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Influence of Pair-housing on Sleep Parameters
Evaluated with Actigraphy in Female Rhesus
Monkeys

Lais F Berro,"” Tanya Pareek,! Jaren A Reeves-Darby,! Monica L Andersen,? Leonard L Howell,® Donna M Platt,!
James K Rowlett!

Rhesus monkeys are naturally social animals, and behavioral management strategies have focused on promoting pair-
housing in laboratory settings as an alternative to individual or group housing. In humans, co-sleeping can have a major
impact on bed partners’ sleep, raising the possibility that pair-housing also may influence sleep parameters in monkeys. In
the present study, we investigated if pair-housing would impact home-cage partner’s sleep in female rhesus monkeys, and
if nighttime separation using socialization panels would alter this pattern. Sleep parameters of 10 experimentally naive
adult female rhesus monkeys (5 pairs) were evaluated for 7 consecutive days using actigraphy monitors attached to primate
collars. Paired animals then were separated by socialization panels during the night, and sleep-associated measures were
evaluated for 7 consecutive days. The data showed that sleep efficiency was significantly lower when monkeys were pair-
housed as compared with when they were separated. On the nights when subjects were pair-housed, a positive correlation
was detected for sleep measures (both sleep latency and efficiency) of both members of a pair (R2’s = 0.16-0.5), suggesting
that pair-housing influences sleep quality. On nights when subjects were separated, no correlations were observed for sleep
measures between members of the pairs (R2’s = 0.004-0.01), suggesting that when separated, the home-cage partner’s sleep no
longer influenced the partner’s sleep. Our results indicate that pair-housing has a strong impact on the home-cage partner’s
sleep, and that this pattern can be prevented by nighttime separation using socialization panels. Studies evaluating sleep in
pair-housed monkeys should consider the effects that the partner’s sleep may have on the subject’s sleep. Sleep is a biologic
phenomenon and experimental outcome that affects physical and behavioral health and altered sleep due to pair-housing
may affect a range of research outcomes.

Abbreviations: NHP, nonhuman primate(s)
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While promoting social housing (that is, both pair- and
group-housing) in laboratory animals has been proposed as
a way to increase the external validity of primate biomedical
research,!® many experimental variables can be influenced by
social-housing. Sleep, for instance, is a frequently neglected
contributor to physical health and wellbeing,??%30 and sleep can
be influenced by sleeping arrangements. In humans, co-sleeping
can have a major impact on bed partner’s sleep and perhaps on
their health and wellbeing.!518% Given that NHP tend to huddle
together when sleeping in naturalistic environments, the human
literature on co-sleeping raises the possibility that social housing
also may influence sleep parameters in monkeys. Altered sleep
due to pair-housing might affect research outcomes, especially
for studies in which sleep is a primary outcome measure. It
may also affect the animals in other ways and consequently
influence the external validity of primate biomedical research.

Intermittent pair-housing has been proposed as an alterna-
tive to continuous pair-housing to accommodate with research
and management needs.?’ Intermittent pair-housing involves
temporary daily or weekly separations that last several hours.>’
One group has shown that overnight separations may influence
cortisol levels in pair-housed female monkeys.? Because high

Introduction

According to the Animal Welfare Act,! any institution that
houses nonhuman primates (NHP) must develop a plan to
provide for the animals’ psychologic wellbeing and to address
their social needs. Rhesus monkeys (Macaca mulatta) live in
social groups in nature, and social environments have been
shown to significantly improve the welfare of laboratory NHP,
both behaviorally and physiologically.!*?” For instance, single
housing has been associated with physiologic changes such as
immunosuppression? and higher blood pressure.!! Therefore,
behavioral management strategies have focused on promoting
pair-housing as a more feasible alternative to group housing,?
and research facilities have received increased regulatory pres-
sure to pair-house NHP in indoor colonies.!® In fact, according to
the most recent survey, among all research facilities in the United
States, the percentage of laboratory NHP being housed in pairs
(23%) is now higher than that of single-housed animals (16%).*
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cortisol levels are associated with poor sleep in humans,’! a
reasonable assumption is that pair-housing and / or intermittent
separation might also influence sleep in NHP.
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The current study investigated whether pair-housing influ-
ences the partner’s sleep in pair-housed female rhesus monkeys,
and whether nighttime separation alters this pattern. Sleep-like
parameters were measured using actigraphy during 7 d while
animals were pair-housed, and during 7 d of nighttime separa-
tion using socialization panels that allowed for visual and tactile
contact between the subjects throughout the evening/night.

Materials and Methods

Subjects. Ten adult female rhesus monkeys (Macaca mulatta),
weighing between 6- 10 kg across the course of the study,
served as subjects. Six of the subjects (3 pairs) were housed
at the University of Mississippi Medical Center (UMMC),
and 4 (2 pairs) were housed at the Yerkes National Primate
Research Center, Emory University. Both institutions are
AAALAC-accredited. All 10 subjects were experimentally
naive at the time of the experiments. UMMC monkeys were
pair-housed originally by the behavioral management team
from the Harlow Center for Biologic Psychology, Univer-
sity of Wisconsin-Madison, before being moved to UMMC;
whereas Yerkes monkeys were pair-housed by the Yerkes
behavioral management team. All monkeys had been pair-
housed for at least 6 mo before the beginning of these studies.
Subjects had visual, auditory, and olfactory contact with other
monkeys in the room throughout the study, as well as access
to chew toys. Subjects were maintained on a 12h light/12h
dark cycle (lights on at 600h), at a temperature of 21 +2 °C,
with water available ad libitum and monkey diet available
once/day, supplemented by fresh fruit and forage (seeds and
dry fruit), and were weighed monthly during physical exami-
nations. Animals were fitted with primate collars (Primate
Products, FL) prior to the start of the studies.

For the 6 subjects at UMMGC, all animal use procedures were
approved by the UMMC Animal Care and Use Committee.
For the 4 subjects at Yerkes, all animal use procedures were
approved by the Yerkes Animal Care and Use Committee. All
protocols and animal care and handling followed the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011).

Experimental procedures. Actigraphy-based sleep parameters.
Actiwatch sensors (Mini Mitter, Bend, OR) were used to assess
activity, as previously described.5® The Actiwatch consists of
an omni-directional sensor that is sensitive to motion (recorded
as activity counts) and has been previously shown to be a
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reliable, non-invasive method for activity monitoring.” The
monitors were programmed to record the total piezoelectric
voltage generated over the preceding 15 s (i.e. epoch length
= 15 s). The devices record intensity, amount and duration
of movement in all three planes by producing a voltage that
is subsequently converted to an arbitrary count and data
logged (for review see Mann et al. 2005). While no studies to
date have validated the use of actigraphy to investigate sleep
in NHP using EEG-based sleep assessments, actigraphy has
been validated for sleep studies in humans,'® showing a high
agreement with polysomnography-based sleep. Specifically,
the Actiwatch device consisted of an omni-directional sensor
sensitive to motion (recorded as activity counts). The monitors
were programmed to record the total piezo-electric voltage
generated over the preceding 60 s (that is, epoch length = 60 s).
The devices recorded the intensity, amount, and duration of
movement in all 3 planes. Subjects were adapted to wearing the
activity monitors attached to their collars for at least 1 wk prior
to the experiments, and adaptation was determined to occur if
subjects no longer manipulated the collars and/or actigraphy
cases. Nighttime activity data were generated in terms of the
following behavioral sleep indices: sleep efficiency (that is, the
percentage of the dark phase during which the animal was
inactive), and sleep latency (that is, the time between “lights
off” time and the first bout of inactivity). All parameters were
calculated using the Actiware Sleep 3.4 software program (Mini-
Mitter, Bend, OR).

Experimental design. Before the separation phase, Acti-
watches were attached to both monkeys’ collars and baseline
sleep behavior was measured for 1 wk while the subjects were
pair-housed. Activity recording continued for the duration of
the experiments. During the separation phase, monkeys were
separated overnight from 1600h until 800h by placement of a
socialization panel that physically separated the animals but
allowed visual and tactile contact through a wire mesh (UMMC)
or through large holes (Yerkes). The pairs were separated nightly
for 7 d, and their sleep measures were evaluated during the
separation nights.

Data analysis. Sleep data from monkeys while pair-housed
and separated were averaged across days of pair-housing and
separation (Figure 1) and were analyzed using 2-way repeated
measures (RM) ANOVA followed by Bonferroni’s ¢ test with
time (days 1 through 7) and housing (paired compared with
separated) as factors. To evaluate the influence of one monkey’s
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Figure 1. Actigraphy-based (A) sleep latency and (B) sleep efficiency of 10 naive adult female rhesus monkeys (5 pairs of monkeys) during nights
when subjects remained paired and during nights when pairs were separated using socialization panels. Data are expressed as meant SEM

*P < 0.05 compared with Paired, paired Student f test.

166



sleep on her cage-mate’s sleep, we conducted a series of cor-
relations between facilities and across paired compared with
separated conditions, as well as collapsed across both facilities.
Correlational analyses were conducted using Pearson’s Cor-
relation. All graphical data presentations were created, and all
statistical tests were performed, using Prism 8 (GraphPad Soft-
ware). Significance was accepted at an o.of P <0.05. Descriptive
data are expressed as mean with SEM.

Results

Sleep parameters under paired and separated nighttime
housing conditions. Analysis of the average sleep data across
the 7 days under paired and separated housing showed that
nighttime separation with socialization panels significantly
improved sleep measures. Separated monkeys showed a
significantly lower sleep latency (sleep latency paired: 62
+ 17 min; sleep latency separated: 34 + 9 min; paired t-test,
[t(9) =2.31, p <0.05]) and significantly higher sleep efficiency
(sleep efficiency paired: 66 + 4%,; sleep efficiency separated:

R?=05
P < 0.0001
A Slope: 0.74
Sleep Latency Paired
200
z |
£ 1
£ 150
By
Q
S < 100
5 )
55
=
= 504
2 [ d
7]
ov r T r 1
0 50 100 150 200
Sleep latency (min)
Monkey 1
R?=0.16
P <0.05
c Slope: 0.16

Sleep Efficiency Paired

& 1001
>
g [}
2 E‘ 80+
L2 LY
ﬁ s ° ..' ®
= @
2% o A
2 * . *
7]
40 . r r
40 60 80 100
Sleep efficiency (%)
Monkey 1

Sleep and pair-housing in female rhesus monkeys

76 +4%) compared with the same monkeys when pair-housed
paired t-test, [t(9) = 2.6, p < 0.05]. Sleep data also were ana-
lyzed across days under the 2 nighttime housing conditions
using 2-way RM ANOVA (Figure 1). No significant differences
were found for sleep latency across the 7 d of paired and
separated housing (Interaction: [F(6,54) = 0.4016, P = 0.87],
Figure 1A). Sleep efficiency showed a significant interaction
between time and housing [F(6,54) = 2.814, P < 0.05], with a
significantly higher sleep efficiency on Days 5 and 7 when
subjects were separated as compared with when they were
paired (Figure 1B).

These studies were conducted in two different research
centers (University of Mississippi Medical Center and Yerkes
National Primate Research Center). Correlational analysis
of the combined data showed a positive correlation between
sleep measures of a monkey and its home-cage partner on the
nights when subjects were pair-housed (sleep latency: [R2=0.5,
P <0.0001], slope = 0.74, Figure 2A; sleep efficiency: [R2=0.16,
P < 0.05], slope = 0.16, Figure 2C and Table 2). The correlation
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Figure 2. Correlational analysis for (A, B) sleep latency or (C, D) sleep efficiency of one monkey and its home-cage partner during nights when
subjects remained (A, C) paired or during nights when subjects were (B, D) separated using socialization panels. Pearson Correlation. Blue dots
represent monkeys housed at the University of Mississippi Medical Center; red dots represent monkeys housed at the Yerkes National Primate

Research Center.
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Table 1. Individual subject sleep phenotype and sleep change observed
after separation.

Subject Sleep Phenotype Sleep change after separation

M1 Normal No change
M2 Short No change
M3 Short Worsened
M4 Normal Latency: worsened; Efficiency: improved
M5 Normal Improved
Me Short Latency: worsened; Efficiency: improved
M7 Normal Improved
M8 Normal Improved
M9 Normal Improved
M10 Short No change

Normal: normal sleep phenotype; short: short sleep phenotype (sleep
efficiency < 70%; sleep latency > 60min). Improved: decreased sleep
latency, increased sleep efficiency. Worsened: increased sleep latency,
decreased sleep efficiency.

Table 2. Correlations between actigraphy-based sleep measures for a
monkey and cage mate while paired and following nighttime separa-
tion per facility

Sleep Housing
Facility Measure Condition R?>  Slope P value
UMMC Sleep Latency  Paired 015 1.02 0.07
Separated 0.03 0.18 0.40
Sleep Efficiency Paired 032 026 <0.01*
Separated 0.03 -0.06 040
Yerkes Sleep Latency  Paired 0.65 092 <0.001*
Separated 006 -1.24 0.36
Sleep Efficiency Paired 030 050 <0.05*
Separated 042 -1.11 <0.05*

*Significant correlation (Pearson’s Correlation).

for sleep efficiency was much weaker than that for sleep latency,
although both were statistically significant. However, a signifi-
cant correlation was not detected during separation nights for
either sleep latency (R? = 0.004, P> 0.05; slope = 0.16; Figure 2B)
or sleep efficiency (R? = 0.01, P > 0.05; slope = 0.05; Figure 2D).

We also analyzed data separately for each facility. For mon-
keys from Yerkes, analysis of the averaged sleep data across
the 7 days under paired and individual housing conditions
showed that nighttime separation with socialization panels
significantly improved sleep measures. At Yerkes, separated
monkeys, as compared with pair-housing of the same monkeys,
showed a significantly lower sleep latency (paired: 119 £ 3 min;
separated: 51 + 14 min; paired t-test, [t(3) = 5.58, P < 0.05]) and
significantly higher sleep efficiency (paired: 59 + 1%; separated:
68 * 4%; paired t-test, [t(3) = 3.41, P < 0.05]). For monkeys from
UMMC sample, nighttime separation improved sleep efficiency
(paired: 71 + 5%; separated: 80 + 5%; paired t-test, [t(5) = 2.24,
P <0.05]) but not sleep latency (paired: 24 + 11 min; separated:
23 + 11 min; paired t-test, [t(5) = 0.25, P > 0.05]). Correlational
analysis conducted to compare the two facilities found that
even with the low sample sizes, relatively high correlations
that were statistically significant or close to significance were
detected when animals were paired, but not when they were
separated (except for one significant negative correlation) (see
Table 2 for descriptive data).

Individual subject data. Individual subject data across experi-
mental days are shown in Figure 3 (sleep latency) and Figure 4
(sleep efficiency). For most pairs, an obvious difference in their

sleep parameters is seen after subjects are separated during
the nighttime. We have previously grouped monkeys at our
UMMC colony as “normal sleepers” or “short sleepers” based
on individual monkeys’ sleep phenotypes.” Based on this clas-
sification, “short sleepers” are monkeys in which sleep latency
is longer and sleep efficiency values are less than typical values
compared with the larger pool of available monkeys in our
colony.” Using this approach, our “short-duration sleep” cohort
differs significantly in their sleep parameters compared with
our larger colony. Adult female monkeys presenting the short
sleep phenotype consistently show shorter sleep duration (sleep
efficiency < 70%) and longer time to fall asleep (sleep latency >
60 min) compared with adult female normal sleepers. Therefore,
in the present study, we also compared individual normal and
short sleepers based on their sleep phenotypes when monkeys
were separated.

In a sample of 10 female monkeys, we classified 6 as normal
sleepers (M1, M4, M5, M7, M8, M9) and 4 as short sleepers
(M2, M3, M6, M10) based on the average 7-d sleep data under
separated conditions. This distribution is consistent with that
of sleep phenotypes across our colony, with approximately 40%
of females showing a short sleep phenotype. Therefore, most
of our pairs (M1-M2, M3-M4, M5-M6, M9-M10) include both
normal and short sleepers, with only one pair (M7-M8) being
comprised of 2 normal sleepers. Based on these classifications,
we also can determine whether the subjects’ sleep parameters
improved (decreased sleep latency, increased sleep efficiency),
worsened (increased sleep latency, decreased sleep efficiency)
or unchanged with nighttime separation. Table 1 shows the
summary of the individual subject sleep phenotype and sleep
changes after separation. In general, normal sleepers showed
either no change or an improvement in at least one sleep param-
eter after separation. Only one subject, a short sleeper, showed
longer sleep latency and lower sleep efficiency after separation.
Two of the 4 short sleepers showed no change after separation.
The 4t short sleeper showed with worsened (longer) sleep
latency and improved (longer) sleep efficiency after separation.

Discussion

The promotion of social housing in laboratory animals has
been proposed to increase the wellbeing of laboratory NHP
and, consequently, the external validity of primate biomedical
research. However, many experimental variables can be influ-
enced by changes in the social environment. The frequency
of changes in social housing that laboratory rhesus monkeys
experience is an established risk factor for developing abnormal
behaviors.!” Moreover, changes in the social environment can
alter hormonal and immune responses.!” Therefore, scientists,
veterinarians, and colony managers should understand the
full impact of social housing and housing changes on research
outcomes and animal wellbeing. Sleep is a biologic phenomenon
and an experimental outcome that affects physical and behavio-
ral health and can itself be affected by the social environment.
Therefore, sleep changes during pair-housing may affecta range
of research outcomes.

Because sleep induces decreased awareness and vigilance,'? it
can be viewed as an attachment behavior that is optimized un-
der conditions of physical and emotional safety and security.3?
Therefore, one might expect that pair-housing would improve
sleep in NHP. However, the present study shows that sleep effi-
ciency was significantly worse when monkeys were pair-housed
as compared with when subjects were separated at night with
socialization panels. Our findings show that sleep can be nega-
tively influenced by co-sleeping, either as a primary effect across
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Figure 3. Individual subject sleep latency data for the 5 pairs of female rhesus monkeys across the 7 d of sleep recording under paired (left pan-
els) and nighttime separation (right panels) conditions. Dotted lines (60min) represent the sleep latency cut off for short compared with normal
sleep (260min = short sleeper). Blue dots represent monkeys housed at the University of Mississippi Medical Center; red dots represent monkeys
housed at the Yerkes National Primate Research Center.
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Figure 4. Individual subject sleep efficiency data for the 5 pairs of female rhesus monkeys across the 7 d of sleep recording under paired (left
panels) and nighttime separation (right panels) conditions. Dotted lines (70%) represent the sleep efficiency cut off for short compared with
normal sleepers (<70% = short sleeper). Blue dots represent monkeys housed at the University of Mississippi Medical Center; red dots represent
monkeys housed at the Yerkes National Primate Research Center.
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several days or, in the case of sleep efficiency, as a more gradual
change. The effects observed in the present study may be related
to the indoor living situation with artificial light cycles. Further
studies of sleep in group- or pair-housed NHP living in outdoor
colonies are warranted to understand the effects of the social
context of sleep under conditions that more closely mimic what
NHP experience in naturalistic environments.

The present study showed that on the nights when female
rhesus monkeys were pair-housed, a positive correlation was
observed between sleep measures of a monkey relative to its
home-cage partner, further suggesting that pair-housing influ-
ences sleep quality. These data are in agreement with human
studies showing that co-sleeping can have a major impact on
bed partner’s sleep.3? For instance, obstructive sleep apnea has
been referred to as a “disease of listeners”? because, in addition
to affecting the patient’s sleep quality, the associated snoring
and increased arousals often adversely affect the bed partner’s
sleep.102434 Although this has been known for decades, only
recently has sleep research shifted toward studying the social
context of sleep, as opposed to focusing on sleep primarily
as an individual behavior. By showing for the first time that
co-sleeping also has a clear impact on the sleep of pair-housed
laboratory female rhesus monkeys, our study adds to this
literature by demonstrating the effect in a NHP species and em-
phasizes the importance of considering sleep as a biologic and
experimental variable that may be influenced by social-housing.

Our findings have important implications for strategies to in-
crease wellbeing and design research studies using pair-housed
rhesus monkeys. Sleep is a frequently neglected contributor to
physical health and wellbeing?>?%30 and, in humans, co-sleeping
can negatively affect bed partner’s health and wellbeing.!>1833
Rodent studies also have shown that housing conditions can
influence sleep parameters in mice,!” which prompted research-
ers to discuss best animal care practices related to experiments
on sleep-wake cycles in rodents.” However, the literature on the
influence of NHP housing on sleep is scarce. Therefore, the fact
that pair-housing can negatively impact sleep in female rhesus
monkeys indicates that this is an aspect of pair-housing that
may negatively impact wellbeing and physical health. Given the
evidence indicating that social housing promotes wellbeing in
laboratory NHP," the benefits of pair-housing on wellbeing may
surpass the negative effects on sleep, although little evidence
in the literature addresses this fundamental aspect of NHP
husbandry. In fact, many of the physiologic changes reported
after changes in social and housing arrangements in laboratory
NHP® may be at least partially associated with changes in sleep
patterns (for example, hypothalamic-pituitary-adrenal (HPA)
axis-related changes).2

Our findings also have important implications for research
that uses macaques. The most relevant situation is research
studying sleep as a primary outcome measure, particularly
if the research is conducted in pair-housed animals in which
co-sleeping will most certainly affect sleep outcomes. Sleep
quality can also affect many other physiologic processes in
NHP, ranging from hormonal responses!®??>?° to cognition.'
Although no studies are available specifically in NHP, rodent
and human studies show that sleep impairment can negatively
influence inflammatory?! and immunologic processes.® Given
the extensive use of rhesus monkeys in immunologic research
such as vaccine development, more information on how sleep
affects immune function in this species is warranted.

On the nights during which pairs were separated, not only
did subjects have improved sleep efficiency and latency, but
these sleep measures were not correlated between the pairs.

Sleep and pair-housing in female rhesus monkeys

These data suggest that when separated, the home-cage partner’s
sleep no longer influenced the other monkeys’ sleep, even though
the pair could still have visual and tactile contact through the
socialization panel. Intermittent pair-housing, including daily or
weekly separations of pair-housed monkeys for several hours,>’
has been proposed as an alternative to continuous pair-housing to
comply with research and management needs.2’ Here we show that
nighttime intermittent pair-housing can disrupt the pattern of sleep
interdependency observed in pair-housed female rhesus monkeys
and may be a better alternative to continuous pair-housing for
promoting healthy sleep patterns.

Although grouped data show improved sleep efficiency after
separation, not all subjects showed this effect after separation
as compared with when they were paired (see Table 1). While
normal sleepers tend to show improvement in sleep quality
upon separation, the only subject (M3) that showed overall
worsened sleep quality after separation was classified as a
short sleeper. In addition, the only pair in which both subjects
showed improvements for both sleep measures after separa-
tion was also the only pair in which both subjects were normal
sleepers. These data suggest that changes in sleep quality due to
pair-housing may depend on the subject’s baseline sleep quality
and the sleep quality of its cage mate. This observation empha-
sizes the importance of future studies investigating how sleep
phenotypes influence pair-housing-induced changes in sleep
quality. Finally, our data also indicate that sleep phenotypes
should be considered as potentially important factors when
selecting subjects for pair-housing.

In summary, our results show that pair-housing has a signifi-
cant impact on the home-cage partner’s sleep in female rhesus
monkeys, and that this pattern can be disrupted by nighttime
separation with socialization panels. Altered sleep due to pair-
housing may affect a range of research outcomes, but particularly
studies in which sleep is the primary measure of interest. The
finding that pair-housing can negatively impact sleep indicates
that this frequently neglected aspect of pair-housing may also
negatively impact wellbeing and physical health. Our studies in-
cluded subjects from 2 different institutions with similar housing
conditions (including identical light/dark cycles and no access
to windows in the colony room). This indicates that the findings
may generalize across institutions and suggests that the housing
arrangement may influence the results. However, the present
study had a small sample size, and we were unable to control for
facility in our statistical analysis. Finally, an important limitation
is the use of female rhesus monkeys; results may differ in male
monkeys. Future multicenter studies with larger sample sizes are
needed to explore sex differences in the influence of pair-housing
on sleep, environmental influences on those effects, and how
physiologic responses induced by changes in social environment
affect sleep-wake patterns.
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