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Study Objectives: To characterize the sleep patterns of unrestrained,
diurnal nonhuman primates entrained to 24-hour light-dark cycles.
Design: EEG, EMG, and EOG were recorded continuously via implant-
ed telemetry from 5 unrestrained male rhesus monkeys housed indi-
vidually under a 16:8 light-dark cycle (LD 16:8; L = 13 lux; D = 0 lux).
Results: In a LD 16:8 cycle, all 5 monkeys demonstrated a long period
of consolidated sleep during the 8-h dark period. On average, sleep
accounted for 89.2% of the 8-h dark period and 25.2% of the 16-hour
light period. REM sleep occupied 23% of total sleep time over 24 h, or
10.7% of the total time. The average length of the consolidated sleep
(CS) period was 10.5 h, although the time of CS onset was variable. In
contrast, the end of CS, and thus the onset of consolidated wakeful-
ness (CW) demonstrated very little variation, typically occurring within 2
min of light onset. Ultradian NREM-REM cycles with periods of approxi-
mately 60 min were also observed. EEG delta activity during NREM

sleep, thought to reflect the homeostatic sleep process, peaked at 3-4
h after CS onset.

Conclusions: The present study demonstrates the feasibility of long-
term, unrestrained sleep monitoring in nonhuman primates using fully-
implantable biotelemetry. With minor exceptions, most notably a delay
in peak delta activity, sleep-wake architecture, regulation, and consoli-
dation in rhesus monkeys strongly resembles that of humans. These
results demonstrate that the unrestrained rhesus monkey is an excel-
lent biomedical model for human sleep.
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THE USE OF NONHUMAN PRIMATES AS A MODEL FOR
HUMAN SLEEP HAS UNIQUE RELEVANCE TO HUMAN
NEUROBIOLOGY. THE CLOSE PHYLOGENETIC relation-
ship and similar diurnal habits of nonhuman primates allow
them to fill a gap between sleep studies of rodents or felines and
those of humans. The rhesus monkey (Macaca mulatta) was
determined to be the best sleep model in a comparison of 13
nonhuman primate species,' both for its well-defined, human-
like sleep organization and for relative ease of husbandry. The
rhesus monkey has also been the most extensively used nonhu-
man primate model for the study of human diseases, including
disorders of the nervous system. An extensive knowledge of
the physiology of the rhesus monkey also confers an important
advantage over the use of other primate species as a model for
human sleep.

Until recently, studies employing EEG for sleep recordings
in rhesus monkeys were necessarily performed using method-
ological approaches that prevented the expression of normal
sleep. For example, potentially confounding manipulations in-
cluded the need to relocate animals to a novel laboratory setting
for recordings, chair restraint and physical tethering of the ani-
mals during recording. Although short-term acclimation to the
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setting was typically (but not always) employed, the animals
were nonetheless in an environment unlike their home cages
and remained physically restrained for the duration of the sleep
recording, forcing the animals to, at a minimum, adopt abnor-
mal sleeping postures. The negative impact of physical restraint
on sleep behaviors has been convincingly demonstrated in ba-
boons, which displayed disrupted sleep-wake patterns, unusual
drowsiness, and inattentiveness.” Their sleep patterns also dif-
fered from those of animals with externally mounted telemetry
that permitted them to move freely in their cages.> Although no
similar comparison of sleep patterns between restrained and un-
restrained rhesus monkeys is available, it is known that normal
behaviors of rhesus monkeys are markedly affected by chair
restraint.*

Restraint induces a number of endocrine changes in rhesus
monkeys, including changes in circulating renin, vasopressin,
and growth hormone,’ as well as alteration of hemodynamic
variables, including cardiac output, blood pressure, and total
peripheral resistance.® Perhaps unsurprisingly then, sleep in re-
strained rhesus monkeys has shown considerable variability, in-
cluding marked fragmentation and prolonged bouts of wakeful-
ness during the normal sleep period, suggesting that restraint,
novel settings, or other experimental manipulations may have
contributed to the inconsistencies seen in prior studies.’™

Another distinct limitation of most prior rhesus sleep studies
has been the relatively short duration of the recording period,
which typically consisted of nighttime recordings only, possibly
due in part to the limitations of paper polygraph systems. In the
present study, sleep recordings of unrestrained rhesus monkeys
were made in their home cages using fully implantable biote-
lemetry transmitters and a computer data collection system, per-
mitting continuous recordings over multiple consecutive days,
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with battery life lasting up to a year of continuous operation
to enable long-term sleep studies. By avoiding novel settings,
restraint, backpacks, and other potentially stressful apparatus
and manipulations, we anticipated obtaining a more accurate
and complete characterization of normal sleep in the rhesus
monkey. Specifically, we hypothesized that the rhesus in our
study would demonstrate greater sleep consolidation and sleep
efficiency (defined by percentage of total time in sleep) during
the dark period than previously seen in restrained animals. A
better characterization of the undisturbed sleep patterns of rhe-
sus monkeys, particularly where similarities with human sleep
could be established, would be an important step in validating
the rhesus as a biomedical model of human sleep regulation.

METHODS
Animals and Husbandry

Five adult male rhesus monkeys (Macaca mulatta) from the
California National Primate Research Center, Davis, CA were
used for this study. All protocols were approved by the UC Da-
vis JACUC, and studies were conducted in compliance with
USDA and NIH guidelines for animal care and use. The animals
were between 5 and 5.3 years old and weighted 6.5 to 8.6 kg
immediately prior to the experiments. The animals were trained
to use the Psychomotor Test System (PTS, Georgia State Uni-
versity) prior to final selection and surgical implantation of the
biotelemetry transmitters. This fully automated microcomputer
system provides both behavioral enrichment and a nutritionally
complete pellet reward (P. J. Noyes, Lancaster, NH), and allows
completely ad libitum feeding of trained animals.

Telemetry and Data Acquisition

The telemetry system for sleep recording consisted of a fully
implantable biotelemetry transmitter (T26-D, Konigsberg In-
struments Inc., Pasadena, CA) and a microcomputer-based
receiving unit (TR-8 receivers and TD-14-10B demodulators,
Konigsberg Instruments Inc., Pasadena, CA). The transmitter,
with leads specifically tailored for rhesus monkeys, encoded
2 channels of EEG, one channel each of EOG and EMG, as
well as deep brain temperature. The deep brain temperature was
measured with a thermistor (Thermometrics Inc. Edison, NJ) in
sealed stainless steel hypodermic tubing (data not shown in this
study). An attached implanted battery pack allowed continuous
operation for approximately one year. The implant can also be
switched on and off remotely, using a radio-frequency signal,
to extend battery life. The animals’ home cages were outfitted
with receiving antennas, one of which doubled as a perch for
the monkey. Signals were converted to analog voltages and re-
corded at a sampling rate of 256 Hz using an analog to digital
converter (PCI-6701, National Instruments, Inc. Austin, TX) in
a Power Macintosh microcomputer. A custom LabVIEW (ver-
sion 6, National Instruments, Inc. Austin, TX) program (by
ELR) recorded the data continuously to an external hard drive
in 30-sec epochs. This system allowed us to record for extended
periods of time with only brief interruptions for animal mainte-
nance and disk swaps.
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Implant Surgery

The telemetry transmitters were implanted in fully anesthe-
tized animals by trained veterinary surgeons (California Na-
tional Primate Research Center, Davis, CA) generally following
methods previously established by us.!” The inhalant anesthesia
was approximately 1% isoflurane. Extradural EEG leads were
placed stereotaxically to provide frontal-parietal (AP +25, ML
+10 and AP —10, ML +10) and parietal-occipital EEGs pari-
etal (AP —10, ML +10 and AP —25, ML +10) differential pairs.
The EEG was recorded from wire loop electrodes secured to
the cranium with bone screws in contact with the dura and se-
cured with dental acrylic. Bilateral EMG leads were sutured
to superficial dorsal neck muscles. Unilateral EOG leads were
positioned at the lateral canthus and superior orbital margin of
one eye and secured with bone screws. A thermistor housed in
a 3-cm length of hermetically sealed hypodermic tubing was
positioned at AP +14 mm, ML —10 mm and advanced vertically
into white matter between the internal capsule and thalamus.
The thermistor assembly was then fixed to the cranium with
dental acrylic. After surgery, each animal recovered in the hos-
pital and was given antibiotics and analgesic cream daily for
one or two weeks. A recovery period of at least 2 weeks was
allowed before beginning any study.

Sleep Scoring Criteria

Polysomnographic data for the first 2 days of the study were
visually scored using criteria based on the standards for human
sleep staging established by Rechtschaffen and Kales, 1968."
In addition we scored an epoch as “artifact” when it consisted
of >50% noise and obscured the patterns. Based on observa-
tions of simultaneous video recording, artifacts in our data most
often coincided with movement of the animal and were usually
associated with wakefulness.

In general, the criteria used for scoring rhesus sleep were
identical to those used in human sleep scoring, except that the
3-min rule as described by Rechtschaffen and Kales'' was not
employed, due to the finding that the rhesus monkey has less
consolidated sleep and wake and a shorter duration for each
sleep episode. This practice is also consistent with the propos-
als of the AASM Visual Scoring Task Force'? for revision of the
Rechtschaffen and Kales scoring rules.

Automated Scoring

Data from 6 consecutive 24-h periods were scored using a
custom automated scoring program (by KH). The program was
developed in Matlab 5 (Mathworks Inc., Natick, MA), and con-
sisted of a 3-layer neural network model (24 X 5 x 4) trained to
recognize key features of the EEG and EMG. The input layer
corresponds to 24 specific features in the EEG and EMG, and the
output layer corresponds to 4 sleep stages (Wake, REM, S12, and
S34). In the training phase, the program computes an error func-
tion between the network output and an expert’s visual scores.
Network weights are then adjusted to reduce the error function by
a back-propagation algorithm. Once the network is trained, novel
data are scored in a single pass consisting of data input, feature
extraction, and network-output steps. Data for each individual
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animal were processed separately. A second data set, consisting
of 48 h of raw sleep data for each animal, was used to evaluate
the performance of the automated scoring program. Each 48 h of
test data were also visually scored by 2 human scorers. Agree-
ment between the visual scores of several human scorers aver-
aged 92.3% (kappa = 0.88), and agreement between automated
and visual scores was 93.7% (see Table 3). Kappa for automated
to human score agreement ranged from 0.85 to 0.93.

Experimental Protocol

Animals were acclimatized to the housing environment for
5 weeks. Prior to this study, animals were entrained to 24-h
days consisting of 16 h of light and 8 h of darkness (LD 16:8).
To minimize light masking relatively dim light was used. Light
level, measured throughout the cage, averaged 13 lux at eye
level during the day and was not measurable (0 lux) at night.
During the day, when animals were playing PTS, they would
have been exposed to levels of between 18-24 lux at the angle
of gaze. Both the lights and the computer monitors for the PTS
were switched on at 06:00 and off at 22:00 daily. Following
the acclimation period, data were collected over 6 consecutive
24-h days.

Data Analysis

Consolidated sleep and wake episodes were defined using
criteria developed for sleep in squirrel monkeys.* A consoli-
dated wake (CW) episode consisted of 10 min of continuous
waking followed by at least 50% waking in each of the next
3 h. A consolidated sleep (CS) episode consisted of 10 min of
continuous sleep, including NREM or REM sleep, followed by
at least 50% occurrence of sleep in each of the next 3 h. Sleep
cycle duration analysis followed criteria modified from those
for humans.'* In rhesus monkeys, an arbitrary 10-min minimum
was used for NREM periods to avoid classifying brief NREM
intervals within REM sleep as separate NREM periods. Con-
versely, a 2-min minimum was adopted for defining the occur-
rence of discrete REM periods. Average durations for consoli-
dated sleep and wake periods as well as for NREM/REM cycles
were calculated using Excel (Microsoft, Seattle, WA).

EEG spectral analysis was carried out using a custom pro-
gram developed in LabVIEW (by KH). Four-sec Hanning
windows with 2-sec overlaps between windows were used in
a 1024-point Fast Fourier Transform to minimize spectral leak-
age. The 0.25-Hz bins were then combined into 1-Hz bins be-
tween 0.125-16 Hz, 2-Hz bins between 16-32 Hz, and 4-Hz bins
between 32-52 Hz. Power in each frequency bin was calculated
for each 30-sec epoch. The program also tabulated sleep score,
low-frequency EMG power, and a full EEG power spectrum
for each 30-sec epoch. Epochs with prominent artifact were
excluded from further analysis. Artifact filtering used criteria
determined by examination of very low frequency (0.1-0.375
Hz) EEG power, high-frequency (72-128 Hz) EEG power, and
low-frequency (0-4 Hz) EMG power. Cutoff levels for artifact
filtering were determined visually. EEG spectral data were stan-
dardized by dividing by the total power (0.375-128 Hz) of all
artifact-free records for each individual before they were aver-
aged across animals.
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Statistics

Statistical analysis was performed using SPSS (SPSS Inc.,
Chicago, IL). Means and standard deviations were calculated
for each animal as well as for the group. Comparisons in sleep
variables among individual animals or among various time
points were made by ANOVA. An a of 0.05 was used for statis-
tical significance.

RESULTS
Elective Sleeping Postures

The unrestrained rhesus monkeys in this study most often
slept seated on either the cage floor or perch with their head and
body leaning against the cage walls, or else lying prone on the
cage floor with their limbs flexed. They were rarely seen sleep-
ing either on their side or in a supine position. The mostly up-
right sleeping posture closely resembles their natural sleeping
behavior, as reported in free-ranging rhesus monkeys, which
typically huddled in clusters of 2 or more animals in the seated
position when sleeping.'®

EEG Patterns

The first 48 h of continuous recordings from 5 animals were
scored visually using criteria similar to those for human sleep
scoring.!" Each 30-sec epoch was assigned a score correspond-
ing to wake, sleep stage, or artifact. Examples of these stages
in the data are presented in Figure 1, showing (A) a waking
sample, (B-F) NREM stages 1-4, (G) REM sleep, and (H) a
typical movement artifact.

When awake, alpha waves (9-11 Hz), commonly occurring
in relaxed wakefulness in humans, were seldom seen in the
rhesus monkeys (Figure 1A). Mixed artifacts were frequently
seen in multiple channels during the waking state in all animals.
Most of these artifacts coincided with movement of the animal,
as shown by comparison with video recordings, and seldom oc-
curred at night when the animals were asleep. During wake,
prominent eye movement potentials (O) also appeared in the
frontal EEG channel, an artifact also commonly seen in human
EEG recordings.

The EEG of stage 1 NREM sleep (Figure 1B) shows slower
oscillations of intermediate amplitude and mixed frequency,
with intermittent high-amplitude sharp waves. Sleep spindles
(S) of 14-16 Hz were common in stage 2 NREM sleep (Fig-
ure 1C); however, these were often indistinguishable from the
background. High-amplitude K-complexes (K) tended to be
more distinctive and abundant than spindles in stage 2 NREM.
Stage 3 (Figure 1D) and 4 (Figure 1E) NREM sleep are both
distinguished by the presence of high-amplitude slow waves
(delta). A 30-sec epoch with more than 20% delta EEG was
scored as Stage 3, and epochs with greater than 50% delta EEG
were scored as stage 4. In 3 of the 5 animals, the waveforms
closely resembled typical stage 3 and 4 NREM EEG in humans.
In 2 of the monkeys, slow waves were usually mixed with high-
er frequency (around 6-15 Hz) waves (Figure 1F).

The REM sleep EEGs (Figure 1G) resembled the fast, desyn-
chronized waveforms found during waking but lacked the fre-
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Figure 1—(A) Example 30-sec epoch polygraph record showing stage Wake in a rhesus monkey. The appearance of high-frequency, low-
amplitude EEG and high tonic EMG activity define stage Wake. EOG tends to show phasic activity representing rapid saccades and blinking.
Ocular artifacts (O) are common in the frontal EEG. Slow movement artifacts often are shown on top of the high tonic activity in EMG. (B)
Example polygraph showing stage 1 sleep in a rhesus monkey. (C) Example polygraph of stage 2 sleep in a rhesus monkey. K-complexes
(K) and spindles (S) are shown in the EEG channels with slow waves occupying less than 20% of the 30-sec epoch. (D) Example polygraph
showing stage 3 sleep in a rhesus monkey. High-amplitude slow waves occupy more than 20%, but less than 50%, of the 30-sec epoch. (E)
Example polygraph of Stage 4 sleep in a rhesus monkey. High-amplitude slow waves occupy more than 50% of the 30-sec epoch. The slow
waves resemble those of humans. The EEG slow waves caused some slow artifacts in the EMG of this example. (F) Example polygraph of
stage 4 sleep in a rhesus monkey. High-amplitude slow waves occupy more than 50% of the 30-sec epoch. In some animals, higher frequency
(>5 Hz) oscillations were commonly seen mixed with slow waves in both stage 3 and stage 4. (G) Example polygraph of REM sleep in a
rhesus monkey. High-frequency, low-amplitude EEG appears accompanied by minimal EMG activity. Rapid eye movements are often seen
as triangular waveforms in the EOG. Spindle-like wavelets (W) of about 20 Hz are common in EEGs of REM sleep. (H) Example polygraph
showing movement artifacts in a rhesus monkey. These high-amplitude artifacts (M), appearing in all channels, are very common during ac-
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quent movement artifacts. Spindle-like, 20-Hz wavelets (W),
lasting approximately 1 sec also appeared in the REM sleep
EEGs. Sawtooth waves in the theta band (5-8 Hz) occasionally
appeared in REM sleep EEG but with low amplitude. Rapid
eye movements were frequently present in the EOG. The EMG
activity recorded from posterior neck muscles was at its low-
est level during REM sleep. Muscle atonia was evident during
most of the REM sleep episodes; however, low muscle tonus
was often observed during preceding NREM sleep as well. The
last 30-60 sec of REM periods were typically marked by a dis-
tinct transitional pattern of high-frequency oscillations with in-
creased amplitude.

SLEEP, Vol. 31, No. 9, 2008

Distribution of Wakefulness and Sleep Stages

Undisturbed rhesus monkeys spent nearly half of the 24-h
day in sleep (Table 1). Sleep accounted on average for 25.2%
(SD 5.2) of the 16-h light period and for 89.2% (SD 1.3) of the
8-h dark period. The animals spent more time awake earlier
in the daytime than later. Dividing the 24-h day into two 12-h
periods for comparison with earlier studies showed our animals
sleeping 18.4% of the time from 06:00 to 18:00.

REM sleep occupied 23.0% of total sleep time over 24 h,
or 10.7% of total time. Most REM occurred during the dark
period, accounting for 19.1% of the total time compared with
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A. Dark Period

Table 1—Percentages of Wakefulness and Sleep Stages by Visual
Scoring of a 48-h Period in 5 Animals. Undisturbed Animals Slept
for 46% of the 24 h, Including 89% of the Dark Period and One-
Fourth of the Light Period.

Total time (100%) Time in sleep (100%)
Asleep S1 S2 S3 S4 REM

24-h

Mean 46.4 158 402 113 9.7 23.0

SD 3.6 67 59 20 45 7.6
Light

Mean 252 26.5 345 8.3 55 252

SD 52 157 94 5.1 6.5 14.1
Dark

Mean 89.2 103 436 13.0 11.8 214

SD 1.3 44 80 43 57 62

Table 2—Percentages of Wakefulness and Sleep Stages by Au-
tomatic Scoring of a Continuous 6-Day Period. The Automated
Sleep Scoring Program Produced Very Similar Results to Hand
Scoring.

Total time (100%)  Time in sleep (100%)

Asleep S12 S12 REM
24-h
Mean 47.4 54.1 21.8 24.1
SD 1.7 2.1 1.9 1.1
Light
Mean 26.5 56.0 13.7 30.2
SD 3.0 159 9.5 134
Dark
Mean 89.2 53.2 26.4 20.4
SD 1.5 7.9 9.9 5.1
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Figure 2—Nighttime (A, filled markers) and daytime (B, open
markers) distribution of sleep stages showing variability among
individual animals. S12: time in stage S12 vs. total sleep time;
REM: time in stage REM vs. total sleep time; S34: time in stage
S34 vs. total sleep time; Sleep: total sleep time in dark period;
Wake: total wake time in light period. Error bars = SEM. The
sleep stage ratios vary from animal to animal, but the total time
asleep is similar among animals in both dark and light periods.

Table 3—Epoch-by-Epoch Comparison of Automated Sleep
Scores with Visual Sleep Scores. An Average Agreement of
93.7% was Achieved Among all Sleep Stages, with the Lowest
Agreement Rate for REM Sleep, about 85%. Kappa Values be-
tween 2 Sets of Human Visual Scores Averaged 0.879 (SD 0.035)
in 5 Animals, and Those Between Human Visual Scores and Au-
tomated Scores Averaged 0.901 (SD 0.027).

Automated Scores

No. of
epochs Wake REM S12 S34 Agreement
Wake 35584 690 511 75 96.5%
g, REM 654 6288 414 0 85.5%
E % S12 400 427 16462 585 92.1%
=2 S34 16 1 557 6084 91.4%
Agreement 97.1% 84.9% 91.7% 90.2% 93.7%

6.6% for the light period. However the percentage of sleep time

in REM sleep was higher during the light period.

A similar analysis was performed on automated scores from
the entire 6 days of polysomnographic recordings (Table 2).
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The automated scoring program generated results similar to
the visual scores with only minor differences. An epoch-by-
epoch comparison between automatic scores and visual scores
is shown in Table 3. Scores from the program for combined
NREM stages 1 and 2 (S12), NREM stages 3 and 4 (S34), REM
and Wake were highly consistent with grouped visual scores.
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Figure 3—A typical example of slow wave activity over 28 hours, and 28-h hypnogram of a representative monkey. Most sleep appears be-
tween early evening and light onset. Early occurrence of deep slow wave sleep (SWS34) and later appearance of REM sleep are among the
features similar to human sleep. More frequent daytime napping is seen in the rhesus.
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Individual and Day-to-Day Variation

Based on automated scores, total sleep and wake time, and
sleep and wake during light and dark periods, did not differ sig-
nificantly among individuals (Figure 2). However, significant
differences were seen in the percentages of sleep stages (REM,
S12, or S34). Day-to-day variability for individual animals was
relatively small compared to differences between individuals,
with each monkey displaying a characteristic distribution of
sleep stages. In the light period, the total wake time was not
significantly different among individual animals (P > 0.05 by
ANOVA or by Kruskal-Wallis test), while all other percentages
varied significantly among animals.

Temporal Structure of Sleep-Wake Cycles
A typical hypnogram of a 28-h period is shown in Figure 3.

Wake periods occurred mainly in the daytime and were inter-
rupted by short sleep episodes, especially toward the end of the
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=
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Time (PST)
Figure 4—Average distribution of sleep stages by time of day (n
=5). Wakefulness starts declining at around 18:00, and reaches a
minimum at midnight, when deep sleep stage (S34) peaks. Both
S12 and REM sleep rise across the night. Error bars = SEM.
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light period. The consolidated sleep period began in the eve-
ning, usually well before the end of the light period (22:00),
and most commonly ended either when the lights came on at
06:00 or shortly thereafter. Brief arousals occurred throughout
the night.

The data from all animals were evaluated in 1-h bins to show
the average distribution of sleep stages by time of day. Percent-
age of time spent each hour in different sleep stages is shown
in Figure 4. Except for a small decrease in the second hour
after light onset, the animals were awake for roughly 80% of
most daylight hours. Increased napping was seen later in the
day, with the percentage of waking progressively decreasing
between 18:00 and the time of lights off at 22:00. During the
night (22:00 to 06:00), animals were awake approximately 10%
of the time until the last h of darkness. Total NREM sleep (S12
and S34 combined) increased beginning at around 18:00, but
did not peak until 1 to 3 h following lights off. Deep slow wave
sleep (S34) increased monotonically beginning around 4 h prior
to lights off, reaching a peak between 23:00 and midnight, 1 to
2 h after lights off. S34 then decreased monotonically during
the latter portion of the night. Shallow slow wave sleep (S12)
increased throughout most of the night. REM sleep was greatest
during the second half of the dark period.

The average length of the consolidated sleep period (CS)
was 10.50 £ 1.08 (SD) h, as defined by the criteria of Wexler
and Moore-Ede."” Due to the fragmented sleep-wake pattern
displayed by the rhesus monkeys during the last 4 h of the
light period, the time of CS onset tended to be highly variable.
Times of CS onset ranged from 18:00 to around 22:20, with
the average CS onset at 20:22, preceding the time of lights-off
(22:00).

In contrast, the onset of consolidated wakefulness (CW), or
the end of the CS as a result, occurred in most cases within 2
min of light onset at 06:00. A very small number of CS offsets
occurred from 1 to 2 h after lights on. Some of the animals
awakened briefly when the lights came on but then resumed
their sleep. This is reflected in the dip shown in Figure 4 for
average Wake in the hours immediately after lights on.

NREM and REM cycles within the consolidated sleep peri-
ods were evaluated further (Figure 5). Cycle lengths are illus-
trated in Figure 5A, which shows durations averaged by cycle
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Figure 5—(A) Intervals between NREM and REM periods for
multiple NREM-REM cycles over the course of the night. Intervals
are averages of 5 animals and are calculated both with and without
the inclusion of brief waking episodes. Error bars = SEM.

The NREM interval is defined by the time lapse between the onset
of one NREM period to the onset of the next NREM period within
the consolidated sleep period (CS). NREM -W shows the NREM
interval with short Wake periods subtracted. REM interval and
REM -W are similarly defined. A general downward trend is seen
in cycle length as sleep proceeds.

(B) NREM and REM episode duration, averaged by cycle. Within
CS, a NREM period starts at the onset of a NREM episode that
lasts longer than 10 min until the end of NREM sleep preceding
the onset of a REM sleep period. Similarly, a 2-min minimum
was chosen to define REM periods to avoid consideration of brief
occurrences of REM within NREM. Time in NREM shows the ac-
tual time spent in NREM sleep in each NREM episode, excluding
brief Wake or REM episodes. Similarly, Time in REM shows the
actual time in REM sleep within each REM episode. NREM dura-
tion decreased across the night while REM duration increased.
However, lengthening of REM episodes in the later part of the
night was seen as a result of increased interruptions which did not
demarcate separate REM episodes according to the above criteria
even though they were more frequent. Error bars = SEM.

number. NREM and REM sleep alternated with a cycle length
of around one hour. The average time between NREM peri-
ods was 60.1 min (SD 4.9 min), of which 52.0 + 4.4 min were
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Figure 6—Distribution of NREM delta activity by time of day,
showing NREM slow wave activity (0.3-4 Hz) in the frontal EEG
normalized to total EEG power and expressed in arbitrary units.
The average of 5 animals is shown (error bars = SEM.). The arrow
indicates the time of average onset of consolidated sleep. NREM
delta activity (cf. Fig. 8) peaks at around 23:00 to 01:00, or 3 to 5
hours after CS onset.

spent in sleep, and the average time between REM periods was
58.7 min (SD 3.6 min), of which 50.4 + 3.2 min were spent in
sleep.

Cycle length (Figure 5A) shows a trend of decreasing dura-
tion over the course of CS, similar to what is seen in humans.'
In all adult groups studied, a shorter first cycle was seen along
with a trend toward decreasing cycle length later in the night.

Similarly, the duration of NREM and REM periods differs
across the CS period (Figure 5B). NREM periods decrease
in length across the sleep period, while REM periods tend to
increase in duration later in the night. The latter, however, is
largely due to sleep interruptions (short waking), or intrusion of
brief NREM sleep episodes into REM periods, either of which
was too short to be considered as a separate cycle. The number
of REM epochs (i.e., time in REM) within each REM period,
shown in Figure 5B as the summed REM duration after Wake
and NREM epochs are excluded, exhibits only a small increase
later in the night.

Daily Profile of NREM Delta Activity

Delta EEG activity in NREM was obtained from FFT analy-
sis and pooled into 1-h bins for each animal. After normalizing
for each animal against its total spectral power, average delta
activity was calculated for 5 animals. The time course of NREM
delta activity (0.3-4Hz) is shown in Figure 6. As expected, the
profile of NREM delta activity closely follows the time course
of'deep slow wave sleep (Figure 4). However, unlike humans'!”
and rats,'® whose delta activity peaks at sleep onset, delta activ-
ity in rhesus monkeys did not reach its maximum until between
23:00 and 00:00, or at least 3 h after the onset of CS. This basic
pattern was seen in all of our monkeys, with the peak of delta
activity occurring in the third hour of CS in 4 of the 5 animals,
and in the second hour of CS in one animal. NREM delta den-
sity (power/minute NREM) plotted against the time since onset
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The highest intensity of NREM sleep occurred in the third hour
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of CS is shown in Figure 7. NREM delta density, an index of the
intensity of NREM sleep, peaked in the third hour of CS then
declined monotonically for the rest of the CS period.

Figure 8 shows the temporal pattern of the NREM sleep EEG
power spectrum over a broader frequency range. The spectrum
of NREM power from 0.3 to 20 Hz was plotted against elapsed
time within the CS period. The delta band exhibits the greatest
changes over time. Power of the lower frequency portion of the
delta band (0.3-2 Hz) peaked during the third hour of CS (Fig-
ure 7), while the power of the higher frequency portion (2-4 Hz)
showed a trend of monotonic decrease over the course of sleep.
The changes in other frequency bands were less pronounced.

DISCUSSION

The present study showed that unrestrained rhesus monkeys
spend almost half of the day in sleep, have consolidated night-
time sleep, and exhibit frequent napping, especially in the latter
part of the day. In contrast to several previous studies, but con-
sistent with our hypothesis, nighttime sleep efficiency was high
in the unrestrained rhesus, with animals spending more than
89% of the 8-h dark period in sleep (Table 4). The EEG patterns
of unrestrained rhesus monkeys resemble those of restrained
rhesus monkeys,'® and are more similar to those of humans than
are those of rodents or cats. Some modest differences between
sleep in unrestrained rhesus and humans were seen, however, at
the level of sleep consolidation, in NREM-REM cycle lengths,
and in the time of peak NREM delta activity. Nevertheless, in
general, sleep architecture, regulation and consolidation in the
unrestrained rhesus monkey was highly similar to that of hu-
mans, demonstrating that the rhesus is a potentially valuable
biomedical model for studying regulatory mechanisms of hu-
man sleep.

Comparison of Results with Literature on Sleep in Rhesus
Monkeys

Comparison with prior studies of sleep in rhesus monkeys,
summarized in Table 4, is constrained by varying differences in
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methodology. In particular, all prior reported studies except one
have employed restraining devices. The remaining study used a
backpack telemetry system requiring daily battery change, and
recordings were not made in the animals’ home cages.” Addi-
tional manipulations that may have affected sleep in prior stud-
ies included blood sampling” and daytime sleep deprivation.'*!
Thus, all prior studies have to some degree involved potential
disturbance of sleep in the animals. Further, continuous record-
ing over the 24-h day has been reported for only one study.”
The remaining reports cover limited periods of the day, either
the entire night time period or a similarly restricted period of the
day, although one study reported on 24-h sleep from combined
12-h recordings made either during 12-h L or D periods.” The
differences in sleep efficiency seen in prior studies are likely
attributable to differences in both acclimation and stress due
to restraint and interventions. In the present study these poten-
tially confounding effects were minimized by the use of fully-
implantable telemetry transmitters and by long-term recording
in the animals’ home cages.

Prior studies of restrained rhesus monkeys showed that the
percentages of individual sleep stages were generally quite
variable. One major difference between the current study and
all prior studies of adult rhesus except one' is in the higher
percentage of REM sleep observed. As a percentage of total
nighttime sleep time, rhesus monkeys in this study were in
REM sleep for 21.4% of the time, close to the proportion seen
in the sleep of normal young adult humans (24%% or 20% to
25%%*). Thus it is possible that undisturbed ad libitum sleep
in the rhesus promotes increased REM sleep. Increased REM
sleep is also seen when extended sleep is allowed in humans.?
Conversely, REM sleep is known to be significantly suppressed
in humans when total time in sleep is restricted? or during ad-
aptation to the sleep laboratory.”

NREM Delta Activity

The cortical electroencephalogram (EEG) during NREM
sleep contains multiple components, including slow oscilla-
tions (<1.0 Hz), delta waves (1-4 Hz) and sleep spindles (~7-14
Hz).?® Whereas slow oscillations are cortically generated, waves
in the delta frequency band are thought to reflect bursting in hy-
perpolarized thalamocortical neurons. Sleep spindles are also
generated in the thalamus by a simple recurrent inhibitory cir-
cuit consisting of thalamic reticular and relay neurons.?’ During
the NREM sleep episodes, delta waves progressively replace
spindles as sleep proceeds, reflecting a progressive hyperpolar-
ization of thalamocortical neurons during which the membrane
potential oscillates first in the spindle frequency range and then
in the range of delta waves.*® Delta waves are considered an
important electrophysiological marker for stage 3 and 4 sleep
(commonly termed slow wave sleep). Thus, total delta power
and its rate of decline during sleep are considered electrophysi-
ological correlates of sleep intensity and the sleep recovery pro-
cess. While the former is supported by the correlation between
slow wave activity and elevated arousal thresholds,’ the lat-
ter is based upon the observation that slow wave activity dur-
ing sleep is proportional to the duration of prior wakefulness
in humans'’*%* and in rats.** These observations have lead to
the incorporation of a homeostatic “sleep drive” into models
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of sleep regulation including the 2-process model proposed by
Borbely* and the opponent-process model of Edgar et al.* It is
well established that NREM delta power and stage 3-4 sleep, in
which delta activity occurs, decline during the course of sleep
in humans®*’ and in several rodent species,* although it is still
debatable whether the decrease is linear or exponential.*' The
monotonic decline of NREM delta activity during the course of
sleep also makes the delta activity fit well as a correlate of the
hypothetical sleep drive, which is supposedly at its peak at the
end of the waking period, i.e., at the time of sleep onset.

In our study, unrestrained rhesus monkeys did not show the
expected peak in delta sleep at CS onset. Instead, pecak NREM
delta power in the rhesus monkeys occurred 2 to 4 h after sleep
onset (Figure 7). However, since CS in this study began several
hours before the lights went off it is possible that light exposure
inhibited deep sleep. A behavioral preference for darkness during
sleep was seen in our animals, including turning away from the
light source in typical sleeping postures. Prominent light mask-
ing effects on the circadian sleep-wake pattern due to intermit-
tent light exposure were observed in another study done in this
lab, using the same level of dim light (unpublished observations).
However, in other studies done in this lab, peak delta power dur-
ing sleep in constant dim light showed a similar delay, both with
and without prior sleep deprivation (unpublished observations).
In our opinion, the dim light level used in this study did not sub-
stantially modify the time course of NREM sleep.

In a prior study of restrained rhesus monkeys* the peak of
sleep stage 3-4 also occurred at around midnight. This was four
hours after the scheduled lights-off time (20:00) in LD 12:12.
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The rhesus in our study entered sleep at about the same time as
the lights off time in that study. Despite the light onset for our
rhesus being earlier by 2 h, it is likely that delta activity in both
studies peaked at a similar time relative to sleep onset. Similar
observations of delayed peak delta (0.5-2 Hz) activity during
CS have been reported in squirrel monkeys.*

However, when the delta frequency band (0.3-4 Hz) in our
data is divided into low- (<2 Hz) and high- (2-4 Hz) frequency
components, the high-frequency component of delta power
shows a pattern of monotonic decline across CS (Figure 7). The
low-frequency component comprises the majority of delta ac-
tivity, which peaks 3 h after the start of CS. It has been reported
that low-frequency oscillations (<1 Hz) in humans exhibit a
different time course from the 2-4 Hz component and do not
decline from the first sleep cycle to the second sleep cycle.*
Therefore, delayed peak delta activity in rhesus monkeys, also
seen in squirrel monkeys* does not necessarily contradict the
hypothesis that delta activity reflects sleep homeostasis. Rather,
the delay in peak delta activity may be due to a larger low-
frequency component in NREM slow waves in nonhuman pri-
mates, with a dynamic similar to slow oscillations (<1 Hz) in
humans.

Individual Variability in Sleep

There is an extensive literature demonstrating individual vari-
ability of sleep/wake measurements in humans. Evidence of
variation has been shown for many aspects of sleep behaviors,
for example in total sleep duration and distributions of sleep
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Table 4—Summary of Previously Reported Data on Baseline Sleep in Rhesus Monkeys.
. Lo . % Asleep S1/ S2/ S3/ S4/ REM/
Study Rggg:i‘:‘l:‘g ;‘fg:l’(‘i Re:‘ﬁ]‘i“tﬂ‘g‘iﬁgz‘: & during TST TST TST  TST  TST
P recording % % % % %
Weitzman, 7-8 h Restraint chair; Sleep .
1965 1 nighttime NR. deprivation in daytime NR. 80 20
Kripke et 7-9h Recorded Restraint chair; Sleep 30 g5 15
al., 1968 nighttime in light deprivation in daytime
Bert et al., 8h . .
19705 nighttime N.R. Restraint chair; N.R. 88.7 15.0 335 19.5 16.5 15.5
Crowley LD 12:12 . )
etal., 24h 175 lux: Re[?tr;‘nttu"glﬁ“’ 51 69"+ 18 12%
19722 dark fdisturbe
Jacoby, ei}d?elrl (lir; LD 12:12 sifjtrlai;m C}:?ﬁrcilll(;(t):r L: 6.8 90.6 1.3 8.2
19727 Y ' ping with D: 58.0* 43.70% 40.9* 15.3%
or night every 15 min.
. 7 h daytime
David et . . . L (7h): 19.5% 91.3b* 6.6 1.8
al,1975%  Or1l3h o LD122 Restraint chai N-R- () 31064 o 61.0 21.9¢ 10.9
nighttime
e]lelzam" o LD 16:8 Restraint chair; L (14 h): 18.7* 97.0% 3.0%
y ’ Undisturbed D: 79.1%* 85.8%* 14.2%*
1998¢
L:D
12:12,
Benca etg . 12 h recorded Restraint chair; N.R. 55.3 9.0 43.8 9.0 5.1
al., 2000 nighttime .
in dim
red light
8h Unrestrained at
Yuetal., nighttime LD 12.5: daviime: Restraint at Adult: 86.5%* 69.0°* 13.9¢* 17.1*
2004°! for 10 11.5 YHIDS, e Adol.: 96.5* 63.7°* 17.7¢* 18.9*
: nighttime
nights
Daley et ni lhztt?me Unrestrained; daily
ve & LD 12:12 replacement of 72.0% 10.7%  56.3* 19.9% 12.6*
al., 2006 for 6 or 7 .
telemetry batteries
days
. LD 16:8 . L:25.2 26.5 34.5 8.3 5.5 25.2
g”gem (ig?g“(;‘)‘f 13 lux: %“;gisst:a;‘;zg’ D: 89.2 103 436 130 118 214
i Y dark 4 24 h: 46.4 158 402 113 9.7 23.0
N.R.: Not reported. *Calculated or estimated from the reported data. *Collective Percentage of S1-S4/TST. ®Collective Percentage of S1-S2/
TST. «Collective Percentage of S3-S4/TST.

stages,* circadian timing of sleep,” spectral variables of sleep
EEG,** vulnerability to the effects of sleep loss*-** and age-
related changes in sleep.® The magnitude of individual differ-
ences is often comparable to the effect size of many experimental
manipulations and clinical interventions.**>* A recent study also
demonstrated individual characteristics in sleep and motor activ-
ity across 2 consecutive days of recording in the rat.*® Though
this issue was not specifically discussed, individual variations in
sleep measurements can also been found in earlier studies of the-
sus monkeys.'*?'¢ In the current study, the 5 animals displayed
distinctive individual distributions of sleep stages with relatively
little day-to-day variation. The causes underlying these individual
differences are largely unknown, and although they may result in
part from systematic errors of measurement, evidence through-

SLEEP, Vol. 31, No. 9, 2008

out the literature suggests that genetic factors likely contribute to
individual variability in sleep/wake behavior.

Potential Impact of Current Light-Dark Schedule on Sleep

The effects of light masking in circadian rhythms and sleep
are well known. In diurnal animals including humans, bright
light has immediate alerting effects whereas darkness promotes
sleep. Light exposure produces the opposite effects in nocturnal
animals.’” To differentiate intrinsic “clock” driven phenomena,
we wished to avoid higher light levels. In the present study a low
illumination level (13 lux on average) was chosen to minimize
this masking effect, but still maintain entrainment of circadian
rhythms. The LD schedule was primarily chosen to simulate
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human sleep wake schedules, and was based to some extent on
prior studies in this lab comparing different length photoperiods
on activity and body temperature rhythms in rhesus monkeys.
In subsequent study of sleep in constant light (LL), we observed
a slight decrease in the total amount of sleep, along with de-
creased nighttime sleep efficiency and increased daytime sleep
(unpublished observation). This observation indicates that even
at this low level of illumination, light exposure has a wake-
promoting effect in the rhesus monkeys. Therefore we expect
that shorter photoperiods, for example a LD 12:12 cycle, which
has a light-dark ratio closer to the observed sleep-wake ratio,
might improve evening sleep-wake consolidation.

In summary, the present study demonstrates the feasibility of
long-term continuous sleep monitoring in the rhesus monkey
using fully implantable biotelemetry. Under these conditions,
sleep-wake architecture, regulation, and consolidation in rhesus
monkeys were found to closely resemble sleep in humans with
only minor exceptions, for example a delay in peak delta activ-
ity in rhesus relative to human sleep. These results demonstrate
that the unrestrained rhesus monkey is an excellent biomedical
model for human sleep.
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