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Blockade of the inflammatory cytokine tumor necrosis factor (TNF) in depressed patients with increased
inflammation has been associated with decreased depressive symptoms. Nevertheless, the impact of TNF
blockade on sleep in depressed patients has not been examined. Accordingly, sleep parameters were
measured using polysomnography in 36 patients with treatment resistant major depression at baseline
and 2 weeks after 3 infusions (week 8) of either the TNF antagonist infliximab (n = 19) or placebo (n = 17).
Markers of inflammation including c-reactive protein (CRP) and TNF and its soluble receptors were also
assessed along with depression measured by the 17-item Hamilton Depression Rating Scale. No differ-
ences in sleep parameters were found as a function of infliximab treatment over time. Nevertheless, wake
after sleep onset (WASO), the spontaneous arousal index and sleep period time significantly decreased,
and sleep efficiency significantly increased, from baseline to week 8 in infliximab-treated patients with
high (CRP > 5 mg/L) (n = 9) versus low inflammation (CRP 6 5 mg/L) (n = 10), controlling for changes in
scores of depression. Stage 2 sleep also significantly decreased in infliximab-treated patients with high
versus low inflammation. Decreases in soluble TNF receptor 1 (sTNFR1) significantly correlated with
decreases in WASO and increases in sleep efficiency in infliximab-treated subjects with high inflamma-
tion. Placebo-treated subjects exhibited no sleep changes as a function of inflammation, and no correla-
tions between inflammatory markers and sleep parameters in placebo-treated patients were found.
These data suggest that inhibition of inflammation may be a viable strategy to improve sleep alterations
in patients with depression and other disorders associated with increased inflammation.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Alterations in sleep are among the most common symptoms of
major depression, with greater than 75 percent of depressed
patients reporting significant sleep disruption (Lam, 2006; Nutt
et al., 2008; Tsuno et al., 2005). Sleep disturbances in depression
are associated with decreased quality of life, increased risk for sui-
cide, and an impaired response to conventional antidepressant
therapy, which occurs in up to 30% of depressed patients (Nutt
et al., 2008; Rush et al., 2006). Compared to healthy controls,
patients with major depression have consistently demonstrated
changes in sleep architecture as measured by polysomnography
including decreases in sleep efficiency, slow wave sleep, Stage 2
sleep and the latency to rapid eye movement (REM) sleep as well
as increases in REM density (Thase, 2006, Benca and Peterson,
2008) (Arfken et al., 2014).

One pathophysiologic mechanism that may be involved in some
of the sleep changes found in depression is inflammation (Benedict
et al., 2009; Imeri and Opp, 2009; Irwin et al., 2008; Krueger, 2008;
Krueger et al., 2001; Motivala et al., 2005; Opp, 2005). Markers of
inflammation, including inflammatory cytokines and their recep-
tors, acute phase proteins such as c-reactive protein (CRP), chemo-
kines, and adhesion molecules have been found to be elevated in a
significant proportion of depressed patients in multiple studies
(Dowlati et al., 2010; Miller et al., 2009). Moreover, a rich literature
in laboratory animals and humans has shown that inflammatory
cytokines such as tumor necrosis factor (TNF), interleukin (IL)-6,
and IL-1 induce marked alterations in sleep architecture (Imeri
and Opp, 2009; Krueger, 2008; Opp, 2005). For example, in humans,
administration of cytokine inducers such as endotoxin disrupts
non-REM sleep in a dose dependent manner, leading to decreased
slow wave (Stage 3/4) sleep at high doses (Mullington et al.,
2000.) Similarly, administration of the inflammatory cytokine
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interferon (IFN)-alpha has been shown to increase wake after sleep
onset (WASO), increase spontaneous arousals and increase sleep
period time, while decreasing sleep efficiency and slow wave sleep
(Raison et al., 2010). Poor sleep quality before and during IFN-alpha
treatment has been found to predict the development of IFN-alpha-
induced depression, which occurs in up to 30–50% of patients
depending on the dose (Capuron et al., 2002; Franzen et al., 2010;
Musselman et al., 2001; Prather et al., 2009). Interestingly, the pat-
tern of sleep disruption during IFN-alpha treatment including
decreased sleep continuity, sleep fragmentation and increased
spontaneous arousals has also been observed in disease states asso-
ciated with high inflammation such as rheumatoid arthritis, Sjo-
gren’s syndrome, and systemic lupus erythematosus (Abad et al.,
2008; Ranjbaran et al., 2007). Of note, although there are similari-
ties between sleep changes in depression and inflammation, in con-
trast to findings in patients with depression, administration of IFN-
alpha was associated with increased Stage 2 sleep and increased
REM latency (Raison et al., 2010).

In addition to the capacity of inflammatory cytokines to disrupt
sleep architecture, a number of studies have demonstrated that
sleep deprivation can increase inflammatory markers both at the
protein and molecular level, leading to increases of IL-6 and activa-
tion of the inflammatory signaling molecule nuclear factor kappa B
(Irwin et al., 2006, 2008). These data raise the question of whether
inflammation in depression is the cause or consequence of sleep
alterations.

One strategy to address the relationship between sleep and
inflammation in patients with depression is to block cytokines
and thereby potentially reverse sleep alterations. For example,
antagonism of TNF with the fusion protein etanercept reversed
alterations in REM sleep in patients with alcohol dependence and
insomnia (Irwin et al., 2009). Interestingly, TNF is reliably elevated
in depressed patients (Dowlati et al., 2010), and TNF blockade has
been shown to have antidepressant activity in inflammatory and
autoimmune diseases including psoriasis and Crohn’s disease
(Persoons et al., 2005; Tyring et al., 2006). In addition, a recent
study found that TNF blockade improved depressive symptoms
in patients with treatment resistant depression (TRD), but only in
patients with high baseline inflammation as reflected by a
CRP > 5 mg/L (Raison et al., 2013).

In the current study, we endeavored to determine whether TNF
blockade may also improve sleep parameters in TRD patients with
high inflammation (CRP > 5 mg/L). Special emphasis was placed on
sleep alterations previously associated with cytokine (IFN-alpha)
administration including decreased sleep continuity and depth as
previously described (Raison et al., 2010). Moreover, we examined
whether changes in sleep as a function of infliximab were associ-
ated with changes in markers of TNF activity including plasma con-
centrations of TNF and its soluble receptors, soluble TNF receptor 1
and 2 (sTNFR1 and sTNFR2).
2. Methods

2.1. Sample

Subjects included in this study were participants in a previously
published single-site, parallel-group, randomized, double-blind
trial of infliximab versus placebo for antidepressant non-respond-
ers with a diagnosis of major depression according to the DSM-IV
criteria as assessed by the Structured Clinical Interview for DSM-
IV (SCID) (First MB, 1997; Raison et al., 2013). Subjects were
recruited from television, radio, newspaper and internet advertise-
ments and were men and women between the ages of 25 and
60 years. All subjects were on a stable antidepressant regimen or
off all antidepressant therapy for at least 4 weeks prior to baseline.
No changes in antidepressant treatment were allowed during the
study. All participants were required to have experienced moder-
ate treatment resistance in the current depressive episode, as
determined by a score of 2 or higher on the Massachusetts General
Hospital Staging method for treatment resistance (Petersen et al.,
2005), and to exhibit moderate severity of depression as deter-
mined by a score of 14 or higher using the Quick Inventory of
Depressive Symptomatology, Self-Report (Trivedi et al., 2004) at
screening and a score of P20 on the 17-item Hamilton Depression
Rating Scale (HAM-D)-17 at randomization (Hamilton, 1960).
Exclusion criteria included the presence of any autoimmune disor-
der (confirmed by laboratory testing); a history of tuberculosis
(confirmed by chest X-ray, tuberculin skin testing, and blood test-
ing) or being at high risk for tuberculosis exposure; the presence of
hepatitis B or C or human immunodeficiency virus infection (con-
firmed by laboratory testing); evidence of active fungal infection; a
history of recurrent viral or bacterial infections; a history of cancer,
excluding basal cell or squamous cell carcinoma of the skin (fully
excised with no recurrence); the presence of an unstable cardio-
vascular, endocrinologic, hematologic, hepatic, renal, or neurologic
disease (determined by physical examination and laboratory test-
ing); a history of schizophrenia (determined by SCID); active psy-
chotic symptoms of any type; substance abuse and/or
dependence within the past 6 months (determined by SCID); active
suicidal ideation determined by a score of 3 or higher on item #3 of
the HAM-D-17 (Hamilton, 1960); and/or a score of less than 28 on
the Mini-Mental State Examination, indicating more than mild
cognitive impairment (Folstein et al., 1975).

Subjects were also excluded if they had more than moderate
sleep apnea or periodic limb movement disorder (PLMD) at base-
line as evidenced by an apnea-hypopnea (AH) index greater than
30 or a PLM index greater than 50. All participants provided writ-
ten informed consent, and all procedures were approved a priori by
the Institutional Review Board of Emory University, Atlanta, Geor-
gia. The study was registered at clinicaltrials.gov (NCT00463580)
in April 2007, and the CONSORT diagram has been previously pub-
lished (Raison et al., 2013).

2.2. Study procedures

Participants were enrolled between December 2008 and March
2011. To achieve similar representation of baseline inflammatory
status in each group, group assignment, determined at screening,
was stratified based on a CRP > 2 mg/L or 62 mg/L. A CRP concen-
tration of 2 mg/L was chosen because it is the central value in the
‘‘medium’’ relative risk category of inflammation (1–3 mg/L) rec-
ommended by the American Heart Association and the Centers
for Disease Control and Prevention (Pearson et al., 2003). Group
assignment was also stratified by sex. Following screening for
inclusion and exclusion criteria, all participants reported to the
infusion center in the Emory Division of Digestive Diseases on 3
separate occasions (baseline, 2 weeks, and 6 weeks) to receive an
infusion of either infliximab (5 mg/kg) or placebo over 120 min
through an indwelling catheter. The baseline visit was scheduled
no later than 1 month after screening. The dosing protocol and
scheduling of infliximab infusions were matched to the standard
induction regimen for treatment of inflammatory bowel disease
(Rutgeerts et al., 2004). Independent pharmacists dispensed inflix-
imab or placebo in a 250-mL saline bag according to a computer-
generated randomization list, blocked in units of 4, provided by a
study statistician. The placebo was matched to infliximab on the
basis of color and consistency when dissolved in saline. Infliximab
and placebo were provided free of charge by Centocor OrthoBio-
tech Services (Horsham, Pennsylvania).

Aside from the infusions, all study procedures took place in the
Emory University Hospital Clinical Research Network (CRN).
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Clinical assessments of depression using the HAM-D-17 (Hamilton,
1960) occurred weekly during the first 4 weeks of the study and
then every 2 weeks until the end of the study. At baseline and
2 weeks after the final infusion (8 weeks), subjects were admitted
to the CRN hospital unit and underwent 2 nights of polysomnogra-
phy following standard procedures as previously described and
described below (Raison et al., 2010). Each night, lights out
occurred no later than 11:00 pm, and each morning, subjects were
awakened at 7:15 am. Subjects were not required to attempt to go
to sleep after lights out. The first night of each inpatient visit was
used for accommodation to the CRN environment and at baseline
was used to screen for sleep disorders. During each CRN admission,
blood was withdrawn from an indwelling catheter into EDTA-
coated tubes between 8 am and 10 am for assessment of plasma
TNF, sTNFR1 and sTNFR2. Following sampling, blood was immedi-
ately centrifuged at 1000�g for 10 min at 4 �C. Plasma was
removed and frozen at �80 �C until assay. Urine drug screens were
conducted at each CRN visit to rule out substance abuse. The sub-
ject sample described in this report represent a subset of subjects
whose depression scores (HAM-D-17) and peripheral blood gene
expression across treatment have been reported on previously
(Mehta et al., 2013; Raison et al., 2013).

2.3. Sleep assessment

Subjects were connected to the PSG recorder at approximately
8:30 pm on each evening of sleep assessment. Sleep was recorded
and analyzed using an Embla A10 device using compatible Somno-
logicaScience software (Embla Systems; Broomfield, CO). PSG
assessment included placement of electrodes for electroencepha-
lography, electrooculography, and submental electromyography.
A standard sleep montage of electroencephalography (EEG) (C3/
A2-C4/A1) and (O2/C3-O1/C4), monopolar left and right electrooc-
ulography (EOG) referenced to the opposite mastoid, and surface
mentalis electromyography (EMG) was used. In addition, ECG
(modified lead II), respiratory airflow, snoring sounds, respiratory
effort (rib cage and abdomen), and anterior tibialis surface EMG
were recorded unilaterally.

2.3.1. Sleep scoring
All digital records from polysomnography (PSG) were manually

scored by a single registered PSG technologist without knowledge
of group assignment or clinical status. Records were reviewed by
an American Board of Sleep Medicine specialist to further ensure
scoring accuracy, particularly in the determination of sleep onset
and the quality and quantity of REM sleep.

Sleep stages were manually scored following standard criteria
(Rechtschaffen, 1968). Nocturnal PSG sleep measures calculated
included: sleep period time (total minutes from sleep onset until
awakening), total sleep time (total minutes in any stage of sleep);
sleep efficiency (total sleep time/sleep period time � 100); wake
after sleep onset (WASO) [amount of wake time in minutes during
the sleep period time characterized by relatively low voltage,
mixed frequency EEG activity scored according to standard criteria
(Rechtschaffen, 1968)]; time spent (minutes) in Stages 1, 2, and 3/4
(referred to as slow wave sleep; SWS), rapid-eye-movement (REM)
sleep [the total minutes characterized by rapid eye movements,
muscle atonia, and desynchronized EEG activity as measured by
PSG and scored according to standard criteria (Rechtschaffen,
1968)]; and REM latency [latency in minutes to the first epoch of
REM sleep, which was the time between the first epoch of any
stage of sleep and the first epoch of REM (defined by not less than
3 consecutive minutes of REM sleep with intervening wake time
excluded)]. Sleep onset was defined as the first minute of Stage 2
or REM sleep followed by at least 8 min of sleep in the next
9 min until final awakening. The spontaneous arousal index
(changes in EEG frequency lasting at least 3 s divided by the num-
ber of hours of total sleep time) was also measured according to
American Academy of Sleep Medicine Guidelines (1992).

2.5. Assessment of inflammatory markers

Plasma concentrations of TNF, sTNFR1 and sTNFR2 were deter-
mined using sandwich ELISA (R & D Systems, Minneapolis, MN). All
samples were assayed in duplicate. Quality control plasma of both
low and high cytokine or cytokine receptor concentrations was
included with every assay. The mean inter- and intra-assay coeffi-
cients of variation were reliably 10% or less for the ELISAs. CRP was
measured by the immunoturbidimetric method using the Beckman
AU 480 chemistry analyzer and the Ultra WR CRP reagent kit (Seki-
sui Diagnostics, Framingham, MA). Inter- and intra-assay coeffi-
cients of variation were reliably less than 3% for CRP
determinations. No values for any of the inflammatory markers
were below the limits of detection of the assays.

2.6. Statistical analysis

T tests and Chi Square analyses (or Fisher Exact tests where
indicated) were used to compare sociodemographic and clinical
variables between treatment groups at baseline. To evaluate the
effects of treatment on sleep variables as a function of time,
repeated measures analysis of covariance was employed. Age,
sex, body mass index (BMI), race, psychotropic medications (yes
versus no) were included as covariates in these analyses. To control
for changes in depressive symptoms over time, changes in HAM-D-
17 scores from baseline to week 8 (baseline-week 8) were also
entered into the model. In the case of significant main effects of
group or time or a group by time interaction, post hoc comparisons
between specific means were conducted using Tukey tests. The
same statistical strategy was also used to evaluate the effect of
baseline inflammatory status as determined by a baseline CRP>
or 65 mg/L on sleep parameters as a function of time. A CRP cut-
off off 5 mg/L was chosen for high inflammation in these analyses
based on a previous study by our group demonstrating that at CRP
concentrations of 5 mg/L, infliximab begins to differentiate from
placebo in terms of effects on depressive symptoms (Raison
et al., 2013). Each treatment group was analyzed separately in
these analyses to obviate limitations in the interpretation of 3-
way interactions among treatment, time and inflammatory status.
For sleep parameters for which there was a significant main effect
of inflammatory status or time or their interaction, general linear
equations were employed to examine the relationship between
the change in sleep parameter over time and change in the inflam-
matory measures. Because CRP was used as the stratification vari-
able and TNF exhibited marked increases at week 8 (due to
infliximab interference with the TNF assay – see below), only
plasma sTNFR1 and sTNFR2 concentrations were included in these
analyses. Age, sex, BMI, race, psychotropic medications (yes versus
no) and change in depressive symptom score (from baseline to
week 8) were also included in the models. All tests of significance
were two-tailed with an alpha level of 0.05. Data was analyzed
using SPSS, Version 21. Power calculations were performed using
G*Power (Faul et al., 2007).
3. Results

3.1. Sample characteristics

Thirty-six of the 60 patients who were originally enrolled in the
study had complete polysomnography data at baseline and week 8
and did not exhibit evidence of significant sleep apnea or PLMD.
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Baseline sociodemographic characteristics and clinical data for
these subjects are indicated in Table 1. Age, gender, race, BMI,
baseline HAM-D-17 and psychotropic medication use were similar
between the groups. Consistent with the stratification procedure,
baseline CRP also did not significantly differ between groups. No
significant differences were found between the patients included
in the sleep study (n = 36) and those who were excluded (n = 24)
(data not shown).
3.2. Sleep measures

3.2.1. Baseline sleep
Table 2 shows baseline sleep parameters in study participants.

There were no significant differences among the sleep measures
by treatment group at baseline. To assess whether baseline inflam-
mation level was associated with sleep parameters, as previously
described, patients were stratified by high and low inflammation
based on a CRP > 5 mg/L versus a CRP 6 5 mg/L, and sleep parame-
ters compared. As previously reported in IFN-alpha-treated
patients, sleep period time was significantly greater in patients
with high versus low inflammation (487.9 SD 50.7 versus 444.1
SD 67.3, respectively, t = �2.09, p = 0.045) (Raison et al., 2010). Also
Table 1
Sociodemographic and clinical characteristics of the study sample.

Characteristic All (n = 36)

Age (mean, SD), y 43.4 (9.1)
Gender, No. (%)

Female 25 (69.4)
Male 11 (30.1)

Ethnicity, No. (%)
White 28 (77.8)
Black 8 (22.2)
Other

BMI, mean (SD) 30.8 (7.9)
Baseline CRP, mean (SD), mg/L 6.0 (9.5)
Baseline TNFR1, mean (SD), ng/ml 1.1 (0.3)
Baseline TNFR2, mean (SD), ng/ml 2.5 (0.6)
Baseline HAM-D-17 score, mean (SD) 24.3 (4.1)
Baseline psychotropic use, No. (%) 25 (69.4)

Antidepressants 22 (61.1)
Mood Stabilizers 4 (11.1)
Antipsychotics 6 (16.7)
Sedative/hypnotics 0 (0)

BMI – body mass index; CRP – c-reactive protein; HAM-D-17 – 17 item Hamilton Depre

Table 2
Mean (±SD) sleep parameters in infliximab-treated and control subjects.

All

Baseline
N = 36

Week 8
N = 36

Delta
N = 36

Baseline
N = 19

Sleep period time (min) 461.2 (64.3) 459.2 (66.8) �2.0 (90.5) 475.3 (51

Total sleep time (min) 408.2 (68.8) 417.1 (71.8) 8.9 (78.6) 424.6 (57
Wake after sleep onset

(min)
52.9 (39.9) 42.1 (36.8) �10.9

(45.4)
50.6 (27.8

Total sleep efficiency 88.6 (8.7) 90.9 (7.7) 2.3 (9.3) 89.2 (6.7)
REM latency (min) 130.2 (89.1) 123.0 (86.1) �7.2 (79.9) 113.7 (79

Sleep stages
Stage 1 (min) 2.4 (2.1) 1.9 (2.4) �0.5 (2.5) 2.6 (2.2)
Stage 2 (min) 222.0 (63.8) 228.8 (63.1) 6.9 (71.2) 226.9 (59
Stage 3/4 (min) 97.1 (41.1) 87.6 (28.7) �9.5 (36.6) 102.6 (48

REM (min) 86.7 (43.9) 98.9 (39.0) 12.2 (44.7) 92.6 (45.3
Spontaneous arousal

index
21.0 (7.9) 19.7 (9.0) �1.3 (7.2) 19.6 (6.4)

AH index 4.0 (7.3) 4.4 (8.2) 0.4 (4.5) 2.7 (6.1)

Min – minutes; REM – rapid eye movement; AH – apnea-hypopnea; SD – standard dev
similar to IFN-alpha-treated patients, REM latency from sleep
onset was increased in patients with high versus low inflammation
but only at a trend level of significance (170.3 SD 108.8 versus
104.6 SD 64.3, respectively, t = �2.04, p = 0.055) (Raison et al.,
2010). No other significant differences between patients with high
and low inflammation were found, and no significant correlations
were found between baseline inflammatory markers (sTNFR1 and
2) and any of the baseline sleep parameters.
3.3. Sleep parameters over time as a function of treatment group and
inflammation status

The effects of treatment, time, and inflammation status on sleep
architecture were explored. No significant main effects of treat-
ment or treatment by time interactions for any of the sleep param-
eters were found. We next explored the impact of inflammation
status (CRP > 5 m/L versus CRP 6 5 mg/L) on sleep parameters in
infliximab-treated and placebo-treated patients analyzed sepa-
rately. In infliximab-treated patients, a significant inflammation
by time interaction was found for sleep period time
(F[1,11] = 5.61, p = 0.037), WASO (F[1,11] = 6.79, p = 0.024), sleep
efficiency (F[1,11] = 4.83, p = 0.05), spontaneous arousal index
Infliximab (n = 19) Placebo (n = 17) P value

41.1 (8.0) 46.0 (9.8) .11
.40

12 (63.2) 13 (76.5)
7 (36.8) 4 (23.5)

.55
14 (73.7) 14 (82.4)
5 (26.3) 3 (17.6)

29.8 (7.0) 32.0 (8.9) .42
6.8 (10.4) 5.2 (8.5) .61
1.1 (0.2) 1.2 (0.3) .33
2.3 (0.5) 2.6 (0.6) .61
24.0 (4.1) 24.7 (4.1) .56
12 (63.2) 13 (76.4) .40
10 (52.6) 12 (70.6) .32
2 (10.5) 2 (11.8) 1.0
4 (21.1) 2 (11.8) .66
0 (0) 0 (0) 1.0

ssion Rating Scale; No. – number; SD – standard deviation.

Infliximab Placebo

Week 8
N = 19

Delta
N = 19

Baseline
N = 17

Week 8
N = 17

Delta
N = 17

.7) 455.9 (66.0) �19.3
(81.1)

445.4 (74.5) 462.9 (69.6) �17.5
(98.7)

.6) 417.6 (75.1) �7.1 (71.2) 390.0 (77.1) 416.6 (70.3) 26.8 (84.6)
) 38.3 (34.5) �12.2

(37.7)
55.5 (-51.1) 46.2 (39.8) �9.3 (53.9)

91.5 (7.7) 2.3 (7.2) 87.9 (10.7) 90.2 (7.9) 2.3 (11.4)
.8) 92.8 (46.6) �20.9

(77.9)
148.6 (97.5) 156.7

(107.1)
8.2 (81.5)

1.9 (2.3) �0.8 (2.7) 2.1 (2.0) 1.9 (2.7) �0.2 (2.3)
.1) 221.9 (53.1) �5.0 (68.9) 216.5 (70.1) 236.6 73.7) 20.1 (73.3)
.1) 83.8 (26.8) �18.8

(37.7)
91.0 (31.8) 91.8 (30.9) 0.8 (33.3)

) 110.2 (37.8) 17.6 (41.8) 80.2 (42.6) 86.3 (37.5) 6.1 (48.4)
18.8 (6.6) �.83 (6.5) 22.6 (9.2) 20.8 (11.2) �1.8 (8.2)

3.2 (7.6) 0.6 (2.9) 5.4 (8.4) 5.6 (8.9) 0.2 (5.9)

iation.



Table 3
Mean (±SD) sleep parameters in infliximab-treated subjects stratified by CRP.

CRP > 5 mg/L CRP 6 5 mg/L

Baseline N = 9 Week 8 N = 9 Delta N = 9 Baseline N = 10 Week 8 N = 10 Delta N = 10

Sleep period time (min)a 506.2 (37.2) 440.0 (70.3) �66.2 (75.0) 447.4 (48.0) 470.2 (62.0) 22.8 (63.2)
Total sleep time (min) 454.1 (31.9) 416.6 (71.1) �37.5 (77.6) 398.1 (64.0) 418.4 (82.3) 20.3 (55.2)
Wake after sleep onset (min)a 52.1 (22.3)b 23.4 (12.9)c �28.6 (28.2) 49.3 (33.1) 51.8 (42.5) 2.5 (40.2)
Total sleep efficiency (%)a 89.8 (4.2) 94.5 (3.5) 4.7 (6.3) 88.6 (8.5) 88.7 (9.5) 0.0 (7.6)
REM latency (min) 142.0 (97.9) 107.6 (60.9) �34.4 (108.8) 88.2 (53.5) 79.6 (25.3) �8.6 (35.8)
Sleep stages

Stage 1 (min) 1.4 (1.6) 0.5 (0.8) �0.9 (1.8) 3.7 (2.3) 3.1 (2.5) �0.6 (3.4)
Stage 2 (min)a 253.3 (46.7)b 210.0 (52.2) �43.2 (69.4) 203.1 (61.0) 232.5 (54.2) 29.4 (49.6)
Stage 3/4 (min) 119.7 (53.8) 94.6 (24.7) �25.2 (51.7) 87.2 (38.8) 74.1 (26.1) �13.1 (20.0)
REM (min) 80.0 (39.5) 111.6 (35.6) 31.9 (35.4) 104.2 (49.0) 108.9 (41.5) 4.8 (44.6)

Spontaneous arousal indexa 21.2 (3.4) 18.3 (5.6) �2.9 (6.7) 18.3 (8.1) 19.3 (7.6) 1.0 (6.0)

Min – minutes; REM – rapid eye movement; SD – standard deviation.
a Significant inflammation � time (visit) interaction (p < .05).
b Indicates a significant post hoc difference between baseline and week 8 values (p < .05).
c Indicates a significant post hoc difference between week 8 values in high versus low inflammation (p < .05).

Fig. 1. Impact of infliximab on wake after sleep onset and Stage 2 Sleep in treatment resistant depressed (TRD) patients with high versus low inflammation. Estimated
marginal means (including covariates) of wake after sleep onset (WASO) (A) and Stage 2 sleep (B) in minutes significantly decreased from baseline to week 8 in TRD patients
treated with infliximab with c-reactive protein (CRP) > 5 mg/L (high inflammation) (n = 9) versus those with CRP 6 5 mg/L (low inflammation) (n = 10) at baseline. ⁄Indicates
a significant difference between baseline and week 8 values (p < 0.05). ⁄⁄Indicates a significant difference between week 8 values in high versus low inflammation.
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(F[1,11] = 11.99, p = 0.005) and Stage 2 sleep (F[1,11] = 7.67,
p = 0.018) (Table 3). Post-hoc analyses revealed a significant
decrease in WASO from baseline to week 8 in infliximab-treated
patients with high but not low baseline CRP (p < 0.05) (Fig 1A). In
addition, WASO was significantly lower in the infliximab-treated
patients with high compared to low baseline CRP at 8 weeks
(p < 0.05). Stage 2 sleep (minutes) also significantly decreased from
baseline to week 8 in infliximab-treated patients with high but not
low baseline CRP (p < 0.05) (Fig 1B). Post hoc tests between specific
means of other sleep parameters where there was a significant
inflammation by time interaction were not significant (p > 0.05).
No significant inflammation by time interactions were found for
any sleep parameters in placebo-treated subjects.

Linear regression analyses were conducted to determine the
relationship between markers of TNF activity (sTNFR1 and sTNFR2)
and those sleep variables with significant inflammation by time
interactions in the infliximab-treated group. Relevant clinical
covariates including age, race, sex, BMI, psychotropic medication
status and change in depression scores from baseline to week 8
were included in the statistical models. Because plasma TNF exhib-
ited a dramatic increase at week 8 [consistent with assay detection
of partially saturated TNF-infliximab homotrimers (Chung et al.,
2003)], TNF was not included in these models. Decreases in sTNFR1
were predictive of decreases in WASO (beta = 0.536, df = 1.17,
p = .018) (Fig. 2A) and increases in sleep efficiency (beta = �0.546,
df = 1.17, p = .016) (Fig. 2B) in the infliximab-treated group as a
whole and in patients with CRP > 5 mg/L (r = 0.667, n = 9, p = 0.05
and r = �0.667, n = 9, p = 0.05, respectively, based on Spearman’s
rank correlation coefficient). No such relationships between
inflammatory variables and sleep parameters were found in the
low inflammation infliximab group (CRP 6 5 mg/L) or the placebo
group. Changes in sleep period time, Stage 2 sleep and spontaneous
arousal index were not significantly associated with either inflam-
matory factor in the infliximab or placebo groups. Of note, these
analyses were not corrected for multiple comparisons due to the
significant co-linearity among sleep period time, sleep efficiency,
WASO, and spontaneous arousal index. Finally, no correlations
were found between change in HAM-D-17 scores and sleep period
time change, WASO, sleep efficiency, Stage 2 sleep or the spontane-
ous arousal index in infliximab-treated patients with high inflam-
mation (all p > 0.5).
4. Discussion

Our previous study found that infliximab did not have general
efficacy in improving depressive symptoms in all patients with
TRD but improved depressive symptoms in patients with high



Fig. 2. Change (Delta) in wake after sleep onset and sleep efficiency correlates with change in sTNFR1 in infliximab-treated treatment resistant depressed (TRD) patients with
high inflammation. Change (week 8 – baseline) in wake after sleep onset (WASO) measured in minutes (A) and change in sleep efficiency measured in percentage (%) (B) are
plotted with change (week 8 – baseline) in soluble tumor necrosis factor receptor 1 (sTNFR1) (ng/ml) in infliximab-treated patients. Decreased WASO and increased sleep
efficiency were significantly correlated with decreased sTNFR1 in the group as a whole and in patients with CRP > 5 mg/L (p < 0.05). No correlations were found in the group
with CRP 6 5 mg/L. Regression lines depict correlations between the indicated variables for the high CRP group only. Highlighted in black are those patients with baseline
CRP > 5 mg/L, and those with CRP 6 5 mg/L are depicted in gray.
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inflammation (CRP > 5 mg/L). Here we show that blockade of TNF
in patients with high inflammation also improved measures of
sleep known to be commonly disrupted in depressed patients
and/or patients exposed to inflammatory stimuli. Compared to
patients with low inflammation, depressed subjects with high
inflammation administered infliximab demonstrated improvement
in sleep continuity (decreased spontaneous arousals, decreased
WASO, and increased sleep efficiency) and decreases in Stage 2
sleep as well as decreases in sleep period time. These improve-
ments were not observed in the placebo group and were apparent
when controlling for a variety of covariates including notably the
change in depression score. Decreases in WASO and increases in
sleep efficiency from baseline to week 8 were further correlated
with decreases in sTNFR1 within the infliximab- but not placebo-
treated group. Furthermore, this correlation was apparent in inflix-
imab-treated patients with high but not low baseline inflammation
as defined by a CRP > 5 mg/L. Given that infliximab is a highly spe-
cific antagonist of TNF with few non-immunologic, off-target
effects, these data suggest that blockade of inflammation may sig-
nificantly improve several sleep disturbances relevant to sleep con-
tinuity in patients with major depression and possibly other
patient populations with increased inflammation.

Previous literature has identified decreases in sleep continuity
as a state dependent measure in depression which improves with
antidepressant treatment (Kupfer and Ehlers, 1989). This is in con-
trast to reduced REM latency and decreased SWS which have been
shown to persist between depressive episodes (Giles et al., 1993;
Thase et al., 1998). Our findings are consistent with these data,
given that REM latency and SWS were not significantly changed
by infliximab treatment, while measures of sleep continuity signif-
icantly improved, independently of improvement in overall depres-
sion scores. Our data are also consistent with previous findings of
significant improvement in sleep efficiency following infliximab
administration in patients with rheumatoid arthritis independent
of improvement in joint symptoms (Zamarron et al., 2004). Finally,
similar to results in a large cohort of subjects from the Netherlands
(Prather et al., 2015), increased CRP was significantly associated
with longer sleep duration at baseline. Our findings that sleep per-
iod time was significantly reduced by infliximab in patients with
high inflammation further confirm this relationship and suggest
that inflammation may drive increased sleep time.
It should be noted that in our study, a high percentage (69.4%)
of patients were on psychotropic medication. These medications
especially antidepressants have been consistently shown to
increase REM latency and decrease overall time spent in REM sleep
(Hendrickse et al., 1994; Kerkhofs et al., 1990; Mayers and
Baldwin, 2005). Indeed, among baseline sleep parameters, there
was a significant increase in REM latency from sleep onset and a
decrease in total minutes of REM sleep in patients taking an anti-
depressant (both p < 0.01) (data not shown). Nevertheless, whether
or not these medication effects interact with inflammation is
unknown, and thus it is possible that any effects of blockade of
inflammation on REM sleep parameters as was observed in alco-
holics with insomnia may have been masked by psychotropic med-
ications in this study (Irwin et al., 2009).

Improvements in WASO and sleep efficiency, both measures of
sleep continuity, were correlated with decreases in sTNFR1 in
patients with high inflammation treated with infliximab. This
association was not present in infliximab-treated patients with
low inflammation or in patients treated with placebo and was
not present for sTNFR2 (when entered in linear regression analy-
ses with sTNFR1). Of note, baseline concentrations of both sTNFR1
and sTNFR2 were higher in infliximab responders versus non
responders in our previous study (Raison et al., 2010). There is
some evidence to suggest that soluble TNF receptors may be more
reliable markers of inflammation than TNF (Schroder et al., 1995)
and that sTNFR1 may have a special association with neuroinflam-
mation as well as psychiatric syndromes (Barbosa et al., 2011;
D’Mello et al., 2009). Moreover, previous studies have shown that
sTNFR1 was independently associated with spontaneous move-
ment arousal index scores in patients with obstructive sleep
apnea after controlling for age, BMI and sleep apnea severity
(Yue et al., 2009). sTNFR1 was also associated with cognitive dys-
function in patients with sleep apnea (Haensel et al., 2009). Nev-
ertheless, it should be noted that sTNFR1 and sTNFR2 were
significantly correlated (r = 0.47, p < 0.01), and similar relation-
ships were observed between delta sTNFR2 and delta sleep effi-
ciency and delta WASO in infliximab-treated patients, although
these relationships did not reach statistical significance (both
p > 0.05). Thus, any specific relationship between sTNFR1 and
sleep parameters distinct from sTNFR2 should be interpreted with
caution.
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An aim of our study was to identify whether the level of base-
line inflammatory markers were associated with baseline sleep
alterations. Other than increased sleep period time (discussed
above) and increased REM latency in patients with high CRP, both
of which were previously reported in association with chronic
administration of IFN-alpha (Raison et al., 2010), we did not find
any consistent relationships between plasma concentrations of
CRP, TNF, sTNFR1, or sTNFR2 and sleep parameters at baseline.
There are a number of explanations for why we may have not
observed such associations. First, our study population had a high
average level of inflammation at baseline (mean study CRP of
6.0 mg/L). Moreover, a high percentage of our patients were using
psychotropic medications which may have masked baseline rela-
tionships especially REM parameters, which are known to be sen-
sitive to psychotropic medication (see above).

It should be noted that because of its large size, infliximab does
not readily penetrate the blood–brain barrier (Tweedie et al.,
2007), and therefore would not be expected to affect TNF in the
brain where it has been shown to affect sleep in laboratory animals
(Opp, 2005). Nevertheless, laboratory animal studies have shown
that peripheral administration of infliximab significantly reduces
depression and anxiety-like behavior in the chronic mild stress
model of depression (Karson et al., 2013), suggesting that stress-
induced behavioral changes may be a function of activation of
peripheral inflammatory responses. These data are consistent with
recent studies that inflammatory cells mobilized from the periph-
ery may access the brain during stress to induce a central inflam-
matory response and alter behavior in laboratory animals
(Wohleb et al., 2014). Moreover, there is a rich literature describing
how inflammatory cytokines including TNF can access the brain
including passage through leaky regions in the blood brain barrier,
active transport mechanisms and binding to peripheral afferent
nerve fibers including the vagus (Miller et al., 2009; Quan and
Banks, 2007). Thus, the ability of infliximab to alter sleep parame-
ters in patients with depression suggests that blockade of inflam-
matory signals originating in the periphery may be sufficient to
impact inflammation-induced effects on sleep in the brain.

Several strengths and limitations of the study design warrant
consideration. Strengths include the use of an objective measure
of sleep architecture (PSG) in humans with treatment resistant
depression prescreened for inflammatory and infectious diseases
and uncontrolled medical illnesses and exposed to a standardized
dose of a monoclonal antibody targeted specifically to TNF. The
use of a placebo-treated, control group not receiving infliximab
but administered all study procedures is also a strength, especially
given that sleep parameters and depressive symptoms improved
(ostensibly nonspecifically) between baseline and week 8 in pla-
cebo-treated patients. Weaknesses of our study include the small
sample size which was further stratified into groups by treatment
and inflammation status, limiting the power of the study. Never-
theless, in instances of negative findings in infliximab-treated
patients with high versus low inflammation, power calculations
revealed adequate statistical power to detect inflammation by time
interactions of moderate effect sizes (d P 0.5). The high percentage
of patients on psychotropic medications in our study is also a lim-
itation, especially given the association of antidepressants with
alterations in REM sleep (see above). In addition, patients with
mild to moderate obstructive sleep apnea were included in the
study, and obstructive sleep apnea has been associated with
increased inflammatory activity including alterations in the pro-
duction of TNF (Tamaki et al., 2009). However, no differences in
AHI were found between groups, and the mean AHI for subjects
in the study was within the normal range (see Table 2). Spectral
analysis of PSG was not available for this study which limits quan-
titative analysis and increases the subjectivity of defining sleep
architecture and continuity. Finally, the PSG measure of latency
to sleep onset was not included in the analysis because patients
in the CRN were not assigned an explicit bedtime. Given that
decreased latency to sleep onset has previously been shown to
be a reliable marker of depression, this was a missed opportunity.

In summary, results from this study support the notion that
blockade of TNF can improve sleep continuity independently of
depressive symptoms in patients with treatment resistant depres-
sion and high inflammation. Moreover, decreases in sTNFR1 were
associated with the improvements in both sleep efficiency and
WASO. Given the relationship of TNFR1 with alterations in sleep
continuity in primary sleep disorders such as apnea, these data
suggest that TNF antagonists may warrant further study in patients
with other sleep disorders with increased inflammation including
insomnia as well as in patients with depression and high inflam-
mation. Nevertheless, given the modest sample size, these results
should be considered preliminary and in need of further
exploration.
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