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Effect of Indoor Compared with Outdoor
Location during Gestation on the Incidence of
Diarrhea in Indoor-Reared Rhesus Macaques

(Macaca mulatta)

Hanie A Elfenbein,'® Laura Del Rosso,' Brenda McCowan,-® and John P Capitanio’"

Behavior and health, including the incidence of chronic idiopathic diarrhea, can vary widely among NHP reared indoors.
We hypothesized that factors during gestation account for some of the variability in chronic diarrhea risk that cannot be
explained by postnatal environment, genes, or known physiologic deficits. We hypothesized that, among macaques reared
indoors postnatally, outdoor housing during gestation (when the dam engaged with a large, species-typical social group)
would be protective against diarrhea as compared with gestation experienced in an indoor setting. We also hypothesized that
exposure to routine husbandry and veterinary care in utero would increase diarrhea rates in offspring. We built models to
test the influence of specific events during pregnancy as well as their interactions with anxiety-related genotype as a way of
understanding genexenvironment interaction on the development of diarrhea in indoor-reared rhesus macaques. Although
previous reports have suggested that rearing by the mother in an indoor environment is preferable to nursery rearing, we
found that whether gestation occurred indoors (in single or pair housing) or outdoors (in a large social group) better explained
the variability in diarrhea rate in our study population of indoor-reared macaques. Furthermore, the diarrhea incidence was
associated with nervous temperament and serotonin transporter promoter genotype. Several significant interactions indicated
that some of these effects were specific to subsets of animals. Our results demonstrate that the prenatal environment can have
unexpected lasting health consequences.

Abbreviations: 5HTT, serotonin transporter (gene); ACTH, adrenocorticotropic hormone; AIC, Akaike information criterion;

MAOA, monoamine oxidase A (gene)

Even before becoming pregnant, women often begin taking
dietary supplements and initiate exercise regimens to ensure
the best possible environment for fertilization, attachment,
and embryo growth. This behavior reflects the recognition that
even the very earliest stages of fetal development are affected
by the environment. The fetal environment can have lifelong
consequences for health and behavior through mechanisms col-
lectively referred to as ‘biological sensitivity to context,” which
prepares the individual for challenges it is likely to experience
throughout its life.3!

Research in mice, for example, has shown an effect of pre-
natal stress on the development of anxiety-like behaviors and
deficits in social behavior.2”7® This is described as an effect of
priming of the hypothalamic—pituitary—adrenal axis, leading to
alterations in set-point or impaired negative feedback control
owing to epigenetic modification (Figure 1).!'?8 Prenatally
stressed rodents have shown both increased magnitude and
duration of the hypothalamic-pituitary-adrenal stress re-
sponse.!! However, prenatally stressed animals that were reared
postnatally by a dam that was not experimentally exposed to
stress during pregnancy showed reduced behavioral effects of
their gestational exposure, suggesting that although prenatal
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stress may increase the likelihood of anxiety-like behaviors, its
effect is at least partially reversible by experiencing a particular
postnatal environment.?” Similar correlations exist in humans,
with prenatally stressed persons exhibiting impairments in
social behavior and cognitive function.!! In addition, in a rhe-
sus macaque model, prenatal stress can lead to changes in the
gastrointestinal microflora for at least the first 6 mo postnatally.®
Although it is easy to posit a mechanism between nutritional
stress during gestation and the gastrointestinal development
of the offspring, dams in the cited studies® were exposed to
only a mild psychologic stressor, revealing complex effects of
psychosocial stress on fetal development. Therefore, expecting
that multiple types of gestational stress might affect an animal’s
overall health during early life is reasonable (Figure 1).

In addition to influencing later health, the gestational envi-
ronment may influence an offspring’s general behavioral and
physiologic approach to its postnatal environment, including to
postnatal stressors. Interindividual differences in how animals
consistently behave in their environments are often described
in terms of personality,'# a term that encompasses both traits
(dispositions in response), and motives (incentives for response).
Personality describes the consistent patterns in behavior and
affect seen within a subject across time and situations and in-
cludes the type, magnitude, and duration of responses.!!2857
Personality can be seen both as a cause and consequence of
behavior: personality is a cause of the way an animal interacts
with its environment and other animals, and personality is a
consequence of genetics, life history (including the prenatal
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Figure 1. The hypothalamic—pituitary-adrenal (HPA) axis is an im-
portant regulatory system (green solid arrows) for cortisol, a hormone
involved in the stress response as well as metabolism, inflammation,
and other important homeostatic functions. The HPA axis operates
through negative feedback (red dashed arrows), which may be blunt-
ed or sensitized due to chronic stress during development.

environment), and health status and is constantly updated
through the subject’s experiences with its environment and
other animals.*0648487 Therefore, in this view, personality, which
can be influenced by prenatal experience and which can be as-
sociated with appraisal of and response to stressors,32749,5255
might mediate the effect of prenatal experience on health. Stud-
ies in both humans and NHP have shown personality to be a risk
factor for diseases, including nonpathogenic diarrhea, as well
as deficits in immunity that are associated with disease.!%155785

Therefore, a potentially useful indicator of comprehensive
health in rhesus macaques in biomedical research facilities is
diarrhea incidence, defined as the number of cases in the popu-
lation in a given time period. Diarrhea is the leading cause of
morbidity, especially for prepubescent NHP and accounts for
more than 50% of animal hospitalizations annually in primate
research centers.3>% Diarrhea is a common clinical symptom
associated with many diseases and syndromes and is therefore
useful as a general indicator of stress on the system.> Sometimes
diarrhea is due to a pathogen (that is, Shigella, norovirus), but
often times it is not.?%828 Nursery-reared NHP and those reared
indoors by their mothers are known to have especially high in-
cidence of diarrhea, but significant and unexplained variability
within those groups mimics the high variability found in other
measures of stress response. !

Multiple causes and effects of stress on the animal, and the
presence of interindividual differences in response, complicate
the relationship between stress and the development of diar-
rhea.*85564 Differences in perception of stress, and variation in
the magnitude of the stress response, may increase susceptibility

to recurrent diarrhea in some individuals, leading to increased
variation.!%3# Moreover, interactions between body systems
are evident such as evidence that the composition of the micro-
biome feeds back on behavior: Bravo and colleagues found a
decrease in anxiety-related behaviors in mice inoculated with
the probiotic Lactobacillus revealing a direct relationship between
the microflora community and behavior.” Stress, including social
stress, has been shown to augment inflammatory conditions
through dysregulation of the gut microbiota and inhibition
of probiotic or anti-inflammatory strains of bacteria.*>2062
Dysbiosis, if not outright diarrhea, following life stresses is
commonly cited in reports of chronic or recurrent diarrhea in
humans and other animals.3* Animals may be especially prone
to postinfection diarrhea when the glucocorticoid (that is, the
hypothalamic—pituitary-adrenal) stress system is dysregulated,
as in prenatally stressed progeny.2+%

Given that the gestational environment has the potential to
generate system set points (the values that the homeostatic
system works to maintain in domains, such as temperature
and plasma cortisol concentration) and prepare the animal
for its postnatal environment, we evaluated the relationship
between potential gestational stress of the dam and diarrhea
risk of offspring. Dams that rear their offspring indoors are
heterogeneous in terms of the gestational experiences of their
fetuses, and their offspring are more variable in tests of behavior
and personality at 3 mo of age.®** Some dams are relocated to
indoor housing during their pregnancy, other indoor-housed
females may experience social disruption in the form of change
or loss of their social partner during pregnancy, and each may
have other experiences during their pregnancy including illness,
medication, or sedation. Previous literature suggests each of
these experiences is a potential stressor associated with rises
in circulating cortisol, compromised immune function, or the
development of anxiety-like behaviors.01853656879 Gimilarly, in-
fants might be selected for nursery rearing due to difficult birth,
dam or infant health, colony management, or research purposes.
In short, animals that are born and reared in an indoor setting
at primate facilities often constitute a group whose prenatal
experiences are quite variable. We sought to better understand
the role of prenatal factors on animal health among NHP born
and reared indoors.

Over the years, poor outcomes have been associated with
indoor or nursery rearing without the consideration of the pre-
natal environment.”>””#2 Behaviorists and colony management
experts consider mother rearing, even if indoors, preferable to
nursery rearing unless necessitated by a specific research pro-
tocol and approved through IACUC review.202747,627275 Mother
rearing, even when indoors, offers the infant the opportunity
to form an important bond with its mother and to learn appro-
priate social behaviors typical to macaque society. In addition,
mother-reared infants receive breast milk, known to have
significant benefits on physical and physiologic development.*
However, the indoor mother-reared infants are rarely outside
of their mother’s arm reach and do not have the opportunity to
learn about rhesus macaque social structure through interaction
with multiple members of each age—sex class. Nursery-reared
infants have only peer contact during the early rearing period.
The consequences of each rearing environment may produce
juveniles that are more or less sensitive to particular types of
stressors they are likely to encounter.

Materials and Methods
Data were collected from all infants in the BioBehavioral As-
sessment program at the California National Primate Research
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Center, whose rearing type was coded as ‘indoor mother-reared’
or ‘nursery-reared,” and who were born between 1 January
2001 and 31 December 2007. Indoor mother-reared infants were
housed in single-adult cages and may have had access to their
mother’s pairmate and her infant (if she had one) in an adjacent
cage for 8 to 24 h daily. Cages included perch bars and at least
one toy or other enrichment item. The mother and infant had
visual and auditory access to as many as 50 other animals in
the room. All animals had unlimited access to water and were
fed a prescribed number of standard monkey chow biscuits
(LabDiet, Purina Mills International, St Louis, MO) twice daily.
Nursery-reared infants are raised in incubators in isolation until
approximately 30 d of age, during which time they received
formula (Enfamil) every 2 h. At approximately 30 d of age, they
were introduced to a social pairmate of similar age. After a few
days of habituation, the 2 infants are allowed continuous contact
in ‘quad cages,” which were smaller versions of the standard
indoor housing system containing perch bars and wire mesh.
These cages also had plush toys, pacifiers, and towels for the
infants. Infants were provided formula and gradually were tran-
sitioned onto soaked monkey chow and finally standard chow.
During the years evaluated in this study, selected infants were
nursery-reared primarily to derive a SPF colony.” All animals
were cared for in compliance with protocols approved by the
IACUC at the University of California-Davis and adhered to
the requirements of the Animal Welfare Act, USDA regulations,
and the Guide for the Care and Use of Laboratory Animals."*! The
University of California-Davis (including the California Na-
tional Primate Research Center) is fully AAALAC-accredited.

Description of variables. For each infant, data regarding ges-
tational variables were determined by using the digital colony
management system at the center. By using the estimated
conception date as the start date (estimated by veterinarians
according to fetal size at palpation or ultrasonography), all dam
movements, cagemate changes, veterinary treatments, and re-
search involvement were recorded. Descriptions of each variable
are found in Figure 2. Postnatal health records were reviewed
for each animal from birth until August 1 of the animal’s third
year of life or its removal from the colony due to research as-
signment, sale, or death. All incidents requiring veterinary care
were categorized as either related to gastrointestinal ailments
(diarrhea, colitis) or nongastrointestinal (trauma, obstetrical,
dental care, other illness). Gestation location was coded as a
dichotomous variable, whereby animals spending at least 25%
of their gestation outdoors were classified as ‘outdoor-gestated,’
whereas those that spend 25% or less of their gestation outdoors
(that is, 75% or more of their gestation indoors) were classified as
‘indoor-gestated.” To determine this value, the gestation length
for each animal was the birth date minus the conception date.

At the center, animals routinely are moved from one location
to another for a variety of reasons: research needs, social con-
cerns, health concerns, and other colony management needs (for
example, room reorganizations). Both the number of times an
animal was moved (that is, no. of relocations) and the number
of new locations (that is, no. of locations) were determined for
each animal during gestation. For indoor animals, cage number
changes within the same room were not considered because,
broadly, the social environment remained intact. Although these
2 variables of the number of relocations and physical relocations
are related, there are important differences when, for example,
an animal is returned to its original location after one or more
stays in the veterinary ward for treatments.

Relocation into the hospital required special consideration,
because it was highly likely that, during the time that the subject

Gestation location and diarrhea

and dam were cohoused, hospitalization might be due to the
dam’s illness, and both dam and infant might consequently
experience significant physiologic stress: the hospital ward is
a unique environment where the make-up of the room changes
daily and caretakers enter frequently to assess or treat one or
more animals. In addition, during their hospital stay, animals
are frequently supplemented with orange-flavored drink (Tang,
Mondelez International, Deerfield, IL), rice cereal, or additional
produce. Therefore, number of hospital relocations (that is,
hospitalizations) was considered a distinct variable such that
count and total length of hospitalization(s) during pregnancy
(continuous measure) were evaluated as variables of interest.

Significant effort is made to provide all indoor-housed
animals with suitable partners for social contact either inter-
mittently (approximately 0730 to 1530) or continuously (24 h
daily). Sometimes one partner may be relocated for project,
management, mating, or social reasons, or, rarely, the euthanasia
of one partner. Because we suspect that these may be important
social events, we documented all dams’ partner changes during
gestation (social disruption, partner failure, partner change, and
proportion of time animals were partnerless; Figure 2).

We queried the center’s internal medical database for all cases
of gastrointestinal health events (diarrhea) for those animals
evaluated in the BioBehavioral Assessment program from
2001 through 2007. Data were coded from day of birth until
the animal was assigned to a research protocol, the animal was
shipped to another facility, the animal died or was euthanized,
or until 1 August of the animal’s third year of life (which we
refer to as the animal ‘aging out’ of the study). Most infants are
born in March through July; this cut-off was selected to reflect
the start of the first active mating season for young females as
well as to facilitate health coding. The incidence of diarrhea
described here is used as the number of cases in the popula-
tion per day in analyses, owing to variation in the duration
of assessment between animals. Digital medical records were
confirmed by inspection of written hospitalization records.
When discrepancies were found, the information from the writ-
ten medical record was used. A case of diarrhea was defined as
rectal culture followed by treatment (antibiotics or other) or a
hospitalization record with the admission note containing the
term ‘diarrhea.” Separate diarrhea events were distinguished
by notation of a clearly dated discharge diagnosis and reloca-
tion out of the hospital ward to either the home cage or a new
nonhospital location. Results of pathogen culture were not
considered in the analyses that follow in light of the absence
of statistical correlation between pathogen infection and diar-
rhea symptoms in the published literature as well as veterinary
clinical experience.3303982

Biobehavioral assessment. Between 90 and 120 d of age,
infants were brought to a testing room at approximately
0900 for a 25-h long biobehavioral assessment,®©1.%3 which
involves a series of behavioral and physiologic assessments
administered in a fixed order throughout the day, either in the
animal’s temporary holding cage or in a test cage in the next
room. At the end of the 25-h period (approximately 1000 on
day 2), infants were returned to their mothers or the nursery
from which they came.

The first assessment began approximately 15 min after ar-
rival, and other assessments were conducted until nearly 1600
of day 1; observations resumed the next morning. At the end
of the 25-h period, the observer rated each animal according
to a set of 16 trait adjectives to describe overall temperament.
Exploratory and confirmatory factor analyses revealed 4 tem-
perament dimensions: Gentle (gentle, calm, flexible, curious),
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Explanation of categories

Variable category Variable type and model coding Description
Rearing environment categorical nursery-reared (0) Indoor rearing in nursery
mother-reared (1) Indoor rearing by the dam
Age left study continuous Age (in days) at which the animal left the study
population due to shipment, project assignment,
death, or reaching end of study period
Gestational stressor
Relocations count Number of physical relocations experienced by
the dam
Locations count Number of unique locations during gestation;
this count may differ from that for relocations if a
macaque was removed and returned to the
original location
Partner change dichotomous yes or no Partner change for any reason: new outdoor
group, partner moved for project or health,
failure of existing partner, new indoor partner
Partnerless dichotomous yes or no Any nonhospitalized days without a partner
continuous Percentage of gestation during which the dam
had no access to physical social contact but
retained visual and auditory access to other
animals in room
Partner failure dichotomous yes or no New pairing attempt, nonviable pairing
Social disruption continuous Percentage of days of gestation in which another
animal joined, left, or rejoined the enclosure
(outdoor) or room (indoor) where the dam was
located during pregnancy
Hospitalizations count Unique visits to the hospital for any reason
continuous Days spent in hospital room during pregnancy
Gestation location dichotomous outdoors (0) 25% or more of gestation period outdoors
indoors (1) 75% or more of gestation period indoors
Birth type categorical Vaginal birth (0) Cesarean birth might be necessary for medical
Cesarean section (1) purposes or research needs
Cortisol response
Morning continuous Sample collected 2 h after entering the testing
room (response magnitude)
Evening continuous Sample collected at the end of day 1 (response
duration)
Dexamethasone continuous After dexamethasone suppression test (test of
feedback)
ACTH continuous After ACTH stimulation test (direct physiologic
activation)
Genetics
Monoamine oxidase A (MAOA)  categorical Low-transcription allele Considered an anxiety-related gene and
absent (0) or present (1) documented to be involved in the interaction of
adverse life experience and animal health
Serotonin transporter (SHTT) categorical short allele absent (0) or Documented to be involved in the development
present (1) of anxiety-related personality traits and
behaviors in monkeys and humans
Sex categorical female (0) Mediates effects of stressors on behavioral and
male (1) physiological outcome, often important via
interaction effects with other variables
Personality
Confident continuous Based on factor analysis from reference 37; each
Gentle continuous factor score centered based on entire infant
population tested.
Nervous continuous
Vigilant continuous

Figure 2. Description of variables.

Nervous (nervous, fearful, timid, not calm, not confident), Con-
fident (confident, bold, active, curious, playful), and Vigilant
(vigilant, not depressed, not tense, not timid).% Blood samples
were collected 4 times: 1100 (morning) and 1600 (evening) of
day 1 and 0830 (dexamethasone) and 0900 (ACTH) on day 2.
After the second sample, animals received dexamethasone

(500 pg/kg IM), a synthetic exogenous steroid; consequently,
the third sample evaluated the magnitude of endogenous
cortisol suppression. After this sample, animals received
ACTH (2.5 IU), and 30 min later, the final blood sample was
collected to test the responsiveness of the adrenal gland to
ACTH stimulation.
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Blood samples were used to determine monoamine oxidase
A and serotonin transporter promoter genotypes by using
published procedures.** For this analysis, animals were di-
chotomized as possessing (or not) 1 or 2 low-activity alleles for
monoamine oxidase promoter (MAOA) or the short version of
the serotonin transporter promoter allele (5HTT). Alleles for
these genes vary in their effect on transcriptional activity due
to minor variations in gene nucleotide sequences. For MAOA,
the low-expression allele is commonly associated with increased
vulnerability to adversity and the short SHTT allele with in-
creased anxiety-related behaviors.!74346

Data analysis. Data were imported into R for analysis.” Pois-
son regressions were built with the count of gastrointestinal
health events as the outcome variable. All models included
the age at which the animal left the study either due to sale,
research assignment, death, or aging out at the conclusion of the
study period. Models were built in a stepwise fashion by using
a priori hypotheses beginning with the earliest time point in the
animal’s life and progressing with age of influence. Therefore,
models started with genotype followed by gestation location
and gestational stress exposure and ended with rearing location
and personality and cortisol response during the biobehavioral
assessment testing paradigm. In this way, our model-building
methods were theory-driven based on life-history chronology.
Interaction effects were included only if sufficient theory or
evidence was available in the literature, and terms within those
interactions were hypothesized as main effects. In addition, all
variables contained in the model as part of an interaction effect
were included as main effects.

Models were ranked by using the Akaike Information Cri-
terion (AIC), a descriptor of how well models within a set fit
the existing data. Models are penalized for increasing number
of predictors and rewarded for goodness of fit, with the best
model having the lowest AIC score.”* All models adding up to
95% of AIC weighting were carried through to the next stepwise
addition of predictors. Models are assigned weighting based on
their AIC score and their relative likelihood as representative
of the data compared with other models in the set. The 95%
weighting is considered analogous to a 95% confidence interval
that the best model is included within the models selected.'
For the final step of our model building, we applied the prin-
ciple of parsimony: if a more complicated model differed by
less than 7 units from its less complicated counterpart, those
additional variables were excluded from the parsimonious
model.3® This method has been suggested as maintaining only
variables with biologic relevance and reducing the tendency
to overfit models. To this end, models were maintained in the
form(s) with the highest likelihood(s) (lowest AIC score) until
all step-wise additions were completed, and then a parsimoni-
ous model was derived to include fewest variables present in
the models of the last step of the analysis that still maintained
goodness of fit. We present B coefficients in all model tables
(effect size equals e”), but we only interpret results in detail
for the parsimonious model.

We evaluated the fit of the entire model and not the statisti-
cal significance of individual variables within the model. As
such, some models contain main and interaction effects that
themselves are not statistically significant but that, when
included, the model as a whole is better at explaining the
data than when the nonsignificant variables were removed.
Although we report statistical values of individual variables,
we did not make model-building decisions based on P values
of individual variables and therefore did not correct for mul-
tiple comparisons.!?

Gestation location and diarrhea

Results

The numbers of indoor and outdoor gestation locations were
approximately evenly split in our cohort (177 outdoor, 165
indoor; Figure 3 A). The majority of dams (274) spent either
all or none of their gestation indoors, whereas the remaining
68 animals moved locations and were classified according to
the described scheme. Postnatally, two thirds of animals were
nursery reared (235 macaques), and the remainder (107) were
indoor mother-reared. Animals aging out of the study on August
1st of their third year of life accounted for 54.3% of the study
population. Other animals died or were culled over health
concerns (19.0%), were shipped to another facility (<1%), or
were placed on an active project (24.9%) before they reached
the designated study end. Range of time spent in the study
cohort was 150 to 1272 d (mean + 1 SD, 935.0 £+ 332.5 d). The
age at which the macaque left the study pool and the reason
for leaving were not equally balanced across groups. (Figure 3
B). Overall, animals experience 1.35 +0.86 diarrhea events each
during the study period. Nearly half (46.9%) of animals did not
experience any clinically relevant diarrhea events while under
observation for this study.

Age at which the animal left the study was included in all
models because of the large variability across subjects and the
known effect of age on diarrhea risk.3%#? Given that the primary
purpose of this study was to evaluate the influence of gestational
exposures on early-life diarrhea risk, we first tested the effects of
gestation location compared with rearing location in isolation.
The B coefficient for gestation location was —-0.387 (SE, 0.099),
whereas on its own, gestation location better explained the vari-
ation in diarrhea incidence than did postnatal rearing location:
animals gestated outdoors had significantly (B = -0.387, P <
0.01) lower diarrhea risk than did those gestated indoors (that
is, this model had a lower AIC and a significant B coefficient;
Figure 4). With this confirmation, we continued our analysis
and began building our multivariate models of cumulative
risk according to the age at which each variable first had the
potential to affect the offspring.

Our models were built according to our a priori hypotheses
in a stepwise fashion by increasing age at first influence on
the animal. Step 1 tested anxiety-related genes and genetic sex
and the additive and interaction effects between them. The 4
best-fit models which were carried through to step 2 included
the main effects of serotonin transporter and monoamine oxi-
dase genotype, and 2 of the models included sex. Models also
included interaction effects between the 2 anxiety-related genes
or between each gene of interest and sex (Table 1).

In step 2 of model building, we added variables that took
place during gestation: gestation location, number of locations,
time (days) in hospital, number of relocations, and number of
days of gestation in which there was some type of social disrup-
tion as defined by an animal (re)joining or leaving the enclosure
or room (Table 2). We also tested models with interaction effects
between gestation location and each of the other variables. The
set of best-fit models from this step includes 8 unique but similar
sets of these variables of interest.

Next, in step 3, we added the variables of birth type, rearing
location, and interactions between birth or rearing type and sex,
anxiety-related genes (SHTT and MAOA), and gestation loca-
tion. None of these variables improved the models relative to
their fit without these additional variables; therefore, given the
rule of parsimony none of these were retained for the next step.

In step 4, we evaluated models including test scores from the
BioBehavioral Assessment to include the final phase of develop-
ment considered in our hypotheses, the early postnatal period.
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A
Rearing condition
Mother Nursery
Indoor gestation 89 76
Outdoor gestation 18 159
B
Alive Died or Culled Project Shipped
Indoor-Nursery 50 65.79% 23 30.26% 3 3.95%
Indoor-Mother 29 34.94% 12 14.46% 42 50.60%
Outdoor-Nursery 91 60.67% 20 13.33% 33 22.00% 6 4.00%
Outdoor-Mother 7 41.18% 7 41.18% 3 17.65%
Overall 177 54.29% 62 19.02% 81 24.85% 6 1.84%

Figure 3. Breakdown of subject pool. (A) Rearing type and gestation location. To be classified as gestated indoors, at least 75% of the duration
of the pregnancy was spent indoors; otherwise the offspring was classified as outdoor gestated. Postnatally, all infants in this study were reared
indoors, either by their mother or in the nursery. (B) Reasons for animals exiting the study. Alive, alive at end of study period (that is, ‘aged out’
of cohort); died or culled, macaque died or was culled for medical reasons; project, macaque was assigned to an active project and thus removed
from the cohort; shipped, macaque was sent to another facility and thus lost to follow-up. A macaque’s stint in the study population varied

between animals and was included in all models.
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Figure 4. Mean number of episodes of diarrhea according to rearing
type (mother, reared indoors by mother; nursery, reared indoors in
nursery) or gestation location. *, P < 0.01; bar, SE.

Specifically we tested blood cortisol concentration at each of the
4 described test points, personality factors, and their interactions
with each other and with the other variables for which we had
specific hypotheses (Table 3).

After this final building step, we pared down the model to
include only those variables present in each of the best per-
forming models from step 4, to identify the most parsimonious
model—that with the fewest variables that retained its goodness
of fit and reduced the likelihood of overfitting.*! Table 4 sum-
marizes the best, most parsimonious model.

In the best-fit model (Table 4), the presence of the short form
of the serotonin transporter gene (SHTT) had a protective effect,
with macaques at reduced risk for diarrhea relative to those with
the long form (B =-0.569, P <0.01; Figure 5). The low-expression
gene for MAOA was included as well, although the presence of
the low-expression form was associated with a nonstatistically
significant increase in diarrhea incidence. Although the main
effect of MAOA was not statistically significant in the best-fit
model, because removing this variable greatly reduced the fit of
the model and increased its AIC value, MAOA was preserved
in the parsimonious model. The interaction effects involving
MAOA added in later steps of model building suggests that
the gene is important in understanding diarrhea risk in some
groups of animals but not others.

Animal sex is also included, although not statistically sig-
nificant on its own, because removing sex decreased the model

Table 1. Best-fit models for diarrhea risk that include only genetic
variables

genel gene2 gene3 gened
Intercept -0.277 -0.576 -0.243 -0.358
(0.931) (0.973) (0.932) (0.966)
Age 0.080 0.123 0.072 0.085
(0.136) (0.141) (0.137) (0.140)
S5HTT -0.370° -0.560° -0.290° -0.2932
(0.128) (0.170) (0.146) (0.147)
MAOA 0.083 0.239 0.178 0.173
(0.137) (0.171) (0.161) (0.161)
Sex — 0.002 — 0.057
(0.182) (0.128)
5HTT x MAOA — — -0.337 -0.331
(0.313) (0.313)
SHTT x sex — 0.449 — —
(0.262)

5HTT, presence of serotonin transporter gene short allele; MAOA,
presence of monoamine oxidase A low-expression gene; sex, male
(referent) or female

Data are presented as B coefficients (SE) such that 0.0 indicates no
difference associated with that variable. The age that a macaque left
the study was used as a standardization variable in all models as a
measure of accumulated risk, because all animals entered the study
at birth and because the duration in the population varied. Because
the models presented are all within 2 AIC units of each other, each
has a high likelihood of being the best-fit model for these data. The
models differ according to which main and interaction effects are
included from the set of genetic influences tested.

ap <0.05
bp <0.01
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Gestation location and diarrhea

Table 2. Best-fit models that include genetic and prenatal environmental variables

gestl gest2 gest3 gestd gestd gest6 gest7 gest8
Intercept -1.374 -0.194 -1.527 -0.771 -1.418 -0.218 -1.129 —-0.838
(1.02) (1.07) (1.03) (1.04) (1.02) (1.07) (1.01) (1.04)
log(age at end) 0.3182 0.218 0.3272 0.232 0.3182 0.219 0.269 0.233
(0.15) (0.15) (0.15) (0.15) (0.15) (0.15) (0.15) (0.15)
S5HTT —0.724¢ —-0.649¢ -0.703¢ —-0.657¢ —0.695¢ —0.645¢ —0.44¢ —0.649¢
(0.17) 0.17) 0.17) 0.17) 0.17) 0.17) (0.13) (0.17)
MAOA -0.032 0.144 0.3622 0.128 0.042 0.461° -0.221 0.4492
(0.25) (0.25) 0.17) (0.25) (0.24) 0.17) (0.22) (0.18)
Sex -0.412 —-0.4332 -0.377 —-0.4372 —-0.344 -0.425 —-0.248 -0.426
(0.21) (0.22) 0.22) 0.22) (0.21) (0.22) (0.17) (0.22)
Gestation location -0.924¢ -1.198¢ -0.713¢ —0.946¢ -0.809¢ 0.5642 -0.805¢ -0.797¢
(0.19) (0.32) 0.17) (0.19) 0.22) 0.27) (0.18) (0.18)
No. of locations — -0.484P — — — -0.518¢ — —
(0.15) (0.15)
No. of relocations — — — —-0.413b — — — -0.444¢
(0.13) (0.13)
Social disruption — — — — -0.135 -1.103¢ — —
(0.08) (0.31)
Time (d) in hospital -0.687 — -0.6 — — — —-0.584 —
(0.45) (0.44) (0.43)
5HTT x sex 0.6512 0.5882 0.5952 0.595? 0.5762 —-0.596° — 0.565%
(0.27) (0.27) (0.27) (0.27) (0.26) (0.29) (0.26)
MAOA x sex -0.477 —0.585? -0.511 -0.564 —-0.528 — — —-0.5832
0.3) (0.29) (0.29) 0.3) 0.3) (0.29)
Gestation location x sex 0.825P 0.876¢ 0.774b 0.838> 0.751b 0.846P 0.677° 0.807°
(0.26) (0.26) (0.25) (0.26) (0.26) (0.26) (0.25) (0.26)
Gestation location x MAOA 0.7172 0.5722 — 0.5812 0.6322 — 0.686* —
(0.29) (0.29) (0.29) (0.29) (0.29)
Gestation location x no. of locations 0.29 — — — 0.346 — —
0.2) 0.2)
Gestation location X no. of relocations — — — 0.3592 — — — 0.409°
(0.15) — — — (0.14)
Gestation location X social disruption — — — — 0.131 — — —
(0.08)
Gestation location x time (d) in hospital 0.665 — 0.582 — — — 0.558 —
(0.45) (0.44) (0.43)
AIC value and weight 770.06 773.12 774.33 774.61 774.74 775.03 775.58 776.58
0.55 0.12 0.06 0.06 0.05 0.05 0.03 0.02

5HTT, presence of serotonin transporter gene short allele; MAOA, presence of monoamine oxidase A low-expression gene
Data are presented as § coefficients (SE) such that 0.0 indicates no difference associated with that variable. See Figure 2 for complete description

of variables.
ap <0.05

bp <0.01

P <0.001

fit. Both anxiety-related genes had interactions with sex (sex x
SHTT: $ =0.684, P>0.05; sex xMAOA:  =-0.616, P >0.05), such
that the short allele was protective for female macaques, whereas
there was no effect of SHTT genotype for male macaques.
Outdoor gestation location had a strong protective effect
(B =-1.263, P < 0.001), which we expected from its strong
predictive value in the univariate models first tested (Figure
3). Gestation location also interacted with many of the other
variables considered in this study, including sex (B = 0.748, P <
0.01; outdoor gestation was particularly protective for female
macaques) and MAOA genotype (B = 0.786, P < 0.01; the high
activity allele was protective for outdoor-gestated animals), as
well as nonsignificant interactions that were important to model

fit, including number of unique locations and number of days
spent in the hospital. A difference in diarrhea risk based on
both gestation location and MAOA genotype was only found
for female macaques (Figure 6).

Animals with a nervous temperament had a significantly
greater risk of diarrhea (B = 0.334, P < 0.01), but this effect was
moderated by rearing location (which by itself was not a sig-
nificant predictor): those macaques scoring high on the nervous
personality scale had higher diarrhea incidence when they were
nursery-reared than when they were mother-reared (interaction
B =-0.722, P <0.001). Also present as an interaction effect with
nervous temperament score was response to ACTH stimula-
tion. The coefficient for this interaction, as well as for the main
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Table 3. Best-fit models that including genetic and gestational variables, early postnatal exposure, personality, and cortisol response

postl post2 post3 post4 post5 post6
Intercept —-0.950 -1.824 -1.599 -0.897 —-0.664 -1.552
(1.165) (1.126) (1.144) (1.181) (1.17) (1.162)
log(age at end) 0.298 0.335% 0.307 0.295 0.278 0.306
(0.164) (0.162) (0.164) (0.166) (0.164) (0.166)
S5HTT -0.53> -0.59® -0.523P -0.525P —0.542b -0.517°
(0.185) (0.186) (0.185) (0.185) (0.184) (0.185)
MAOA 0.080 —-0.059 0.091 0.076 0.124 0.087
(0.254) (0.257) (0.255) (0.254) (0.254) (0.255)
Sex —-0.284 -0.272 —-0.273 —-0.284 —-0.267 -0.272
(0.236) (0.232) (0.236) (0.236) (0.235) (0.236)
Gestation location -1.323¢ —-0.933¢ —-0.981¢ -1.321¢ -1.333¢ —0.984¢
(0.367) (0.224) (0.226) (0.367) (0.366) (0.227)
No. of locations —-0.564¢ — — —-0.560¢ —-0.560¢ —
(0.159) (0.159) (0.159)
No. of relocations — — -0.479 — — -0.476¢
(0.141) (0.141)
Time (d) in hospital — -0.713 — — — —
— (0.467) — — — —
Rearing location 0.4072 0.316 0.4012 0.3982 0.4982 0.3942
(0.192) (0.192) (0.191) (0.198) (0.202) (0.197)
Nervous 0.345P 0.350° 0.340° 0.361¢ 0.3273 0.361¢
(0.119) (0.118) (0.118) (0.084) (0.139) (0.084)
Gentle — — — -0.037 — —0.041
— — — (0.196) — (0.195)
ACTH stimulation —-0.001 0 —-0.001 —-0.001 — —-0.001
(0.001) (0.001) (0.001) (0.001) — (0.001)
Cortisol sample 2 — — — — -0.003 —
(evening, day 1) _ _ — — (0.002) —
S5HTT X sex 0.6392 0.6942 0.6202 0.635% 0.6322 0.6152
(0.278) (0.28) (0.278) (0.279) (0.279) (0.279)
MAOA x sex —-0.675° -0.570? —-0.693? -0.6712 -0.7172 —0.688?
(0.310) (0.313) (0.313) (0.31) (0.316) (0.313)
Gestation location 0.722b 0.6912 0.6892 0.731° 0.7102 0.6932
X sex (0.278) (0.275) (0.276) (0.282) (0.283) (0.28)
Gestation location x 0.7492 0.869° 0.7442 0.7502 0.7092 0.7442
MAOA (0.298) (0.300) (0.300) (0.298) (0.298) (0.300)
Gestation location x 0.383 — — 0.379 0.383 —
no. of locations (0.218) (0.218) (0.217)
Gestation location x — — 0.443b — — 0.441°
no. of relocations (0.157) (0.157)
Gestation location x — 0.689 — — — —
time (d) in hospital (0.467)
Rearing location x -0.738¢ -0.679¢ -0.749¢ -0.719¢ -0.716¢ -0.725¢
nervous (0.162) (0.154) (0.162) (0.152) (0.166) (0.152)
Nervous x ACTH 0 0 0 — — —
stimulation (0.001) (0.001) (0.001)
Nervous X cortisol — — — — 0.001 —
sample 2 (0.002)
Gentle x ACTH — — — 0 — 0
stimulation (0.002) (0.002)
AIC value and 712.19 713.7 713.75 714.42 715.54 716.03
weight 0.37 0.17 0.17 0.12 0.07 0.05

5HTT, presence of serotonin transporter gene short allele; MAOA, presence of monoamine oxidase A low-expression gene
Data are presented as [ coefficients (SE) such that 0.0 indicates no difference associated with that variable. See Figure 2 for complete description

of variables.
aP < 0.05

bp <0.01

P <0.001
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effect of ACTH stimulation, was 0; however, removing these
terms decreased the overall model fit. None of the other cortisol
measurements (immediately after transfer to testing location,
evening of day 1, and after dexamethasone suppression) were
included in any of the stepwise models or in the final model.
Finally, contrary to expectation, animals that experienced more
unique locations in the move histories had a reduced risk for
diarrhea ( = -0.350, P < 0.05).

Some variables, such as social disruption, appear in best-fit
models during the stepwise model-building process but were
not included in the final model. This situation might occur when
the explanatory power of one variable is masked by similar but
stronger correlations with other variables or by high level of
correlation between 2 variables such that only one can be in-
cluded in the model at a time. In the case of the social disruption
variable, number of locations or number of relocations might
have played that role.

Discussion

Nursery rearing has repeatedly been found to have del-
eterious effects on health outcomes in rhesus macaques.> 78!
Other studies have shown that indoor-reared animals have
significantly higher lifetime diarrhea incidence than their out-
door-reared peers.?>%7 The present results, however, suggest
that important influences begin even before birth: within the
indoor-reared cohort, factors experienced in utero contribute to
diarrhea incidence during the first 3 y of life; in fact, the location
of gestation (indoors compared with outdoors) is a more impor-
tant predictor of diarrhea incidence than is the type of postnatal
indoor-rearing experience. Assuming that indoor gestation is
stressful, our results are consistent with other research show-
ing that exposure of a pregnant female macaque to stressors is
associated with offspring birth weight, immune development
and function, and gastrointestinal function.®?-23

Outdoor gestation not only had a strong protective effect,
reducing the diarrhea incidence on its own, but it also inter-
acted with several variables (Table 4). That gestation location
is so integral to the model demonstrates its important role in
supporting the development of healthy macaques. In the final
parsimonious model, gestation location had interactions with
sex, MAOA genotype, number of locations, and days in hos-
pital. Both gestation location and MAOA genotype influenced
diarrhea incidence in female but not male macaques (Figure 6).

Indoor rearing type, whether mother- or nursery- reared, was
not significant in the model as a main effect but did improve
the model when included as an interaction effect with the
animal’s nervous personality rating. Although more nervous
animals overall showed greater diarrhea incidence, this in-
creased risk was especially pronounced when they were also
nursery-reared. Personality influences an animal’s response
to its environment as well as its perception of that environ-
ment.>!4#8 Nervous animals, therefore, may perceive nursery
rearing as more stressful than do their peers that score lower
regarding nervous temperament. Because these animals are bred
for use in biomedical research, this interindividual difference in
response to a particular environment may have consequences
for researchers if not weighed when considering an animal’s
response to experimental designs.2>345288

The putative stressful experiences of pregnant female ma-
caques in the model were number of locations, number of
days hospitalized, number of relocations, and the percentage
of time spent indoors. Although these experiences appear to be
primarily behavioral stressors for the dam (that is, an animal
is relocated to another cage), many of these experiences have

Gestation location and diarrhea

physiologic aspects. For example, for many relocations and
physical examinations, animals are sedated with ketamine,
a dissociative anesthetic that, after prenatal exposure, affects
offspring behavior through interaction with the MAOA geno-
type.l” Although we found no interaction effect between MAOA
genotype and physical relocations on diarrhea occurrence in the
current study, our measure of relocations was neither specific
to ketamine exposure nor necessarily inclusive of all ketamine
exposures. The interaction effect between MAOA and gestation
location is large (effect size, 2.19)—animals gestated outdoors
that carry the MAOA low-expression allele are less likely to
respond effectively to the environmental change of relocation
indoors and have a greater diarrhea risk compared with ma-
caques that do not carry that allele.

The genes we examined in this study are specifically in-
volved in anxiety-related behavior and sensitivity to the
environment.!®#? The low-expression allele of the MAOA gene
is generally associated with increased vulnerability to adverse
environments, although it is important to consider that such a
gene may also increase vulnerability to positive environmental
influences, as described in the biologic sensitivity-to-context
models.?! That the presence of the short allele of the serotonin
transporter (SHTT) had a protective effect for female macaques
but not male macaques may reflect social factors that differ be-
tween the sexes (Figure 5). This sex-associated difference was
unexpected, given the consistent evidence in the NHP literature
of association between the short allele and anxiety-related be-
havior.#4%78 However, some evidence suggests that expression
of anxiety-related behaviors may be an effective mechanism for
coping with stressors. The expression of stereotypic behaviors
(often considered a sign of poor animal wellbeing) is a dem-
onstrated, effective means of coping with perceived stressors
for some animals.>* This idea of multiple, different coping
strategies, some of which are more or less effective in particular
environments, was first described as a dichotomous ‘reactive—
proactive’ coping strategy.*”#8 This theory postulates that, given
different environments, an animal might adopt one of multiple
coping strategies; that the particular strategy adopted is often
heavily influenced its genes, personality, and life experience;
and that the strategy adopted might be more or less effective
at enabling the animal to overcome the stressor.*’#® Therefore,
in the population studied here, female macaques possessing
the short version of the 5HTT gene might have a more effec-
tive coping strategy than do those with the long allele, given a
particular developmental environment. Similarly, for the MAOA
gene, absence of the low-expression (risk susceptibility) gene is
only protective for animals gestated outdoors, supporting the
importance of the relationship between genes and environment
in health.

Whether the adverse effect of the low-activity MAOA allele
is due to the prenatal experience of the relocation to indoor
housing or to the other features of indoor living that followed
the relocation is unclear. All of the animals in our study were
reared indoors and therefore experienced similar husbandry
and environmental features, highlighting the interactions be-
tween genes and the environment.?>%071767781 A comparison
of animals gestated indoors and reared outdoors would be
valuable but is only feasible for fostered infants, given that it
would be dangerous to the infants to include them in a social
group formation with their mothers immediately after birth.

Surprisingly, the variables proposed as prenatal stressors had
protective effects, reducing the diarrhea incidence with increas-
ing exposure. As the number of unique locations experienced
during gestation increased, diarrhea incidence decreased.
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Table 4. Best-fit parsimonious model

B SE
Main effects
Intercept -1.329 1.183
Age 0.325°  0.166
Sex -0.303  0.239
S5HTT -0.569  0.187
MAOA 0.046 0.259
Gestation location -1.263¢  0.383
No. of locations -0.350°  0.172
Nervous 0.344>  0.118
Rearing location 0.355  0.195
Time (d) in hospital -0.445  0.429
ACTH stimulation 0 0.001
Interaction effects
S5HTT X sex 0.684  0.282
MAOA X sex -0.616  0.315
Gestation location x sex 0.748> 0279
Gestation location X no. of locations 0.278 0.243
Rearing location x nervous —-0.722¢  0.161
Gestation location x time (d) in hospital 0.426 0.429
Gestation location x MAOA 0.786°>  0.301
Nervous x ACTH stimulation 0 0.001

5HTT, presence of serotonin transporter gene short allele; MAOA, pres-
ence of monoamine oxidase A low-expression gene

Data are presented as  coefficients such that 0.0 indicates no difference
associated with that variable. See Figure 2 for complete description of
variables.

aP <0.05

PP <0.01

‘P < 0.001
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Figure 5. Number of diarrhea episodes in male and female macaques
according to the presence (filled symbols) or absence (open symbols)
of the serotonin transporter short allele. *, Interaction effect (P < 0.05);
bar, SE.
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During postnatal life, relocations are associated with increases
in diarrhea risk.®> While the animal is in utero, these expo-
sures may serve as ‘minor stressors,” which are suggested by
the Adaptive Calibration Model to reduce lifelong sensitivity
to stressors when experienced during development.?$?° The
Adaptive Calibration Model suggests that very low-risk devel-
opmental environments do not sufficiently prepare an animal
for the diversity of situations he or she is likely to encounter
during a lifetime. That there was an interaction between

gestation location and the number of locations experienced
during gestation such that the protective effect of increased
locations was seen only for indoor-gestated animals supports
the Adaptive Calibration Model. In this sense, a pregnant dam
in indoor housing may perceive her environment as nonthreat-
ening, and she need not physiologically adapt to the range of
minor stressors experienced by animals living outdoors, such
as temperature fluctuations and other weather changes, en-
vironmental pathogen exposure, and routine social stressors.
Alternatively, pregnant dams in indoor housing may perceive
their environment as especially threatening; therefore the fe-
tus develops either a blunted or hyperactive stress response,
neither of which is particularly adaptive in the captive setting.
Outdoor-housed dams are exposed to these potential stressors,
all of which are expected to occur in her natural environment;
thus she—and her developing fetus—may be evolutionarily
adapted to readily cope with these stressors.

The variables of number of locations and number of reloca-
tions both had similar magnitudes and direction of effect as well
as statistical strength in models where they were present. This
pattern suggests something about the common aspects of these
2 variables. In the study population, a location move, such as
to the hospital, followed by return to the original social group
evoked a similar protective effect as did relocation to new group
for a pregnant dam—a surprising result. Our hypotheses regard-
ing these variables were that they would increase diarrhea risk
in the offspring. However, these types of minor stressors may
prepare the offspring for a varied postnatal environment and
prime the hypothalamic-pituitary-adrenal axis to produce an
effective response.?®?° The specific aspects and consequences
of animal handling and movement warrant future study. Our
result showing an apparent protective effect of more location
movements during gestation goes against our hypothesis that
such movement would increase diarrhea incidence in affected
offspring. Future work should divide these variables into their
component parts (that is, separation from social partners, trans-
portation, reason for movement, duration of separation, known
peers in the new location if relocated) to assess which features
are most important.

Variables that are important in the model but that were not
statistically significant on their own may explain some of the
residual variance remaining in diarrhea risk once the other
variables are accounted for. Alternatively, perhaps component
features of that variable (but not the variable as a whole or as
measured) are contributing explanatory power. These variables
therefore warrant further investigation to better understand,
for example, the features of ‘maleness’ that put an animal at
increased risk of diarrhea. In addition, variation in diarrhea
incidence could be due to subcategories of that particular vari-
able; a larger dataset might help to explain a significant amount
of the variation associated that variable.

The cortisol response to ACTH stimulation and the interaction
between this measure and the personality trait nervous were
included in the parsimonious model despite not being statisti-
cally significant. In other studies involving these correlates of
behavior and physiologic stress response, these 2 variables have
been the most highly correlated with other measures of stress,
for example, hair cortisol (a long-term cortisol measurement)
and the expression of stereotypic behaviors.3¢8 We believe that
these 2 variables explain an important component of the vari-
ability between an animal’s diarrhea risk during the first few
years of life, especially when viewed as ‘set-points” affecting
magnitude and direction of response to stimuli.
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Diarrhea is a clinically nonspecific symptom that can result
from the dysfunction or dysregulation of numerous body
systems and thus is a sensitive measure for overall health.”073
During development, body systems including the immune
system and gastrointestinal tract and cognitive function are vul-
nerable to effects of the environment.#20217677.83 The mechanism
by which prenatal effects influence health outcomes may involve
epigenetics—the regulation of gene expression by modulation
of the chromosome environment in the absence of alteration
of the actual genetic code.?®* However, this mechanism has
not yet been studied in the outbred colony of macaques at our
center, due to cost and technical limitations. Maternal circulat-
ing cortisol concentrations may drive dysregulation of several
downstream systems and determine offspring stress system set
points.” Genetic and environmental exposures influence these
values, which in turn influence the magnitude and direction of
response to stimuli.

The variables we tested here were chosen on the basis of
existing reports in the literature, many of which were experi-
mental case-control studies, which often resulted in increased
control over the operationalization of each variable. Although
some variables, such as Cesarean section birth, were not well
represented in our study population (and therefore we found
no association with diarrhea risk), we do not suggest that they
are unimportant factors regarding health and development; the
contrary has been well-documented in the literature (see refer-
ence 51 for review). Very few animals in the outdoor-gestated
group were also indoor mother-reared; therefore although
we found no interaction effect between gestation and rearing

location, a larger study population with a more balanced
cohort might reveal an important relationship between these
variables. In addition, our distinction between indoor- and
outdoor-gestated groups as less than or at least 25% of gestation
outdoors, respectively, was based on limited data for animals
being moved from one location to the other during gestation,
and the movement typically was from outdoors to indoors.
Less than 20% of our sample spent between 0% and 100% of
gestation time in a single location—meaning that more than
80% spent either all of gestation either indoors or outdoors. It
would be valuable to study a larger cohort that experienced a
mixed gestation location to evaluate more closely how much
time outdoors is recommended.

The groups we studied here, for example with regard to ges-
tational location or rearing type, are not fundamentally equal
due to research and colony management concerns involved
in animal placement. Because this study resulted from our
hypotheses regarding the effect of gestational stress, animals
reared outdoors were not included because no animals were
gestated indoors and then moved outdoors for early rearing in
the available population.

The finding that gestational environment influences diarrhea
incidence in early life more than does the specific indoor post-
natal environment shows the importance of prenatal experience
in important health outcomes. Macaques that develop chronic
or recurrent diarrhea often must be euthanized as symptoms
progress and recur.>#042 Rearing history is a known risk factor
for this disease progression, but in light of our current results,
the gestational environment for indoor-reared macaques is
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another important component of that risk. Assuming that our
results are confirmed with causal studies, they suggest that
pregnant female rhesus macaques should be housed outdoors,
in large complex social groups whenever possible for at least
25% of their pregnancy. We recognize that not all facilities are
able to maintain outdoor colonies; in those situations, explor-
ing indoor group-housing options and providing sufficient
environmental stimulation to pregnant dams may achieve a
comparable protective effect.

The current work establishes a connection between typical
breeding facility gestational environments and an actual health
outcome early in life. Previous work found a relationship be-
tween a specific gestational stressor and gut microflora.®?%23
The current study expands on that information to describe how
the standard environments found in research-associated breed-
ing facilities interact with inherent animal traits to influence
diarrhea risk, a veterinary and husbandry outcome of concern.

Animal health is a complex amalgamation of genetic, develop-
mental, and environmental influences. Obtaining the healthiest
animals with highest possible wellbeing requires efforts to
provide the most species-typical environment possible at all
phases, from the environment of breeding-age female NHP to
the care of pregnant dams, through the early postnatal period,
and into puberty. This retrospective analysis suggests the need
for a prospective experimental study that can isolate factors as-
sociated with gestational stressors and produce clinically useful
data that identify the most important influences on early-life
diarrhea in NHP.
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