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Abstract
A randomized, placebo controlled study was performed to evaluate whether the onset of the glucose
metabolic effects of a selective serotonin reuptake inhibitor (paroxetine) would be accelerated by
total sleep deprivation (TSD). Patients were randomly assigned to one of three groups: TSD and
paroxetine treatment, TSD and two weeks of placebo followed by paroxetine treatment, or two weeks
of paroxetine treatment. Sixteen elderly depressed patients who met DSM-IV criteria for major
depressive disorder and nine age-matched comparison subjects underwent Positron Emission
Tomography (PET) studies of cerebral glucose metabolism at baseline, post-TSD (or a normal night’s
sleep for the paroxetine only group), post-recovery sleep and two weeks post-paroxetine or placebo
treatment (patients only). TSD was not consistently associated with a decrease in depressive

© 2008 Elsevier Ireland Ltd. All rights reserved
Please address all correspondence and reprint requests to: Gwenn Smith, Ph.D., Department of Psychiatry, Faculty of Medicine, University
of Toronto, Centre for Addiction and Mental Health, 250 College Street, Toronto, ON, Canada M5T 1R8, gwenn_smith@camh.net
416-535-8501 X7379 (telephone), 416 979-4656 (fax).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

Published in final edited form as:
Psychiatry Res. 2009 January 30; 171(1): 1–9. doi:10.1016/j.pscychresns.2008.05.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



symptoms between groups nor with decreases in cerebral metabolism in cortical regions that have
been associated with rapid and sustained clinical improvement (e.g. anterior cingulate gyrus). The
observation of a synergistic antidepressant effect of combined TSD and paroxetine treatment that
was observed in a previous “open label”, pilot study was not observed in the present randomized
study, consistent with lack of a cerebral metabolic effect in brains regions previously shown to be
associated with improvement of depressive symptoms.
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1.Introduction
Studies conducted over the past two decades have demonstrated that sleep deprivation is
associated with a rapid reduction in depressive symptoms in depressed patients across the
lifespan (Reynolds et al., 1987a,b, Post et al., 1987, as reviewed by Wu et al., 1990, Leibenluft
and Wehr, 1992, Gillin et al., 2001). Total sleep deprivation (TSD) has been shown consistently
to decrease cerebral blood flow and metabolism, the extent to which is correlated with the
magnitude of clinical improvement (Ebert et al., 1991, Volk et al., 1997, Wu et al., 1999,
2008). Based on these observations, Gillin et al. (2001) suggested that TSD is an “excellent
experimental model of antidepressant treatment” that can be used as an intervention platform
in both animal and human subjects to investigate the neurobiological mechanisms underlying
the antidepressant response. In fact, an understanding of the neurochemical alterations
associated with symptom improvement secondary to TSD may inform pharmacotherapy.

Clinical and neuroimaging studies have evaluated the possibility that the acute antidepressant
effect of TSD may be sustained by initiating pharmacotherapy after TSD (Szuba et al., 1994,
Bump et al., 1997, Benedetti et al., 1997, Green et al., 1999). Studies in patients with geriatric
depression have shown that TSD, when performed before treatment with an selective serotonin
reuptake inhibitor (SSRI, paroxetine), did result in a rapid and sustained clinical improvement
that persisted after a night of recovery sleep and after two weeks of SSRI treatment (Bump et
al., 1997). A comparison of the TSD data with archival medication treatment data showed that
the clinical response after two weeks of antidepressant treatment was greater when treatment
was preceded by TSD compared to medication only (Green et al., 1999). The improvement in
depressive symptoms with TSD was accompanied by reductions in cerebral glucose
metabolism in certain brain regions (e.g. anterior cingulate gyrus, precuneus) that persisted
after recovery sleep and two weeks of antidepressant treatment (Smith et al., 1999). In fact,
the regional decreases in metabolism after TSD were correlated with symptom improvement
after a twelve week course of SSRI treatment, suggesting that the acute metabolic response
may have some predictive value with respect to treatment outcome (Smith et al., 2002b). These
previous studies that demonstrated an accelerated clinical and cerebral metabolic effect did not
include placebo controls for either the TSD or the medication aspects of the study.

Thus, a randomized, placebo-controlled study was undertaken to determine if an acceleration
of the onset of antidepressant response would be observed to a greater extent in patients who
underwent combined TSD and paroxetine treatment, as compared to combined TSD and
placebo treatment or to paroxetine treatment only without TSD (Reynolds et al., 2005). In
contrast to the study hypothesis, the results indicated that greater clinical improvement was
observed in the paroxetine only and TSD and placebo treatment groups compared to the TSD
and paroxetine treatment group. After controlling for baseline depression severity, there were
no statistically significant differences in response or remission rates between the three groups.
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Some of the patients enrolled in the clinical study also underwent serial positron emission
tomography (PET) studies of cerebral glucose metabolism which is the focus of the present
report. We hypothesized that reductions in cerebral glucose metabolism would be observed to
a greater extent in patients who underwent combined TSD and antidepressant treatment and
that the metabolic alterations would correspond to improvement in depressive symptoms.
Reductions in metabolism would be observed in areas including the anterior cingulate,
precuneus and increases in occipital cortex as shown to be affected by TSD and antidepressant
treatment in prior studies in geriatric depression (Smith et al., 2002a,b).

2.Methods
2.1 Study Design

The design of the treatment study from which the PET subjects were recruited has been
described in detail and the results of this larger clinical trial reported (Reynolds et al., 2005).
Briefly, the depressed patients and age-matched comparison subjects underwent three
consecutive nights of electroencephaologaphy (EEG) sleep studies at the Sleep and
Chronobiology Laboratory at the Western Psychiatric Institute and Clinic. The patients were
randomly assigned to three groups. The TSD + paroxetine group underwent thirty-six hours
of TSD and began treatment with paroxetine on the night of recovery sleep. The TSD + placebo
group underwent thirty-six hours of TSD and then began treatment with placebo for two weeks.
After two weeks of placebo treatment, the patients began treatment with paroxetine. The
paroxetine only group spent three nights in the sleep laboratory and began treatment with
paroxetine prior to the third night of sleep (at the same time as the TSD/paroxetine group started
treatment). To control for potential differences in treatment expectancies between the TSD and
paroxetine only groups, the paroxetine only group underwent an educational session regarding
good sleep practices and delayed their bedtime by thirty minutes (the other groups did not
undergo this session). The EEG recordings were monitored by a sleep technologist and to
ensure none to minimal sleep and if stage 1 to 2 sleep was detected, a buzzer would ring to
alert the subject to awaken, to minimize the interaction with the study staff. None of the subjects
met criteria for sleep onset, defined as ten consecutive minutes of stage 2 sleep.

The patients underwent four PET scans at the same time of day (10–11am). The first three
scans were performed on consecutive days: Scan I: at baseline before TSD, Scan II: 24 hours
after TSD and Scan III: after the first night of recovery sleep. The depressed patients had been
administered the first dose of paroxetine prior to going to bed on the evening of recovery sleep,
so that this PET scan represents the effects of recovery sleep, in addition to the first dose of
paroxetine. The depressed patients underwent Scan IV two weeks after paroxetine treatment
began. The paroxetine treatment regimen was as follows: A 10mg dose of paroxetine was given
at bedtime prior to recovery sleep and the following night. The dose was then increased to
20mg once daily and after two weeks of treatment; the dose was increased to 30mg, if clinically
indicated. The clinical trial of paroxetine in all three patient groups continued for a total of
twelve weeks.

2.2 Subjects
Depressed patients were recruited from the outpatient clinic of the Intervention Research
Center for Late-Life Mood Disorders. The inclusion/exclusion criteria for the patients were
the same as for the clinical trial (Reynolds et al., 2005). The criteria included DSM-IV diagnosis
of current major depressive episode (non-bipolar, non-psychotic), 17-item Hamilton
Depression Scale score ≥ 17 and mini-mental status examination score (MMSE, Folstein et al.,
1975) ≥ 17. Subjects were medically stable (as evidenced by physical examination and
laboratory testing) and were screened for sleep apnea, which was also an exclusion for the
study. Sixteen depressed patients were enrolled in the PET study. (TSD + paroxetine n=7, TSD
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+ placebo n=6, paroxetine only n=3). In addition, patients and comparison subjects with a
current diagnosis of diabetes (not controlled by diet) were excluded from the PET sub-study.
All patients were free of psychotropic medications for a minimum of ten days (four weeks for
fluoxetine due to the half life of nor-fluoxetine).This time interval was chosen to allow for at
least three half lives of most SSRI’s (except fluoxetine) so that there would be no detectable
plasma concentration at the time that the study began. Thus despite treatment, the patients were
symptomatic enough to meet the study entry criteria for depression severity. Nine age and
gender matched normal comparison subjects were enrolled in the study that had no history or
current diagnosis of a psychiatric (including major depression) or neurological illness. The
comparison subjects had a current Hamilton Depression Scale Score (HDS-17) of 7 or less and
a MMSE score of 27 or greater. The normal comparison subjects were recruited by
advertisements in the local media

The subject characteristics for the PET sub-study are shown in Table 1. A comparison of the
patients enrolled in the PET sub-study to the larger clinical study sample revealed that the two
samples were comparable with respect to age, gender composition, mental status and
depression severity. Unlike the larger clinical study, however, the baseline depression severity
in the three patient groups enrolled in the PET study was comparable. The patients in the clinical
study who did undergo PET scanning did not participate due to issues including claustrophobia,
exclusions related to the magnetic resonance scan (e.g. metal implants, weight limitations),
and logistics. After complete description of the study to the subjects, written informed consent
was obtained according to procedures established by the Biomedical Institutional Review
Board and the Radioactive Drug Research Committee/Human Use Subcommittee-Radiation
Safety Committee at the University of Pittsburgh Medical Center

2.3 Clinical Assessment
As in the previous studies, the 17-item Hamilton Depression Scale (HDS-17; Hamilton et al.,
1960, Green et al., 1999, Smith et al., 2002) was administered on a weekly basis and a modified
version (13-items total, without the three sleep items and the one item for weight, HDS-13)
was administered daily for the first 17 days of the study. The HDS-13 results were reported
for baseline, post-TSD, post-recovery sleep and after two weeks of treatment to correspond to
the PET studies.

2.4 Neuroimaging
All subjects underwent magnetic resonance (MR) scanning prior to the first PET study. The
MR scans were performed at the University of Pittsburgh Medical Center MR Research Center,
using a GE Signa 1.5 Tesla scanner (GE Medical Systems, Milwaukee, WI).

The acquisition procedure for the [18F]-2deoxy-2-fluoro-D-glucose ([18F]-2DG) PET studies
was the same as the prior sleep deprivation PET study (Smith et al., 1999). PET scans were
performed with the Siemens HR+ ECAT PET scanner (Siemens/CTI, Inc., Knoxville, TN).
For the PET studies, 5 mCi of [18F]-2DG was injected as an intravenous bolus to measure
glucose metabolism. After injection of the [18F]-2DG, the subject was asked to repeat letters
as presented on a computer screen. The task was used to keep the subjects' behavioral state
constant and to keep the subjects awake during the uptake interval, across scans. The subjects’
were observed during the uptake interval by a PET technologist and the subjects’ were
awakened by the technologist if they fell asleep during the uptake interval. A static emission
scan began at 35 minutes after radiotracer injection and lasted for 40 minutes. The averaged
frames for the attenuation corrected emission scans was used for image processing.

The image processing and analysis procedures were similar to the previous study (Smith et al.,
1999). The data were analyzed using a voxel-wise method, Statistical Parametric Mapping

Smith et al. Page 4

Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(SPM99, MRC Cyclotron Unit, Hammersmith Hospital, London, UK, Friston et al., 1991).
Global normalization (to 50ml/dl/min) and proportional scaling were used. The co-registered
PET images were smoothed with a Gaussian Filter (8 ×8 × 8mm). The PET data was processed
by SPM with ANOVA and post-hoc t-tests to detect regions of significant state-dependent
change. For the SPM analysis, contrasts were performed for each group comparing the three
scans in the controls and four scans in the patients. The significantly different pixels were
output by a normalized Gaussian Z-score and their Talairach atlas coordinates provided
(Talairach and Tourneau, 1988). A region was reported as significant if it was greater than or
equal to 50 voxels and if the Z score was 3.29 or greater (p <0.001, two-tailed).

3.Results
3.1 Clinical Data

The subject demographic characteristics and the mean HDS-13 Scores obtained prior to the
PET scans for the baseline, post-TSD, post-recovery sleep and two weeks post-paroxetine
treatment conditions for the comparison subjects and patients are shown in Table 1. For each
of the treatment groups, the HDS-13 scores are lower for each intervention condition compared
to baseline. The groups did not significantly differ on post-hoc testing for the HAMD scores
between conditions (p < 0.1) The proportion of treatment responders for each group was
calculated using a criterion applied in the clinical trial (HDS-13 less than 10). For the TSD +
paroxetine group, 2/7 (29%) responded to TSD, 29% (2/7) responded to recovery sleep and
57% (4/7) responded to two weeks of treatment. For the TSD + placebo group, 1/6 (17%)
responded to TSD, 50% (3/6) responded to recovery sleep and 33% (2/6) responded to two
weeks of treatment. For the paroxetine only group, 67% (2/3) responded after scan 2, 67%
(2/3) responded to after scan 3 and 67% (2/3) responded to two weeks of treatment. With respect
to the day 2 (recovery sleep) responders, for the TSD+ paroxetine group, 2 patients were
responders on Day 2 and one patient on Day 3, for the TSD+ placebo group one patient was a
responder on day 2 and 3 patients on day 3 and for the paroxetine only condition the three
patients were responders on both day 2 [TSD] and day 3 [recovery sleep];

3.2 Neuroimaging Data
The results of the SPM analysis for the four groups are shown in Table 2. The significant
Talairach coordinates, z scores and probability levels are presented. Baseline metabolism was
compared between the three patient groups (data not shown). No significant baseline
differences between the patient groups were observed.

Non-depressed comparison subjects—After TSD, the subjects showed bilateral
decreases in metabolism in the cerebellum that persisted after recovery sleep. Increased
metabolism in the right post-central gyrus was observed after both TSD and recovery sleep,
while increases in right insula, superior temporal gyrus and inferior occipital gyrus were
observed after TSD only.

TSD + Paroxetine—After TSD, metabolism was decreased in the left cerebellum. After
recovery sleep, metabolism was decreased bilaterally in the middle temporal gyrus and
increased in the left middle frontal gyrus (BA 10). In the comparison of the TSD to the recovery
sleep condition, metabolism in the right anterior cingulate and medial frontal gyrus was lower
in the TSD compared to the recovery sleep condition, but these areas were not significantly
reduced relative to baseline. Glucose metabolism was lower in the recovery sleep compared
to the TSD condition in the left inferior frontal gyrus, right cuneus, lefty middle occipital gyrus
and right cerebellum (data not shown). After two weeks of treatment, decreased metabolism
was observed in the cerebellum (bilaterally) and the right middle frontal gyrus. Increased
metabolism was observed in right medial frontal gyrus, left anterior cingulate gyrus, left
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inferior temporal gyrus, left post-central-gyrus, right inferior parietal and middle occipital gyri,
left putamen and right cerebellum.

TSD + Placebo—After TSD, metabolism was reduced bilaterally in the medial frontal gyrus
and cerebellum and in the left precuneus and increased bilaterally in the post-central gyrus and
left cuneus. After recovery sleep, metabolism was increased in the right post-central gyrus and
left inferior parietal lobule. As was the case for the TSD + Paroxetine group, metabolism was
lower after TSD than recovery sleep in the right anterior cingulate, right superior frontal gyrus,
right inferior parietal lobule, left precuneus and right cerebellum, but not significant different
from baseline, except for the middle frontal gyrus (bilaterally; data not shown). After two weeks
of placebo treatment, metabolism was reduced in the right cerebellum and increased in the left
middle and inferior temporal gyri, post-central gyrus and posterior cingulate.

Paroxetine—Decreases in metabolism after TSD were observed in the right superior frontal
and temporal gyri, left middle frontal gyrus, right middle occipital gyrus, left precuneus and
right cerebellum. After recovery sleep, metabolism was decreased in the left inferior frontal
gyrus and right cerebellum and increased in the left pre-central gyrus. As shown for the other
patient groups, the comparison of the TSD to the recovery sleep conditions, revealed that
metabolism in left superior and middle frontal gyri, left precuneus, right middle occipital gyri
and right cerebellum was lower after TSD than recovery sleep (data not shown). After two
weeks of treatment, metabolism was decreased bilaterally in the inferior frontal gyrus, right
middle temporal gyrus and right lingual gyrus and increased in the right pre-central gyrus.

4.Discussion
Consistent with the clinical data in the randomized trial (Reynolds et al., 2005) and the results
of the PET sub-study, an acceleration of the metabolic response with combined TSD and
paroxetine treatment was not observed compared to TSD and placebo and paroxetine only. The
PET results from the present randomized, placebo controlled study differed from the results
obtained in the open label pilot study in several respects. First, the patients enrolled in both the
clinical randomized pilot study and the PET sub-study demonstrated a lesser degree of acute
and chronic clinical improvement in the combination of TSD and antidepressant treatment.
With respect to the PET data in the present study compared to the pilot study, reductions in
metabolism relative to baseline after TSD, recovery sleep and treatment were not observed in
brain regions that have been previously shown to be significantly associated with clinical
improvement of depressive symptoms with TSD, recovery sleep and paroxetine treatment (e.g.
anterior cingulate and precuneus (Smith et al., 1999). In contrast, in all three patient groups,
glucose metabolism was lower in the TSD compared to the recovery sleep condition in all three
patient groups in regions shown previously to be affected by TSD (anterior cingulate gyrus,
superior frontal gyrus, precuneus). However, relative to baseline, these regions did not show
reductions. Thus, the reductions in metabolism after TSD were not observed in the present
study that persisted with recovery sleep as we had observed in the prior study.

The lesser magnitude of cerebral metabolic response to TSD, recovery sleep and two weeks
of paroxetine treatment in the present study compared to the previous study appears to be
consistent with the lesser degree of clinical improvement observed. Some aspects of the
metabolic findings that we observed in both comparison subjects and patients were consistent
with the previous PET study. These findings include the decrease in cerebellar metabolism
after TSD and recovery sleep and the increase in post-central gyrus metabolism after TSD
(TSD + placebo) and recovery sleep (comparison subjects, TSD + placebo). Other
neuroimaging studies of sleep deprivation effects have also noted changes in functional
response in these brain regions (Bell-McGinty et al., 2004, Terney et al., 2005).
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With respect to the control subjects, in the pilot study (Smith et al., 1999) the controls
demonstrated significant changes in metabolism only in the comparison of the recovery sleep
condition to baseline (decreases in frontal and occipital cortices). In the present study, we
observed decreases in the cerebellum with TSD and recovery sleep and increases in the post-
central gyrus in both condition, as well as increases in temporal and occipital cortices in the
TSD condition compared to baseline. In addition to differences in the subject samples, the other
possibility that might explain the differences in metabolic response is that perhaps subtle
differences in the clinical effects of TSD in the controls between studies may not have been
detected by the clinical measures used (e.g. Kahn-Greene et al., 2007).

While the data must be regarded as preliminary due to the small sample size, the other
unexpected observation was the reduction in depressive symptoms and cerebral metabolism
observed in the paroxetine only group even though these patients spent three nights in the sleep
laboratory and had a regular night’s sleep. Changes in cerebral glucose metabolism similar to
those observed with antidepressant treatment have been observed in placebo treated patients
in pharmacological studies (Mayberg, et al., 2002). In the present study, in addition to clinical
improvement, these patients also demonstrated decreases in metabolism in some brain regions
(left superior and middle frontal gyri and left precuneus) that have been shown to be altered
by both TSD and antidepressant treatment (Smith et al., 1999, 2002, Buchsbaum et al., 1997,
Kennedy et al., 2001). The factors that might explain the placebo metabolic effect may include
the removal of the patients from a stressful environment and the fact that the placebo subjects
enter into a “research relationship” with the investigators, with the expectation that their
symptoms might improve. Admittedly, these factors may also have affected response in the
other groups. In addition, the session regarding sleep hygiene in the paroxetine only group may
have had an effect in these subjects. At the same time, it is important to acknowledge that the
session regarding sleep hygiene may not be sufficient to control for the substantial
antidepressant effects of citalopram. Because of the small sample size of the paroxetine only
group; these results should be regarded as preliminary. Future studies might include a fourth
group that did undergo a normal night’s sleep and two weeks of placebo treatment to address
the placebo response issue more completely.

The factors that should be considered in evaluating the differences between the findings in the
pilot study of TSD and paroxetine treatment and the randomized study, include differences in
the study samples, clinical and neuroimaging procedures and image processing and analysis
methods. Admittedly, the sample size of the pilot and randomized studies are relatively small,
but consistent between studies (6 patients in the pilot study and 3–7 patients in the pilot group.
With respect to the study samples, variables including demographic (age, gender distribution)
and clinical characteristics (diagnosis, depressive symptomatology, global cognitive
impairment) were considered. The comparison of these variables across studies (and in the
present study between the patients who enrolled in the PET study relative to those who were
enrolled in the clinical protocol only) indicated that the samples were comparable in these
respects. With respect to the sleep deprivation protocol, the only difference is that in the first
study, a sleep technologist would speak to the subjects if there was EEG evidence that the
subject was falling asleep. In the second study, a buzzer would ring to alert the subject, to
minimize the interaction with the study staff. The other issue regarding the experimental design
is that the group that was not sleep deprived did undergo a brief session on sleep hygiene, which
may have had a therapeutic effect. The possibility that might explain the differences in
metabolic response in the control group is that perhaps subtle differences in the clinical effects
of TSD in the controls may not have been detected by the clinical measures used. The technical
issues regarding the scan protocol (radiotracer synthesis and administration, conditions during
radiotracer uptake, scan acquisition protocol, analysis and scanner resolution) were similar
between studies. A different version of the statistical parametric mapping software was used
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(SPM95 versus SPM99 in the present study, which should not have significant effect on the
results as these versions of the program are similar.

There are neurobiological factors associated with variability in antidepressant treatment
response that may have differed between the study samples and produced a differential
response across studies. These factors might also explain the observation that the TSD +
paroxetine subjects did do worse than the paroxetine only group at all time points which was
unexpected, based on the results from the open label study. These variables include the
serotonin transporter promoter or 5-HT1A receptor, or other polymorphisms related to
antidepressant response (e.g. Pollock et al., 2000, Parsey et al., 2006), structural brain
alterations including white matter hyperintensity burden and white matter functional
connectivity (decreased fractional anisotropy; Hickie et al., 1995, Alexopoulos et al., 2008).
The available functional neuroimaging data, obtained mainly in younger depressed patients)
would suggest that variability in treatment outcome may be associated with differences in
glucose metabolism (relatively higher cingulate metabolism, e.g. Mayberg et al.,1997) or
increased 5-HT1A receptor availability (Parsey et al.,2006).

As measures of cerebral glucose metabolism represent a final common pathway of
neurochemical activity, the data are extremely useful with respect to informing the design of
mechanismtic studies designed to elucidate the neurochemical mechanisms underlying the
cerebral metabolic effects. Studies in two independent samples of patients have demonstrated
increased cerebral glucose metabolism in geriatric depression in the untreated state in such
regions as the superior and middle frontal gyrus, middle temporal gyrus, precuneus and
posterior cingulate (Smith et al., 2004). These regions have been implicated in attention
processes and comprise the “default network” that is active in the resting state in normal
controls and hyperactive in depressed patients (Greicius et al., 2007). Studies of acute and
chronic antidepressant (citalopram) treatment, as well as sleep deprivation, in geriatric
depression show decreases in these regions with treatment that are correlated with the
improvement of depressive symptoms (Smith et al., 2002a,b). The primary neurotransmitter
within these cortico-cortico networks is glutamate (Fagg and Foster, 1983). TSD has been
associated with increased neurotransmission and gene expression for a number of
neurochemical systems functionally linked to glutamate (serotonin, dopamine, acetylcholine),
as well as genes related to energy metabolism, trophic factors, synaptic related proteins and
hormones (Maudhuit et al., 1996, Weseman et al., 1983, Fadda et al., 1992, Tsai et al., 1994,
Cirelli and Tononi et al., 2000). Thus, the neurochemical effect that may underlie the changes
in cerebral metabolism with TSD in geriatric depression may involve a secondary effect of the
increase in monoamine and/or acetylcholine on the glutamate system that may occur to a greater
extent in patients who demonstrate an antidepressant effect of TSD. Given the similarity
between the functional neuroanatomic changes that occur with citalopram and TSD, a
serotonergic mechanism is likely to be involved.

The results of this randomized, placebo controlled study do not provide support for an
acceleration of the onset of the cerebral metabolic effects of paroxetine by TSD and are
consistent with the lack of clinical effects observed. Metabolic reductions in certain brain
regions (e.g. anterior cingulate and precuneus) were not observed in the present study that have
been previously associated with clinical improvement secondary to TSD (Smith et al., 1999,
2002). The results should be considered as preliminary due to the small sample size and the
possibility of subject sampling issues. The use of TSD as a safe, non-pharmacologic
intervention to induce a antidepressant effect remains a potentially important experimental
strategy that can be applied, in combination with neurochemical imaging and genetics methods,
to investigate the neurobiological mechanisms associated with changes in the depressive state
and to identify the factors that might explain the heterogeneity of the acute antidepressant
response and the potential relationship to long-term clinical outcome.

Smith et al. Page 8

Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
Acknowledgments: Supported in part by National Institute of Health: MH 52247 (Mental Health Intervention Research
Center for the Study of Late Life Mood Disorders), MH 71944 (Advanced Center in Interventions and Services
Research for Late Life Mood Disorders), MH 37869, MH 43832, MH 00295, MH 19986, MH49936, MH 57078,
MH65416, MH 01621, MH 01613 and RR00056. GlaxoSmithKline donated supplies of paroxetine. Jackie Stack,
M.S.N., Maryann Schlernitzauer, M.S.N., Florence Hall, B.S.N. and the staff of the Clinical Neuroscience Research
Center and the Center for Late Life Mood Disorders are gratefully acknowledged for subject recruitment and patient
care. Marsha Dachille, B.S., C.N.M.T., RT(N), Donna Mason, B.S., C.N.M.T., RT(N), Douglas Parkinson, R.N.,
James Ruskewicz, B.S., C.N.M.T., R.T.(N), Louise Smith, R.N., N.Scott Mason, Ph.D., Daniel Holt, B.S., David
Manthei, B.S. are gratefully acknowledged for their contribution to the PET studies.

References
Alexopoulos GS, Murphy CF, Gunning-Dixon FM, Latoussakis V, Kanellopoulos D, Klimstra S, Lim

KO, Hoptman MJ. Microstructural white matter abnormalities and remission of geriatric depression.
American Journal of Psychiatry 2008;165(2):238–244. [PubMed: 18172016]

Bell-McGinty S, Habeck C, Hilton HJ, Rakitin B, Scarmeas N, Zarahn E, Flynn J, DeLaPaz R, Basner
R, Stern Y. Identification and differential vulnerability of a neural network in sleep deprivation.
Cerebral Cortex 2004;14(5):496–502. [PubMed: 15054065]

Benedetti F, Barbini B, Lucca A, Campori E, Colombo C, Smeraldi E. Sleep deprivation hastens the
antidepressant action of fluoxetine. European Archives of Psychiatry and Clinical Neuroscience
1997;247:100–103. [PubMed: 9177956]

Buchsbaum MS, Wu J, Siegel BV, Hackett E, Trenary M, Abel L, Reynolds C. Effect of sertraline on
regional metabolic rate in patients with affective disorder. Biological Psychiatry 1997;41(1):15–22.
[PubMed: 8988791]

Bump G, Reynolds C, Smith G, Pollock B, Dew M, Mazumdar S, Houck P, Kupfer D. Accelerating
remission in geriatric depression: a pilot study of sleep deprivation and paroxetine. Depression and
Anxiety 1997;6:113–118. [PubMed: 9442985]

Cirelli C, Tononi G. Gene expression in the brain across the sleep-waking cycle. Brain Research 2000;885
(2):303–321. [PubMed: 11102586]

Ebert D, Feistel H, Barocha A. Effects of sleep deprivation on the limbic system and frontal lobes in
affective disorder: a study with Tc-99M-HMPAO SPECT. Psychiatry Research 1991;40:247–251.
[PubMed: 1811242]

Fadda P, Martellotta M, Montis De, Gessa G, Fratta W. Dopamine D1 and opoid receptor binding changes
in the limbic system of sleep deprived rats. Neurochemistry International 1992;20:153S–156S.
[PubMed: 1365415]

Fagg GE, Foster AC. Amino acid neurotransmitters and their pathways in the mammalian central nervous
system. Neuroscience 1983;9(4):701–719. [PubMed: 6137788]

Folstein MF, Folstein SE, McHugh PR. "Mini-Mental State": a practical method for grading the cognitive
state of patients for the clinician. Journal of Psychiatric Research 1975;12:189–198. [PubMed:
1202204]

Friston K, Frith C, Liddle P, Frackowiak R. Comparing functional (PET) images: the assessment of
significant change. Journal of Cerebral Blood Flow and Metabolism 1991;10:458–466. [PubMed:
2347879]

Gillin JC, Buchsbaum M, Wu J, Clark C, Bunney W Jr. Sleep deprivation as a model experimental
antidepressant treatment: findings from functional brain imaging. Depression and Anxiety 2001;14
(1):37–49. [PubMed: 11568981]

Green TD, Reynolds CF 3rd, Mulsant BH, Pollock BG, Miller MD, Houck PR, Mazumdar S, Dew MA,
Kupfer DJ. Accelerating antidepressant response in geriatric depression: a post hoc comparison of
combined sleep deprivation and paroxetine versus monotherapy with paroxetine, nortriptyline, or
placebo. Journal of Geriatic Psychiatry and Neurology 1999;12(2):67–71.

Greicius MD, Flores BH, Menon V, Glover GH, Solvason HB, Kenna H, Reiss AL, Schatzberg AF.
Resting-state functional connectivity in major depression: abnormally increased contributions from
subgenual cingulate cortex and thalamus. Biological Psychiatry 2007;62(5):429–437. [PubMed:
17210143]

Smith et al. Page 9

Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hamilton M. A rating scale for depression. Journal of Neurology Neurosurgery and Psychiatry
1960;23:56–62.

Hickie I, Scott E, Mitchell P, Wilhelm K, Austin MP, Bennett B. Subcortical hyperintensities on magnetic
resonance imaging: clinical correlates and prognostic significance in patients with severe depression.
Biological Psychiatry 1995;37(3):151–160. [PubMed: 7727623]

Kahn-Greene ET, Killgore DB, Kamimori GH, Balkin TJ, Killgore WD. The effects of sleep deprivation
on symptoms of psychopathology in healthy adults. Sleep Medicine 2007;8(3):215–221. [PubMed:
17368979]

Kennedy SH, Evans KR, Krüger S, Mayberg HS, Meyer JH, McCann S, Arifuzzman AI, Houle S,
Vaccarino FJ. Changes in regional brain glucose metabolism measured with positron emission
tomography after paroxetine treatment of major depression. American Journal of Psychiatry
2001;158(6):899–905. [PubMed: 11384897]

Leibenluft E, Wehr TA. Is sleep deprivation useful in the treatment of depression? American Journal of
Psychiatry 1992;149(2):159–168. [PubMed: 1734735]

Maudhuit C, Jolas T, Chastanet M, Hamon M, Adrien J. Reduced inhibitory potency of serotonin reuptake
blockers on central serotoninergic neurons in rats selectively deprived of rapid eye movement sleep.
Biological Psychiatry 1996;40:1000–1007. [PubMed: 8915559]

Mayberg HS, Brannan SK, Mahurin RK, Jerabek PA, Brickman JS, Tekell JL, Silva JA, McGinnis S,
Glass TG, Martin CC, Fox PT. Cingulate function in depression: a potential predictor of treatment
response. Neuroreport 1997;8:1057–1061. [PubMed: 9141092]

Mayberg HS, Silva JA, Brannan SK, Tekell JL, Mahurin RK, McGinnis S, Jerabek PA. The functional
neuroanatomy of the placebo effect. American Journal of Psychiatry 2002;159(5):728–737.
[PubMed: 11986125]

Parsey RV, Olvet DM, Oquendo MA, Huang YY, Ogden RT, Mann JJ. Higher 5-HT1A receptor binding
potential during a major depressive episode predicts poor treatment response:preliminary data from
a naturalistic study. Neuropsychopharmacology 2006;31(8):1745–1749. [PubMed: 16395308]

Pollock BG, Ferrell RE, Mulsant BH, Mazumdar S, Miller M, Sweet RA, Davis S, Kirshner MA, Houck
PR, Stack JA, Reynolds CF, Kupfer DJ. Allelic variation in the serotonin transporter promoter affects
onset of paroxetine treatment response in late-life depression. Neuropsychopharmacology
2000;23:587–590. [PubMed: 11027924]

Post RM, Uhde TW, Rubinow DR, Huggins T. Differential time course of antidepressant effects after
sleep deprivation, ECT, and carbamazepine: clinical and theoretical implications. Psychiatry
Research 1987;22(1):11–19. [PubMed: 3659217]

Reynolds CF, Kupfer DJ, Hoch CC, Houck PR, Stack JA, Berman SR, Campbell PI, Zimmer B. Sleep
deprivation as a probe in the elderly. Archives of General Psychiatry 1987;44(11):982–990.
[PubMed: 3675138]

Reynolds CF, Kupfer DJ, Hoch CC, Stack JA, Houck PR, Berman SR. Sleep deprivation effects in older
endogenous depressed patients. Psychiatry Research 1987;21:95–109. [PubMed: 3615695]

Reynolds CF 3rd, Smith GS, Dew MA, Mulsant BH, Miller MD, Schlernitzauer M, Stack JA, Houck PR,
Pollock BG. Accelerating symptom-reduction in late-life depression: a double-blind,randomized,
placebo-controlled trial of sleep deprivation. American Journal of Geriatric Psychiatry 2005;13(5):
353–358. [PubMed: 15879583]

Smith GS, Kramer E, Hermann CR, Goldberg S, Ma Y, Dhawan V, Barnes A, Chaly T, Belakhleff A,
Laghrissi-Thode F, Greenwald B, Eidelberg D, Pollock BG. Acute and chronic effects of citalopram
on cerebral glucose metabolism in geriatric depression. American Journal of Geriatric Psychiatry
2002a;10(6):715–723. [PubMed: 12427580]

Smith G, Kramer E, Reynolds C, Hermann, Ma Y, Greenwald B, Pollock B, Eidelberg D. Positron
Emission Tomography Studies of the Functional Neuroanatomy of Geriatric Depression. Biological
Psychiatry 2004;55:181S.

Smith GS, Reynolds CF 3rd, Houck PR, Dew MA, Ma Y, Mulsant BH, Pollock BG. Glucose metabolic
response to total sleep deprivation, recovery sleep, and acute antidepressant treatment as functional
neuroanatomic correlates of treatment outcome in geriatric depression. American Journal of Geriatric
Psychiatry 2002b;10(5):561–567. [PubMed: 12213690]

Smith et al. Page 10

Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Smith G, Reynolds C, Pollock B, Derbyshire S, Nofzinger E, Dew M, Milko D, Meltzer C, Kupfer D.
Cerebral glucose metabolic response to combined total sleep deprivation and antidepressant treatment
in geriatric depression. American Journal of Psychiatry 1999;156:683–689. [PubMed: 10327899]

Szuba MP, Baxter LR Jr, Altshuler LL, Allen EM, Guze BH, Schwartz JM, Liston EH. Lithium sustains
the acute antidepressant effects of sleep deprivation: preliminary findings from a controlled study.
Psychiatry Research 1994;51:283–295. [PubMed: 8208874]

Talairach, J.; Tournaux, P. Co-planar stereotaxic atlas of the human brain. New York: Thieme Medical;
1988.

Terney D, Beniczky S, Varga ET, Keri S, Nagy HG, Vecsei L. The effect of sleep deprivation on median
nerve somatosensory evoked potentials. Neuroscience Letters 2005;383(1–2):82–86. [PubMed:
15936516]

Tsai L, Bergmann B, Perry B, Rechtschaffen A. Effects of chronic sleep deprivation on central cholinergic
receptors in rat brain. Brain Research 1994;642(1–2):95–103. [PubMed: 8032905]

Weseman W, Weiner N, Rotsch M, Schultz E. Serotonin binding in rat brain: circadian rhythms and
effect of sleep deprivation. Journal of Neural Transmission 1983;18:287–294. [PubMed: 6192210]

Wu J, Buchsbaum MS, Gillin JC, Tang C, Cadwell S, Wiegand M, Najafi A, Klein E, Hazen K, Bunney
WE Jr, Fallon JH, Keator D. Prediction of antidepressant effects of sleep deprivation by metabolic
rates in the ventral anterior cingulate and medial prefrontal cortex. American Journal of Psychiatry
1999;156(8):1149–1158. [PubMed: 10450253]

Volk S, Kaendler S, Hertel A, Manl F, Manoocheri R, Weber R, Georgi K, Pflug B, Hor G. Can response
to sleep deprivation in depressed patients be predicted by regional changes of blood flow? Psychiatry
Research 1997;75:67–74. [PubMed: 9351489]

Wu JC, Gillin JC, Buchsbaum MS, Schachat C, Darnall LA, Keator DB, Fallon JH, Bunney WE. Sleep
deprivation PET correlations of Hamilton symptom improvement ratings with changes in relative
glucose metabolism in patients with depression. Journal of Affective Disorders 2008;107(1–;3):181–
186. [PubMed: 18031825]

Wu J, Bunney W. The biological basis of antidepressant response to sleep deprivation and relapse: review
and hypothesis. American Journal of Psychiatry 1990;147:14–21. [PubMed: 2403471]

Smith et al. Page 11

Psychiatry Res. Author manuscript; available in PMC 2010 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Smith et al. Page 12

Table 1

Subject Demographic Characteristics and Hamilton Depression Scale Score (13-item)

Age Gender MMSE Hamilton Depression Scale Score (13-item)

(M/F) Score Baseline Post TSD Post-Recovery Post-Treatment (2week)

Healthy 67.8 ± 4.9 3/6 29.7 ± 0.5 0.75 ± .9 0.87 ± 1.0 0.13 ±0.35

Controls

Paroxetine 71.4 ± 6.0 0/3 29.7 ± 0.6 15.7 ± 3.4 9.7 ± 2.9 6.3 ± 5.5 5.3 ± 5.5

TSD/Paroxetine 69.0 ± 4.6 0/7 28.8 ± 0.7 15.7 ± 3.6 13.6 ± 4.2 14.4 ± 5.0 9.4 ± 3.7

TSD/Placebo 68.6 ± 4.9 3/3 30.0 ± 0.0 16.3 ± 4.8 13.0 ± 5.4 10.2 ± 5.4 12.5 ± 7.9
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Table 2

The Cerebral Metabolic Effects of Sleep Deprivation Recovery Sleep and Two Weeks of Treatment (paroxetine/
placebo) in comparison subjects and patients with geriatric depression

Talairach Name of Region z score Cluster Size

Coordinates (x,y,z; mm)

Comparison Subjects

Decrease with Sleep Deprivation

28 −68 −36 Right Cerebellum 5.20 1686

−22 −76 −36 Left Cerebellum 4.56 1863

Increase with Sleep Deprivation

46 −30 20 Right Insula 4.15 2805

40 12 −16 Right Superior Temporal Gyrus 3.89 2805

50 −26 36 Right Post-Central Gyrus 3.85 2805

22 −94 −10 Right Inferior Occipital Gyrus (BA 17) 3.38 684

Decrease with Recovery Sleep

−30 −74 −34 Left Cerebellum 3.84 685

22 −78 −38 Right Cerebellum 3.75 508

Increase with Recovery Sleep

50 −26 36 Right Post-Central Gyrus 3.33 73

TSD + Paroxetine

Decrease with Sleep Deprivation

−44 −76 −36 Left Cerebellum 3.32 333

Decrease with Recovery Sleep

−54 −50 0 Left Middle Temporal Gyrus 3.70 2034

52 −42 8 Right Middle Temporal Gyrus (BA 21) 3.63 190

Increase with Recovery Sleep

−4 54 0 Left Middle Frontal Gyrus (BA 10) 3.84 191

Decrease after Two Weeks of Paroxetine Treatment

36 62 6 Right Middle Frontal Gyrus (BA 10) 3.67 171

40 −48 −42 Right Cerebellum 4.35 223

−50 −44 −26 Left Cerebellum 3.37 327

After Two Weeks of Paroxetine Treatment

−6 54 −2 Anterior Cingulate 4.10 361

8 38 −18 Right Medial Frontal Gyrus 3.97 815

−52 −14 −22 Left Inferior Temporal Gyrus 3.29 171

−48 −26 44 Left Post-Central-Gyrus 4.60 1356

−26 −2 4 Left Putamen 4.25 668

46 −34 46 Right Inferior Parietal Lobule (BA 40) 3.79 605

34 −76 −8 Right Middle Occipital Gyrus 3.29 244

TSD + Placebo

Decrease with Sleep Deprivation

−4 42 −10 Left Medial Frontal Gyrus (BA 10) 4.50 1377

2 26 −18 Right Medial Frontal Gyrus (BA 25) 4.18 1377
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Talairach Name of Region z score Cluster Size

Coordinates (x,y,z; mm)

−6 −46 46 Left Precuneus 3.67 279

24 −78 −34 Right Cerebellum 3.63 447

−30 −76 −38 Left Cerebellum 3.59 1002

Increase with Sleep Deprivation

−30 −36 58 Left Post-Central Gyrus (BA 02) 4.13 419

44 −24 44 Right Post-Central Gyrus (BA 02) 3.67 307

−8 −64 8 Left Occipital (Cuneus) 3.47 609

Increase with Recovery Sleep

44 −24 46 Right Post-Central Gyrus (BA 02) 4.37 1417

−38 −48 56 Left Inferior Parietal Lobule 4.08 458

Decrease Two Weeks of Paroxetine Treatment

2 −54 −10 Right Cerebellum 3.64 1252

Increase after Two Weeks of Paroxetine Treatment

−66 −12 −10 Left Middle Temporal Gyrus (BA 21) 3.43 342

−42 −14 −28 Left Inferior Temporal Gyrus 3.39 97

−40 −32 48 Left Post-Central Gyrus 3.79 1055

−10 −60 14 Left Posterior Cingulate 4.07 408

Paroxetine Only

Decrease with Scan 2

24 48 40 Right Superior Frontal Gyrus (BA 08) 3.50 81

−30 40 42 Left Middle Frontal Gyrus 3.84 174

36 14 −20 Right Superior Temporal Gyrus (BA 38) 3.62 107

−36 −80 34 Left Precuneus (BA 19) 3.61 136

38 −82 10 Right Middle Occipital Gyrus (BA 19) 4.08 175

8 −66 −28 Right Cerebellum 3.43 128

Decrease with Scan 3

−48 26 −4 Left Inferior Frontal Gyrus 3.35 404

8 −66 −28 Right Cerebellum (Posterior) 3.67 252

Increase with Scan 3

−54 4 34 Left Pre-Central Gyrus (BA 06) 3.50 259

Decrease after Two Weeks of Paroxetine Treatment

56 6 16 Right Inferior Frontal Gyrus (BA 44) 3.44 75

−48 26 −4 Left Inferior Frontal Gyrus 3.82 504

48 6 −18 Right Middle Temporal Gyrus (BA 38) 3.86 5334

4 −72 2 Right Occipital (Lingual Gyrus) 4.80 1617

Increase after Two Weeks of Paroxetine Treatment

−54 2 36 Left Pre-Central Gyrus (BA 06) 3.32 87
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