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Abstract The trend to delay pregnancy in the USA has
resulted in the number of advanced maternal age (AMA)
pregnancies to also increase. In humans, AMA is asso-
ciated with a variety of pregnancy-related pathologies
such as preeclampsia (PE). While AMA is known to be
a factor which contributes to the development of
pregnancy-induced diseases, the molecular and cellular
mechanisms giving rise to this phenomenon are still
very limited. This is due in part to lack of a preclinical
model which has physiologic relevance to human preg-
nancy while also allowing control of environmental and
genetic variability inherent in human studies. To deter-
mine potential physiologic relevance of the vervet/
African green monkey (Chlorocebus aethiops sabaeus)
as a preclinical model to study the effects of AMA on
adaptations to pregnancy, thirteen age-diverse pregnant
vervet monkeys (3—16 years old) were utilized to mea-
sure third trimester blood pressure (BP), complete blood
count, iron measurements, and hormone levels. Signif-
icant associations were observed between third trimester
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diastolic BP and maternal age. Furthermore, the pres-
ence of leukocytosis with enhanced circulating neutro-
phils was observed in AMA mothers compared to youn-
ger mothers. Moreover, we observed a negative rela-
tionship between maternal age and estradiol, progester-
one, and cortisol levels. Finally, offspring born to AMA
mothers displayed a postnatal growth retardation phe-
notype. These studies demonstrate physiologic impair-
ment in the adaptation to pregnancy in AMA vervet/
African green monkeys. Our data indicate that the
vervet/African green monkey may serve as a useful
preclinical model and tool for deciphering pathological
mediators of maternal disease in AMA pregnancy.
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Introduction

Health quality and outcomes for pregnant mothers in the
USA are not improving, even with the advancement of
modern medicine. In fact, US pregnancy-related mater-
nal mortalities rose by 26.6% between 2000 and 2014
(MacDorman et al. 2016). Moreover, while the US
infant mortality rate is not increasing, it is significantly
higher than that of other developed countries (He et al.
2015). This data highlights a pressing need to under-
stand maternal adaptations to pregnancy in an effort to
improve health outcomes for both the mother and child.

Over the last several decades, women and their part-
ners more frequently choose to delay childbirth. The
reasons for this change are multifactorial but include
educational pursuit, access to reliable contraception,
and economic uncertainty (Mills et al. 2011). While
the overall national fertility rate has steadily declined
to the lowest numbers recorded in 32 years, the rate of
advanced maternal age (AMA) pregnancies, defined as
35 years and older, has risen dramatically (Hamilton
et al., 2019). From 2000 to 2014, birth rates for women
under 20 declined 42%, while the number of women
having their first child at age 35 or older rose 23%
(Hamilton and Matthews, 2016). The emerging trend
of AMA pregnancies is paramount to understand as
AMA has been associated with increased risk of several
adverse maternal and fetal outcomes (Lean et al. 2017,
Yogev et al. 2010; Khalil et al. 2013; Carolan et al.
2013). For example, AMA is associated with increased
risk of gestational diabetes mellitus, placenta previa, and
postpartum hemorrhage (Yogev et al. 2010). In addition,
several adverse cardiovascular phenomena have been
associated with AMA, including higher risk of develop-
ing hypertension and arrhythmias during pregnancy (De
Viti et al. 2019). These conditions are clinically signif-
icant considering that 26% of pregnancy-related deaths
between 2006 and 2013 had cardiovascular etiologies
(De Viti et al. 2019; James et al. 2006). Hypertension
during pregnancy can also be used to predict future
changes for both mother and fetus; women diagnosed
with pregnancy-related hypertension experience a two-
to eightfold increase in risk for future hypertension
(Behrens et al. 2017; Heida et al. 2015; Timpka et al.
2017; Bokslag et al. 2017; Benschop et al. 2018;
Brouwers et al. 2018), while babies born to hypertensive
mothers are more likely to develop cardiovascular dis-
case themselves (Kajantie et al. 2009; Davis et al. 2012;
Jayet et al. 2010; Tripathi et al. 2018). These human data
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reinforce the need to understand the biological under-
pinnings of AMA in an effort to improve health out-
comes for both mother and child.

Despite the known connection between AMA and
pregnancy-related diseases, a gap in knowledge still exists
in the pathogenic drivers of this phenomenon in humans.
This can somewhat be explained by lack of control over
environmental conditions in human studies, along with
genetic heterogeneity in human populations. Furthermore,
rodent models can lack physiological relevance to repro-
ductive biology in humans. Therefore, a preclinical model
with physiological relevance to human pregnancy as well
as the ability to control environmental settings is needed to
better define underlying mechanisms.

Previous nonhuman primate (NHP) models have
noted similarities between humans and NHPs in hor-
mone physiology during pregnancy and in reproductive
biology, which demonstrates their potential as appropri-
ate human pregnancy models. To address this preclini-
cal need, we posit and describe herein the use of the
vervet/African green monkey (Chlorocebus aethiops
sabaeus) to model the effects of AMA on maternal
adaptation to pregnancy. Vervet monkeys typically have
a lifespan of around 11-13 years old in the wild, how-
ever, in captivity can live up to 30 years old (Cramer
et al. 2018; Latimer et al. 2019) with a body weight
range of 4-7 kg in females (Kavanagh et al. 2007). This
species gives their first birth around ages 3—4 years old
(McGuire and M.T., 1985) and reach full adult size
around 56 years of age (Schmitt et al. 2018). Similar
to humans, vervets display a decline in fecundity with
age; however, reproductive senescence is not observed
until extreme aging in this species (Atkins et al. 2014).
This is similar to a variety of other nonhuman primate
species in which reproductive viability is maintained
throughout the majority of their life (Alberts et al.
2013). We demonstrate this model as a preclinical plat-
form to garner mechanistic insight, in a tightly con-
trolled environmental setting, into the effects of AMA
on pregnancy-induced pathologies, with strong potential
for human translational relevance. Our findings demon-
strate dysregulated hormonal, cardiovascular, and im-
munological responses to pregnancy in AMA vervets,
all modeling known maladaptive responses to pregnan-
cy in humans. Collectively, our results show that vervets
are a clinically relevant model to study the effects of
AMA in both maternal and fetal aspects and allow us to
compensate for the shortcomings of existing human and
animal studies.
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Materials and methods
Cohort selection

A cohort of 13 vervet/African green monkeys
(Chlorocebus aethiops sabaeus) was selected from the
Vervet Research Colony at Wake Forest University
School of Medicine. Animal demographics are listed
in Table 1. All animals were colony-born, mother-
reared, and of known-age and were housed in species-
typical, matrilineal social groups. Pregnancy status and
estimated gestational age were determined via ultra-
sound as previously described (Kavanagh et al. 2011).
Modal age of first birth is 4 years old in this colony.
Monkeys 3-9 years old were considered optimal mater-
nal age, while monkeys 10 and older were considered to
be AMA. In addition, the cohort included primiparous
(n =6) and multiparous (n =7) mothers. None of the
selected animals exhibited any other comorbidities such
as diabetes or heart disease. Other elimination criteria
for this study included active participation in other stud-
ies. All studies were conducted under the approval of the
Institutional Animal Care and Use Committee (IACUC)
at Wake Forest School of Medicine.

Diet

All animals were maintained on a standard chow diet
(Monkey Diet Jumbo 5037, LabDiet, St. Louis, MO).
Animals were fed ad libitum except for fasting on the
day of sedated procedures.

Sedation protocol

Animals were sedated via intramuscular injections of
ketamine (10 mg/kg) and midazolam (0.1 mg/kg).
When necessary, a booster dose (50% of induction dose)
was administered to maintain sedation.

Blood pressure

Systolic and diastolic blood pressure (BP) were mea-
sured in vervets sedated with ketamine via high-
definition oscillometry (S + B medVET, Babenhausen,
Germany) as previously described (Strawn et al. 2000;
Strawn and Ferrario 2008). Three high-quality measure-
ments were recorded and then averaged to ensure
accuracy.

Complete blood counts

Blood was collected via femoral venipuncture into
EDTA vacutainers (BD Biosciences; Warwick, RI) ap-
proximately 2 weeks prior to parturition; 500 uL of
whole blood were isolated and sent to IDEXX labora-
tories (Westrbrook, ME) for analysis including a com-
plete blood count (CBC) using a nonhuman algorithm.
The remaining blood was centrifuged, and the resulting
plasma was collected and stored at — 80 °C for further
analysis.

Ultrasound

Under sedation, ultrasound (Sonosite M-Turbo; Bothell,
WA) was used to stage pregnancy. A second ultrasound
was performed 2 weeks prior to deliver to measure the
biparietal diameter of the fetus in utero (Kavanagh et al.
2011). Three measurements were recorded to calculate
an average diameter to ensure accuracy.

Iron assays

Plasma was analyzed with the BioVision (Milpitas, CA)
Total Iron-Binding Capacity (TIBC) and Serum Iron
Assay Kit (Colorimetric) according to manufacturer’s
instructions. Analysis determined the unbound iron,
TIBC + unbound iron, free iron, and free iron + trans-
ferrin bound iron. These values were used to calculate
the TIBC, plasma iron, and percent transferrin
saturation.

Hormone measurements

Plasma was used to determine hormone levels via com-
mercially available enzyme-linked immunosorbent as-
says for estradiol using the Estradiol Parameter Assay
Kit (R&D Systems; Minneapolis, MN, USA) according
to manufacturer’s instructions. Progesterone was mea-
sured with the Progesterone Human ELISA kit per
manufacturer’s protocol (IBL-International, Hamburg,
Germany). Finally, cortisol levels were detected utiliz-
ing a commercially available kit following manufac-
turer’s instructions (R&D Systems).

Statistical analysis

When comparing two groups, an unpaired Student’s ¢
test was used to determine significance. Associations
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Table 1 Cohort demographics, weight gain, and parity

Animal  Age Age Pre-preg weight Preg weight at amnio Weight Gain % weight No. of
D (years) category (kg) (kg) (kg) gain offspring
1128 14.2 AMA 4.68 6.10 1.42 30.3% 7

1129 14.9 AMA 3.69 5.42 1.73 46.9% 9

1434 16 AMA 4.80 5.42 0.62 12.9% 8

1572 10.9 AMA 498 5.91 0.93 18.7% 7
2030 6.5 Young 5.42 5.53 0.11 2.0% 3

2069 59 Young 4.73 5.40 0.67 14.2% 3

2104 5.6 Young 436 5.01 0.65 14.9% 2

2158 5 Young 4.59 5.79 1.20 26.1% 0

2184 4.8 Young 322 4.44 1.22 37.9% 0

2202 43 Young 3.82 5.10 1.28 33.5% 0

2205 43 Young 4.28 5.13 0.85 19.9% 0

2212 42 Young 3.06 428 1.22 39.9% 0

2312 3.1 Young 3.20 4.80 1.60 50.0% 0

were determined with linear regression analysis. Signif-
icance was determined if p <0.05.

Results
Maternal age and blood pressure

Given the increased risk for the development of pre-
eclampsia with AMA in humans (Duckitt and
Harrington 2005; Bianco et al. 1996), we measured BP
near the end of the third trimester (approximately
2 weeks before parturition) in a cohort of age-diverse
vervets (n = 13). Comparing systolic BP with maternal
age revealed no significant relationship (R* = 0.113;p =
0.2614) (Fig. 1a). On the other hand, maternal age had a
significant positive association with diastolic BP (R* =
0.3212; p =0.0434) (Fig. 1b). Intriguingly, we did not
find any association between BP and maternal age in the
nonpregnant state, indicating this phenotype to be driv-
en in part by pregnancy (Supplemental Fig. 1). In wom-
en, the incidence of preeclampsia decreases substantial-
ly in mothers from their first child to their second child
(Luo et al. 2007; Saftlas et al., 2005; Duckitt and
Harrington 2005). Therefore, we wanted to determine
if multiparity might mask the presence of clinical pre-
eclampsia in our AMA cohort. There was a significant
positive association between maternal age and number
of offspring (R* =0.9295; p <0.0001) (Supplemental
Fig. 2a). Given the strong association between maternal
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age and number of offspring, we wanted to determine if
the protective effects of previous pregnancies are equiv-
alent in young and AMA vervets. This revealed a trend
for lower systolic and diastolic BP in young mothers
with increasing number of pregnancies (p = 0.0554 and
p =0.3237, respectively) (Fig. 1 c and d). Strikingly, we
found in AMA a significant and strong relationship
between number of offspring and both diastolic and
systolic BP (p =0.0404 and p =0.0014, respectively)
(Fig. 1 ¢ and d). However, comparing number of preg-
nancies to systolic and diastolic BP revealed no signif-
icant association (Supplemental Fig. 2 b and ¢), indicat-
ing parity only significantly predicts BP when stratified
between young and aged cohorts.

Leukocytosis in AMA mothers

Activation of the maternal immune system is a well-
appreciated contributor to the development of pre-
eclampsia (Chatterjee et al. 2011; Redman et al., 1999;
Saito et al. 2007). Given the association between mater-
nal age and increasing diastolic BP, we sought to deter-
mine if maternal age altered third trimester immune cell
composition. Complete blood cell counts indicated a
significant positive relationship between circulating
white blood cell (WBC) number and maternal age
(Fig. 2). Our initial screen to determine the cellular
components contributing to leukocytosis in AMA
mothers revealed no significant alterations in total
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0.5730) (Supplemental Fig. 2).

WBC
10—
15
3 44
>3 6 .‘ @ Young
@ AMA
3 44 @
&)
2_
R?= 0.4085
p=0.0187
0 | | | 1
0 5 10 15 20

Maternal Age (Yrs)

Fig. 2 Advanced maternal age promotes third trimester leukocy-
tosis. Linear regression of total circulating white blood cell count
and maternal age. R* = 0.4085; p =0.0187. N = 13 monkeys

Stress leukogram in AMA mothers

Growing evidence indicates a role for adaptive immune
cell activation in the context of preeclampsia (Boucas
et al. 2017). We therefore assessed circulating compo-
nents of the adaptive immune system including mono-
cytes, basophils, neutrophils, and eosinophils. While no
alterations were observed in total monocyte (R* =
0.02997; p =0.6211) and basophil numbers (R*> =
0.01578; p =0.6826) in the circulation related to mater-
nal age (Fig. 3 aand b), we observed trends for increased
neutrophils with AMA (R* =0.2835; p =0.061)
(Fig. 3¢) and a significant negative association between
maternal age and eosinophil numbers (R> = 0.4016; p =
0.02) (Fig. 3d). The presence of neutrophilia and
eosinopenia is characteristic of a stress leukogram re-
sponse (Latimer and Rakich 1989).

Maternal body weight and AMA

To gain insight into mechanisms underlying altered
immune and cardiovascular responses, we assessed
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maternal body weight as a risk factor. We observed no
significant association between maternal age and mater-
nal pre-pregnancy body weight (Fig. 4a). Weight gain
during pregnancy has been shown to be a better predic-
tor for adverse cardiovascular events during pregnancy
rather than final body weight (Cedergren 2006;
DeVader et al. 2007; Kiel et al. 2007; Barton et al.
2015; Crane et al. 2009; Fortner et al. 2009). Therefore,
we measured whether maternal age influeces gestational
weight gain. We find no differences in maternal body
weight gain between young and aged mothers (Table 1).

AMA does not elicit anemia

We next determined if AMA promotes the development
of gestational anemia. We evaluated several parameters
associated with anemia in our cohort including red
blood cell count, hematocrit, and hemoglobin levels.
AMA did not alter any biomarker associated with ane-
mia (Fig. 5a—). Furthermore, normal serum iron levels
(Fig. 5d), total iron binding capacity (Fig. 5d), and %
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transferrin saturation (Fig. 5f) confirmed the absence of
altered iron homeostasis in older mothers.

6Maternal Body Weight
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Fig.4 Maternal parity but not body weight is associated with age.
a Linear regression between maternal body weight and maternal
age. R* =0.05163; p =0.4553. N =13 monkeys. b Gestational
weight gain in young and AMA mothers
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Fig.5 Advanced maternal age does not promote anemia. a Linear
regression between total circulating red blood cell count and
maternal age. R* =0.1033; p =0.2843. b Linear regression be-
tween matemnal hematocrit and maternal age. R* =0.09349; p =
0.3097. ¢ Linear regression between maternal hemoglobin and
maternal age. R® =0.05393; p =0.4452 d Linear regression

Altered hormonal responses in AMA mothers

AMA is associated with low peak gestational estradiol
levels (Sharma et al. 1988; Phelps et al. 1998; Fisher
et al. 2005), and estrogen deficiency has been shown to
promote diastolic dysfunction (Michalson et al. 2018).
Therefore, we measured third trimester estradiol levels
in our cohort of young and AMA vervets. Enzyme-
linked immunosorbent assay (ELISA) revealed that
AMA mothers had significantly lower third trimester
estradiol levels (~60% reduction; R? =0.4462; p=
0.0176) (Fig. 6a). This could signify that our older
cohort is going through the perimenopausal transition.
However, measuring nonpregnant estradiol levels in our
cohort revealed no association between maternal age
and basal estrogen levels, suggesting our phenotype is

Maternal Age (Yrs)

Maternal Age (Yrs)

between maternal serum iron level and maternal age. R?=0.02;
p=0.6610. e Linear regression between total iron binding capacity
and maternal age. R* =0.000191; p = 0.9892. f Linear regression
between % transferrin saturation and maternal age. R* =0.1612;
p =0.1958. N =13 monkeys

aproduct of pregnancy during aging and not aging alone
(Supplemental Fig. 3). Further, we found a trend for a
negative association between maternal age and circulat-
ing third trimester progesterone levels (R* = 0.2765; p =
0.0791) (Fig. 6b). Finally, given the presence of a stress
leukogram signature in our AMA mothers, we also
measured cortisol levels, revealing a significant negative
relationship (R = 0.5832; p = 0.0038) between maternal
age and third trimester cortisol levels (Fig. 6¢).

Postnatal growth retardation in offspring from AMA
mothers

We measured fetal biparietal diameter approximately

2 weeks prior to delivery via ultrasound. No appreciable
differences were observed in fetal biparietal diameter
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Fig. 6 Advanced maternal age disrupts hormonal responses to pregnancy. a Linear regression between estradiol and maternal age. b Linear
regression between progesterone and maternal age. ¢ Linear regression between cortisol and maternal age. N = 13 monkeys

within our cohort (Fig. 7a). Accordingly, we also did not
observe significant differences in infant body weights
between young and AMA age mothers at birth (Fig. 7b).
However, following archival growth trajectories over
approximately the first year of life in a separate cohort
of animals (n =28 young and n =14 aged) revealed
significant growth retardation in infants born to AMA
mothers (Fig. 7b).

Discussion

AMA in humans is an established risk factor for the
development of an array of pregnancy-induced pathol-
ogies (Bianco et al. 1996; Kahveci et al. 2018; Khalil
et al. 2013; Lean et al. 2017; Odibo et al. 2006). While
the relationship between maternal age and the incidence
of pregnancy-related pathologies exists, preclinical
models with similar reproductive physiology to that of
humans are severely lacking. The current study clearly
shows that AMA is associated with disruptions in phys-
iological adaptations to pregnancy in vervet/African
green monkeys. In particular, we found that the cardio-
vascular system, immune system, and endocrine system
all display deficits in responses to pregnancy, suggest-
ing the presence of maternal pathologies in older vervet
monkeys. Additionally, first year growth trajectories
were impaired in infants born to AMA mothers. These
data collectively indicate the vervet monkey as a phys-
iologically relevant preclinical model to study the ef-
fects of AMA on both maternal and offspring outcomes.

Human studies have revealed a selective increase in
third trimester diastolic blood pressure and a decrease in
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systolic BP with increased maternal age (Gaillard et al.
2011). Consistent with these findings, we observed
maternal age to be significantly positively associated
with diastolic BP in our vervet model. Contrary to the
human studies, however, we observed no relationship
between age and third trimester systolic BP. These
findings indicate that the vervet monkey recapitulates
some, but not all, aspects of altered BP regulation during
pregnancy in older mothers. Gaillard et al. indicated that
a woman’s maternal age per se was not consistently
correlated with gestational hypertension and that mater-
nal body mass index might influence alterations in BP
regulation during pregnancy (Kahveci et al. 2018). In
fact, maternal obesity has been shown to interact with
maternal age to promote a variety of other pregnancy-
induced pathologies (Kahveci et al. 2018). We observed
no association between maternal body weight and ma-
ternal age (Fig. 4), which may explain differences ob-
served between our study in vervet monkeys and human
studies in the regulation of third trimester systolic BP.
Beyond elevated BP, a significant immunological
component to preeclampsia exists (Matthiesen et al.
2005; Boucas et al. 2017; Redman et al., 1999; Saito
et al. 2007; Lokki et al., 2018; Han et al. 2019). While
leukocytosis occurs during normal pregnancy (Pitkin
and Witte 1979), exaggerated leukocytosis occurs in
preeclamptic patients (Canzoneri et al. 2009). Our ob-
servation in the vervet monkey that AMA mothers have
significantly elevated white blood cell counts coupled to
the presence of diastolic hypertension is consistent with
hallmarks of human preeclampsia. Intriguingly, leuko-
cytosis present in humans with preeclampsia is due to an
increase in circulating neutrophils counts (Canzoneri
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et al. 2009). Similar to our other data supporting phys-
iological relevance of vervet monkeys to humans for
studying the effects of AMA, the older mothers exhib-
ited a higher degree of neutrophilia present in their third
trimester compared to young mothers, potentially exac-
erbating a state of mild preeclampsia.

We did observe a significant positive association in
our cohort between maternal age and parity. The elevat-
ed parity in our AMA could actually be providing a
protective mechanism against the development of more
severe preeclampsia, as this disease is more prevalent
amongst primiparous mothers (Luo et al. 2007; Saftlas
etal., 2005; Duckitt and Harrington 2005). We observed
an uncoupling of number of previous offspring and
blood pressures between young and AMA mothers.
Our data suggest that previous pregnancies are associ-
ated with lowered blood pressures in younger mothers;
however, in AMA mothers, the number of pregnancies
was positively associated with both diastolic and systol-
ic BP. These data suggest that either AMA disrupts the
protective mechanisms afforded by previous pregnan-
cies or that after a certain threshold of previous preg-
nancies, the protective mechanism of parity is lost.
Parity has also been associated with immunological
tolerance to certain infections during pregnancy such
as malaria (Brabin 1983; Archibald 1956; Walker et al.
2013), and multiparity has been demonstrated to confer
immunotolerance in rodent models of stroke (Ritzel
et al. 2017), indicating a protective role to maternal
health in multiparous mothers. While not tested in the
current study, further investigation into AMA primipa-
rous third trimester physiology is warranted to deter-
mine if multiparity is protective against the development
of clinical preeclampsia.

Another known risk factor for the development of
preeclampsia in humans is the presence of pregnancy-

Infant Age (Days)

induced anemia (Ali et al. 2011; Hlimi 2015; Bilano
et al. 2014). Furthermore, maternal age and parity have
been shown to be associated with the presence of ane-
mia in humans (Lin et al. 2018; Obse et al., 2013).
However, we did not observe such associations between
anemia and maternal age and multiparity in our study.
One explanation for the lack of association between
maternal age and anemia in our study is due to diet;
while maternal age is associated with the development
of anemia in humans, this is largely due to insufficient
iron intake during pregnancy (Zimmermann and Hurrell
2007; Sato et al. 2010; Abbaspour et al., 2014). Our
vervet diet has high levels of iron (230 ppm), which
could potentially compensate for AMA as a risk factor.

Estradiol is a well-known cardioprotective hormone.
In the nonpregnant state, low estradiol levels, such as
those observed during menopause, promote the devel-
opment of cardiovascular disease (Yang and Reckelhoff
2011; Marko and Simon 2018). Specifically, postmen-
opausal women are the primary clinical population di-
agnosed with heart failure with preserved ejection frac-
tion (HfpEF) (Borlaug and Redfield 2011; Upadhya and
Kitzman 2017; Beale et al. 2019). The cardioprotective
effects of estradiol in preventing HfpEF in estrogen
deficient females have been extended to nonhuman
primates such as cynomolgus macaques (Michalson
et al. 2018). In the pregnant state, low estrogen levels
have been associated with preeclampsia in humans
(Zeisler et al. 2002; Wan et al. 2018; Hertig et al.
2010; Jobe et al., 2013; Berkane et al. 2017). We found
that AMA is associated with third trimester estrogen
deficiency in vervet monkeys, consistent with human
data indicating maternal age is negatively correlated
with low peak estradiol levels (Sharma et al. 1988;
Phelps et al. 1998; Fisher et al. 2005). At the molecular
level, estrogens have been shown to antagonize the
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effect of stress hormones (Quinn et al. 2019; Quinn et al.
2018; Whirledge and Cidlowski 2013; Whirledge et al.,
2013). We have demonstrated previously that the antag-
onistic nature of estrogen on stress hormones is essential
for appropriate adaptations to pregnancy and proper
fetal development in rodents (Quinn et al. 2019). Our
data indicate that AMA disrupts the cortisol/estradiol
axis through impaired estradiol production. Further-
more, the presence of a stress leukogram in AMA
vervets is suggestive of aberrant stress hormone signal-
ing in aged pregnant vervets (Latimer and Rakich 1989).

Maternal stress in humans, like AMA, underlies
long-term predisposition of offspring to disease into
adulthood. This concept is known as the developmental
origin of disease (Wadhwa et al. 2009). A commonality
between maternal stress and AMA is they are both risk
factors for the development of intrauterine growth re-
striction in humans and small gestational age infants
(Odibo et al. 2006; Lean et al. 2017; Kahveci et al.
2018; Khalil et al. 2013; Rondo et al. 2003;
Durousseau and Chavez 2003). Our ultrasound data of
fetal biparietal diameter revealed no association between
maternal age and head size. Furthermore, infant weight
at 4 days postdelivery was comparable between young
and AMA mothers. In humans, one driver of the small
gestational phenotype is preterm delivery (Muhihi et al.
2016; Huang et al. 2018; Tong et al. 2017; Castrillio
etal. 2014). This may be a possible explanation for why
we did not observe low birth weights in vervets, since
AMA did not elicit preterm delivery in our cohort.
Beyond low birth weights, prenatal maternal stress in
humans dramatically alters postnatal growth rates of
offspring. Intriguingly, the offspring growth rate pheno-
type is dictated by timing of maternal stress, with early
stress typically leading to increased growth rates and
late stress promoting decreased growth rates in offspring
across 21 different mammalian species (Berghanel et al.
2017). Our results of normal infant weight but blunted
postnatal growth are suggestive that AMA in vervets
corroborates human data resultant of a maternal stress
response late during gestation. An additional factor
within the paradigm of maternal stress is maternal in-
vestment during lactation (Berghanel et al. 2017). We
did not cross foster or perform behavioral analyses in
our young and AMA vervets postdelivery; therefore, we
cannot determine if AMA alters maternal investment
during the nursing period.

Human studies limit the ability to establish disease
causality. Rodent studies on the other hand allow for
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experimental manipulation to test mechanisms underly-
ing disease, but their reproductive physiology is dramat-
ically different than that of humans. Utilizing an exper-
imental model with direct physiological relevance
would allow circumvention of these hurdles. Establish-
ing the vervet monkey as a physiologically relevant
preclinical model allows for the ability to tightly regu-
late environmental conditions and to collect longitudinal
measurements, tissues, and cells currently not feasible in
human studies. This model will allow for the mechanis-
tic dissection of how maternal age promotes pregnancy-
induced pathologies with high likelihood for clinical
translation and the ability to impact human health.

One primary strength of our study is the establish-
ment of a preclinical model with reproductive physio-
logic relevance to humans for studying the effects of
aging on maternal health outcomes. Furthermore, the
utilization of clinically relevant assays to characterize
the impact of maternal age on adaptations to pregnancy
is another primary strength of our study. One weakness
with our study is that we focused only on third trimester
physiology. It is of the utmost importance to further
delineate the effects of AMA during gestation. More-
over, our studies are observational and descriptive in
nature. Future studies assessing the effects of estrogen
supplementation in AMA vervets on amelioration of
cardiac and immunological responses to pregnancy are
much needed. One shortcoming is that our study did not
allow for dissociating the effects between parity and
maternal age given the strong correlation with age and
previous birth history in our colony. Future studies
designed to examine nulliparous aged mothers are es-
sential to disentangle these two contributing factors.
Finally, the study may not be powered for certain com-
parisons, leading to a type II error such as maternal body
weight and anemia related factors.

Our data demonstrate that AMA in vervets summa-
rizes several maladaptive responses observed in
humans, particularly dysregulation of hormonal, cardio-
vascular, and immunological responses to pregnancy,
and establishes this model for further elucidation of the
mechanisms involved in the stress responses involved in
maternal adaptation to pregnancy and postnatal growth
retardation in humans.
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