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Abstract
Although high circulating levels of glucocorticoids are associated with impaired cognitive
performance in adults, less is known about this relationship in infancy. Furthermore, because
studies have relied on acute cortisol measures in blood plasma or saliva, interpretation of the
results may be difficult as acute measures may in part reflect emotional responses to testing
procedures. In this study we examined whether hair cortisol, an integrated measure of HPA axis
functioning, predicted performance of nursery-reared (NR) infant rhesus monkeys (N=32) on
Piagetian object permanence tasks. Testing of NR infants began at 19.8±2.2 (mean±SE) days of
age and continued for the next several months. Hair cortisol concentrations from the 32 NR
monkeys were compared to those of 20 mother-peer-reared (MPR) infants. Hair was shaved at day
14, allowed to re-grow, and obtained again at month 6, thus representing integrated cortisol over a
5.5-month period of time. NR and MPR infants did not differ in month 6 hair cortisol values
(t(50)=0.02, p=0.98). Linear regression revealed that hair cortisol predicted object permanence
performance in the NR infants. Infants with higher hair cortisol reached criterion at later ages on
the well (p<0.01), screen (p<0.05), and A-not-B (p<0.05) tasks and required more test sessions to
complete the well (p<0.01) and screen tasks (p<0.05). These data are the first to implicate hair
cortisol as a reliable predictor of early cognitive performance in infant macaque monkeys.
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INTRODUCTION
Chronic hyperactivation of the hypothalamic-pituitary-adrenal (HPA) axis results in long-
term exposure to elevated circulating glucocorticoids, which exert long-lasting and often
detrimental effects on an organism’s growth and development (Burguera et al., 1990;
Magiakou et al., 1994), immune functioning (Gold, Goodwin, and Chrousos, 1988; Smith et
al., 2002), reproduction (MacConnie et al., 1986; Chrousos, Torpy, and Gold, 1998), mood
and addictive tendencies (Kaye et al., 1987; Wand and Dobs, 1991; Charmandari et al.,
2003), and cognitive functioning. With respect to cognitive functioning, numerous studies
have demonstrated a relationship between high levels of glucocorticoids (namely, cortisol)

Correspondence: A.M. Dettmer, Neuroscience & Behavior Program, Tobin Hall, 135 Hicks, Way, University of Massachusetts
Amherst, 01003, adettmer@nsm.umass.edu;, T: (301) 443-9956, F: (301) 496-0320.

NIH Public Access
Author Manuscript
Dev Psychobiol. Author manuscript; available in PMC 2010 December 1.

Published in final edited form as:
Dev Psychobiol. 2009 December ; 51(8): 706–713. doi:10.1002/dev.20405.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and impaired performance in several different populations. For example, in healthy adults
both the administration of glucocorticoids and the implementation of a brief stressor
increase salivary cortisol levels and adversely affect non-emotional memory processes
(Kirschbaum et al., 1996; Lupien et al., 1999). Higher blood cortisol levels predict poorer
cognitive performance in healthy aged subjects (Lupien et al., 1994; Lupien et al., 1998).
Neglected children exhibit higher salivary and blood cortisol levels and lower intelligence
test scores and reading abilities as adults (Glazer, 2000; Perez and Widom, 1994).

While much research exists for the adult human population, less is known about the
relationship between cortisol and cognitive functioning in human infants. To our knowledge,
only two studies have examined this relationship. Haley, Weinberg, and Grunau (2005)
found that small but significant increases in salivary cortisol across sampling periods on a
single day of assessment were related to better memory on a contingency learning task
(kicking/mobile movement). In contrast, Thompson and Trevathan (2008) subsequently
reported that decreases in salivary cortisol within a testing session were associated with
better learning and association on a preferential looking task. These dissimilar results leave
open the question of whether cortisol is positively or negatively related to cognitive function
in infants.

Complimenting and expanding on the human literature, several nonhuman primate studies
have examined the relationship between HPA axis functioning and cognitive performance.
Glucocorticoid administration impairs inhibitory control on detour reach tasks which test
prefrontal cortex functioning (Lyons et al., 2000). Conversely, rhesus monkeys exhibiting
self-injurious behavior (SIB), a condition that is characterized by blunted cortisol responses
to mild stress, performed better than controls on visible and invisible displacement tasks
(Kelly, Novak, and Meyer, 2007). Interestingly, squirrel monkeys inoculated to stress by a
brief intermittent exposure to maternal separation during infancy later exhibited lower
plasma cortisol responses to a subsequent stressors. As juveniles they performed better on
response inhibition tasks than controls, suggesting that stress inoculation may be beneficial
to cognitive processes (Parker et al., 2005; Lyons and Parker, 2007). Taken together, these
findings indicate that high levels of circulating glucocorticoids play a role in several
different kinds of learning tasks. However, similar to the human literature, information is
lacking on the relationship between glucocorticoids and cognitive functioning in infant
nonhuman primates. Obtaining such information is important in understanding the
maturation of both the HPA axis and learning-related neural circuitry (including the
prefrontal cortex and hippocampus) during this developmental period and beyond.

The studies described above rely on acute measures of HPA activity, which may make
results difficult to interpret as salivary or plasma cortisol levels may be confounded by
emotional responses to testing procedures. Hair cortisol has lately received considerable
attention as an integrated, chronic measure of HPA activity. Our laboratory recently
developed and validated a reliable method for measuring cortisol in the hair of adult rhesus
macaques (Davenport et al., 2006), which reflects cortisol concentrations over several
months and, more importantly, can be used to study responses to major life stressors in these
subjects (e.g., housing relocation; Davenport et al., 2006, 2008). Moreover, recent human
studies have identified hair cortisol as a biomarker of chronic stress in neonates (Yamada et
al., 2007) and a valid reflection of increased circulating cortisol concentrations during the
last trimester of pregnancy (Kirschbaum et al., 2009). However, no studies have examined
the relationship between hair cortisol levels and cognitive abilities in infant human or
nonhuman primates.

The present experiment was designed to assess the relationship between hair cortisol and
cognitive development in infant rhesus monkeys. Object permanence tasks were used to
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assess performance as they have been used extensively as a measure of emerging cognition
in infant monkeys (Wise, Wise, & Zimmerman, 1974; Walker et al, 1992; Schneider, 1992;
Dettmer et al., 2003; Sackett et al., 2006). We specifically sought to determine whether hair
cortisol predicts object permanence performance. Based on an extension of the existing adult
literature, we hypothesized that elevated HPA activity during infancy would be negatively
related to cognitive performance in infant rhesus monkeys.

METHODS
Subjects

Subjects were 32 infant rhesus macaques (Macaca mulatta) born at the Laboratory for
Comparative Ethology (LCE) of the National Institutes of Health in Poolesville, MD. All
infants that were nursery-reared (NR) were part of a larger, long-term LCE research
program focused on early rearing experiences and gene by environment interactions.
Nursery infants were reared according to methods previously described in detail
(Ruppenthal, 1979; Ruppenthal and Sackett, 1992; Shannon, Champoux, and Suomi, 1998).

Object Permanence Testing
The standard protocol dictated that each infant began object permanence testing at 14 days
of age. If day 14 fell on a weekend, testing began on the following Monday. However, five
subjects actually began testing after 25 days of age (range: 27–59 d). This variation was
taken into account in the statistical analysis. The mean±SE start age for object permanence
testing for this study was 19.8±2.2 d. We followed testing procedures described in detail by
Ruppenthal and Sackett (1992) and Sackett et al. (2006), which involves testing the animals
three out of five nonconsecutive days per week. Object permanence testing consisted of four
stages: plain reach, screen, well, and A-not-B (see Sackett et al., 2006, for detailed
descriptions of each testing stage and testing apparatus). Briefly, the plain reach stage tested
each infant’s ability to pick up a brightly colored toy covered with a fruit reward. Once
infants passed the plain reach phase (3/5 full pick-ups of the toy in one test session), they
moved onto the screen and well tasks, each of which consisted of three conditions: no hide,
partial hide, and full hide. The screen task involved covering the toy by sliding a screen
across a track in front of the toy, and the well task involved covering the toy by placing the
toy into a well and moving a lid over the top of the well. For the screen and well tasks, each
infant was given 5 trials of each condition for a total of 15 trials per testing day, and screen
and well testing days were alternated. Criterion for screen and well tasks was 8/10 full pick-
ups in the full-hide condition across two consecutive test sessions. If criterion was achieved
on either task before the other it was still tested until criterion was achieved on both. The
final task assessed the A-not-B error, and consisted of 5 full-hide trials per day alternating
between 2 possible wells. Criterion was 80% correct across two test sessions.

Hair Cortisol
Hair was shaved from the posterior vertex region of the neck at day 14 during a routine
neonatal assessment to provide a baseline time point and to eliminate the possibility that the
hair sample collected later contained cortisol deposited prenatally (which would likely
include maternal sources of the hormone). Hair was allowed to re-grow until 6 months of
age at which time it was shaved from the same location again. Shaving at 6 months was
necessary to allow the infants enough time to re-grow the 250mg of hair required for cortisol
analysis (personal observation; Davenport et al., 2006). Upon shaving, hair was processed
and analyzed via enzyme immunoassay for cortisol concentrations following a reliable
procedure developed and validated in our laboratory (Davenport et al., 2006; Davenport et
al., 2008). Hair cortisol concentrations from the NR infants were compared to those of 20
mother-peer-reared (MPR) infants at the same age to test the hypothesis that nursery-rearing
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resulted in elevated chronic cortisol levels in the first several months of life. The necessity
of separating infants from their mothers and peers for cognitive testing precluded our ability
to conduct object permanence testing of the MPR infants (see Discussion).

Emotionality
Emotionality scores were recorded for each subject on each day of testing. Scores ranged
from 1 to 3 with 1 being least reactive (calm and relaxed, quiet, does not need consolation),
2 being mildly reactive (somewhat agitated, some vocalizations, easy to console), and 3
being most reactive (very agitated, screeching, body-jerking, difficult to console).
Emotionality scores were averaged for each subject, as well as for the entire group of test
subjects, for each of the four testing stages.

Statistical Analysis
Hair cortisol was first tested for normal distribution using the Shapiro-Wilk (W) test.
Because hair cortisol was not normally distributed (W=0.874; p<0.001), it was log-
transformed (Tukey, 1977) and log10hair was used for analysis with object permanence
performance (W=0.957; p=0.06). Independent-sample t-tests were used to examine rearing
(MPR vs. NR) and start group (normal vs. late) differences in month 6 hair cortisol
concentrations.

In order to test the hypothesis that elevated hair cortisol in five outliers (see Results) was a
function of emotionality, one-sample t-tests were employed to examine differences in
average emotionality scores for each task between hair cortisol outliers and the entire testing
group.

Linear regression was performed to determine whether month 6 hair cortisol concentrations
significantly predicted object permanence performance (dependent variables: postnatal day
of age at criterion and number of test sessions to criterion for each task). To account for the
late testing start ages in five of the subjects, start group (normal vs. late) was first entered
into the model. Start group was a significant predictor for age at criterion for the plain reach,
screen, and A-not-B tasks (Table 2) so it was retained in these models. Month 6 hair cortisol
was then entered as a second predictor and the ΔR2 test was employed to determine whether
the addition of month 6 hair cortisol added significant predictive power to the model after
start age had been accounted for. Because start group did not significantly predict number of
test sessions to criterion for any of the four tasks, only hair cortisol was entered as a
predictor.

An alpha level of p< 0.05 was considered statistically significant, and SPSS was used for all
analyses.

RESULTS
Hair Cortisol

Subjects did not differ by rearing condition (t(50)=0.02, p=0.98; mean±SE:
MPR=172.94±12.36 pg/mg, NR=176.88±13.08 pg/mg) or start group (t(30)=−1.01, p=0.32;
normal=171.70±13.95 pg/mg, late=204.87±37.69 pg/mg) in month 6 hair cortisol
concentrations (Figure 1).

Emotionality
Five subjects were identified as outliers for month 6 hair cortisol concentrations. However,
their average emotionality scores did not significantly differ from the group average on any
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of the four tasks (plain reach: t(4)=−0.537, p=0.62; well: t(4)=0.159, p=0.88; screen:
t(4)=0.687, p=0.53; A-not-B: t(4)=−0.500, p=0.64; Table 1).

Object Permanence Performance
Start group (normal vs. late) significantly predicted age at criterion for the plain reach
(R2=0.56, F(1,30)=37.94, p<0.001), screen (R2=0.31, F(1,30)=13.42, p=0.001), and A-not-B
tasks (R2=0.16, F(1,30)=5.731, p=0.02; see Table 2). Hair cortisol added significant
predictive power to the regression model for the screen (ΔR2=0.09, p<0.05) and A-not-B
tasks (ΔR2=0.11, p<0.05), and hair cortisol also significantly predicted age at criterion for
the well task (R2=0.23, F(1,30)=9.012, p<0.01; Table 2; Figure 2). Infants with higher hair
cortisol reached criterion at later ages.

Start group did not predict the number of test sessions to criterion for any stage of testing, so
it was omitted from the regression model. Hair cortisol significantly predicted the number of
test sessions to criterion for the well (R2=0.22, F(1,30)=8.220, p<0.01) and screen tasks
(R2=0.16, F(1,30)=5.861, p<0.05; Table 2; Figure 3). Infants with higher hair cortisol
required more sessions to reach criterion on these tasks.

DISCUSSION
We sought to utilize hair cortisol, representing in this case an integrated measure of HPA
activity across 5.5 months, as an indicator of an infant monkey’s hypothalamic-pituitary-
adrenocortical “phenotype” and further to determine whether this “phenotype” was useful in
predicting early cognitive performance that occurred within the same time period. Our
findings reveal that overall, higher hair cortisol concentrations predicted poorer performance
on object permanence tasks. Infants with higher hair cortisol required more test sessions and
completed the tasks measuring object permanence (screen and well) at later ages.

One possible explanation for these findings is that the infants with the highest hair cortisol
are also the most emotionally reactive, thereby requiring more test sessions to reach criterion
on the tasks (and thus completing them at later ages). However, examination of the
emotionality scores given to each infant on each day of testing revealed no significant
difference in average emotionality between the five infants with the highest hair cortisol
levels and the test group of subjects on any task. Further, these subjects were habituated to
human handling and were accustomed to the testing procedure. Thus we can rule out the
likelihood of emotional arousal during object permanence testing causing the elevated hair
cortisol values. These data support the notion that chronic circulating levels of cortisol may
exert detrimental effects on the brain areas associated with early cognition.

Before generalizing the present results to all infant rhesus monkeys, it is important to note
that we were unable to test MPR infants on object permanence tasks because of the
difficulty in testing without also inducing distress reactions in the infants during the periods
in which they would be separated from their mothers and/or peers. Additionally, it is
possible that our results were due in part to the NR paradigm producing higher levels of hair
cortisol, a notion that is supported by an extensive literature demonstrating elevated acute
concentrations of cortisol in NR monkeys (Champoux et al., 1989; Capitanio et al., 2005;
Sanchez et al., 2005; Barrett et al., 2009). However, the literature on NR and HPA activity is
not entirely consistent: initially it appeared that NR infants exhibited higher basal plasma
cortisol concentrations than MR infants, but that the two did not differ in stress levels of
cortisol (Champoux et al., 1989). However, later studies demonstrated the reverse, namely
that NR infants exhibited similar or lower basal plasma cortisol levels (Clarke, 1993;
Shannon et al., 1998; Capitanio et al., 2005) and higher or lower concentrations of plasma
cortisol than MR monkeys after stress (Higley, Suomi, and Linnoila, 1992; Davenport et al.,
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2003). Finally, one study (Winslow et al., 2003) found that neither basal nor stress-related
cerebrospinal fluid (CSF) cortisol concentrations differed between MPR and NR infants.
The lack of general agreement in these studies may reflect differing NR protocols across
laboratories as well as the inherent limitations in measuring cortisol in point samples such as
plasma, saliva, or CSF. Nevertheless, there is no reason to assume that our findings relating
hair cortisol to cognitive performance are somehow unique to the NR condition as MPR and
NR monkeys did not differ in hair cortisol values in the first six months of life. It is possible
that rearing differences are not detectable in hair cortisol until later in infancy and early
adolescence, an idea that is supported by preliminary data from our laboratory (Dettmer et
al., 2007; Dettmer, 2009).

The nature of the relationship between cortisol and cognition is not yet well understood.
Studies that show impaired cognitive function after acute cortisol administration suggest a
causal mechanism that could, for example, be mediated by rapidly-acting membrane
glucocorticoid receptors in the brain (Tasker, Di, and Malcher-Lopez, 2006). Such studies,
however, typically produce high circulating cortisol concentrations in the stress range. In
contrast, the present results were obtained from animals that were neither stressed during the
learning task nor given exogenous glucocorticoids. Rather, we found that an index of
endogenous circulating cortisol integrated over a period of months was predictive of object
permanence learning in our infant monkeys. There is much evidence that chronic stress or
other manipulations that persistently elevate glucocorticoid levels above the normal resting
range have deleterious effects on key brain areas such as the hippocampus and prefrontal
cortex (McEwen, 2008), both of which have been implicated in object permanence tasks
(Goldman-Rakic, 1990). It is intriguing to speculate that chronically high cortisol levels
even within the “normal” range exert a subtle influence on the hippocampus and prefrontal
cortex, particularly during development, in a way that compromises the organism’s ability to
perform optimally on tasks that engage these areas. Alternatively, hair cortisol in the present
context may simply be serving as a marker for other traits that are causally related to object
permanence performance, rather than cortisol itself. Further research is needed to test these
different hypotheses.

In conclusion, the present study is the first to relate hair cortisol to cognitive performance in
any species and at any stage of development. The results demonstrate that hair cortisol is a
significant predictor of object permanence learning in infant rhesus monkeys, with high
cortisol levels predicting relatively poor performance. We are currently testing infants on a
battery of more complex cognitive tasks that examine prefrontal cortex and hippocampal
functioning throughout the first 8–12 months of life to see whether hair cortisol is a useful
predictor of performance on these tasks as well. An exciting range of studies is now possible
for researchers interested in studying chronic integrated HPA activity with respect to
cognition, from infancy to adolescence and into adulthood.
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Figure 1.
Month 6 hair cortisol concentrations in MPR and NR infants.
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Figure 2.
Hair cortisol at month 6 predicts age at criterion for the well, screen, and A-not-B tasks.
(Well: AgeCrit=−145.79 + 108.63Log10Hair; R2=0.23; p<0.01; Screen: AgeCrit=−76.76 +
48.95StartAge + 70.36Log10Hair; R2=0.40; p<0.05; A-not-B: Screen: AgeCrit=−66.58 +
32.95StartAge + 76.32Log10Hair; R2=0.27; p<0.05)
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Figure 3.
Hair cortisol at month 6 predicts number of test sessions to criterion for the well and screen
tasks. (Well: SessCrit=−29.83 + 19.68Log10Hair; R2=0.46; p<0.01; Screen: SessCrit=
−20.74 + 14.78Log10Hair; R2=0.40; p<0.05)
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Table 1

Average emotionality scores (±SE) for each stage of object permanence testing.

Test
Stage

Hair Cortisol
Outliers

Remaining
Subjects

t
value

p
value

Plain Reach 1.39±0.25 1.37±0.05 −0.537 0.62

Well 1.30±0.19 1.27±0.03 0.159 0.88

Screen 1.32±0.18 1.20±0.31 0.687 0.53

A-not-B 1.27±0.27 1.40±0.07 −.500 0.64
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