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Abstract

Animal and human research suggests that testosterone is associated with hippocampal structure
and function. Studies examining the association between testosterone and either hippocampal
structure or hippocampal-mediated cognitive processes have overwhelmingly focused on the
effects of testosterone alone, without considering the interaction of other neuroendocrine factors.
The aim of the present study was to examine the interactive effects of testosterone and cortisol in
relation to hippocampal volume and episodic memory in a sample of late-middle aged men from
the Vietnam Era Twin Study of Aging. The average age of participants was 56.3 years (range 51 to
60). Salivary hormone samples were collected at multiple time-points on two non-consecutive at-
home days, and an in-lab assessment. Area under the curve with respect to ground measures for
cortisol and testosterone were utilized. Significant testosterone-by-cortisol interactions were
observed for hippocampal volume, and episodic memory. When cortisol levels were elevated (1
SD above the mean), testosterone levels were positively associated with hippocampal volume and
memory performance. However, when cortisol levels were low (1 SD below the mean),
testosterone levels were inversely related to hippocampal volume and memory performance. These
findings suggest that in context of high cortisol levels, testosterone may be neuroprotective. In
contrast, low testosterone may also be neuroprotective in the context of low cortisol levels. To our
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knowledge this is the first demonstration of such an interaction in a structural brain measure and
an associated cognitive ability. These results argue in favor of broadening neuroendocrine research
to consider the simultaneous and interactive effects of multiple hormones on brain structure and
function.

1. Introduction

Increasing evidence suggests that the primary male androgen testosterone is associated with
hippocampal structure and function (Atwi et al., 2014). Although androgen receptors, the
primary cytosolic binding sites for testosterone, are distributed widely throughout the central
nervous system (Choate et al., 1998), mRNA concentrations in the human hippocampus
have been shown to be of the same order of magnitude as concentrations in the prostate, a
major site of testosterone action (Beyenburg et al., 2000). Animal studies have found that
testosterone promotes hippocampal neurogenesis (Galea et al., 2006), regulates synaptic
plasticity in the hippocampus (Harley et al., 2000), and maintains hippocampal volume
(Galea et al., 1999). In rats, cognitive abilities regulated by the hippocampus, such as spatial
learning, become impaired following gonadectomy, with performance improving following
hormone replacement (Kritzer et al., 2001). Testosterone also appears to be neuroprotective
with respect to Alzheimer’s disease-related pathology, helping to regulate the accumulation
of p-amyloid in cultured hippocampal neurons (Pike, 2001), as well as prevent the formation
of tau-related pathology (Papasozomenos and Shanavas, 2002).

Human studies have shown that testosterone levels are positively correlated with
hippocampal volume in male and female adolescents (Neufang et al., 2009), as well as with
cerebral blood flow within the hippocampus in elderly men (Moffat and Resnick, 2007).
Testosterone has been found to have positive associations with hippocampal-mediated
cognitive processes in healthy adults, though findings in this area remain mixed (Boss et al.,
2014). In middle-aged men, individuals with both low testosterone and at least one copy of
the apolipoprotein-E (APOE) e4 allele were found to have smaller hippocampal volumes
relative to individuals with none or only one of these risk factors (Panizzon et al., 2010).
Within the same cohort, the correlation between testosterone and verbal memory was found
to significantly differ as a function of e4 status, such that lower testosterone was associated
with poorer memory performance in e4-positive, but not e4-negative, individuals (Panizzon
etal., 2014).

In nearly all areas of neuroendocrine research, studies examining the association among a
particular hormone with brain structure and function have been restricted to individual
hormone effects, and have not considered the potential roles that other hormones might play
in regulating the relationships of interest. The literature on testosterone is no exception to
this trend. A hormone that is likely critical to understanding how and the degree to which
testosterone is associated with brain structure and function is the glucocorticoid cortisol.
Elevated cortisol has been negatively associated with structural aspects of the hippocampus
and its related cognitive abilities; however, as with testosterone, findings have at times been
inconsistent across both neuroimaging and cognitive studies (Franz et al., 2011; Frodl and
O’Keane, 2013; Geoffroy et al., 2012; Lupien and Lepage, 2001; Lupien et al., 2009;
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Schwabe et al., 2012). Like androgen receptors, the receptors that mediate the effects of
cortisol, specifically the glucocorticoid and mineralcorticoid receptors, are prominent in the
hippocampus (McEwen et al., 1968), and for all three receptor types the binding to the
respective hormone results in alterations of receptor-regulated gene expression (Beato,
1989). The glucocorticoid receptor is particularly relevant to the action of testosterone, as it
has been shown to directly interact with the androgen receptor, such that the two receptors
have inhibitory effects on the transcriptional activity on one another (Chen et al., 1997).
Moreover, in certain tissues glucocorticoid receptors can be upregulated by either knockout
of the androgen receptor or castration-induced androgen depletion, as well as downregulated
by high testosterone levels (Miyamoto et al., 2007; Silva et al., 2010). These receptor-level
interactions provide a mechanism whereby the association of testosterone with hippocampal
structure and function might be moderated by cortisol, or vice versa.

We are aware of no studies that have examined the simultaneous or potentially interactive
effects of testosterone and cortisol on hippocampal structure and related cognitive function.
The interplay of these two hormones, however, has been examined in research on traits such
as social aggression, dominance, and leadership. For example, Popma and colleagues found
that testosterone was positively associated with overt aggression in adolescent boys, but only
in those who had lower cortisol levels, defined as 1 standard deviation or more below the
mean (Popma et al., 2007). No relationship was observed in participants with higher cortisol
levels (1 standard deviation or more above the mean). Similar findings, in samples consisting
of both men and women, have been reported for observer-based ratings of dominance in a
leadership task, self-reported empathy, anger response, and risk taking (Mehta et al., 2015).
In men with lower cortisol, testosterone was positively associated with activation in the
dorsolateral prefrontal cortex in response to an insult, whereas no association was observed
in the high cortisol participants.

The aim of the present study was to examine the interactive effects of testosterone and
cortisol on hippocampal volume and episodic memory performance. That is, we sought to
determine whether associations with testosterone would differ as a function of cortisol level.
We predicted that cortisol would moderate the associations of testosterone with hippocampal
volume and memory performance, such that these associations would be prominent when
cortisol is in a lower (i.e., healthy) range and be abated when cortisol is elevated.

2. Materials and Methods

2.1. Participants

Data were obtained as part of the Vietham Era Twin Study of Aging (VETSA), a
longitudinal study of cognitive and brain aging with baseline in midlife (Kremen et al.,
2006). VETSA participants are drawn from the larger Vietnam Era Twin Registry, a
nationally distributed sample of male-male twin pairs, both of whom served in the United
States military at some point between 1965 and 1975 (Goldberg et al., 2002). To be eligible
for the VETSA both members of a twin pair had to agree to participate, and be between the
ages of 51 and 59 years at the time of recruitment. In total, 1237 men participated in wave 1
of the VETSA. The average age was 55.4 years (SD = 2.5, range = 51 to 60), average
education was 13.8 years (SD = 2.1), and participants were predominantly white non-
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Hispanic (89.7%). Although all VETSA participants served in the military, the majority
(~80%) did not experience combat situations during their military careers. Compared to U.S.
census data, participants in the VETSA are similar in demographic and health characteristics
to American men in their age range (Schoenborn and Heyman, 2009).

VETSA participants traveled to either the University of California, San Diego or Boston
University for a daylong series of physical, psychological, and neurocognitive assessments.
On rare occasions (2.7% of subjects) project staff traveled to the participants in order to
conduct the assessments. Prior to data collection, approval from local institutional review
boards was obtained at all participating sites, and all participants provided signed informed
consent upon their arrival at the testing site. Beginning in the second and third years of the
project, funding was obtained to collect structural neuroimaging (N=526) and endocrine data
(N=795) on the remaining eligible participants. Due to incomplete overlap between these
two sub-studies, all participants with endocrine data underwent cognitive testing whereas
both endocrine and neuroimaging data were available on 445 participants.

2.2. Hormone Collection and Assay

Hormone collection and assay methods have been described in detail elsewhere (Franz et al.,
2010; Panizzon et al., 2013). Briefly, saliva samples were collected on two non-consecutive
days at home during a participant’s typical week, as well as on the in-lab assessment day.
At-home samples were collected approximately two weeks prior to the assessment day.
Samples were collected at waking, 30 minutes after waking, 10:00 a.m., 3:00 p.m., and
bedtime on all days in order to capture diurnal changes in cortisol levels. Times of sample
collections were recorded by the participant, and were later confirmed against data from
electronic track caps.

Saliva samples were centrifuged prior to assay at 3000 rpm for 20 minutes to separate the
aqueous component from mucins and other suspended particles. Concentrations of cortisol
and free testosterone were determined in duplicate using commercial radioimmunoassay kits
(Beckman Coulter Inc., formerly Diagnostics Systems Laboratories, Webster, TX; Siemens
Medical Solutions Diagnostics, Los Angeles, CA). The least detectable concentrations for
the assays were 1.3697 pg/ml for testosterone (intra-assay coefficient of variation = 3.141,
inter-assay coefficients of variation = 4.878) and 1.3854 nmol/l for cortisol (intra-assay
coefficient of variation = 3.962, inter-assay coefficients of variation = 5.662). Data from one
to three individuals were included in each assay batch, and assays were always performed
without knowledge of the zygosity of the twin pairs.

Procedures for handling outliers and missing data are described in detail elsewhere (Franz et
al., 2010; Panizzon et al., 2013). In brief, individual testosterone and cortisol measurements
greater than three standard deviations above the mean waking measurement were set to
missing in order to eliminate outlying values. Participants who reported taking testosterone
supplements or other medications known to alter testosterone levels were also excluded, as
were participants who reported taking medications known to alter cortisol levels. For both
testosterone and cortisol values, missing data were imputed if a participant had no more than
one missing value on a day. To impute missing data, the full samples’ mean change in each
hormone level between the time-point with the missing value and the adjacent time-point
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was calculated. The mean change in cortisol or testosterone for those two points was then
added to or subtracted from the participant’s non-missing time-point. Imputed cortisol
values were evenly distributed above and below the means for their respective time-points.
Imputed testosterone values, in contrast, were twice as likely to be above the mean for a
given time-point as below. The rate of imputation did not differ as a function of hormone
collection time, with the exception of the bedtime measurement on the in-lab assessment
day, which had the highest rate of imputed data. In total, imputations were made for less
than 1% of all available hormone samples.

For the present study we utilized the average area under the curve with respect to ground
(AUC) for testosterone and cortisol averaged across the three assessment days. The AUCg
uses values from all collection points in a day and accounts for minor differences in the time
between samples by adjusting for the actual time between samples. Given that both
hormones have distinct patterns of diurnal variation, the AUC provides a reasonable
measure of total hormonal output across the day (Pruessner et al., 2003). Once data cleaning
was complete, testosterone and cortisol AUCg values were available for 741 participants
with cognitive data, and 403 participants with MRI data. AUCg measures were transformed
(testosterone was square-root transformed, cortisol was log transformed) in order to
normalize the distributions and remove potential confounds from the tests of interaction
effects.

2.3. Hippocampal Volume Acquisition and Processing

Neuroimaging was performed within 24 hours of the assessment day at either the UCSD
Medical Center or the Massachusetts General Hospital (MGH) in Boston. Images were
acquired on Siemens 1.5 T scanners. Scanning sequences were specifically designed for use
across different scanners and vendors. Sagittal T1-weighted MPRAGE sequences were
employed with a TI=1000 ms, TE=3.31 ms, TR=2730 ms, flip angle=7°, slice
thickness=1.33 mm, voxel size 1.3x1.0x1.3mm. Raw DICOM MRI scans from both sites
were transferred to UCSD for post-processing and quality control.

Hippocampal volumes were obtained using segmentation methods based on the publicly
available FreeSurfer software package (Fischl et al., 2002). The semi-automated, fully 3D
whole brain segmentation procedure uses a probabilistic atlas and applies a Bayesian
classification rule to assign a neuroanatomical label to each voxel. Visual inspection of the
hippocampal segmentation was performed by a trained technician to ensure no technical
failure of the application or mislabeling of the structure. Participants were also excluded if
extreme left-right asymmetry of the hippocampus was noted (greater than 1000 mms3
difference). Data from 26 individuals were omitted following these quality control
procedures. Analyses were based on a measure of bilateral (left plus right) hippocampal
volume. In order to account for individual differences in head size, an estimate of total
intracranial volume (elCV) was derived based on a scaling factor related to the
transformation of the full brain mask into atlas space (Buckner et al., 2004). This measure
was used as a covariate in all analyses involving hippocampal volume.
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2.4. Cognitive Functioning

Episodic memory was assessed with three measures: the California Verbal Learning Test —
second edition (CVLT-1I) (Delis et al., 2000), the Logical Memory subtest of the Wechsler
Memory Scale — third edition (WMS-I11) (Wechsler, 1997), and the WMS-I11 Visual
Reproductions subtest. These instruments are well-validated measures of list learning
(CVLT-1I), story recall (Logical Memory), and design recall (Visual Reproductions). Each
instrument was administered according to published instructions, with the exception of the
Logical Memory subtest. In the VETSA battery, each of the two stories that make up the
subtest were read to the participant only once, whereas the published instructions require
two presentations of the second story. We utilized the immediate and delayed free recall
scores from each of the WMS-I11 subtests, and the short and long delay free recall scores
from the CVLT-II. In prior work, we showed that there is a general memory factor
accounting for the covariance among the three memory tests (Kremen et al., 2014). We
therefore created a general memory score based on the first principal component of the six
recall measures. Prior to creating the factor score, each measure was centered to a mean of 0
and a variance of 1.0.

2.5. Covariates

All analyses included age, ethnicity (non-Hispanic white versus other), history of
hypertension, cardiovascular disease, diabetes, current smoking status (current smoker
versus non-smoker), current alcohol use, and self-reported depressive symptoms as
covariates. Hypertension (yes/no) was based on whether the average of four blood pressure
measurements taken in the morning and the afternoon on the day of testing was greater than
or equal to 140 systolic or 90 diastolic, or if the participant currently took anti-hypertensive
medication. Cardiovascular disease (yes/no) was based on whether a physician ever
diagnosed the participant with a heart attack, heart failure, peripheral vascular disease,
stroke, heart surgery, heart catheterization or angioplasty (Carmelli et al., 1994). Diabetes
(yes/no) was based on whether a physician ever diagnosed the participant with the condition,
or whether they reported taking diabetes-related medication. Current alcohol use was based
on consumption during the past two weeks: None = 0; One drink or less on average per day
= 1; Greater than one but no more than two drinks on average per day = 2; Two or more
drinks on average per day = 3. Depressive symptoms during the week prior to cognitive
testing were assessed with the Center for Epidemiologic Studies Depression scale (CES-D)
(Radloff, 1977). The analysis of hippocampal volume also included scanner (1 per site), and
elCV as additional covariates. The analysis of episodic memory performance included early
adulthood general cognitive ability as an additional covariate. Early adulthood general
cognitive ability was assessed with the Armed Forces Qualification Test (AFQT, Form 7A)
(Bayroff and Anderson, 1963), a 50-minute, 100 item, multiple-choice test that was
administered to each VETSA participant at the time of military induction, roughly
corresponding to age 20. The AFQT has been shown to correlate highly (r = .84) with
widely used measures of general cognitive ability such as the Wechsler Adult Intelligence
Scale (McGrevy et al., 1974), and within the VETSA sample has been shown to correlate .73
across a 42-year time interval (Lyons et al., 2017).
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2.6. Statistical Analyses

Analyses were conducted using multilevel, mixed linear models in SAS (SAS Proc Mixed,
SAS version 9.3), which allowed for the use of data from all available participants while
correcting for the non-independence of the observations (i.e., twin clustering). Each
hormone assay batch was assigned a unique identification number (referred to as batch ID)
so that we could further control for any potential clustering introduced by the laboratory
procedures. Both family and batch were entered into the model as random effects.
Significant main and interaction effects were determined using the type 111 test of fixed
effects, indicating the unique association of each element of the model independent of the
others. Significance level was set at alpha = 0.05 for all analyses. In order to assist with the
interpretation of results the outcome measures (i.e., hippocampal volume and episodic
memory) and key predictors (i.e., testosterone and cortisol AUCg measures) were
standardized to a mean of 0 and a variance of 1.0 prior to analysis.

3. Results

3.1. Sample characteristics

Descriptive characteristics of the VETSA sample, as well as the relative associations of the
covariates examined with testosterone and cortisol are presented in Table 1. We observed a
positive correlation of .41 (p < .0001) between the testosterone and cortisol AUCg measures
(a scatterplot of this association is presented in Supplemental Figure 1). Testosterone was
significantly associated with age, cardiovascular disease, and current smoking status.
Cortisol was significantly associated with early adult general cognitive ability, current
smoking status, alcohol use, and depressive symptoms. Additional descriptive statistics for
average hormone levels at each collection time point, as well as the correlations among these
values are presented in Supplemental Tables 1 and 2.

3.2. Effects of testosterone and cortisol on hippocampal volume

Results for the main and interaction effects of testosterone and cortisol on hippocampal
volume are presented in Table 2. Neither testosterone nor cortisol was significantly
associated with hippocampal volume. There was, however, a significant interaction effect
between the two hormones (F(1,150) = 8.29, p = .0046). The interaction of the two hormone
measures is shown in Figure 1A as a three-dimensional saddle graph. In order to simplify the
interpretation of the interaction we plotted hippocampal volume at one standard deviation
above and below the mean for testosterone (Figure 1B) according to the Aiken and West
method (Aiken and West, 1991). Figure 1B does not depict mean differences for distinct
groups; rather, it shows the simple slopes for the relationship between testosterone and
hippocampal volume when cortisol is high (i.e., 1 SD above the mean), and another slope for
the same relationship when cortisol is low (i.e., 1 SD below the mean). In reality these cut-
points are arbitrary, as there are an infinite number of these slopes that can be derived.
Figures 1A and 1B show that when cortisol levels are higher the relationship between
testosterone and hippocampal volume becomes more strongly positive. In contrast, when
cortisol levels are lower, the relationship between testosterone and hippocampal volume
becomes more strongly negative. The full range of this change in association strength is
presented in Supplemental Figure 1.
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3.3. Effects of testosterone and cortisol on episodic memory

Results for the main and interaction effects of testosterone and cortisol on the general
memory factor are also presented in Table 2. Neither hormone was found to have a
significant main effect on the general memory factor; however, we observed a significant
interaction effect (F(y,311) = 7.28, p = .0075). Figure 2 uses the same approach as Figure 1 to
aid in the visualization and interpretation of the testosterone-by-cortisol interaction with
respect to the general memory factor. The interaction of the two continuous hormone
measures is first presented in Figure 2A as a three-dimensional saddle graph. In Figure 2B
we plot the simple slopes for the relationship between testosterone and general memory as a
function of cortisol (high cortisol = 1 SD above the mean; low cortisol = 1 SD below the
mean). Figure 2 shows that when cortisol levels are higher the relationship between
testosterone and memory becomes more strongly positive, and when cortisol levels are
lower, the relationship between testosterone and episodic memory weakens, and eventually
becomes more strongly negative. The full range of this change in association strength is
presented in Supplemental Figure 2.

3.4. Alternative interpretation of interactions

It should be noted that while we have presented the observed interaction as cortisol
moderating the associations between testosterone, hippocampus, and memory, it is equally
valid to consider the moderating effect of testosterone on relationships with cortisol. For
example, if we reorganize our hippocampal volume results to consider the association with
cortisol as a function of high and low testosterone (see Supplemental Figure 3) we observe a
significant negative association when testosterone is low (p = —0.1232, p =.0236), and a
trend level positive association when testosterone is high (p = 0.1047, p = .0740). Thus,
expected negative associations with cortisol are observed when testosterone approaches a
low, unhealthy level. Similarly, our analytic model can itself be reorganized in order to test
whether testosterone and hippocampal volume interact to predict cortisol level. With these
data, such an interaction is indeed significant (p = .029), and indicates that the positive
association between testosterone and cortisol becomes stronger as the size of the
hippocampus increases.

4. Discussion

In the present study we demonstrated for the first time a significant testosterone-by-cortisol
interaction for both hippocampal volume and episodic memory. For both outcomes we found
evidence for a crossover interaction such that different associations were observed with
testosterone when cortisol was elevated and when cortisol was low. These results suggest
that when cortisol levels are elevated and potentially approach an unhealthy level, higher
testosterone levels may help to protect against glucocorticoid-mediated neurotoxicity, thus
preserving hippocampal volume and memory performance. In that context, higher
testosterone levels, although still within what would be considered a normal range, may be
thought of as neuroprotective, as suggested in prior studies (Hammond et al., 2001; Pike,
2001). On the other hand, when cortisol levels are low (healthy range), associations with
testosterone go in the opposite direction. In this case, low, rather than high, testosterone may
be also neuroprotective. These results may be interpreted from the perspective of either
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testosterone or cortisol, as there is nothing in our analytic approach that dictates a direction
of the moderation effect. Regardless of the perspective taken, however, these results strongly
suggest that the interactions between hormones, what may be thought of as the hormonal
milieu, is critical when considering any individual hormone associations.

Prior work on the potential interaction between testosterone and cortisol has almost entirely
focused on social-behavioral constructs in the context of the “dual hormone hypothesis”
(Mehta and Josephs, 2010). The dual-hormone hypothesis suggests that the relationships
between testosterone and behavioral outcomes are moderated by cortisol, such that these
associations will be observed only when cortisol is low (Mehta and Josephs, 2010).
Numerous studies have shown just such an effect for traits ranging from self-reported
aggression to risk-taking behavior (Mehta and Prasad, 2015). On a general level, our results
are consistent with the dual-hormone hypothesis in that, as predicted, we observed a
testosterone-by-cortisol interaction. However, the substantive nature of our interaction is in
fact opposite to what the dual-hormone hypothesis would predict. Indeed, in our results the
anticipated positive effect of testosterone was only observed when cortisol was elevated. The
difference in the nature of the interactions could be due to difference between status/control-
seeking behavior and brain/cognitive outcomes, or experimental design differences (e.g., the
examination of reactive versus basal hormone levels). Characteristics of the samples should
also be considered. Whereas the present results are from a community based sample of
middle-aged men, nearly all studies examining the dual-hormone hypothesis have been
based on undergraduate volunteers (Mehta and Prasad, 2015). Such dramatic differences in
the ages of the samples may have profound effects on the dynamic interplay between
hormones and their subsequent effects on outcome measures. The results from the present
study suggest that further examination of the interactions between testosterone and cortisol
are clearly warranted. Establishing the consistency of the interaction in larger samples,
across a wider age range, as well as with regard to a broader array of outcome measures is
likely to provide valuable information that can be used to modify the dual-hormone
hypothesis.

Although we have primarily interpreted the interactions in this study as cortisol moderating
the associations between testosterone, hippocampus, and memory, we stress that it is equally
valid to consider the moderating effect of testosterone on cortisol’s relationships with these
phenotypes. The dual-hormone hypothesis, in contrast, emphasizes the fact that high cortisol
can suppress hypothalamic-pituitary-gonadal (HPG) axis activity (Mehta and Josephs, 2010;
Mehta and Prasad, 2015; Viau, 2002), and subsequently conceptualizes cortisol as the
dominant factor in the interaction. Under normal functioning the HPG and HPA axes
mutually interact with one another at multiple points (Handa et al., 1994). At the molecular
level, the androgen and glucocorticoid receptors form heterodimers that translocate to the
nucleus and have mutually inhibitory effects on the hormone-dependent transcriptional
activity of one another. This heterologous co-regulation of the androgen receptor and
glucocorticoid receptor may balance the anabolic actions of testosterone against the
catabolic homeostatic actions of cortisol (Chen et al., 1997). It has also been shown that
expression of the glucocorticoid receptor can be regulated via the manipulation of androgen
levels. Glucocorticoid receptor mMRNA and protein levels in the prostate and epididymis
become upregulated following the removal of circulating testosterone by gonadectomy;,
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whereas glucocorticoid receptor expression is reduced when circulating androgen levels are
increased by exogenous testosterone treatment (Silva et al., 2010). A similar pattern of
receptor expression has been found in the CA1 region of the rat hippocampus, where post-
gonadectomy administration of dihydrotestosterone, a potent agonist of the androgen
receptor, resulted in downregulation of the glucocorticoid receptor mRNA (Kerr et al.,
1996). In the present study we observed a positive correlation between testosterone and
cortisol (r = .41), one that is consistent with associations from other studies of the two
hormones (Mehta and Josephs, 2010; Popma et al., 2007; Zilioli et al., 2014). Such positive
associations between the two hormones in relatively healthy populations would suggest a
pattern of co-regulation between the hypothalamic-pituitary-adrenal (HPA) and HPG axes,
rather than the inhibition of one system by another.

The biological mechanisms that underlie our observed interactions may extend beyond the
level of the androgen and glucocorticoid receptors. Both testosterone and cortisol are
components of complex biosynthesis pathways that are not represented by our data.
Androgen biosynthesis, for example, involves the conversion of DHEA to androstenedione
via 3B-hydroxy-steroid dehydrogenase (HSD), which is subsequently converted to
testosterone via 17p-HSD (Heberden, 2017). Testosterone itself can then be converted by
5a-reductase to dihydrotestosterone (DHT), or be aromatized to estradiol. Similarly,
Cortisol can be converted to cortisone via 118-HSD and to tetrahydrocortisols and other
metabolites via 5a./B-reductases (Cobice et al., 2017; Nixon et al., 2012). These precursory
and derivative steroid hormones may have receptor-dependent or receptor-independent
effects on neurons in the hippocampus and other brain regions that ultimately modify the
association of either testosterone or cortisol with hippocampal structure and function. Our
observed interaction effects may also stem from factors unrelated to testosterone or cortisol
biosynthesis that are nevertheless impacted by both hormones. Testosterone and cortisol, for
example, have both been shown to impact brain-derived neurotrophic factor (BDNF) within
the hippocampus; the former having a negative effect on BDNF expression in the
hippocampus, while the later negatively regulates BDNF immunoreactivity in the mossy
fiber pathway of the hippocampus (Atwi et al., 2016). Testosterone, through its conversion
to estradiol, can also result in upregulation of BDNF expression and activation of TrkB
receptor signaling in the hippocampus and other brain regions. Additional studies are clearly
warranted to elucidate the nature of the testosterone-cortisol interaction, as understanding of
this mechanism is likely to improve our understanding of the advantageous and deleterious
effects of both hormones.

The present study is not without its limitations. Given the all-male composition of the
VETSA sample, we do not know whether similar interaction effects between testosterone
and cortisol will be present in women. The VETSA sample is also highly homogenous with
respect to ethnicity; thus the generalizability of these results to more diverse populations
may be limited. Although the present results did include ethnicity as a covariate, replication
of the cortisol-by-testosterone interaction in a more diverse sample is clearly warranted. The
cross-sectional nature of the study limits our ability to determine whether the observed
interaction effects are long standing, or if they are representative of age-related changes in
one or both of the hormones. Finally, we must acknowledge that present study does not
assess all hormones relevant to the function of the hippocampus, which limits our ability to
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determine whether the testosterone-cortisol interaction is due to direct or indirect effects of
the hormones. Testosterone, for example, can be can be converted into estradiol, which in
turn can regulate the hippocampus via the estrogen receptor (Lu et al., 2004). There is
evidence that in women estradiol is proactive against glucocorticoid effects (Ycaza Herrera
and Mather, 2015), suggesting that a similar estradiol-cortisol interaction could be identified.
Just as alternate mechanisms for androgen action may involve estrogen pathways (Handa et
al., 2008), it cannot be ruled out that the results of the present study may stem from
additional endocrine mechanisms for which we have not accounted.

The present study demonstrates a significant interaction effect between testosterone and
cortisol for hippocampal volume and a composite measure of episodic memory in men. The
nature of the interaction was such that when cortisol was elevated, higher testosterone levels
were associated with larger hippocampal volume and better memory performance. This
would suggest that in the potentially neurotoxic hormonal milieu associated with high
cortisol levels, testosterone may be neuroprotective. In contrast, when cortisol levels were
low, lower testosterone levels were associated with larger hippocampal volume and better
memory. To our knowledge this is the first demonstration of a testosterone-by-cortisol
interaction in a structural brain measure and an associated cognitive ability.
Overwhelmingly, studies of neuroendocrine associations with brain structure and function
have emphasized the effects of individual hormones and have rarely considered the
possibility of between-hormone interactions. These results strongly argue in favor of
broadening neuroendocrine research to consider the simultaneous and interactive effects of
multiple hormones, the broader hormonal milieu, on brain structure and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Research suggests that testosterone influences hippocampal structure and
function.

. The interaction of testosterone with other hormones is rarely considered.

. We show testosterone-cortisol interactions on hippocampal volume and
episodic memory.

. Positive associations with testosterone were observed when cortisol was
elevated.

. This is the first demonstration of such an interaction for hippocampus and
memory.
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Descriptive statistics and relative associations of covariates with hormone AUCg measures

Table 1

Association with Hormone AUCg

Measure Value Testosterone Cortisol
Testosterone AUCg (pg/ml/day) 1429.64 (471.12) - -
Cortisol AUCg (nmol/l/day) 90.71 (36.63) r=.41(p<.001) -
Age (years) 56.34 (2.60) r=-.14 (p =.001) r=-.04 (p=.42)
Age 20 General Cognitive Ability (Percentile) 60.35 (22.72) r=-.06 (p =.26) r=-14(p<.001)
Ethnicity (% Non-Hispanic White) 89.5% t=1.02 (p=.31) t=1.08 (p=.28)
Hypertension (% Yes) 59.8% t=1.39 (p =.16) t=-1.80 (p=.07)
Cardiovascular Disease (% Yes) 17.3% t=2.19 (p=.03) t=10.26 (p =.80)
Diabetes (% Yes) 11.0% t=-0.01(p=.99) | t=-0.23 (p=.82)
Current Smoker (% Yes) 24.0% t=-2.88(p<.01) | t=-4.02 (p<.001)
Alcohol Use (past 2 weeks) F =2.45 (p=.06) F =3.01 (p=.03)

None 34.3%

<1 drink per day 41.2%

>1 <2 drinks per day 10.0%

>2 drinks per day 14.6%
CES-D Total Score 8.07 (7.95) r=.03 (p=.59) r=.08(p=.02)

Page 18

Data are presented as mean and standard deviation unless otherwise specified. Total N = 741. Tests of association between the covariates and
relative hormones account for the non-independence of the twin data. Degrees of freedom for dichotomous risk factors = 342. Degrees of freedom

for Alcohol Use = 3, 340.
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