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INTRODUCTION
Sleep, a behavioral trait controlled by an intrinsic circadian 

clock and a homeostatic process, has long been understood to 
be under genetic control, although the specific genes involved 
have largely remained unidentified.1,2 It is also clear that mood 
disorders have a strong genetic component, which is likely to 
be the result of a group of genetic and even epigenetic factors 
that create a complex gene-environment interaction leading to 
a disorder.3,4 It has been shown that there is overlap in genes in-
volved in circadian rhythms and those implicated in psychiatric 
disorders, suggesting that the control of the two phenotypes are 
related.5 Also, sleep disturbances are listed as criteria in the di-
agnosis of specific mood and anxiety disorders in the Diagnos-
tic and Statistical Manual of Mental Disorders, including major 
depressive disorder, bipolar disorder, dysthymic disorder, cy-
clothymic disorder, and generalized anxiety disorder.6 Utilizing 
the power of genetic approaches to identify novel targets for not 
only sleep processes, but also for any other biological process 
with which sleep interacts (e.g., mood and anxiety disorders), 
is an advantageous and potentially prolific technique for better 
understanding fundamental relationships as well as developing 
new treatment options.2,7,8
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In a previous study we utilized a large genetically segregat-
ing population of mice to identify multiple quantitative trait 
loci (QTL) for different sleep-wake phenotypes.9 Among those 
identified was a QTL for rapid eye movement (REM) sleep 
amount, REM sleep bout number, wake amount, and non-REM 
(NREM) sleep amount that mapped to chromosome 17 at 29 
centimorgans (hereby referred to as 17@29cM).9 Microarrays 
assaying 28,053 transcripts were used to analyze gene expres-
sion in 3 brain regions in a subset of the population.10 Here, 
we utilize a combination of these datasets and new analyses 
to identify a candidate gene, Neurotensin Receptor 1 (Ntsr1), 
whose expression levels correlated with the traits mapping 
to the chromosome 17@29cM QTL. Neurotensin, as well as 
Ntsr1, has been implicated in several psychiatric disorders, and 
Ntsr1 is expressed widely in the brain.11 To further test the re-
lationship of Ntsr1, sleep, and psychiatric disorders, we per-
formed a battery of behavioral tests and sleep quantification on 
a NTSR1 knockout mouse.

Neurotensin has been previously shown to have acute effects 
on sleep-wake regulation. Neurotensin has also been shown to 
interact closely with the dopaminergic system,12 and there is 
pharmacological evidence that neurotensin is associated with 
anxiety13 and depression,14 as well as other psychiatric and neu-
rological diseases.15 Central nervous system administration of 
neurotensin has been associated with acute changes in EEG 
states and sleep amounts in rats,16,17 including a reduction in 
EEG power in the lower frequency ranges and an increase in 
higher frequency ranges. One study also showed a dose-depen-
dent increase in REM sleep in response to neurotensin admin-
istration in the basal forebrain and observed narcoleptic-like 
behavior in that rats went from wake to REM sleep with no 
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intermediate NREM sleep evident.17 While short-term effects of 
central neurotensin administration have been characterized, the 
constant state effects of neurotensin, or lack thereof, have not 
yet been studied, especially in terms of overall baseline sleep 
patterns over 24 hours. Because of the associations of sleep dis-
turbances with anxiety18 and depression19,20 in humans, and the 
evidence that neurotensin is involved with anxiety and depres-
sion,13,14 we characterized these NTSR1 knockout animals in 
classic anxiety and despair tests. This was of particular inter-
est because of the specific sleep phenotypes associated with the 
Ntsr1-related QTL: REM sleep traits and wake amount, both of 
which are associated with depression and anxiety through poly-
somnography data in humans including reduced REM sleep 
latency, increased REM sleep percentage of total sleep, insom-
nia, decreased total sleep time, and increased wake time during 
sleep, among other traits.20 Therefore, in the present study we 
look at how the disruption of a specific gene implicated in the 
control of sleep, neurotensin receptor 1, affects both sleep and 
affect in the mouse.

METHODS

Animals
All experimental mice were housed and handled according to 

the Federal Animal Welfare guidelines and all studies were ap-
proved in advance by the Institutional Animal Care and Use Com-
mittee at Northwestern University. All animals were maintained 
continuously on a 12-h light: 12-h dark cycle at a room tempera-
ture of 23 ± 2°C. Food and water were available ad libitum.

The experiments were conducted on 10 male C57BL/6N 
wild-type mice and 10 male congenic mice containing a target-
ed mutation for Ntsr1 (hereafter referred to as NTSR1 knock-
out mice) of a line originating from Deltagen, Inc. (San Mateo, 
CA; line ID: T64121). The mice were shipped to Northwestern 
University from the colony (bred and maintained at Taconic, 
Germantown, NY) at 6 weeks of age. The animals were given 
12 days to acclimate prior to any experimental testing.

Quantitative Trait Loci (QTL) and Expression Analysis in Prior Studies
Previously, we conducted a study utilizing 269 adult male 

mice from a [C57BL/6J × (BALB/cByJ × C57BL/6J) F1] N2 
segregating cross and identified 52 QTL.9 In a subset of the 
population (n = 101), 28,053 transcripts were analyzed via mi-
croarray for gene expression levels in the frontal cortex, hypo-
thalamus, and thalamus/midbrain.10

Neighbor Analysis
Utilizing the sleep-wake phenotype data, the QTL data, and 

the expression data from our previous studies,9,10 a subsequent 
exploratory analysis was performed to identify genes that are 
candidate mediators of sleep QTL. Permissive filtering criteria 
were used to maximize statistical power. The filtering criteria 
were: (a) sleep QTL logarithm of odds (LOD) score > 2, (b) ex-
pression QTL LOD score > 2, (c) distance between expression 
QTL peak and sleep QTL peak < 10 cM, (iv) nominal P-value 
< 0.001 for a two degrees of freedom test measuring the main 
effect of expression and its interaction with the light/dark peri-
ods on the sleep trait using a repeated measures model. While 
several genes were identified using this analysis, we specifical-

ly chose to pursue Ntsr1 because of the association with a QTL 
for REM sleep, the association of neurotensin with psychiatric 
disorders, and the availability of a knockout mouse for the high-
affinity neurotensin receptor NTSR1.

Behavioral Testing
Elevated plus maze and open field activity were assessed at 

8 weeks of age, the tail suspension test was administered at 8 
weeks of age and repeated at 9 weeks of age, and the forced 
swim test was administered at 10 weeks of age. All behav-
ioral testing was performed in the light (inactive) period. All 
animals went through all of the behavioral tests as well as the 
sleep recording and subsequent sleep deprivation and recovery. 
All animals successfully completed each of the behavioral tests 
without meeting any exclusion criteria.

Elevated plus maze
Mice were placed in the center of an elevated plus maze 

(each arm 57.8 cm long and 5.7 cm wide with 2 opposite closed 
arms with 14-cm high walls) elevated 30.5 cm in a dimly lit 
room and allowed to explore for 5 minutes. The animals were 
monitored from above by a video camera connected to a com-
puter running video tracking software (LimeLight, Actimetrics, 
Evanston, IL) to determine the total distance traveled, the per-
centage of the distance traveled in the open arms, and the per-
centage of the distance traveled in the closed arms. LimeLight 
tracking software tracks a midpoint over the animal’s shoulders 
in determining the animal’s path traversed and boundary cross-
ings within the maze. The mazes were wiped down with etha-
nol and allowed to dry between mice. Data were analyzed with 
Student t test.

Open field activity
Mice were placed in the center of a novel open field environ-

ment (52.7 × 52.7 cm) in a dimly lit room and allowed to ex-
plore for 5 minutes. The animals were monitored from above by 
a video camera connected to a computer running video tracking 
software (LimeLight, Actimetrics, Evanston, IL) to determine 
the total distance traveled, the percentage of time spent in the 
center and percentage of time spent in the corners. The area of 
the arena is subdivided into a grid of 5 sections by 5 sections 
with each section of equal size, and the center is defined as the 
center 31.62 cm × 31.62 cm area consisting of the center 9 sec-
tions in the grid, and the corners being the 10.54 cm × 10.54 
cm sections abutting the corners. LimeLight tracking software 
tracks a midpoint over the animal’s shoulders in determining 
the animal’s path traversed and boundary crossings within the 
open field. The open field arenas were wiped down with etha-
nol and allowed to dry between mice. Data were analyzed with 
Student t test.

Tail suspension test
Mice were placed in a closed and lighted chamber sus-

pended by the end of their tail using a custom modified clip. 
The mice remained in the chamber for 6 minutes. If a mouse 
successfully climbed its tail, they were immediately discour-
aged by placing the animal back into the hanging position. 
These observations were noted, and animals that repeated 
the behavior more than twice were removed from data analy-
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sis. Each animal was tested twice under the same protocol, 7 
days apart. The animals were monitored by a video camera 
mounted behind the chamber connected to a computer, and 
the digital video files were stored for later analysis. The entire 
6-min video was scored at a 1-sec resolution. Immobility was 
defined as no voluntary body or limb movement, and video 
files were analyzed to determine total number of seconds of 
immobility, latency to the first immobility bout (defined as ≥ 1 
sec of immobility), and number of bouts of immobility. Data 
were analyzed with Student t test.

Forced swim (porsolt) test
Mice were placed in a beaker (25 cm tall, 15 cm diameter) of 

water (25-26°C) filled to a depth of 16 cm. The mice remained 
in the water for 6 min and were then removed and allowed to 
dry in a clean cage placed halfway on a heating pad, allowing 
the mouse to freely regulate its temperature preference. Cage 
mates were tested in the same beaker after any fecal boli were 
removed, and the water was changed between the testing of 
each cage. The mice were monitored from the side by a video 
camera, and digital video files were stored for later analysis. 
The entire 6-min video was scored at a 1-sec resolution, and the 
animal was determined to be either mobile or immobile at each 
second in the video. Immobility was defined as either no volun-
tary body or limb movement or passive paddling with ≤ 2 paws 
moving at a time, and video files were analyzed to determine to-
tal number of seconds of immobility. Data were analyzed with 
Student t test.

Sleep-Wake Recording
At 11 weeks of age, the mice were fitted with a head implant 

for the recording of the electroencephalogram and electromyo-
gram (EEG and EMG, respectively). A minimum 10-day post-
surgery recovery period was allowed prior to the onset of sleep 
recording. Mice were acclimated to individual housing condi-
tions in cylindrical (25.5 cm diameter) sleep recording cages 
with free access to food and water for 5 days during this time. 
EEG and EMG data were collected for 48 continuous hours 
starting at light onset following the acclimation period, as previ-
ously reported.22 Briefly, the EEG signals were amplified 10,000 
times with high- and low-pass filters set at 1 and 30 Hz, respec-
tively. EMG signals were amplified 5,000 times with high- and 
low-pass filters set at 30 and 100 Hz, respectively. Both signals 
were digitized at 100 Hz/channel by an analog-to-digital con-
verter (Data Translation, Marlboro, MA). The first 24 h were 
used for baseline sleep-wake measures, and sleep deprivation 
via the gentle handling technique22 was performed at ZT2-8 
during the second 24 h, with the remaining 16 h constituting the 
recovery period. EEG and EMG recordings were divided into 
10-sec epochs and scored via visual inspection as wake, NREM 
sleep, or REM sleep using a custom software package (Sleep 
Report, Actimetrics, Evanston, IL). For quantitative analysis of 
the EEG signal, each 10-sec epoch was divided into five 2-sec 
intervals and subjected to fast Fourier transformation; the nor-
malized power density relative to the overall frequency range 
was calculated in the delta (1-4 Hz), theta I (4-8 Hz), theta II 
(8-11 Hz), sigma (11-15 Hz), and beta (15-30 Hz) frequency 
bands for NREM sleep. For a detailed description of sleep scor-
ing and EEG signal analysis, see Winrow et al.9

We restricted the sleep data analyzed in the present study 
to those traits indicated by the QTL from the N2 study, which 
were traits falling into the REM sleep and state amount catego-
ries through factor analysis as outlined previously.9 The specific 
traits analyzed were REM sleep minutes, percentage of REM 
sleep over total sleep, REM sleep bout number, inter-REM sleep 
interval, wake minutes, and NREM sleep minutes. These traits 
were quantified and analyzed for the light phase, dark phase, 24 
hours, and the diurnal variation (light phase value – dark phase 
value = diurnal variation) phases. Additionally, due to the un-
usual phenotype observed in response to sleep deprivation, we 
also analyzed the EEG spectral data for NREM sleep at base-
line and as a response to the sleep deprivation. All data were 
analyzed with Student t test. Nine animals of each genotype 
completed the baseline sleep portion of the experiment, and 9 
wild-type animals and 8 NTSR1 knockouts completed the sleep 
deprivation and recovery portion of the experiment. Exclusions 
were a result of health reasons or hardware malfunctions.

RESULTS

NTSR1
The gene expression for the neurotensin receptor 1 gene cor-

related with some of the sleep traits mapping to the chromosome 
17@29cM QTL in the previous study.9 The QTL on chromo-
some 17@29cM was associated with wake amount, REM sleep 
amount, REM sleep bout number, and NREM sleep amount 
with LOD scores of 7.562, 4.870, 3.021, 5.954, respectively 
(Table 1).9 The LOD for Ntsr1 expression on chromosome 2 
was 3.385. Furthermore, expression levels of Ntsr1 correlated 
specifically with the wake amount, REM sleep amount, and 
REM sleep bout number traits mapping to the chromosome 
17@29cM QTL. The NREM sleep amount trait did not meet 
the established thresholds for correlation.

Sleep, Sleep Deprivation, and Recovery
In unperturbed baseline conditions, the NTSR1 knockouts 

had a lower percentage of total sleep spent in REM sleep in 
the dark phase than wild-type controls (t[16] = 2.69, P < 0.05, 
Figure 1A). There were no significant differences in total sleep 

Table 1—Quantitative trait loci logarithm of odds scores

Trait Chromosome LOD FDR
Wake Amount 17 7.562 < 0.001
REM Sleep Amount 17 4.870 < 0.001
REM Sleep Bout Number 17 3.021 0.14
NREM Sleep Amount 17 5.954 0.001

Chromosome 17@29 cM quantitative trait loci.9 Wake amount, REM sleep 
amount, and REM sleep bout number correlated with Ntsr1 expression. 
LOD, logarithm of odds; FDR, false discovery rate (probability). QTL 
and peak LOD scores were detected by R package QTL. To account for 
multiple testing using a nonparametric approach, FDR estimates were 
computed genome-wide within each sleep trait by permuting individual 
identifiers for the genotype data and repeating the analyses on 1000 
replicate permuted data sets. To eliminate the influence of markers in 
high linkage disequilibrium, chromosome-wide peak parker LOD scores 
were used for all FDR computations. (Adapted from Winrow et al.9)
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between the 2 genotypes; thus the NTSR1 knockouts had a high-
er percentage of total sleep spent in NREM sleep during the dark 
phase (t[16] = −2.69, P < 0.05, data not shown). REM sleep bout 
number, which produced the lowest LOD score in the associ-
ated QTL, did not reach statistical significance (t[16] = −1.99, 
P = 0.0639 for the diurnal difference) between the genotypes.

Considering that the chromosome 17@29cM QTL was time-
of-day dependent, we evaluated the diurnal differences in sleep 
in these animals. The NTSR1 knockout animals had a signifi-
cantly higher variation in REM sleep minutes over the 24-h day 
than the wild-type controls (t[16] = −2.15, P < 0.05, Figure 1B). 
This was a result of the NTSR1 knockouts having more REM 
sleep in the light and less REM sleep in the dark, neither of 
which was significant when taken alone, but was significant for 
the magnitude of diurnal variation (the difference between the 
light phase and dark phase values). This is also true for the per-
centage of total sleep spent in REM sleep, in that the NTSR1 
knockouts have a higher percentage than the wild type controls 

(t[16] = −2.58, P < 0.05, Figure 1C). In response to the abnor-
mal recovery phenotype observed after sleep deprivation in the 
NTSR1 knockouts, we also analyzed the EEG spectral data for 
NREM sleep but did not find any significant differences for any 
of the frequency bands (data not shown).

To examine the homeostatic response to sleep deprivation, 
both genotypes underwent a 6-h sleep deprivation period (ZT2-
8) followed immediately by a 16-h unperturbed recovery pe-
riod consisting of the remaining 4 h of the light period and the 
subsequent 12-h dark period. While there were no significant 
differences between the genotypes in wake or NREM sleep 
amounts under baseline conditions, the NTSR1 knockouts ex-
hibited differences in recovery sleep of wake and NREM sleep 
amounts as compared to the wild-type controls. Relative to 
baseline amounts, the NTSR1 knockouts were awake signifi-
cantly more than the wild-type controls in both the remainder 
of the light phase and the subsequent dark phase (light phase: 
t[15] = −2.57, P < 0.05, dark phase: t[15] = −2.28, P < 0.05, 
Figure 2A) following 6 h of sleep deprivation. Inversely, the 
knockouts experienced significantly less rebound NREM sleep 
in the recovery period (light phase: t[15] = 2.63, P < 0.05, dark 
phase: t[15] = 2.60, P < 0.05, Figure 2B). There were no sig-
nificant differences in REM sleep amount during the recovery 
period. Because of the unusual recovery phenotype displayed 
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Figure 1—Significant differences in baseline sleep amounts between 
wild type B6 controls and NTSR1 knockouts. %REM/TS, percentage of 
REM sleep over total sleep. Results are expressed as mean ± SEM; 
P-values were obtained using the Student t test. (A) Percentage of 
total sleep spent in REM sleep in the dark (active) phase, *P < 0.05. 
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by the NTSR1 knockouts following sleep deprivation, the EEG 
spectral data for NREM sleep was also analyzed, but no sig-
nificant differences were found in any of the frequency bands 
during the recovery period as compared to wild-type controls 
(data not shown).

Anxiety and Despair Phenotypes
The NTSR1 knockouts displayed a more anxious phe-

notype in the open field activity test, with less distance trav-
eled (t[18] = −3.55, P < 0.01), less time spent in the center 
(t[18] = −2.60, P < 0.05), and more time spent in the corners 
(t[18] = 3.38, P < 0.01) than the wild-type controls (Figure 3). 
There were no significant differences in the elevated plus maze.

The NTSR1 knockouts also displayed a despair phenotype 
in the tail suspension test with a higher number of bouts of im-
mobility in the first minute of the second day of the tail suspen-
sion test (t[18] = −2.99, P < 0.01) than the wild-type controls 
(Figure 4). This phenotype was independently confirmed in the 
same knockout line with 8 animals per group in tests performed 
at another laboratory location where the NTSR1 knockouts dis-
played a higher amount of immobility in the tail suspension 
test (2-way repeated measures ANOVA F1,36 = 6.180, P < 0.05; 
please refer to Supplementary Materials for data and methods). 
There was also a trend in the same direction with immobility in 
the first minute of the forced swim test, but this did not reach 
statistical significance (t[18] = −1.66, P = 0.11, data not shown).

DISCUSSION

Neurotensin/NTSR1 and Sleep
While there are four known receptors that bind neurotensin, 

the peptide exerts its effects primarily through two G-protein 
coupled receptors, NTSR1, the high-affinity receptor, and 
NTSR2, the low-affinity receptor, and the direction of effect 
differs depending on the location of the receptor.12 The chro-
mosome 17@29cM QTL traits found to be associated with the 
expression of Ntsr1 were wake amount, REM sleep amount, and 
REM sleep bout number in the mixed category (Table 1). The 
term “mixed effect” indicates that a genotype at a particular lo-
cus has the opposite or a statistically different effect on the same 
trait during the light versus the dark phase, i.e., a statistically 
significant diurnal variation. Factor analysis was performed on 
the 20 sleep-wake traits reported to identify unbiased group-
ings of these traits, and the traits in the QTL grouped into REM 
sleep and state amount dimensions.9 Because of the close rela-
tionships among the traits within the same dimension, all of the 
traits in the two dimensions (REM sleep and state amount) were 
analyzed in the present study. While we did not find specific 
differences in REM sleep bout number in the NTSR1 knockout 
mice, we did find differences in the percentage of total sleep 
spent in REM sleep, which fell into the same trait dimension, 
in both the dark period and the diurnal variation. We also found 
differences in wake amount in the NTSR1 knockouts after they 
were exposed to a six-hour period of sleep deprivation.

Disrupting the function of the neurotensin receptor 1 alters 
both baseline sleep and the recovery after sleep deprivation, in 
addition to influencing anxiety and depressive-like behaviors 
in the mouse. Baseline sleep is altered, specifically in terms 
of REM sleep traits, such that the NTSR1 knockout animals 
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display altered REM sleep regulation and REM sleep distri-
bution over the 24-hour period. This is demonstrated by the 
lower percentage of total sleep spent in REM sleep in the dark 
phase, as well as the larger difference in the diurnal varia-
tion of REM sleep and the percentage of total sleep spent in 
REM sleep in the knockouts than in the wild types. This re-
sult supports the initial chromosome 17@29cM QTL finding 
for a mixed effect in REM sleep amount. The knockouts also 
experience a paradoxical recovery phenotype in response to 
sleep deprivation, in that they display more wake time and 
less NREM sleep following six hours of sleep deprivation 
than under baseline conditions, opposite that of the standard 
recovery phenotype displayed by the wild type controls. This 
difference persisted in both the remainder of the light period 
following sleep deprivation, and in the full dark period im-
mediately following. This result in the NTSR1 knockouts 
supports the initial chromosome 17@29cM QTL finding for a 
mixed effect in wake amount.

Neurotensin has been previously linked with sleep, but only 
in terms of acute sleep responses resulting from direct central 
nervous system administration. It has been shown that neu-
rotensin microinjections directly into the brain produce acute 
short-term changes in sleep-wake behaviors and EEG parame-
ters in rats. In one study, it was shown that a low dose (10.0 μg) 
of neurotensin administered intracerebroventricularly produced 
a decrease of the EEG power in the lower frequency ranges 
(2-4 Hz in the anterior amygdaloid nucleus, 2-6 Hz in the nu-
cleus accumbens) and in the higher frequency range (16-32 Hz) 
only in the nucleus accumbens, while a high dose (30.0 μg) 
produced an overall decrease of the EEG power in both lower 
and higher frequency ranges, as well as placing the animal into 
a behaviorally inactive state.16 In another study, microinjections 
of neurotensin into the basal forebrain of rats produced a dose-
dependent decrease in the lower frequency ranges (1-4 Hz) and 
increases in the 4-9 Hz and 30-60 Hz ranges.17 This study also 
demonstrated that the animals displayed a dose-dependent de-
crease in NREM sleep following neurotensin administration 
during the time period in which the rats would normally be ex-
periencing the highest concentration of NREM sleep; interest-
ingly, the injections produced a narcoleptic-like phenotype such 
that the rats would transition from wake to REM sleep without 
any intermediate NREM sleep.

Here we demonstrate for the first time that the functional 
disruption of the high-affinity receptor for neurotensin leads 
to changes in the baseline sleep of mice, particularly in REM 
sleep. These animals displayed a decrease in REM sleep in the 
dark period proportionate to the total sleep amount and an al-
tered distribution of REM sleep over the 24-hour period. Based 
on these results, it is clear that neurotensin plays a role in the 
regulation of sleep, particularly the regulation and distribution 
of REM sleep over the 24-hour day.

Neurotensin, Anxiety, and Depression
Neurotensin interacts significantly with the dopaminergic 

system, and it follows that the peptide and its receptors are in-
volved in several psychiatric disorders.11,12,15 Its role in anxiety 
and depression, while not as extensively studied as its role in 
schizophrenia and drug abuse, has been implicated in a few 
studies. Neurotensin and NTSR1 are present in several brain 

regions that are implicated in anxiety and depression, such as 
the prefrontal cortex, amygdala, and hippocampus.23-27 In a hu-
man study, plasma levels of neurotensin were significantly de-
creased in patients with depression and anxiety, which returned 
to normal levels following recovery.28

Specifically, one study found that a NTSR1 agonist, PD149163, 
modulated neural circuitry involved in fear and anxiety by act-
ing as an anxiolytic and blocking fear-potentiated startle in rats.13 
Thus, we hypothesized that our study in animals lacking a func-
tional NTSR1 receptor would elicit an anxious phenotype, which 
we demonstrated using the open field activity test. The lack of 
significant differences in the elevated plus maze may be attrib-
utable to differences in the testing apparatus and environment, 
potentially elucidating a subtle difference in the presentation of 
the anxious phenotype in the knockout animals.

Another study found that administration of neurotensin to 
the ventral tegmental area produced an antidepressant-like 
effect in rats in the forced swim test.14 In the present study, 
we demonstrated that animals lacking the high-affinity recep-
tor for neurotensin demonstrated a higher level of depres-
sive-like behavior in the tail suspension test by exhibiting a 
higher number of bouts of immobility in the first minute on 
the second day of testing as compared to wild types, which 
was also independently confirmed in the same knockout strain 
at another laboratory location with the animals displaying a 
higher amount of immobility overall. Body weight, which 
could potentially contribute to differences in the tail suspen-
sion test, was not found to be significantly different in the 
NTSR1 knockouts as compared to wild types when measured 
following the tail suspension test at 11 weeks of age (data not 
shown), despite previous reports on increased body weight 
in NTSR1 knockouts.29,30 Additionally, general phenotypic 
analysis of the NTSR1 knockouts revealed no effects of the 
mutation on general muscle strength as indicated by the string 
and grip tests (see Supplementary Materials), suggesting the 
tail suspension results are indicative of a depressive-like phe-
notype in the NTSR1 knockout animals. We did not find any 
significant differences between knockouts and wild types in 
the forced swim test, although there was a trend in the same 
direction as the tail suspension test.

Sleep, Depression, and Anxiety
Sleep has long been associated with anxiety and depression, 

and sleep disturbances are even criteria used to diagnose each 
of the major mood disorders in the Diagnostic and Statistical 
Manual of Mental Disorders.6 Insomnia is the most prevalent of 
the reported sleep disturbances in humans suffering from mood 
disorders, but further research into the association of sleep 
and mood disorders has revealed that other factors that are not 
acutely observable by the patients themselves are also preva-
lent, particularly REM sleep changes.20,31 Generalized anxiety 
disorder and major depressive disorder are also highly comor-
bid in humans.32

Insomnia and a reduction in NREM sleep are found in pa-
tients with depression, but signs of REM sleep dysregulation, 
including shortened REM latency, larger amount of REM sleep 
in the first part of the night, and increased percentage of REM 
sleep are believed to be the most consistent and specific sleep 
abnormalities associated with depression.20 The shortened la-
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tency to enter REM sleep was first reported several years 
ago33,34 and has since been extensively studied and verified in 
a meta-analysis, along with an increase in REM minutes and 
the percent of sleep spent in REM in depressed patients.35 Here 
we report that mice experiencing dysregulation of REM sleep 
in the form of a reduction of the percentage of sleep spent in 
REM sleep and an altered distribution of REM sleep also show 
a depressive-like phenotype in the tail suspension test with an 
increased number of bouts of immobility in the first minute. 
While the specific changes in REM sleep reported here do not 
exactly mimic the REM sleep changes observed in humans, the 
association of dysregulated REM sleep and depressive-like be-
havior remains.

In addition to insomnia being associated with depression, in-
somnia is the main complaint in patients suffering from all types 
of anxiety.19,35,36 There are several different classifications of 
anxiety, including panic disorder, generalized anxiety disorder, 
obsessive-compulsive disorder, and posttraumatic stress disor-
der; the specifics of the timing and origin of the insomnia change 
somewhat depending upon the subtype of anxiety.18 There do 
not appear to be REM sleep changes associated with anxiety 
disorders, but a reduction in total sleep time and sleep efficiency, 
along with an increase in sleep latency are often found in poly-
somnography studies on patients with anxiety disorders.35 Al-
though there were no differences in baseline wake amount, here 
we have shown that the NTSR1 knockout mouse demonstrated 
an anxious phenotype in the open field activity test and an in-
creased amount of wake following sleep deprivation.

CONCLUSION
A better understanding of the genetics that underlie sleep and 

mood disorders will help us address fundamental relationships 
as well as develop novel drug targets and therapies to treat both 
disorders. We demonstrated here that there is a strong link be-
tween the expression of the Ntsr1 gene and the sleep traits asso-
ciated with these QTL, and the studies on the NTSR1 knockout 
animal add further support to the hypothesis that Ntsr1 is linked 
not only to anxiety and depression traits as previously reported, 
but also to sleep-wake traits. There is considerable evidence 
that anxiety and depression are closely linked with abnormali-
ties in sleep, including both REM sleep traits and increased 
wake time. The data presented here are further evidence that 
sleep and affective disorders share a common pathway, one that 
potentially includes neurotensin receptor 1
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SUPPLEMENTAL MATERIAL

SUPPLEMENTAL DATA 

SUPPLEMENTAL METHODS

Tail Suspension Test Performed at Merck & Co., Inc.
The mouse tail suspension test was conducted using Med-

associates (St. Albans, Vermont) equipment (MED-TSS-
MS). The animals were on a 12-h light: 12-h dark cycle and 
tested in the light phase at 8-12 weeks of age. Mice are sus-
pended and inverted in a lighted test chamber, attached to a 
tail hanger in the cubicle ceiling using a piece of microfoam 
surgical tape (3M Corporation, St. Paul, MN). Recording is 
started immediately after each mouse is attached, and auto-
mated scoring is achieved using the Med-Associates soft-
ware package (SOF-821). The mice remained in the chamber 
for 6 minutes. Mobility is detected as a vibration frequency 

transmitted through the tail hanger to an attached transducer. 
The mobility threshold is predetermined by observation and 
through a series of validation experiments. Immobility is 
scored continuously and is defined as no voluntary body or 
limb movement. Data were analyzed using ANOVA stats with 
Bonferroni posttests.

String and Grip Tests
General phenotypic analysis of the NTSR1 knockout mice 

from Deltagen (San Mateo, CA; line ID: T641) was performed 
at a satellite facility by the Mouse Clinical Institute (Illkirch 
Cedex, France) as contracted by Merck & Co., Inc. Included in 
this phenotypic analysis were the string and grip tests.

The string test was performed by taking a mouse by its tail 
and placing it over a wire situated 40 cm above a table so that 
it grips the wire with its forepaws. The latency until the mouse 
catches the wire with at least one of its hindpaws is recorded. 
The mouse is given 60 seconds to perform this test, and if it 
fails to catch the wire with at least one hindpaw, it is given a 
score of 60 seconds. If the animal falls, it is given a score of 60 
seconds provided it remained gripping the wire ≥ 3 seconds. 
Each animal was given 3 trials of the test separated by 10-15 
minutes. The average latency was calculated for each animal, 
and data were analyzed using Student t test. No differences 
were found between wild-type controls and NTSR1 knockout 
animals (t(22) = 0.44, P = 0.66).

The grip test was performed using an isometric dynamom-
eter connected to a grid (Bioseb, France). The animal is placed 
on the grid and once it is gripping the apparatus with all four 
paws it is slowly and horizontally moved backwards until it 
releases the grid, and the maximal grip strength is recorded. 
Each animal was given three trials of the test separated by a few 
seconds. The average grip strength was calculated for each ani-
mal and data were analyzed using Student t test. No differences 
were found between wild type controls and NTSR1 knockout 
animals (t(22) = −0.314, P = 0.76).

NTSR1 Knockouts
NTSR1 knockout animals were obtained from Deltagen (San 

Mateo, CA; line ID: T641, bred and maintained at Taconic, Ger-
mantown, NY). The sequence that has been deleted is as follows:
(base 672 to 999)
GGCACTGTGGGCAACTCGGTGACAGCCTTCACTC 
TA G C G C G G A A G A A G T C G C T G C A G A G C C T G 
CAGAGCACTGTGCATTACCACCTGGGTAGCCTG 
GCACTGTCTGACCTGCTCATCCTGCTGCTGGC 
CATGCCCGTGGAGCTGTACAACTTCATCTGGGTG 
CACCATCCCTGGGCCTTTGGGGATGCTGGCTGCC 
GTGGCTACTATTTCCTGCGAGATGCCTGCACCTAT 
GCCACAGCCCTCAATGTAGCCAGCCTGAGTGTG 
GAGCGCTACTTGGCCATCTGCCATCCCTTCAAGGC 
CAAGACCCTCATGTCCCGCAGCCGCACCA

Figure S2—Total Immobility by minute over the 6-minute tail suspension 
test. Two-way repeated measures ANOVA F1,36 = 6.180, P = 0.0262.
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Figure S1—Total Immobility in seconds over the 6-minute tail suspension 
test. Two-way repeated measures ANOVA F1,36 = 6.180, P = 0.0262.


