
R

S
m

L
a

b

c

d

e

a

A
R
R
A
A

K
T
Y
M
A
R

1

b
a
t
t
(
[

i
a
t
d
b

1
f

0
d

Behavioural Brain Research 207 (2010) 305–309

Contents lists available at ScienceDirect

Behavioural Brain Research

journa l homepage: www.e lsev ier .com/ locate /bbr

esearch report

hort-term total sleep deprivation in the rat increases antioxidant responses in
ultiple brain regions without impairing spontaneous alternation behavior

alini Ramanathana,b, Shuxin Huc,d, Sally A. Frautschyc,d,e, Jerome M. Siegela,b,∗

Neurobiology Research (151A3), Greater Los Angeles Health Care System, North Hills, CA, USA
Department of Psychiatry and Biobehavioral Sciences, University of California at Los Angeles, CA, USA
Geriatric Research and Education Clinical Center (151A3), Greater Los Angeles Health Care System, North Hills, CA, USA
Department of Medicine, University of California at Los Angeles, CA, USA
Department of Neurology, University of California at Los Angeles, CA, USA

r t i c l e i n f o

rticle history:
eceived 30 June 2009
eceived in revised form 1 October 2009
ccepted 10 October 2009
vailable online 20 October 2009

eywords:
otal sleep deprivation
maze

a b s t r a c t

Total sleep deprivation (TSD) induces a broad spectrum of cognitive, behavioral and cellular changes. We
previously reported that long term (5–11 days) TSD in the rat, by the disk-over-water method, decreases
the activity of the antioxidant enzyme superoxide dismutase (SOD) in the brainstem and hippocampus.
To gain insight into the mechanisms causing cognitive impairment, here we explore the early associ-
ations between metabolic activity, antioxidant responses and working memory (one form of cognitive
impairment). Specifically we investigated the impact of short-term (6 h) TSD, by gentle handling, on
the levels of the endogenous antioxidant, total glutathione (GSHt), and the activities of the antioxida-
tive enzymes, SOD and glutathione peroxidase (GPx). Short-term TSD had no significant impact on SOD
etabolic activity
ntioxidant responses
at

activity, but increased GSHt levels in the rat cortex, brainstem and basal forebrain, and GPx activity in
the rat hippocampus and cerebellum. We also observed increased activity of hexokinase, (HK), the rate
limiting enzyme of glucose metabolism, in the rat cortex and hypothalamus. We further showed that 6 h
of TSD leads to increased exploratory behavior to a new environment, without impairing spontaneous
alternation behavior (SAB) in the Y maze. We conclude that acute (6 h) sleep loss may trigger compen-

incre
satory mechanisms (like
memory.

. Introduction

Sleep deprivation leads to impaired performance, characterized
y cognitive slowing, memory impairment, decreased vigilance
nd the inability to sustain attention. Several investigators showed
hat spatial learning and memory, as assessed by performance in
he Morris water maze, was impaired after total sleep deprivation
TSD), paradoxical sleep deprivation (PSD) or sleep fragmentation
11,27,31].

It has been hypothesized that free radicals accumulate dur-

ng prolonged waking as a result of enhanced metabolic activity,
nd may be responsible for some of the effects of sleep depriva-
ion [21]. Free radicals are difficult to detect and quantify directly
ue to their extreme reactivity. The production of free radicals can
e inferred from measurement of antioxidant responses and/or

∗ Corresponding author at: Neurobiology Research 151A3, VA GLAHS Sepulveda,
6111 Plummer St., North Hills, CA 91343, USA. Tel.: +1 818 891 7711x7581;
ax: +1 818 895 9575.

E-mail address: jsiegel@ucla.edu (J.M. Siegel).

166-4328/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.bbr.2009.10.014
ased antioxidant responses) that prevent initial deterioration in working

Published by Elsevier B.V.

oxidative stress-induced products. Antioxidant responses include
changes in the activities of antioxidative enzymes, superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and
glutathione reductase (GR) and in the levels of the endogenous
antioxidant, glutathione (GSH). If antioxidant responses are unable
to successfully scavenge the free radicals, this will lead to oxidative
stress resulting in damage to lipids, proteins and/or nucleic acids
[8].

We previously reported that long term (5–11 days) TSD by the
disk-over-water method decreased SOD activity in the rat hip-
pocampus and brainstem [20]. Everson et al. [7] reported that 5
or 10 days of TSD decreased total glutathione (GSHt) levels and
CAT activity in the rat liver and increased GPx activity in the rat
heart. D’Almeida et al. [4] reported that 96 h of PSD, by the platform
technique, significantly decreased GSHt levels in the rat hypotha-
lamus, while Silva et al. [23] showed that 72 h of PSD increased the
ratio of oxidized/reduced glutathione levels and lipid peroxidation

levels in the mouse hippocampus. A differential alteration in SOD
activity, GSHt and lipid peroxidation levels across multiple brain
regions in old (24 months) compared to young adult (8 months)
rats, both subjected to 96 h of PSD by the classical platform (flower
pot) procedure, was observed by Singh et al. [24].

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:jsiegel@ucla.edu
dx.doi.org/10.1016/j.bbr.2009.10.014
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We hypothesize that short-term (6 h) total sleep depriva-
ion increases glucose metabolism resulting in elevated free
adical production and altered antioxidant responses. Glucose
etabolism was analyzed by changes in the activity of its rate lim-

ting enzyme, hexokinase (HK), while antioxidant responses were
ssessed by changes in the activities of the antioxidative enzymes,
OD and GPx and levels of the endogenous antioxidant, GSHt.
urthermore, we tried to correlate these biochemical changes
ith behavioral changes associated with performance in the
maze.

. Materials and methods

Adult male Sprague–Dawley rats (400–500 g) were used for all experiments.
rocedures were carried out in accordance with the National Research Council Guide
or the Care and Use of Laboratory Animals. Animal protocols were approved by
he Institutional Animal Care and Use Committee (IACUC) of the Veterans Admin-
stration Greater Los Angeles Health Care System. The rats were kept on 12 h:12 h
ight–dark cycle (lights-on at 8:00 a.m. and off at 8:00 p.m.), ambient temperature
4 ± 1 ◦C, with food and water available ad libitum.

Rats were housed in individual cages and handled for 1 h each day for 1 week.
his gentle handling procedure included brushing their fur with a cotton tip appli-
ator, introducing objects into their cages, disturbing their cage bedding, tapping on
heir cages and rotating their cages. After 1 week of habituation to the handling pro-
edure the animals were divided into two groups: the sleep deprived (SD) rats were
andled each time they showed physical signs of sleepiness (no motor activity),
hile the unhandled controls (UC) were left undisturbed in their cages. The animals
ere subjected to 6 h of TSD (8 a.m.–2 p.m.) starting at lights-on. Sleep deprivation
as carried out in the first part of the light period when sleep and slow wave activity

re at their maximum [30].
In Experiment 1, after 6 h of TSD, the sleep deprived rats were placed in the Y

aze for behavioral testing (at 2 p.m.). Control rats, which were left undisturbed,
ere tested on the Y maze 1 day prior, also at 2 p.m. The symmetrical Y maze is
ade of acrylic and consists of three arms of equal size [10 cm (width) × 30.5 cm

inner length) × 40.5 cm (outer length) × 20 cm (height)] at an angle of 120◦ . The Y
aze was placed in a room without any environmental cues. The rat was placed

n the center of the Y maze and allowed to freely explore the maze for 8 min. An
lternation was defined as the entry into all three arms on consecutive choices.
n arm was considered to be entered when the rat’s hind paws were within the
alls of the arm. The sequence and total number of arms entered was recorded
anually as well as on a video tracking system, HVS Image Ltd. (Buckingham, U.K.).

he spontaneous alternation behavior (SAB) is the correct number of sequential
riads containing entries into all the three arms divided by the maximum possible
umber of alternations (which is the number of arm entries−2) × 100. The apparatus
as cleaned using 70% ethanol, and the alcohol was allowed to evaporate for 5 min

etween trials, in order to remove any olfactory cues.
In Experiment 2, following 6 h of TSD, the rats were sacrificed by decapita-

ion after halothane (1 min) anesthesia. Control rats (which were left undisturbed)
ere similarly sacrificed 1 day prior, also at 2 p.m. The brain was quickly removed

2 min), rinsed in pre-chilled saline and rapidly dissected on ice (5 min). The cortex
2 mm × lateral 6 mm area, somatosensory cortex, AP 1.70 to −4.3; weight = 0.20 g),
ippocampus (1 mm × lateral 3–6 mm area, AP −2.30 to −6.30, weight = 0.11 g),
asal forebrain (2 mm × lateral 2 mm area, medial basal forebrain, AP 0.48 to

1.30, weight = 0.035 g), hypothalamus (2 mm × lateral 2 mm area, AP −1.30 to
4.80, weight = 0.05 g), brainstem (5 mm × lateral 4 mm area, AP −8.72 to −15.20,
eight = 0.16 g) and cerebellum (7 mm × lateral 6 mm area, AP −9.30 to −15.20,
eight = 0.15 g) were collected in pre-chilled (in dry ice) micro-centrifuge tubes

nd immediately transferred to −80 ◦C until analyzed. The total time taken from
acrifice to collection of the tissues was approximately 7 min. Cooling the tissue in

ig. 1. Spontaneous alternation behavior (SAB) in the Y maze task. (a) Total number of arm
nd SD (sleep deprived, black bar) rats. Data are expressed as mean ± S.E.M. *p < 0.05 Stud
n Research 207 (2010) 305–309

crushed ice has been shown to prevent autolysis and breakdown of cofactors and
rapidly freezing the tissue helps to prevent enzymatic changes [18].

2.1. Biochemical analysis

Each brain region was homogenized in a hand held homogenizer (Fisher, cat
# 08-414-16C) with 20 strokes, in pre-chilled homogenizing buffer composed
of 50 mM Tris–HCl, pH 7.5, 50 mM MgCl2 and 5 mM EDTA, containing protease
inhibitors (Roche Diagnostics, cat # 11836153001) to make a 10% homogenate (w/v).
This homogenate was centrifuged in an Eppendorf micro-centrifuge (5415C) at
2000 rpm (320 × g) for 10 min at 4 ◦C. The pellet was discarded and the supernatant
was re-centrifuged at 13,500 rpm (14,000 × g) for 30 min at 4 ◦C. This supernatant
was used for determining SOD, GPx and HK activities and GSHt levels.

The protein content of the samples was determined with the DC protein assay
kit (Bio-Rad, cat # 500-0111). The amount of protein in the standards and samples
was determined on a microtitre plate reader (Molecular Devices Emax precision
microplate reader) at a wavelength of 750 nm.

2.2. Superoxide dismutase (SOD) activity

Superoxide dismutase (SOD) activity was measured according to the method
of Misra and Fridovich [17]. Tissue extract was added to 1 ml of carbonate buffer
(50 mM, pH 10.2 containing 0.1 mM EDTA) and the reaction initiated with 30 �l
epinephrine (30 mM in 0.05% acetic acid). The rate of autoxidation of epinephrine
was measured at 480 nm for 180 s on a Hitachi U2000 spectrophotometer. Superox-
ide dismutase activity was expressed as units (U) of SOD/mg of protein, where one
unit of SOD is defined as the amount of enzyme present that inhibits the autoxidation
of epinephrine by 50%.

2.3. Glutathione peroxidase (GPx) activity

Glutathione peroxidase (GPx) activity was determined according to the method
of Somani and Husain [26]. The reaction mixture consisted of 100 �l of GSH (0.01 M),
100 �l of NADPH (1.5 mM) and 100 �l of GR (0.24 units) in phosphate buffer (50 mM).
Tissue extract was added to 1 ml of the reaction mixture and incubated at 37 ◦C for
10 min. Then, 100 �l of t-butyl hydroperoxide (12 mM) was added to 900 �l of the
reaction mixture and the rate of oxidation of NADPH was measured at 340 nm for
180 s. The molar extinction coefficient of 6.22 × 103 (M cm)−1 was used to deter-
mine GPx activity. Glutathione peroxidase activity was expressed as mM NADPH
oxidized/min/mg protein.

2.4. Total glutathione (GSHt) levels

Total glutathione (GSHt) was measured by the enzymatic recycling procedure
in which reduced glutathione (GSH) is sequentially oxidized by 5, 5′-dithiobis-(2-
nitrobenzoic acid) (DTNB) to oxidized glutathione (GSSG) which is then reduced by
NADPH in the presence of GR back to GSH [10]. To 800 �l of NADPH (0.3 mM) and
100 �l of DTNB (6 mM), 100 �l of either tissue extract or known amounts of GSH
standard were added. The reaction was initiated with 10 �l of GR (50 units/ml).
All solutions were made up in stock buffer (pH 7.5) containing sodium phosphate
(125 mM) and sodium-EDTA (6.3 mM). The rate of DTNB reduction was measured at
412 nm continuously for 120 s. Glutathione (GSH) was used as an external standard,
and the level of total glutathione in the samples was expressed as nmol GSH/g tissue.

2.5. Hexokinase (HK) activity
Hexokinase activity was measured according to the procedure of Knull et al.
[15]. Tissue extract was added to the reaction mixture consisting of 100 �l each
of glucose (33 mM), ATP (67 mM), MgCl2 (67 mM), potassium HEPES (400 mM, pH
7.5), 1-thioglycerol (100 mM), NADP+ (6.4 mM) and 10 �l of glucose 6-phosphate
dehydrogenase (1 unit) in a total volume of 1.0 ml. NADPH formation was fol-

entries, (b) Percent spontaneous alternation in UC (unhandled control, white bar)
ent’s t-test.
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Hexokinase activity was significantly increased in the hypotha-
lamus (n = 6, p = 0.05, 35%, Fig. 3) and cortex (n = 6, p = 0.04, 20%,
Fig. 3) and insignificantly increased in the basal forebrain (n = 6,
p > 0.05, 51%) of rats subjected to acute (6 h) TSD compared to
unhandled controls (UC).
ig. 2. Changes in antioxidant response markers in the rat cortex (a), brainstem (b)
leep deprivation. Superoxide dismutase (SOD) activity, glutathione peroxidase (G
alues ±S.E.M. UC = unhandled controls (white bar), SD = sleep deprived (black bar)

owed at 340 nm for 3 min. Hexokinase activity was expressed as �mol of NADPH
ormed/min/g tissue.

.6. Statistical analysis

Six sleep deprived (SD) and 6 unhandled control (UC) rats were tested in the Y
aze. The total number of arm entries and the percentage of alternation were ana-

yzed by the Student’s t-test. For the biochemical experiment, values from duplicate
amples for each biochemical measure (SOD, GPx, GSHt, HK) were averaged to obtain
ne value point per animal. Six to twelve animals per biochemical measure were
sed. Normalized values for each biochemical measure for each individual brain
egion was calculated from the average of each data set. The Student’s t-test was
sed to determine significance differences between SD and UC rats for each brain
egion for each biochemical measure. Statistical significance was determined at the
evel of p < 0.05.

. Results

In this study we investigated the effects of acute (6 h) TSD, by
entle handling, on changes in (1) behavioral performance in the
maze and (2) antioxidant responses (SOD and GPx activity, GSHt

evels), and metabolic activity (HK activity) by biochemical analysis.
Sleep deprived (SD) rats had significantly more number of arm

ntries compared to UC rats (n = 6, p = 0.03, 28.6%, Fig. 1a). Both
roups of rats performed well above the random choice (50%), how-
ver, there was no significant difference in the SAB between SD and
C rats (68.6% SD vs 70.5% UC, p > 0.05, Fig. 1b).

Rats subjected to 6 h of TSD had higher GSHt levels in the cor-
ex compared to unhandled controls (n = 11, p = 0.008, 12%, Fig. 2a).
owever no significant changes in either SOD or GPx (n = 12 for
ach marker, p > 0.05, Fig. 2a) activities were observed in this brain

egion.

Increased GSHt levels were also observed in the brainstem
n = 10, p = 0.006, 28%, Fig. 2b) and the basal forebrain (n = 10,
= 0.007, 28%, Fig. 2c) of rats subjected to acute sleep deprivation.
here were no significant changes in either SOD or GPx activities
forebrain (c), hippocampus (d), cerebellum (e) and hypothalamus (f) after 6 h total
tivity and total glutathione (GSHt) levels. Data are expressed as mean normalized
.05 Student’s t-test.

in the brainstem (n = 12 for each marker, p > 0.05) or basal fore-
brain (n = 12 for each marker, p > 0.05) of sleep deprived compared
to control rats.

Sleep deprived rats showed greater GPx activity in the hip-
pocampus compared to control rats (n = 12, p = 0.03, 12%, Fig. 2d).
There were no significant changes in the activity of SOD (n = 12,
p > 0.05) or in the level of GSHt (n = 11, p > 0.05) in sleep deprived
compared to unhandled rats.

Rats subjected to 6 h of TSD also showed higher GPx activity in
the cerebellum compared to unhandled controls (n = 12, p = 0.0002,
11%, Fig. 2e). Neither SOD activity (n = 12) nor GSHt level (n = 11)
in the cerebellum were significantly altered by 6 h of TSD. The
hypothalamus did not show significant changes in any of the three
antioxidant response markers (SOD, GPx, GSHt) studied here (n = 12
for each marker) with 6 h of TSD (Fig. 2f).
Fig. 3. Changes in hexokinase activity across different brain regions. Data are
expressed as mean normalized values ±S.E.M. UC = unhandled controls (white bar),
SD = sleep deprived (black bar). *p < 0.05 Student’s t-test.
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. Discussion

This study investigated the effects of 6 h of TSD on metabolic
ctivity, antioxidant responses and working memory. We chose
o study 6 h of TSD because this time period of sleep deprivation
an be easily achieved by gentle handling, while longer periods of
leep deprivation would require more stressful procedures. Also,
h of TSD has been shown to induce a significant increase in NREM

leep and slow wave activity, while 3 h of TSD causes only a minor
ncrease in total sleep time [30].

In this study we showed that 6 h of TSD did not affect sponta-
eous alternation behavior (SAB) in the Y maze. Pierard et al. [19]
imilarly reported that 3 h of TSD in mice had no effect on SAB, in
ontrast 24 h of TSD caused major disruptions in the ability of mice
o run the alternation task. The mice chose to sleep rather than to
xplore the maze. Ten hours of TSD, on the other hand, decreased
he SAB in deprived mice compared to non-deprived mice. This sug-
ests that the amount of sleep loss is an important factor affecting
erformance in the Y maze. Guan et al. [11] reported that 6 h of
SD, by gentle handling, impaired spatial memory, but not spatial
earning, and did not influence nonspatial learning or memory in
ats, as assessed by performance in the Morris water maze. Smith
nd Rose [25] similarly reported that REM sleep is involved in spa-
ial but not in non-spatial learning in rats in the Morris water maze.
he Y maze is a useful index of responsiveness to novelty, reflected
y increased locomotor and exploratory behavior, as well as SAB,
hich is a measure of working memory [13]. SAB is the innate ten-
ency of rodents to remember the position of the arm selected in
he preceding choice and therefore serves as a measure of cognitive
mpairment. The Morris water maze, on the other hand, is used to
ssess spatial and non-spatial learning and memory (acquisition,
etention).

Our study also showed that 6 h of TSD increased exploratory
ehavior in a new environment. This is consistent with a previous
tudy by Albert et al. [1] who reported that REM sleep deprived rats
howed increased locomotor and exploratory activity and greater
ensitivity to environmental stimuli compared to non-deprived
ats. Similarly, Tartar et al. [28] recently reported that 24 h of
readmill-induced TSD or sleep fragmentation in rats, increased
xploratory behavior in an open field test. Sleep deprived rats
howed increased number of entries into and time spent in the
pen field.

This is the first study showing that acute (6 h) TSD, by gentle
andling, increases antioxidant responses (SOD, GPx and GSHt) in
ultiple rat brain regions. Free radicals have been shown to reg-

late the activities of antioxidative enzymes, (SOD and GPx) and
ndogenous antioxidant (GSHt) [12]. Superoxide anions are free
adicals produced in the mitochondria and endoplasmic reticulum
s a by product of ATP synthesis. SOD converts superoxide anions
nto hydrogen peroxide and oxygen, while GPx, using glutathione
s a cofactor, converts hydrogen peroxide and lipid hydroperoxides
nto oxygen and water or ROH, respectively. Hydrogen peroxide and
ipid hydroperoxides if not removed can produce the more reactive
ydroxyl free radical, which can lead to oxidative stress. Superox-

de anions can also react with nitric oxide to form peroxynitrite
hich can produce both hydroxyl radicals as well as nitrotyrosine,

esulting in both oxidative and nitrosative stress.
The increase in total glutathione levels was the most pro-

ounced antioxidant response after 6 h of TSD, and may account
or the ability of rats to compensate for any deficit in working

emory and/or increased exploratory behavior. Cruz-Aguado et

l. [3] reported that diethylmaleate (DEM)-treated rats, who had
educed total glutathione levels, exhibited a motivational or sen-
orimotor deficit, leading to a reduction in their exploratory or
ocomotor behavior. These authors [3] further showed that glu-
athione depletion did not influence performance of animals in
n Research 207 (2010) 305–309

the passive avoidance test, although it resulted in impaired spa-
tial acquisition but not retention in the Morris water maze. Dean et
al. [5] similarly reported that 2-cyclohexene-1-one (CHX)-treated
rats and mice, who had reduced total glutathione levels, showed
disruption of short-term spatial memory. These findings sup-
port our hypothesis that increased total glutathione levels may
prevent deficits in working memory in rats subjected to 6 h of
TSD.

Here we show increased antioxidant responses in rats sub-
jected to short-term (6 h) TSD, however, we previously reported
decreased antioxidant responses in rats exposed to long term
(5–11 days) TSD [20]. We propose that acute (short-term) sleep
loss increases the production of free radicals which then induces
the antioxidant responses. Chronic (long term) sleep loss further
increases the levels of free radicals, and the elevated antioxidant
responses would be incapable of successfully scavenging these
enhanced free radicals, resulting in damage to the antioxidative
enzymes, thus leading to decreased antioxidant responses. This dif-
ferential effect of acute and chronic sleep deprivation varies across
brain regions. Increased antioxidant responses were observed in
the rat cortex, hippocampus, basal forebrain, brainstem and cere-
bellum with 6 h of TSD, while decreased responses were observed
in the rat hippocampus and brainstem with 5–11 days of TSD [20].
The brain is not uniformly vulnerable to the effects of sleep depri-
vation. We speculate that this could be due to the fact that certain
neuronal populations may be more susceptible to free radical pro-
duction as a result of increased activity of these neurons due to
prolonged waking. Cirelli [2] showed that transcriptional changes,
in the rat cerebral cortex, associated with prolonged sleep loss
differed significantly from short-term sleep deprivation. She sug-
gested that sleep loss may trigger an oxidative stress response in
some brain regions, but the brain is capable of responding to this
acute stress effectively and thus prevents oxidative damage, while
chronic stress may result in irreversible changes [2].

Changes in antioxidant responses have also been observed with
paradoxical sleep deprivation (PSD). D’Almeida et al. [4] reported
that 96 h of PSD significantly decreased GSHt levels in the rat
hypothalamus. Decreased GSHt levels and SOD activity as well as
higher lipid peroxidation (thiobarbituric acid reactive substances)
were also observed in the hippocampus, thalamus and hypotha-
lamus of rats subjected to 96 h of PSD [24]. These changes were
greater in old (24 months) compared to adult (8 months) rats. On
the other hand, increased SOD activity and lower lipid peroxida-
tion was noted in the cortex and brainstem of PSD deprived rats,
but these changes were greater in adult compared to old rats [24].
Silva et al. [23] showed that 72 h of PSD increased the ratio of oxi-
dized/reduced glutathione and increased lipid peroxidation in the
mouse hippocampus.

We hypothesize that elevated glucose metabolism, arising from
increased energy demands during wakefulness, a period of high
neuronal activity, may be a potential source of elevated free radi-
cals. Ikeda et al. [14] proposed that free radicals are produced during
wakefulness, a period of high neuronal activity, while Scharf et al.
[22] proposed that free radicals may be activated by the deple-
tion of cellular energy occurring during extended wakefulness. We
previously reported that chronic TSD (>45 h) causes degenerative
changes in the rat supraoptic nucleus (SON) of the hypothalamus, a
region of high metabolic activity [6]. Gip et al. [9] reported that 6 h of
TSD decreased glycogen levels in the rat cerebellum and hippocam-
pus, while increasing glucose levels in the cortex. They proposed
that the regional effects of TSD on brain glycogen and glucose levels

may be correlated with differing energy demands.

Hexokinase (HK), the enzyme that catalyzes the initial step in
glucose metabolism, is the major factor governing the rate of glu-
cose metabolism. In this study we showed that 6 h of TSD increased
HK activity in several rat brain regions. Thakkar and Mallick [29]
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imilarly reported that 4 days of PSD, by the flower pot technique,
ncreased HK activity in the rat brainstem, cerebellum and cere-
rum. Knull et al. [15] reported that intraperitoneal injection of
lucose to galactose fed chicks increased HK activity in the cere-
ellum, while Mayer et al. [16] reported that the HK activity of the
mall intestine of starved rats increased significantly within the
rst 15 min of perfusion with 50 mM glucose.

We show for the first time that acute (6 h) TSD in the rat
ncreases antioxidant responses in multiple brain regions. This may
eflect an enhanced production of free radicals, arising in part from
levated glucose metabolism (in the cortex). The absence of antiox-
dant responses in the hypothalamus, despite an increase in HK
ctivity would suggest that endogenous antioxidants in the rat
ypothalamus were sufficient to scavenge the free radicals pro-
uced by increased glucose metabolism, resulting from 6 h of TSD.
onversely antioxidants, other than SOD, GPx or GSHt, may be

nvolved. Also increased antioxidant responses in the rat brain-
tem, basal forebrain, hippocampus and cerebellum could be due
o free radicals produced from sources other than increased glu-
ose metabolism. Furthermore 6 h of TSD increased locomotor and
xploratory behavior in a new environment without affecting SAB
n the Y maze. Thus acute (6 h) sleep loss may trigger mechanisms
like increased antioxidant responses) that prevent initial deterio-
ation in working memory and also lead to increased exploratory
ehavior.
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