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a  b  s  t  r  a  c  t

Hormones  present  in hair  provide  summative  information  about  endocrine  activity  while  the  hair  was
growing.  Therefore,  it can  be  collected  from  an  infant  after  birth  and  still provide  retrospective  informa-
tion  about  hormone  exposure  during  prenatal  development.  We  employed  this  approach  to  determine
whether  a  delimited  period  of  maternal  stress  during  pregnancy  affected  the concentrations  of  glucocorti-
coids and gonadal  hormones  in the  hair  of  neonatal  rhesus  monkeys.  Hair from  22  infant  monkeys  exposed
to 5 weeks  of  gestational  disturbance  was  compared  to  specimens  from  13  infants  from  undisturbed  con-
trol pregnancies.  Using  an  LC/MS/MS  based  technique,  which  permitted  seven  steroid  hormones  to  be
tress
renatal
ortisol
rogramming
onkey

quantified  simultaneously,  we  found  2 hormones  were  significantly  different  in infants  from  disturbed
pregnancies.  Cortisol  and  testosterone  levels  were  lower  in the hair  of  both  male  and  female  neonates.
Maternal  hair  hormone  levels  collected  on  the  same  day  after  delivery  no longer  showed  effects  of  the
disturbance  earlier  during  pregnancy.  This  study  documents  that  a period  of acute  stress,  lasting  for  20%
of  gestation,  has sustained  effects  on the hormones  to which  a developing  fetus is  exposed.

©  2016  Published  by  Elsevier  Ltd.
. Introduction

It is well established that stress during pregnancy can impact the
eveloping fetus. Both physical and psychological insults have been
ssociated with lasting effects, including altered neuroendocrine
nd immune function, emotional and attentional problems, and a
reater risk for obesity in adulthood (Davis et al., 2011; Entringer,
013; Laplante et al., 2004; O’Connor et al., 2002, 2013; Pluess et al.,
010). One of the primary processes underlying these relationships

s a re-programming of the fetal hypothalamic–pituitary–adrenal
HPA) axis by the placental transfer of maternal glucocorticoids
Coe and Lubach, 2005; Glover et al., 2009; Jensen Pena et al., 2012;
arkar et al., 2008; Walsh et al., 1979). A plethora of studies in
umans and animal models have provided support for this view
hat maternal hormone responses can act on the regulatory set

oints of the fetal endocrine system (Baibazarova et al., 2013; Buss
t al., 2012; Coe et al., 2002; Kapoor and Matthews, 2005; La Marca-
haemmaghami et al., 2015), but it has been difficult to directly

∗ Corresponding author at: 1223 Capitol Court, Room 205, Madison, WI  53715,
SA. Fax: +1 608 263 3524.

E-mail addresses: akapoor@wisc.edu (A. Kapoor), grlubach@wisc.edu
G.R. Lubach), ziegler@primate.wisc.edu (T.E. Ziegler), ccoe@wisc.edu (C.L. Coe).

ttp://dx.doi.org/10.1016/j.psyneuen.2016.01.010
306-4530/© 2016 Published by Elsevier Ltd.
assess the extent of change in the fetal compartment. The capacity
to measure the hormone content of infant hair, which had grown
during fetal period, now provides that opportunity.

The use of hair to analyze hormones is a novel, non-invasive
method for obtaining information about the endocrine system over
an extended period of time while the hair had been growing. The
hypothesized way that hormone is incorporated into hair is largely
through passive diffusion from systemic circulation during the for-
mation of the hair shaft, although some have argued that the follicle
itself can synthesize and regulate hormones, and secretions from
sweat and sebum may  play a role (Davenport et al., 2006; Grass
et al., 2015; Sauve et al., 2007; Stalder and Kirschbaum, 2012).
Therefore, in contrast to point measurements, such as from serum,
saliva and urine, hair provides information about the cumulative
exposure to hormones representative of weeks to months, depend-
ing on the length of the hair.

We have previously shown that hair from newborn rhesus mon-
keys can be used to measure steroid hormones, which reflects
their prior fetal experiences since the hair started growing approxi-
mately two months before term (Kapoor et al., 2014; Schultz, 1937).

Using this technique, we  found that parity affected hormone levels,
with higher glucocorticoids, testosterone, and estrogen in the hair
obtained from infants of primiparous mothers. It seemed reason-
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ble, therefore, to investigate whether a similar analysis of neonatal
air would permit one to detect the influence of maternal stress
uring pregnancy.

The majority of studies that have analyzed hair hormone levels,
oth in human and animal research, have measured only cortisol.
e developed innovative mass spectrometry methods permitting

he simultaneous determination of seven hormones (Kapoor et al.,
014). This refinement is significant for two reasons. First, it is
ften informative to assess cortisone in addition to cortisol when
ssessing hair (Ito et al., 2005; Keckeis et al., 2012). Second, a
omprehensive panel is especially important when investigating
renatal stress, because it is known that other hormones synthe-
ized by the adrenal and gonads can be affected (DiPietro et al.,
011; Kapoor and Matthews, 2008, 2011; Kim et al., 2015; Pepe
nd Albrecht, 1995; Sharp et al., 2014). For example, prenatal stress
n some animal species has been shown to affect sexual differen-
iation by influencing the organizational actions of androgens and
strogens.

The stress condition in the present study involved acute manip-
lations of the gravid female on a daily basis for 20% of pregnancy.
he disturbance was then stopped before the final weeks of
regnancy to determine if there were persistent effects on fetal
ndocrine activity. We employed a brief acoustical startle paradigm
nown to elevate maternal cortisol levels for several hours. Pre-
ious studies showed that prenatal manipulations had a number
f persistent effects on infant physiology and brain development
fter birth (Coe et al., 2003). Its advantages are that: 1 it is reliable,
liciting a cortisol response in all pregnant females, 2 both the stres-
or and reaction are delimited; a moderate elevation in cortisol is
nduced by a brief 10-min event, and 3 it is temporally defined and
nite, with the stressful period resolving immediately at the end
f 5 weeks of daily manipulation. During the first week after deliv-
ry, hair samples were collected from the mother and the newborn
nfant to assay the hormone panel, which included glucocorticoids,
ndrogens, estrogens, and progesterone.

. Methods

.1. Animals

Mother and infant rhesus monkeys (Macaca mulatta) were eval-
ated from a large, long-established breeding colony at the Harlow
rimate Laboratory. All were descendants of monkeys originally

mported from India, >14 generations earlier in the 1950s and 1960s
Price and Coe, 2000). The adult females were laboratory-reared,

ultiparous adults, 5.8–15.4 years of age. Each was bred with one
ale for 4–7 days to verify paternity and date of conception. Preg-

ancy was confirmed by implantation bleeding and the cessation
f menstruation. Females were housed under standardized condi-
ions in similar size, stainless steel cages until the birth of their
nfants (Coe and Shirtcliff, 2004). The monkeys were continuously
n visual and auditory communication with other animals, either
n pairs or partitioned with an open mesh panel from one other
emale. The diet is based on a commercial biscuit with known
utritional constituents (PMI International, 5LFD) plus fruits and
egetables provided as part of an enrichment husbandry program
o give additional stimulation, along with foraging devices and
ther manipulanda. All 35 infants, 13 controls (4 female and 9 male)
nd 22 prenatally stressed (12 female, 10 male), were born natu-
ally at term. To determine typical level of glucocorticoids in the

air of a non-pregnant female for comparison, hair specimens were
btained from 7 females and analyzed with the same assay meth-
ds. All experimental and husbandry procedures were approved by
he Institutional Care and Animal Use Committee at UW-Madison.
rinology 66 (2016) 111–117

2.2. Prenatal stress

The prenatal stress condition involved a controlled disturbance
induced with an acoustical startle protocol (Coe et al., 2003;
Shirtcliff et al., 2013). Briefly, 5 days a week for 5 weeks, or 20% of
the 24-week pregnancy, the gravid female was  relocated to a dark-
ened room where a computer program randomly broadcast 3 loud
noises (1 s, 110 dB) during a 10-min period. This protocol induces a
transient activation of the maternal HPA axis (Clarke and Schneider,
1993; Rendina et al., in press). The stress induction occurred during
one of three 5-week periods during pregnancy, either early (weeks
7–11, n = 6), mid  (weeks 12–16, n = 9) or late in pregnancy (weeks
17–21, n = 7). For the current analyses, hair hormone data from the 3
periods are considered together because there was  not a significant
effect of gestational stage on either the dam or infant. The stress
manipulations were stopped 3–13 weeks before the end of ges-
tation, ensuring that hormone differences in infant hair reflected
hormonal changes that continued after the gestational disturbance.
Maternal age was similar between the females assigned to the Con-
trol and Stress conditions (11.38 ± 4.7 years and 12.95 ± 3.5 years,
respectively). To verify that the disturbance protocol elicited HPA
activation, small blood samples (1 mL)  were obtained at 1, 3 and
5 weeks after the startle protocol. Blood samples were obtained
from the Control females at the same time of day and same 2-
week intervals in order to determine basal levels of cortisol and
to control for the handling procedures required for the blood sam-
pling. No sedation was  employed, and samples were collected via
saphenous venipuncture in a specially designed apparatus for blood
collection. Cortisol levels were determined for 28 of the females
from both Control and Stress conditions via radioimmunoassay (MP
Biomedicals).

2.3. Hair collection

Hair specimens were collected 2–4 days after delivery. Adult
female monkeys at the HPL are trained to leave their cages and
transfer into a smaller apparatus for brief immobilization, where
the infants could be manually removed for approximately 15 min
between 0900 h and 1100 h. The mothers were not sedated for
this procedure, nor were they sedated during pregnancy for the
blood collection. Hair from the mother was  shaved with commer-
cial grooming clippers from the upper back region; infant hair was
obtained from the posterior region of the neck, with some from
the back of the head and the upper shoulders. The mother and
infant were then reunited, and returned to their cage. Hair sam-
ples were placed into small aluminum foil pouches and stored at
room temperature until ground and assayed.

2.4. Analytical method

Hair washing, steroid extraction and LC/MS/MS method were
conducted as previously described (Kapoor et al., 2014). Briefly,
hair was  washed twice with 2-propanol and dried. Hair was ground
to a fine powder using a Retsch ball mill (Verder Scientific, New-
town, PA) and carefully weighed into 50 mg aliquots in culture
tubes. For steroid extraction, methanol, Sorenson buffer and inter-
nal standard mixture were added to the ground hair and the
tubes were incubated at 30 ◦C for 16 h. After incubation, tubes
were centrifuged and the supernatant was run through solid-phase
extraction followed by liquid–liquid extraction with ethyl acetate.
Samples were re-suspended in 40 �L of 20:80 methanol/water for
liquid-chromatography/tandem mass spectrometry.
All samples were analyzed on a QTRAP 5500 quadrupole lin-
ear ion trap mass spectrometer (AB Sciex, Concord, ON, Canada)
equipped with an atmospheric pressure chemical ionization source.
The system included two Shimadzu LC20ADXR pumps and a
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Fig. 1. Mean (±SEM) hair cortisol in male (black bar) and female (white bar) infant
monkeys born to mothers from undisturbed control or stressed pregnancies. * indi-
cates p < 0.05 between prenatal condition.

Table 1
Mean (±S.D) concentrations of steroid hormones in the hair of monkey neonates
from undisturbed control or prenatally stressed pregnancies. Bolded values are
statistically significant at p < 0.05.

Analyte (ng/mg) Control Stress p

Cortisol 1.04 ± 0.3 0.82 ± 0.3 0.02
Cortisone 1.25 ± 1.2 1.09 ± 1.1 >0.05
DHEA 1.06 ± 0.7 0.87 ± 0.7 >0.05
Testosterone 0.0031 ± 0.002 0.0029 ± 0.002 0.01
Estrone 0.55 ± 0.5 0.71 ± 0.5 >0.05
Estradiol 0.002 ± 0.002 0.004 ± 0.006 <0.06
Progesterone 0.048 ± 0.01 0.052 ± 0.02 >0.05

Table 2
Mean (+SD) steroid hormone concentrations in the hair of rhesus monkey mothers
after delivery following Undisturbed Control or Stressed pregnancies. There was no
effect of prenatal condition on any hair analytes in the parturient females.

Analyte (ng/mg) Control Stress

Glucocorticoids
Cortisol 0.11 ± 0.04 0.097 ± 0.03
Cortisone 0.31 ± 0.3 0.35 ± 0.3

Androgens
Testosterone 0.0031 ± 0.002 0.0029 ± 0.002
DHEA 0.085 ± 0.06 0.085 ± 0.09

Progestins
Progesterone 0.013 ± 0.01 0.009 ± 0.005
A. Kapoor et al. / Psychoneuro

himadzu SIL20ACXR autosampler. The chromatographic sepa-
ation was performed on Phenomenex Kinetex 2.6 u C18 100A,
50 × 4.6 mm column (Phenomenex, Torrance, CA).

Quantitative results were recorded as multiple reaction mon-
toring (MRM)  area counts after determination for the response
actor for each compound and internal standard. Internal standard
airs were as follows: d5-estradiol with estradiol and estrone, d5-
estosterone with testosterone and DHEA, d9-progesterone with
rogesterone, d4-cortisol with cortisol and cortisone. All data were
cquired and processed with Analyst software, Ver 1.5.1 (AB-Sciex).
ight-point standard calibration curves were obtained by using

 mg  of melanin. The final concentrations of the calibration curves
ere: 0.0016, 0.0031, 0.0063, 0.013, 0.025, 0.05, 0.1 and 0.2 ng/tube.

he linearity for all was r > 0.9990 and the curve fit was linear
hrough zero with 1/x  weighting. None of the compounds of inter-
st were detected in zero or blank samples. The recovery ranged
rom 77 to 103%, with the glucocorticoids displaying the highest
ecovery and progesterone the lowest. The intra-assay coefficient
f variance (CV) ranged from 2 to 9%. The inter-assay CV ranged
rom 8 to 17%.

.5. Statistics

Independent sample t-tests were used to test the significance
f differences in hair hormone levels between infants from Undis-
urbed Control mothers and those exposed to the pregnancy stress

anipulation. Two-way ANOVAs (Pregnancy Condition × Infant
ex) were used to test for a differential influence of prenatal stress
n male and female infants. We  also conducted two-way ANOVAs
Pregnancy Condition × Gestation Age), but found no effect of ges-
ation age at the time of the manipulation on any hair analytes.
herefore this variable was not considered in subsequent analy-
es. The Spearman test was employed to examine the association
etween hormone concentrations in maternal and infant hair. Nor-
ality of distribution was assessed for all hair analytes before

tatistical analysis and if needed, data were log-transformed. Out-
iers were detected using the extreme studentized deviate. All
tatistical analyses were completed using SPSS (IBM, Armonk, NY).
tatistical significance was defined as p < 0.05 for all tests.

. Results

All infants were born after normal term pregnancies and
nassisted vaginal deliveries. Gestation length was typical for
he species and was not significantly affected by prenatal con-
ition (Undisturbed Control: 167.5 ± 3, Stress: 167.2 ± 5 days
F1,33 = 0.059, p > 0.05)). The prenatal stress manipulation did not
ffect maternal weight gain from pre-pregnancy to delivery (Undis-
urbed Control: 1.68 ± 0.18 kg, Stress: 1.21 ± 0.16 kg; (F1,31 = 4.08,

 = 0.052)), nor was there an effect of maternal stress on infant birth
eights (Undisturbed Control: 461.4 ± 80.8 g, Stress: 497.6 ± 57.5 g

F1,33 = 0.840, p > 0.05)).
Assessment of cortisol levels in the pregnant females via blood

amples at the end of 1, 3 and 5 weeks of the disturbance protocol
erified that it effectively activated the HPA axis. As compared to a
aseline blood obtained prior to the disturbance period, there was

 significant increase from 28.3 ± 0.95 �g/dL to 41.87 ± 1.46 �g/dL,
nd these higher disturbance-induced levels were also significantly
bove cortisol values in the blood of Control females sampled at the
ame time of day (28.78 ± 1.13) (F1,26 = 22.23, p < 0.01).
Two-way ANOVA also revealed a significant effect of prenatal
tress on cortisol levels in infant hair (Fig. 1A). Hair cortisol was
ower in infant monkeys gestated by stressed mothers (F1,31 = 9.24,

 < 0.05). However, there was not an effect of prenatal stress on
Estrogens
Estrone 0.046 ± 0.03 0.047 ± 0.03
Estradiol 0.0019 ± 0.002 0.0040 ± 0.006

cortisone levels in the infants’ hair (Table 1). Neither cortisol nor
cortisone levels were differentially affected by the sex of the infant.

There was  a significant effect of prenatal stress on gonadal
hormones in the infants’ hair. Infants from the gestational stress
condition had significantly lower hair testosterone levels than
did the Undisturbed Control infants (F1,31 = 7.32, p < 0.02; Fig. 2A)
and the higher estradiol levels approached statistical significance
(F1,31 = 4.03, p = 0.051; Fig. 2B). This bidirectional shift was  also
reflected in the testosterone-to-estradiol ratio, with infant mon-
keys from the stressed pregnancies having a significantly lower T/E2
ratio (F1,31 = 8.68, p < 0.01; Fig. 2C). There was no effect of the pre-
natal stress condition on DHEA, progesterone, or estrone levels in
the infants’ hair (Table 1). Gonadal hormone concentrations in the
hair did not differ significantly between male and female infants.

The gestational disturbance manipulation did not affect hor-

mone levels in maternal hair obtained after delivery (Table 2).
However, cortisol levels in the hair obtained postpartum was
elevated as compared to comparison hair collected from 7
non-pregnant females (mean = 102.79 ± 5.58 as compared to
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Fig. 2. Mean (±SEM) hair testosterone (A) estradiol, (B), and testosterone:estradiol
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ontrol or stressed pregnancies. * indicates p < 0.05 and ** indicates p < 0.01 between
renatal condition.

3.53 ± 6.01 pg/mg, respectively). Similarly, the hair cortisone con-
entrations in the hair of these new mothers were also high
s compared to a non-pregnant female (336.52 ± 52.5 versus
40.0 ± 1.30 pg/mg, respectively). For two of the measured hor-
ones, the levels in maternal hair did appear to contribute to the

oncentrations in infant hair. There was a significant correlation
etween hormone levels in maternal and infant hair for corti-
one (r = 0.55, p < 0.001) and estradiol (r = 0.43, p < 0.01). One other
otable finding was that hormone levels in infant hair were nearly
0-fold higher than the levels in maternal hair.

. Discussion

The current study demonstrates significant and persistent
ffects of prenatal stress on infant hair hormone levels, which
ere indicative of their prenatal conditions. Specifically, we found

hat hair cortisol levels were lower in infant monkeys born to
others exposed to a delimited period of stress during pregnancy.

his finding differs from many published papers, which have gen-
rally reported increased glucocorticoid levels after stress, both
ith amniotic fluid sampling in humans (Baibazarova et al., 2013;
’Donnell et al., 2012; Sarkar et al., 2008) and fetal blood sampling
n rodents (Takahashi et al., 1998). One explanation for the differ-
nce is our use of hair to measure cortisol release, which we can
ssume grew after the 5-week period of disturbance had ended and
herefore represents a subsequent and lasting shift in the regula-
rinology 66 (2016) 111–117

tion of the HPA axis. Hair provides a summative view of endocrine
changes, as opposed to the point measurement at a moment in time
with other body fluids, including blood and saliva.

It is possible that there had an been an initial up-regulation
in glucocorticoids in the fetal compartment during the period
of maternal stress, which was then followed by a compensatory
down-regulation of HPA axis activity. Using blood samples obtained
right at the end of the disturbance manipulation, we documented
that cortisol levels in the gravid female were elevated, both as com-
pared to their prior basal levels and also with respect to levels in
the Control females sampled at the same time of day. Thus, during
the 5 weeks of the stress manipulations, elevated placental transfer
of maternal cortisol may  have exerted an inhibitory effect on fetal
HPA activity. That change in the amount of cortisol reaching the
fetal compartment may  then have induced a compensatory and
sustained reduction in fetal cortisol release, which was  reflected
in lower hair cortisol concentrations after delivery. When dexam-
ethasone is administered to a pregnant monkey, it is known that
this glucocorticoid drug will cross the placenta and suppresses fetal
cortisol in a more prolonged manner than in the mother (Coe and
Lubach, 2005). Our use of hair analyses, which provided a sum-
mative look at endocrine activity over an extended period of time,
appears to have captured this type of longer-lasting change.

It is also important to mention that a previous study using the
same gestational stress paradigm documented long-lasting post-
natal changes in the regulatory set points for the HPA axis still
evident in older, juvenile monkeys. An overnight Dexamethasone
Suppression Test conducted when monkeys were 2 years of age
indicated that the offspring from stress-exposed pregnancies had
a greater propensity to break through the glucocorticoid negative
feedback (Coe et al., 2003). This evidence of sustained maturational
changes in endocrine activity after prenatal insults concurs with
many studies in rodent models, including shifts that remain after
puberty (Sominsky et al., 2012). Moreover, we know from analyses
of other infant monkeys, that there can be effects of this prenatal
manipulation on their behavioral and emotional reactivity, which
can be sustained after birth (Rendina et al., in press).

It is noteworthy that the lingering hormonal effects were evi-
dent only in infant hair, and not found in the mothers’ hair at
this time point right after delivery, even though we  had docu-
mented with blood sampling that the disturbance had acutely
increased cortisol levels during the 5-week stress period. Fetal hair,
which begins to grow during the last 1–2 months of gestation, may
thus provide a sensitive biomarker of endocrine changes occurring
within the fetal compartment even after the precipitating events
have ended. In addition, it was  striking that the steroid hormone
concentrations in the infants’ hair were tenfold higher than found in
maternal hair. Newborn monkeys have distinctive, fine hair, com-
monly described as a natal coat, which may  be particularly prone
to absorbing hormones circulating in the amniotic fluid and blood
stream. The results from this study concur with existing literature
on hair hormone studies in monkeys which show that infant hair
cortisol levels are high compared to juveniles and adults (Dettmer
et al., 2014, 2012).

In contrast, the hair of the adult monkey is both denser and
longer. Stressful events that had occurred during early and mid-
gestation may  be reflected only in a specific segment of the
maternal hair further away at a point 2–4 cm away from the scalp.
Analyses of the hair of pregnant women have indicated that the
more distal hair reflects hormone activity from earlier in preg-
nancy, whereas hair near the scalp is more representative of the
third trimester (Kirschbaum et al., 2009). Our hair grinding proto-

col included the entire shaft and thus may  not have been sensitive
enough to capture a prior, discrete history of elevated cortisol levels
in the stressed female monkeys. However, our decision to use the
whole shaft may  not have been a factor given that others could not
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istinguish a difference in hair cortisol levels between the proximal
nd distal sections of monkey hair, which is typically shorter than
n humans (Davenport et al., 2006).

Cortisol and cortisone levels were also much higher in the hair of
hese new mothers, as compared to non-pregnant females, and the
levated endocrine secretion during pregnancy may  have obscured
he saliency of an acute stress increase. Higher glucocorticoid hor-

one levels in the hair of pregnant monkeys replicates what has
een found in women (D’Anna-Hernandez et al., 2011). It is also the
ase that not all studies have been able to document that maternal
air captures a history of gestational disturbance in women, at least

n the case of previously anxious and depressed women at delivery
Braig et al., 2015).

An additional, and perhaps complementary, explanation for our
nding of lower cortisol in the hair of infants from stressed preg-
ancies may  be a change in local hormone synthesis within the hair

ollicle. A study using radiolabelled hormone in guinea pigs demon-
trated that the majority of cortisol in hair may  actually arise from
n situ synthesis by the hair follicle (Ito et al., 2005; Keckeis et al.,
012). Moreover, analyses of cultured human skin cells support
he idea of a functional and responsive endocrine axis in the hair
ollicle (Ito et al., 2005). If also true for primates, maternal stress

ay  affected this intrinsic hormone production during the growth
f the hair shaft, in addition to affecting cortisol circulating in the
mniotic fluid and fetal blood stream.

We  had demonstrated previously that hair hormones at birth
an also reflect parity in the rhesus monkey (Kapoor et al., 2014) and
his finding has now has also been reported in monkeys by other
nvestigators (Dettmer et al., 2015). In our previous study, cortisone
evels were found to be higher both in the hair of primiparous moth-
rs and their infants as compared to multiparous dyads. For that
eason, all of the dams used in the current project were multiparous.
he range of cortisol and cortisone concentrations in the prior and
urrent experiments was similar, indicating that any difference in
ormone results was not due to shift in assay methods. A possible
arsimonious explanation for a greater sensitivity of cortisone in
he prior paper on parity is that hair cortisone may  better reflect
ersistent changes across the full span of pregnancy, whereas the
ecreased cortisol found now in the hair of stressed infants was
ue more to a shift that occurred during the last month of gesta-
ion. We  need to reiterate that the stress manipulation lasted for
nly 5 weeks, was moderate, and stopped during the final month
f pregnancy. When thinking about stressful life events in humans,
ne might expect a different endocrine outcome following severe
isturbance, such as interpersonal violence or environmental dis-
sters, which might induce sustained stress throughout pregnancy.
ven in the current project, we found a high correlation between
he levels of cortisone in maternal and infant hair, and thus any life
vent that resulted in a more prolonged increase in glucocorticoid
ynthesis and metabolism might result in elevated hair cortisone
evels at birth.

Considering the delimited period of disturbance, it is striking
hat we also found a significant effect on sex steroid hormones
n the hair. Lower testosterone and lower testosterone:estradiol
evels were present in the hair of both male and female infants
rom the prenatal stress condition. It is important to acknowl-
dge that the actual difference in levels of hair testosterone was
mall, but the functional impact of this type of sustained change
s not yet clear until we learn more about how androgens become
ncorporated into hair. Androgen in the fetus is derived from both
he fetal gonads and adrenal glands (Resko and Roselli, 1997). If
ifferences in infant hair testosterone levels were attributable pri-

arily to gonadal hormone synthesis, we would have expected to

ee a greater or exclusive shift in male infants. Because sex dif-
erences were not observed, the prenatal stress effects may  be
ue to a change in adrenal steroid hormone precursors or the
rinology 66 (2016) 111–117 115

adrenal enzymes involved in this steroidogenic pathway. One path-
way that could result in decreased infant hair testosterone and
increased hair estradiol levels would be differential activity of 17�-
hydroxysteroid dehydrogenase, which converts androstenedione
to testosterone, and/or altered aromatase activity, which converts
testosterone to estradiol (Ellinwood et al., 1989). Previous studies
have demonstrated that both hypoxia and expression of increased
corticotropin releasing hormone levels can affect placental aro-
matase expression (Imperatore et al., 2009; Jiang et al., 2000).
Further research to more specifically delineate how stress affects
enzyme activity in these steroidal pathways will help to address
this question.

Even though the prenatal stress exposure affected testosterone
levels, we did not find a clear sex difference in overall hormone
levels. Sexual differentiation in the fetal monkey begins during the
first trimester, and sex differences in fetal hormone levels occur
only at specific points during gestation (Barry et al., 2011; Resko
et al., 1980). Thus, it may  be more challenging to use hair hormone
levels at birth to capture these sex-specific hormone differences,
especially when fetal hair first starts to grow during the final 2
months of gestation. Further, it should be acknowledged that there
was a relatively small number of male and female infants in each
pregnancy condition, which may  have limited our ability to discern
sex differences. In other analyses, we were able to detect a differen-
tial effect of prenatal stress on the growth rates of male and female
fetuses, but it required many more infants of each sex (Rendina
et al., in press).

The hormone content in the infant’s hair also reflected some
contribution of maternal endocrine activity. For both estradiol and
cortisone, there was a significant correlation between maternal and
infant hair levels. Given that the primary source of estradiol is the
placenta, this common source may  account for the similarity of
estradiol in the maternal and fetal compartments and hair con-
centrations. A correlation between maternal-fetal glucocorticoid
levels has also been found in other types of biological specimens.
In humans it has been demonstrated that higher maternal sali-
vary and plasma cortisol levels were positively associated with
amniotic fluid levels of cortisol and cortisone (Baibazarova et al.,
2013). In monkeys, it is known that the majority of glucocorticoid
in the fetal compartment derives from the mother up through mid-
gestation, while the fetal adrenal is still small, but that the fetal
adrenal gradually increases its own  contributions by the end of
gestation (Kittinger, 1974; Mitchell et al., 1981; Seron-Ferre et al.,
1978).

In conclusion, we  have shown that a moderate prenatal stressor
can induce persistent effects on hair cortisol and gonadal steroids
in neonatal monkeys. Further studies to understand the mecha-
nisms underlying how hormones are incorporated into hair are
now in progress. We used a similar methodology to our previously
published research on the effects of maternal parity (Kapoor et al.,
2014), and now extend the conclusions about infant hair to being
able to reflect prenatal conditions associated with maternal stress.
This innovative technique provides a noninvasive approach to bet-
ter understand hormone activity during this critical developmental
phase, which is more difficult to investigate with other methods.
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