx-10S animals (337.00 = 3.15 g) was com-
parable to that of sham-L animals (326.71 + 7.26 g) on day 0
(P> 0.05), it was significantly lower on day 60 (382.00 + 5.15
g vs. 435.86 £ 6.62 g in sham-L animals; P < 0.001). Overall,
the VLPOx-10S animals gained only 45.0 + 5.82 g when com-
pared to the sham-L animals that gained 109.14 + 12.68 g in 60
days (P < 0.001). Similarly, the weight gain in the entire cohort
of animals with attempted VLPO lesions was negatively corre-
lated with the percentage of sleep loss (r = 0. 5; P <0.01; Pear-
son correlation) and with cell loss in the entire VLPO region
(Figure 4; r=0.47; P <0.01; Pearson correlation; Figure 4), al-
though not significantly correlated with percentage of cell loss
in the VLPO cluster (R = 0.29; P > 0.05).

Changes in Plasma Metabolic Profile in VLPOx Animals

Plasma levels of several established metabolic markers from
sham-L, > 70% VLPO lesioned, and VLPOx-10S rats are pro-
vided in Table 2. Again, the results of the 2 VLPOx groups were
very similar, and will be described in detail only for the larger
one that includes all animals with > 10% sleep loss.

Although no change in food intake was observed, VLPOx-
10S rats exhibited an increase (186 + 34.63%) in plasma levels
of the orexigenic hormone ghrelin and a significant reduction
(31 £+ 8.92%) in the plasma levels of the anorectic hormone
leptin when compared with sham-L animals (Table 2). Thus, the
ghrelin/leptin ratio showed a 414.1 + 91.3% increase in the VL-
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POx-10S animals. This ratio is often correlated with increased
appetite, but in this experiment the VLPOx-10S animals did not
eat more than the sham-L animals, although food was available
ad libitum, and the animals had a longer opportunity to eat be-
cause they spent more of their time awake. Consistent with the
lower body mass observed, VLPOx-10S animals displayed sig-
nificant decreases in plasma levels of glucose (15.3 + 4.61%),
cholesterol (33.52 + 3.72%), and TG (33.57 £ 6.17%) as com-
pared to sham-L animals. On the other hand, plasma adiponec-
tin levels were elevated by 41.4 + 7.8% in VLPOx-10S animals,
whereas their insulin levels remained unaltered (Table 2). Fi-
nally, plasma levels of an inflammatory marker CRP were re-
duced by 24.75 + 8.06% in VLPOx-10S animals (Table 2).

DISCUSSION

We evaluated metabolic changes following chronic partial
sleep loss using VLPOX rats as our model system. VLPO lesions
in rats reduced the amount of sleep by up to 40%, equivalent
to reducing sleep from 8 h to 4.8 h per night in humans. Inter-
estingly and in marked contrast to published findings from hu-
mans in short term studies, chronic partial sleep loss in VLPOx
rats did not result in obesity or the metabolic syndrome. In fact,
plasma levels of several key metabolic markers in these animals
indicated what is widely considered a “healthier” profile.

VLPOx Animals as a Model for Chronic Partial Sleep Loss

We used rats with bilateral VLPO lesions as an animal model
to study the effects of chronic partial sleep loss. As expected,
VLPO lesions by OX-SAP produced significant sleep loss in
rats that persisted through the final recordings conducted on
post-surgical day 50. Hence, and consistent with previous re-
ports,'” sleep loss in VLPOx animals is persistent with little to
no compensation occurring over the 2-month experimental pe-
riod. VLPOx animals therefore provide a stable model system
for studying the effects of chronic partial sleep loss. In particu-
lar, this model has important advantages over procedures that
cause sleep loss by externally applied stressors, such as subject-
ing the animals to the threat of water immersion or requiring
them to move if they fall asleep. Moreover, the amount of sleep
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loss in VLPOx animals is quantitatively comparable to chronic
sleep loss in humans replicating a range of sleep loss from 10%
(about 1 h/night) to 40% (equivalent to 4-5 h/night), which is
similar to humans who voluntarily curtail nightly sleep in favor
of other activities.?®

One potential complication with the VLPOx model is that
it does involve a brain lesion, which could potentially alter
feeding or metabolic responses, independent of the sleep loss.
However, this is unlikely because there was no acute or chron-
ic change in feeding in the animals with VLPO lesions in the
present study. Over the course of the experiment, the VLPOx
animals consistently consumed the same amount of food as
sham-L rats. On the other hand, VLPOx animals were awake
for more hours each day, and appeared (based upon EEG/EMG
recordings) to have longer active periods, which may account
for the reduced rate of body weight gain during the 2-month
observation period.

The VLPO lesions used in this study differed in several im-
portant ways from the ones used by Lu and colleagues.'” Firstly,
in this study OX-SAP was used to generate the VLPO lesions
whereas ibotenic acid was employed in the previous study. At the
dosage used in this study, OX-SAP is not selective,”” and it non-
specifically kills all cell types in the preoptic area. We preferred
OX-SAP to ibotenic acid because it acts slowly and hence does
not produce unwanted side effects such as excitatory autonomic
responses that can compromise circulation or breathing due to
transient neuronal activation by ibotenic acid. Secondly, in the
previous study the lesions were placed slightly more medially,
to avoid including the laterally adjacent basal forebrain (BF),
as it was not known at the time whether damage to BF neurons
might independently affect sleep amounts. Recent studies have
shown that ibotenic acid or OX-SAP injections in the BF that kill
fewer than 40% of BF neurons actually increase the amount of
delta power in the EEG without causing long-term changes in the
amount of sleep.”**” Hence, to improve the frequency with which
our lesions included the entire VLPO we used slightly more lat-
eral injection coordinates, which allowed some injections to in-
clude small portions of the adjacent BF, but avoided the median
preoptic nucleus (which contains sleep-active neurons, but where
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lesions may cause reduced drinking and impair electrolyte bal-
ance or thermoregulation).” We attribute the small differences
in the sleep physiology following VLPO lesions between this
study and our previous study to the lesions systematically includ-
ing more basal forebrain tissue but less of the medial extended
VLPO than in our previous study.'” For instance, while the ani-
mals in the study by Lu et al."” with greater than 80% VLPO
cell loss showed up to 55% sleep loss, in this study we did not
observe more than 40% sleep loss. Also, in the previous study
increased numbers of both wake and sleep bouts were observed
after VLPO lesions, whereas in the current cohort, sleep bout du-
ration was shorter, but the numbers of bouts were unchanged.

The unchanged number of sleep bouts in the VLPOX rats
further indicates that they have a normal level of sleep drive.*
This was expected because our VLPO lesions were carefully
designed to spare the MnPO, which contains neurons that are
activated by sleep need or sleep drive, as measured by attempts
to enter into sleep.’® The VLPO neurons, on the other hand,
are only activated during sleep, suggesting that they convert
sleep drive to actual sleep, but do not accumulate sleep need
or drive.'3* Because our animals have incurred sleep loss, one
might expect their sleep drive to be higher than control animals.
However the normal number of sleep state entries indicates that
the primary cause of sleep loss in this group is not lack of sleep
drive, but rather that the VLPO apparatus for maintaining sleep
had been damaged.

Effects of Chronic Partial Sleep Loss on Food Intake and Body
Weight in Rats

Chronic partial sleep loss in VLPOx animals resulted in de-
celerated weight gain despite food intake equivalent to controls.
Previous studies employing sleep deprivation in rodents have
also reported slower weight gain (or even weight loss), but the
reports of food intake were inconsistent. While most studies
claimed an increase in food intake,*!** others reported no chang-
es in food intake after sleep loss.***” Martins and colleagues, in
a well-controlled study,*” showed that the increase in food intake
during sleep deprivation was in fact an artifact of food spillage
rather than an actual increase. On the other hand, another study
using liquid food where there was no spillage found an increase
in food intake in animals sleep deprived for 10 days.*® However,
these studies contained two confounds. First, the methods of
sleep deprivation involved variable degrees of stress, and eleva-
tion of corticosteroids by itself can alter food intake.***° Second,
most of these studies®’*® have been of relatively short duration.
In our experiment, rats maintained chronic partial sleep loss
throughout the experiment without any external intervention
and they did not show a significant difference in food intake,
despite exhibiting an increase in plasma ghrelin and a decrease
in leptin levels similar to sleep-restricted humans.” While these
changes in ghrelin and leptin have been shown to be correlated
with an increase in appetite and subsequent food intake in ani-
mals and humans that have not been sleep deprived,** it ap-
pears that sleep loss in rats may blunt this effect. One possible
interpretation of our data, which is easily testable, is that the re-
sponsiveness to ghrelin and leptin may represent a fundamental
species difference between humans and rodents in response to
sleep loss. An alternative interpretation is that our VLPO lesions
may have damaged neurons necessary for the response to ghre-
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lin. This is unlikely because the region of the VLPO contains
very few neurons with ghrelin receptors* and because failure to
gain weight was seen in earlier studies that used other methods
of sleep deprivation in rats.*>** In addition, ghrelin-induced food
intake has been shown to be primarily mediated by neuropeptide
Y (NPY)/agouti-related peptide (AgRP) and proopiomelanocor-
tin (POMC) neurons in the arcuate nucleus.**” Thus, it is un-
likely that the lack of hyperphagia despite an increase in ghrelin
levels in the VLPOx animals is due to loss of ghrelin-responsive
neurons in the preoptic region.

On the other hand, neurons in and around the VLPO have
been shown to project to the dorsomedial, paraventricular, and
arcuate hypothalamic nuclei as well as the lateral hypothala-
mus,*”® which play important roles in energy homeostasis. Al-
though it is not clear which of these projections arise from the
galaninergic VLPO neurons, as opposed to other cells in the
region, it is reasonable to speculate that the lack of increased
feeding in our study may have reflected the loss of neurons in
the VLPO region with projections to the mediobasal hypothala-
mus. But, the lack of significant correlation between food intake
and the percentage of cell loss in the entire VLPO region does
not support this hypothesis. While this finding does not elimi-
nate the possibility that VLPO neurons may contribute to some
other aspect of metabolism (e.g., energy expenditure), it does
suggest that VLPO neurons themselves have little impact on
the amount of food consumed. In the future, genetically driven
methods that would label projections only from the galaniner-
gic neurons in the VLPO, or would kill only these sleep-active
neurons, would be of great value in sorting out this issue.

On the other hand, our results are compatible with a range
of other sleep deprivation paradigms in animals, which con-
sistently show weight loss or slower weight gain during sleep
deprivation.’*>334%3° Recently, it has been shown that sleep de-
privation for 40 hours in humans produced an increase in en-
ergy expenditure.’’ This might also be true for chronic partial
sleep loss in the animals with VLPO lesions. Although energy
expenditure was not measured in the present study, we did find
that the duration of active periods, as judged by EMG activity,
were increased in our VLPOx animals. In a separate series of
preliminary studies in which we recorded locomotor activity
by telemetry, we found that locomotor activity in VLPOXx rats
was ~40% higher than the control animals (Vetrivelan, Lu and
Saper, unpublished observations), which could contribute to in-
creased energy expenditure in these animals. But it is possible
that they may have burned more calories in other ways as well,
e.g., by brown adipose tissue thermogenesis. Consistent with
this possibility, specific REM sleep deprivation has been shown
to increase the gene expression of uncoupling protein-1 (UCP1;
mediates the heat generation) in brown adipose tissue.* Further
studies directly measuring metabolic rate and brown adipose
activation in VLPOX rats would be of great interest. Such stud-
ies could help to determine whether the decelerated weight gain
in the VLPOx animals is due to increased energy expenditure,
failure to increase food intake in concert with energy demands,
or some combination of the two.

Sleep Loss and the Metabolic Syndrome
The metabolic syndrome, in general, is associated with an
increase in adiposity, a decrease in insulin sensitivity, and an
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increase in proinflammatory factors. The VLPOx-10S animals
demonstrated a decrease in glucose levels without a change in
insulin levels, indicating that, although not measured directly,
insulin sensitivity may be increased in these animals. In addi-
tion, higher adiponectin and lower leptin levels indicated a re-
duction in visceral adiposity in VLPOx animals. Finally, these
animals also did not appear to be in a pro-inflammatory state, as
evidenced from decreased plasma levels of CRP and increased
levels of adiponectin. Collectively, VLPOx animals with chron-
ic partial sleep loss demonstrated none of the plasma indicators
of metabolic syndrome.

In contrast, chronic partial sleep loss in humans has been
associated with an increased risk for obesity, T2D, and car-
diovascular events.”**3* The apparent differential metabolic
response(s) to chronic partial sleep loss between humans and
rats may therefore simply reflect a species difference, although
several additional and possibly contributing factors differ be-
tween our VLPOXx rats and humans who voluntarily restrict
their sleep. For example, whereas VLPOx rats did not con-
sume more food than controls, sleep-restricted humans in short
term experiments ate significantly more than control subjects
and increased consumption of excess calories from snacks.™
Moreover, it has been suggested that humans may be less active
during most of their extended waking time while the VLPOx
rats with chronic sleep loss did not show a reduction in activity
levels. In part this may be because the activities that humans
choose in life (or are chosen for them in studies) during their
extended wake time may be largely sedentary. As noted above,
the difference in response of feeding and energy expenditure
to elevated levels of ghrelin and low leptin, and possibly other
factors, during sleep deprivation may represent a fundamental
species difference between rats and humans.

On the other hand, in short duration studies in which both
activity and food consumption have been controlled in healthy
young humans subjected to partial sleep restriction, adverse
metabolic consequences ranging from glucose intolerance to el-
evated levels of CRP were still observed. One explanation for
this difference may be that the methods used for sleep depri-
vation may be inherently stressful. For example, experimental
sleep restriction (generally involving social interaction) in hu-
mans produced an increase in cortisol levels.*® Alternatively, all
of these studies involve circadian shifts of one type or another in
wake-sleep behavior (i.c., subjects either go to sleep late, wake
up early, or both). Although the subjects are held in low light
conditions to avoid light-mediated shifts in circadian rhythm,
the possibility exists that the alterations of circadian rhythms of
activity or feeding may contribute to the elevated appetite and
metabolic dysregulation seen in humans. In animals and humans,
circadian dysregulation has been shown to produce alterations in
energy metabolism and may lead to obesity and diabetes.'*!*%7

By contrast, the animals with VLPO lesions have no de-
tectable change in circadian phase or period in sleep-wake
(Figure 3) or body temperature,'” and the proportion of waking
time spent in the light vs. the dark period did not differ signifi-
cantly from the control animals. However, it could be argued
that the lack of the metabolic syndrome following chronic sleep
loss in the VLPOx animals was due to the smaller amount of
sleep loss observed during their rest period (~13%) when com-
pared to that during their active period (~44%). Although we
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are not aware of any studies investigating differential physi-
ological/behavioral consequences of sleep deprivation during
the day vs. night in rodents, sleep deprivation during either pe-
riod has produced similar responses in terms of sleep homeosta-
sis—slow wave energy attained during the sleep rebound was
similar after sleep deprivation either during the day or night.’%>#
In fact, the magnitude of sleep increase in rats was greater after
sleep deprivation at night compared to sleep deprivation during
the day,*® indicating that sleep at night in nocturnal animals may
be as important as sleep during the daytime. Thus, differences
in metabolic consequences following chronic sleep loss in hu-
mans and VLPOX rats are unlikely to be due to lesser sleep loss
during their rest phase than during their active phase.

Collectively, our data suggest that VLPOx animals may be a
useful model to study the consequences of chronic partial sleep
loss, but without stressful interventions or circadian rhythms
disruption. Our findings from this model strongly suggest that
chronic partial sleep loss per se does not lead to obesity or met-
abolic syndrome, at least in rats. This finding raises the question
whether chronic partial sleep loss in humans may cause adverse
metabolic consequences due to other factors such as circadian
disruption and the types of activities that are maintained dur-
ing the extra waking hours, particularly increased feeding and
decreased activity levels.
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