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Abstract

Dehydroepiandrosterone-sulfate (DHEAS) is an adrenal androgen that is, in part, aromatized to 

estradiol. It continues to be produced after menopause and provides estrogenicity after depletion of 

ovarian hormones. Estradiol depletion contributes to memory circuitry changes over menopause, 

including changes in hippocampal (HIPP) and dorsolateral- and ventrolateral-prefrontal cortex 

(DLPFC; VLPFC) function. Further, major depressive disorder (MDD) patients have, in general, 

lower levels of estradiol and lower DHEAS than healthy controls, thus potentially a higher risk of 

adverse menopausal outcomes. We investigated whether higher DHEAS levels after menopause is 

associated with better memory circuitry function, especially in women with MDD. 212 adults 

(ages 45-55, 50% women) underwent clinical and fMRI testing. Participants performed a working 

memory (WM) N-back task and an episodic memory verbal encoding (VE) task during fMRI 

scanning. DHEAS levels were significantly associated with memory circuitry function, 

specifically in MDD postmenopausal women. On the WM task, lower DHEAS levels were 

associated with increased HIPP activity. On the VE task, lower DHEAS levels were associated 

with decreased activity in the HIPP and VLPFC. In contrast, there was no association between 
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DHEAS levels and memory circuitry function in MDD pre/perimenopausal women, men, and non-

MDD participants regardless of sex and reproductive status. In fact, MDD postmenopausal women 

with higher levels of DHEAS were similar to MDD pre/perimenopausal women and men. Thus, 

memory circuitry deficits associated with MDD and a lower ability of the adrenal gland to produce 

DHEAS after menopause may contribute to a lower ability to maintain intact memory function 

with age.
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1. Introduction

Steroid hormones have pronounced effects on the brain including regulation of memory 

circuitry regions, such as the hippocampus (HIPP) and prefrontal cortex (PFC), which are 

highly sexually dimorphic (Goldstein et al., 2001). Dehydroepiandrosterone (DHEA) and its 

sulfate conjugate DHEAS (together referred to as DHEA/S) are the most abundant steroid 

hormones produced by the adrenal gland and bind with low affinity to androgen receptors. 

DHEA/S is an important precursor to estradiol and is the primary source of estrogen after 

menopause (Simpson and Davis, 2001). There is substantial preclinical and clinical literature 

demonstrating the impact of estradiol on memory circuitry and function (Barth et al., 2016; 

Daniel et al., 1997; Dumitriu et al., 2010; Hara et al., 2012; Hussain et al., 2016; Jacobs et 

al., 2015; Korol and Kolo, 2002; Korol, 2004; Lisofsky et al., 2015; Luine et al., 1998; 

McEwen et al., 1995; Packard and Teather, 1997; Protopopescu et al., 2008; Rosenberg and 

Park, 2002; Woolley et al., 1996a; Woolley et al., 1996b). With growing evidence for the 

neuroprotective role of estradiol and the detrimental effects of its depletion over menopause, 

it is important to consider the neuroprotective role of DHEA/S, which may contribute to 

maintaining estrogenicity in the brain after ovarian decline. Here, we show it further 

contributes to understanding sex differences in memory decline.

1.1 Estradiol and memory

There is a long history of preclinical evidence demonstrating the role of estradiol in HIPP 

structure and function. For example, in rodents, HIPP CA1 neurons show excitatory synaptic 

density changes that are modulated by estradiol levels (McEwen et al., 1995; Woolley et al., 

1996b). Further, ovariectomization in rodents leads to degeneration in the HIPP, an effect 

that can be reversed with estrogen replacement (Dumitriu et al., 2010; Woolley et al., 

1996a). Estrogen replacement also enhances spatial memory in rodents (Daniel et al., 1997; 

Korol and Kolo, 2002; Korol, 2004; Luine et al., 1998; Packard and Teather, 1997). In rhesus 

monkeys, reproductive age, rather than chronological age, is associated with lower 

recognition memory and synaptic density in the HIPP dentate gyrus (Hara et al., 2012). In 

population-level studies, fluctuating levels of estradiol across the menstrual cycle correlate 

with verbal memory performance (Hussain et al., 2016; Protopopescu et al., 2008; 

Rosenberg and Park, 2002), HIPP volume (Lisofsky et al., 2015; Protopopescu et al., 2008), 

and HIPP fractional anisotropy (Barth et al., 2016). Further, neuroimaging studies have 
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demonstrated direct associations between ovarian steroid hormone levels and functional 

activity and connectivity in the memory circuitry (Jacobs et al., 2015; Lisofsky et al., 2015).

Modulatory effects of estradiol are also seen across the menopausal transition (Epperson et 

al., 2013; Jacobs et al., 2016a; Jacobs et al., 2016b; Morrison et al., 2006; Mosconi et al., 

2017a; Mosconi et al., 2017b; Rentz et al., 2016; Ryan et al., 2012; Shanmugan and 

Epperson, 2014; Wroolie et al., 2015). In some women, the depletion of ovarian sex steroid 

hormones over menopause results in functional changes in these brain regions that may have 

long-term consequences on risk of cognitive impairment and Alzheimer’s disease (AD). In a 

series of analyses comparing men and women in early midlife, we replicated the finding that 

women outperform men on verbal and associative memory tasks (Rentz et al., 2016). 

Further, we demonstrated that this female advantage was attenuated postmenopause due, in 

part, to estradiol decline, underscoring the impact of ovarian decline in shaping memory 

function in women. Reproductive age also had a pronounced regional and network level 

impact on task-evoked activity in memory circuitry regions, independent of chronological 

age (Jacobs et al., 2016a; Jacobs et al., 2016b). Together, these findings demonstrated that 

sex steroid hormones alter memory circuity function and that menopause has a significant 

impact on aging of memory circuitry in women. In the current study, we build on these 

findings to examine the role of DHEAS in the face of reproductive aging.

1.2 DHEA/S and memory

There is strong preclinical evidence for the neuroprotective effects of DHEA/S on memory 

performance in aging studies (Chen et al., 2008; Flood and Roberts, 1988; Maurice et al., 

2000; Maurice et al., 2001; Melchior and Ritzmann, 1996; Moriguchi et al., 2011; Reddy 

and Kulkarni, 1998; Shi et al., 2000). Oral DHEAS administration has been found to 

enhance longterm and working memory in aged mice (Markowski et al., 2001), and 

subcutaneous DHEA injection significantly improved spatial learning and memory in D-

galactose-induced senescence rats (Chen et al., 2008). Similarly, other studies have found 

that DHEA/S treatment reduced impairments in spatial working memory induced by 

dizocilpine (NMDA receptor antagonist), scopolamine (anticholinergic agent), ethanol, and 

hypoxic insult from carbon monoxide exposure (Maurice et al., 2000; Maurice et al., 2001; 

Melchior and Ritzmann, 1996; Reddy and Kulkarni, 1998; Shi et al., 2000). While these 

preclinical studies have identified a significant impact of DHEA/S on memory function, they 

were primarily in male rodents who were not gonadectomized. Thus, it is unclear how 

DHEA/S and testosterone levels interact with or modulate one another. Several studies have 

also examined the impact of DHEA/S in ovariectomized female rodents, a model of ovarian 

decline. In response to DHEA/S treatment, ovariectomized females demonstrated improved 

HIPP-dependent memory performance and increased hippocampal spine density (Frye and 

Sturgis, 1995; Frye and Lacey, 1999; Hajszan et al., 2004). As such, preclinical studies have 

provided ample evidence for the beneficial impact of DHEA/S on HIPP-dependent memory 

in the presence of neuronal insult and ovarian steroid hormone depletion.

In contrast to rodent studies that have convincingly demonstrated the beneficial effects of 

DHEA/S treatment in enhancing spatial and working memory, studies in non-human 

primates and humans are less conclusive. Unlike rodents, humans and non-human primates 
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have the capacity to produce DHEA/S in the adrenal gland (van Weerden et al., 1992), 

resulting in higher circulating levels of DHEA/S. In perimenopausal rhesus monkeys, DHEA 

administration does not correlate with improved memory performance (Sorwell et al., 2017). 

Further, a study examining endogenous DHEA/S levels in aged and young adult rhesus 

monkeys found that while DHEAS levels and memory performance predictably decreased 

with age, these factors together were not significantly correlated (Herndon et al., 1999). 

Several clinical studies in humans have found a positive association between memory 

performance and DHEA/S levels (Correa et al., 2016; Davis et al., 2008). Specifically, in 

postmenopausal women, higher DHEA/S levels were associated with better verbal and 

visual memory (Bojar et al., 2017) and better longterm memory recall (Barrett-Connor and 

Edelstein, 1994). However, the latter study did not find an association between midlife 

DHEA/S levels and subsequent diagnosis of dementia. Other studies have found no 

relationship between endogenous levels of DHEA/S and memory performance (Bo et al., 

2006) or effects specific to men (Castanho et al., 2014; Hildreth et al., 2013). Overall, there 

is inconsistency in the literature regarding the role of DHEA/S and memory performance 

that requires further investigation. In part, this may be due to variation in the conversion of 

DHEAS into estradiol in the brain and other direct neuronal effects of DHEA/S (Bastianetto 

et al., 1999; Bergeron et al., 1996; Chen and Parker, 2004; Kalimi et al., 1994; Majewska, 

1992; Naert et al., 2007; Park-Chung et al., 1999; Zhang et al., 2002), which were not 

measured in the human or non-human primate studies.

1.3 Steroid hormones and major depression

In addition to memory function, DHEA/S plays an important role in mood regulation. 

However, the exact relationship between DHEA/S and major depressive disorder (MDD) is 

unclear. Some studies report higher DHEA/S concentrations in clinically depressed patients 

compared to healthy controls (Heuser et al., 1998; Morita et al., 2014; Takebayashi et al., 

1998), while others have shown that depressive symptomology is associated with lower 

(Barrett-Connor et al., 1999; Berr et al., 1996; Morsink et al., 2007) or unaltered (Erdincler 

et al., 2004; Glei et al., 2004; Morrison et al., 1998) circulating DHEA/S levels. We have 

previously demonstrated that estradiol levels are significantly lower in MDD patients 

(Holsen et al., 2011). Given that MDD is associated with overall lower levels of estradiol, 

we hypothesized that women with MDD may be at higher risk of adverse menopausal 

outcomes and therefore benefit most from their ability to maintain higher endogenous 

DHEAS levels. In the current study, we investigated the neural impact of DHEAS on 

memory circuitry function in MDD and healthy controls in the face of ovarian decline. We 

hypothesized that higher levels of DHEAS would have beneficial effects on memory 

circuitry activity and function, particularly among women with MDD.

2. Results

2.1 Demographics and clinical characteristics

The sample included 212 participants (106 women and 106 men). Eight women reported use 

of hormone replacement therapy and were removed from subsequent analyses. Serum 

measures were missing for an additional 10 participants (two women and eight men). Seven 
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participants did not undergo sMRI/fMRI scanning, leaving a final sample of 187 participants 

(93 women and 94 men) for analysis.

All participants were in early midlife (mean age = 49.97 ± 2.15; range: 45-55 years old), 

with an average verbal IQ of 116.72 ± 10.39, as assessed with the AMNART. Of these 

participants, 64.1% had a high school diploma/GED or higher. Among women, some were 

already in menopause with permanent amenorrhea, low estradiol levels, and elevated 

gonadotropins; some exhibited signs of follicular failure (elevated FSH and 

oligomenorrhea); and some showed normal cycling. Sixty-two (66.6%) were pre/

perimenopausal and 31 (33.3%) were postmenopausal. In previous studies with this cohort 

(Jacobs et al., 2016a; Jacobs et al., 2016b; Rentz et al., 2016), premenopausal and 

perimenopausal women had similar performances on memory tests, and therefore, the two 

groups were combined to form a pre/perimenopausal group. Sixty-six (35.3%) participants 

had a history of MDD (single and recurrent). Table 1 reports demographic characteristics of 

the sample and group comparisons. Pre/peri and postmenopausal women were comparable 

for body mass index (BMI), ethnicity, education, and substance and alcohol abuse (allp’s 
n.s.). Pre/perimenopausal women were slightly younger than postmenopausal women (49.5 

v. 50.5 years,p = 0.03) and MDD participants were more educated than non-MDD 

participants (Educational attainment above high school/GED: 76.9% v. 57,l%, p= 0.007). 

Men and women (pre/peri and post) were comparable for BMI, education, and ethnicity. 

Men tended to be older than pre/perimenopausal women (50.1 v. 49.5 years,p = 0.06) and a 

larger proportion reported current or past use of substance and alcohol abuse/dependence 

(62.8% v. 41.9%,p = 0.01).

Men performed better than women on the Digit span forward task (Mean (SD): 9.3 (2.5) v. 

8.5 (2.3); p = 0.02) but this effect was specific to the comparison with pre/perimenopausal 

women (9.3 (2.5) v. 8.4 (2.3); p = 0.02; Table 1). There was no difference in performance on 

the Digit span between men and postmenopausal women (9.3 (2.5) v. 8.8 (2.3); n.s.). In 

contrast, women performed better than men on the Verbal fluency categories test (47.9 (8.4) 

v. 44.8 (10.1); p = 0.01), again, an effect specific to pre/perimenopausal women (48.8 (8.7) 

v. 44.8 (10.1); p = 0.006). There was no difference between men and postmenopausal 

women on the Verbal fluency categories task (46.1 (7.8) v. 44.8 (10.1); n.s.).

MDD subjects performed worse on the Verbal fluency FAS task compared with non-MDD 

subjects (40.3 (11.5) v. 42.7(10.5); p = 0.05). Not surprisingly, MDD subjects scored higher 

on the STAI (State: 30.9 (6.7) v. 27.6 (8.5); p < 0.001; Trait: 38.6 (9.1) v. 31.3 (7.3);p < 

0.001) and POMS questionnaires (1.1 (2.8) v. −0.5 (2.8); p < 0.001), demonstrating a higher 

degree of dysphoric mood.

2.2 Hormonal evaluations

As expected, postmenopausal women had significantly lower levels of serum estradiol 

(Median [p25, p75]: 9.0 [3.9, 9.0] v. 60.1 [21.8, 109.0];p < 0.001; Table 1) and progesterone 

(0.07 [0.05, 0.13] v. 0.20 [0.09, 4.01];p < 0.001) and significantly higher levels of FSH (64.2 

[45.5, 85.5] v. 10.1 [5.5, 28.3]; p < 0.001) compared to pre/perimenopausal women.
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Overall, MDD and non-MDD women did not differ in estradiol levels (41.3 [8.9, 84.8] v. 

24.8 [11.8, 90.4]; n.s.; Fig. 1a; Table 1). However, in postmenopause, MDD women had 

significantly lower levels of estradiol compared to non-MDD women (4.3 [3.4, 10.1] v. 13.7 

[5.9, 29.9p = 0.03). In pre/perimenopause, MDD women also had lower levels of estradiol 

(53.0 [29.2, 100.9) v. 60.6 [16.9, 122.5]) compared to non-MDD women, however, this was 

not significant and effect size was smaller than in postmenopausal women (post: d= −0.51; 

pre/peri: d=−0.34).

Further, MDD pre/peri- and postmenopausal women did not differ in DHEAS levels (Fig. 

1b; Table 2). Similarly, non-MDD pre/peri- and postmenopausal women did not differ in 

their DHEAS levels. Interestingly, MDD and non-MDD men also did not differ in DHEAS 

levels.

2.3 Behavioral Performance

Behavioral performances on the WM and VE tasks were comparable across sex/menopausal 

staging and MDD groups (Table 1). There was also no association between DHEAS levels 

and task performance on the WM and VR tasks in the total sample (WM: β = 7.21, n.s.; VR: 

β = 15.79, n.s.) as well as in each sex/menopausal staging and MDD group (all p’s n.s.).

2.4 Regional BOLD response in Working Memory (N-back) circuitry

In our previous work with the same cohort presented here (Jacobs et al., 2016a), we 

demonstrated that the N-back paradigm evoked robust responses throughout working 

memory circuitry in this cohort. The N-back paradigm assesses working memory and the 

ability to maintain and manipulate information. It requires subjects to continuously update 

their short-term memory with new stimuli to reference. We conducted blood-oxygen-level-

dependent (BOLD) contrast imaging to assess task-evoked activity. The BOLD response is 

an indirect measure of neuronal activity and is based on the relative concentration of 

oxygenated and deoxygenated blood. When neurons become active in response to a task, 

blood flow increases through that region to replenish the oxygen supply that is used by the 

cells. This leads to a relative surplus of local blood oxygen levels and is the basis for the 

BOLD signal. Regions of interest included task-evoked activity within bilateral DLPFC and 

systematic deactivation of the HIPP. We demonstrated that task-evoked activity in DLPFC 

increased over the menopausal transition, with postmenopausal women exhibiting greater 

activity relative to premenopausal women. Similarly, pronounced deactivation in the HIPP 

was observed in premenopausal women, with increasingly attenuated deactivation (failure to 

disengage) over the menopausal transition in women. Changes in memory circuitry function 

were strongly related to a decline in endogenous estradiol levels (Jacobs et al., 2016a) In the 

current study, we extended these findings to examine working memory function in the 

context of MDD and DHEAS.

2.4.1 Total sample—In the total sample (N=187), we found a significant association 

between DHEAS levels and activity in the left HIPP (β (SE) = −0.0007 (0,0004), pchsq = 

0.04), whereby, higher levels of DHEAS were associated with lower activity in the HIPP. In 

all other regions of the working memory circuitry, irrespective of sex/reproductive status, we 

found no significant associations between DHEAS levels and activity in the working 
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memory circuitry in healthy middle-aged adults (all p’s n.s.). We then examined the 

interaction between sex/reproductive status and DHEAS levels on HIPP and DLPFC fMRI 

BOLD activity and found no significant interactions (all p’s n.s.).

2.4.2 MDD—Group differences emerged when we examined the association of MDD and 

reproductive status on memory circuitry activity and function. First, in MDD, significant 

interactions in the left and right HIPP were observed as a function of women’s reproductive 

status (pre/peri v. post), despite minimal difference in chronological age, and DHEAS levels 

(left: χ2 = 5.97, pchsq = 0.029; right: χ2 = 8.04, pchsq = 0.005; Table 3). Interaction in the 

left HIPP did not pass correction for multiple comparison. Specifically, in MDD 

postmenopausal women, lower DHEAS levels were significantly associated with a failure to 

disengage the right HIPP (β (SE) = −0.007 pchsq = 0.05; Fig. 2a). In contrast, higher levels 

of DHEAS were associated with disengagement of the HIPP, similar to patterns of activity 

previously observed in premenopausal women (Jacobs et al., 2016a). Trends were observed 

in the right DLPFC, whereby lower DHEAS levels were associated with increased task-

evoked activity in the left DLPFC (β (SE) = −0.009 (0.005), p = 0.08). However, these 

effects did not persist after controlling for age, substance dependence, and assay type (Table 

3). In MDD pre/perimenopausal women, there were no associations between DHEAS levels 

and activity in the DLPFC (left: β (SE) = 0.002 (0.002), n.s.; right: β (SE) = −0.00005 

(0.002), n.s.) or HIPP (left: β (SE) = −0.0004 (0.001), n.s.; right: β (SE) = 0.001 (0.001), 

n.s., Fig. 2b).

We tested the impact of DHEAS on memory circuitry in MDD postmenopausal women 

compared to men. We found a trend level interaction between DHEAS levels and sex (men 

vs. postmenopausal women) on functional activity in the right HIPP (χ2 = 3.40, pchsq = 

0.065). MDD postmenopausal women with higher levels of DHEAS had similar levels of 

fMRI activity in the right HIPP as MDD men (Fig. 2a). DHEAS levels were not significantly 

associated with memory circuitry function in MDD men, although this was not surprising 

given lack of difference in DHEAS levels in MDD and non-MDD men and the presence of 

testosterone in both. Overall, importantly, MDD postmenopausal women with higher levels 

of DHEAS looked similar to MDD pre/perimenopausal women and men.

2.4.3 Non-MDD—In non-MDD, there were no significant interactions between 

menopausal staging and DHEAS levels on memory circuitry function (all p ’s n.s.; Table 3), 

demonstrating the specificity of the above results to MDD. Similarly, there were no 

significant interactions between DHEAS levels and sex (men vs. women; men vs pre/peri; 

men vs. post) on regional fMRI BOLD activity in the HIPP and DLPFC (all p’s n.s.; Fig. 2b; 

Table 3).

2.5 Regional BOLD response in Episodic memory (VE) circuitry

In previous work on memory circuitry activity in our cohort (Jacobs et al., 2016b), we have 

demonstrated that the verbal encoding paradigm evoked robust responses within episodic 

memory circuitry regions. The verbal encoding paradigm assesses long-term memory and 

the ability to encode and recall verbal stimuli. Region of interest included task-evoked 

activity within VLPFC subdivisions (along a dorsal/posterior to ventral/anterior gradient) 
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and HIPP. We demonstrated significant changes in HIPP activity as a function of women’s 

reproductive stage, with premenopausal and perimenopausal women exhibiting greater 

activity relative to postmenopausal women. In women, better verbal retrieval was also 

related to increased activity in dorsal-VLPFC (Jacobs et al., 2016b). In the current study, we 

extended these findings to examine the impact of DHEAS and MDD on episodic memory 

function.

2.5.1 Total sample—In the total sample (N = 187), irrespective of sex/reproductive 

status, we found no significant associations between DHEAS levels and episodic memory 

circuitry function in healthy middle-aged adults (allp’s n.s.). Only in pre/perimenopausal 

women, we found that higher levels of DHEAS was significantly associated with higher 

activity in the left HIPP (β (SE) = 0.001 (0.0006), pchsq = 0.05). When we examined 

whether there was an interaction between sex/reproductive status and DHEAS levels on 

task-evoked activity, we found no other significant interactions in the HIPP or VLPFC (all 

p’s n.s.).

2.5.2 MDD—Again, a significant impact of DHEAS on episodic memory circuitry 

activity emerged when examining reproductive staging in the face of MDD status. In MDD, 

significant interactions in the left VLPFC (Dorsal: χ2 = 5.29, pchsq = 0.02; Mid: χ2 = 

5.98,pchsq = 0.01) and a trend in the left HIPP (χ2 = 3.21, pchsq = 0.07) were observed as a 

function of women’s reproductive stage and DHEAS levels (Table 3). Interaction in the 

dorsal-VLPFC did not pass correction for multiple comparisons. Specifically, in 

postmenopausal women with MDD, lower DHEAS levels were significantly associated with 

lower task-evoked activity in the mid-VLPFC (β (SE) = 0.013 (0.005), pchsq = 0.02; Fig. 3a) 

and left HIPP (β (SE) = 0.007 (0.002), pchsq = 0.0004; Fig. 4a). In contrast, higher levels of 

DHEAS were associated with increased task-evoked activity in the VLPFC and HIPP, 

similar to patterns of activity previously observed in premenopausal women (Jacobs et al., 

2016b).

As with working memory activity (Table 3), in MDD, a significant interaction between 

DHEAS levels and sex (men vs. postmenopausal women) was found in the left mid-VLPFC 

(χ2 = 6.60, pchsq = 0.01) and trends were found in the left dorsal-VLPFC (p = 0.06) and left 

HIPP (χ2 = 3.54, pchsq = 0.06). MDD postmenopausal women with higher levels of DHEAS 

had similar levels of fMRI activity in the left HIPP as MDD men (Fig. 4a). In MDD men, we 

observed a negative association between DHEAS levels and activity in the left HIPP (β (SE) 
= −0.002 (0.001), pchsq = 0.01). Again, overall, MDD postmenopausal women with higher 

levels of DHEAS looked similar to MDD pre/perimenopausal women and men.

2.5.3 Non-MDD—In non-MDD, there were no significant interactions between 

menopausal staging and DHEAS levels (all p’s n.s.; Table 3), again demonstrating the 

specificity of the above results to MDD. Similarly, there were no significant interactions 

between DHEAS levels and sex (men vs. women; men vs pre/peri; men vs. post) on regional 

BOLD activity in the HIPP or VLPFC (all p’s n.s.; Fig. 3b & 4b; Table 3). However, in non-

MDD women, we found that higher levels of DHEAS were significantly associated with 

higher activity in the left VLPFC (Dorsal: β (SE) = 0.002 (0.001), pchsq = 0.01) and a trend 
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in the left HIPP (β (SE) = 0.001 (0.001), pchsq = 0.08). Effects in the left HIPP appeared to 

be driven by pre/perimenopausal women (β (SE) = 0.002 (0.001), pchsq = 0.01).

3. Discussion

In this population-based study, we identified the impact of DHEAS on memory circuitry in 

MDD, as a function of reproductive status in women, specifically in postmenopausal women 

with MDD compared with pre- and peri-menopausal women with MDD and non-MDD 

women. On the WM N-back task, higher levels of DHEAS were associated with decreased 

task-dependent activity in the HIPP, a finding that we previously demonstrated was 

associated with better working memory performance (Jacobs et al., 2016a). On the episodic 

memory VE task, higher levels of DHEAS were associated with increased activity in the 

HIPP and VLPFC, again in our previous work showing associations with better episodic 

memory performance (Jacobs et al., 2016b). In contrast, there was no association between 

DHEAS levels and memory circuitry function in MDD pre/perimenopausal women and non-

MDD women, regardless of reproductive status. In fact, memory circuitry function in MDD 

postmenopausal women with higher levels of DHEAS was similar to men. These results 

suggest that in the face of deficits in memory circuitry associated with MDD, the ability of 

the adrenal gland to produce DHEAS after ovarian decline may contribute to better ability to 

maintain intact memory function with age. We would argue, this is, in part, due to the 

conversion of DHEAS into estradiol in the brain.

Although DHEAS levels significantly decrease with age, they do not deplete over 

menopause in the same manner as ovarian steroid hormones such as estradiol. DHEAS is 

aromatizated to estradiol in the brain and is the primary source of estrogen after ovarian 

decline (Simpson and Davis, 2001). A major contributor to neuronal changes over 

menopause is the depletion of estradiol. As such, we hypothesized that higher levels of 

DHEAS would help women maintain “estrogenicity” after menopause and be 

neuroprotective against memory decline.

Aside from DHEA/S conversion to estradiol, DHEA/S has many other direct 

neurobiological actions that may underlie some of our results. DHEA/S has anti-

glucocorticoid (Kalimi et al., 1994), antioxidant (Bastianetto et al., 1999), and anti-

inflammatory (Chen and Parker, 2004) properties. It also inhibits apoptosis (Zhang et al., 

2002) and GABAA receptor activity (Majewska, 1992; Park-Chung et al., 1999). In addition, 

it facilitates catecholamine synthesis and secretion (Perez-Neri et al., 2008) and activates 

NMDA receptors (Bergeron et al., 1996), which in turn influences neurite growth. DHEA/S 

promotes neurogenesis and neuronal survival, potentially by increasing Brain-Derived 

Neurotrophic Factor (BDNF) levels in the HIPP (Naert et al., 2007). These additional 

pathways in which DHEA/S work are particularly important in the face of MDD, given that 

they have been implicated in MDD pathophysiology. While it is possible that these other 

mechanisms also contribute to our current findings, we believe that given the specificity of 

our results to postmenopausal women, a substantial contributor is the conversion of DHEAS 

to estradiol. Group differences were primarily reproductive status and estradiol levels with 

very minimal differences in chronological age or demographic characteristics. As such, 

while DHEA/S has multiple effects, both in the brain and periphery, across the menopausal 
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transition it may help women maintain estrogenicity and reduce the impact of reproductive 

aging.

Menopause presents a critical period for neurological changes in women that have longterm 

implications for risk of cognitive impairment and AD. Over the menopausal transition, some 

women experience a decline in memory performance (Bleecker et al., 1988; Kerschbaum et 

al., 2017; Rentz et al., 2016), functional changes in episodic and working memory networks 

(Jacobs et al., 2016a; Jacobs et al., 2016b), reduced cerebral glucose metabolism (Mosconi 

et al., 2017a), increased amyloid beta deposition (Mosconi et al., 2017b), and reduced 

volumes of grey and white matter in regions vulnerable in AD (Mosconi et al., 2017b). 

These studies suggest that pathological changes occur in some women over menopause, 

which chronologically aligns with the emergence of early AD-related pathology. Our group 

(Jacobs et al., 2016b) and others (Kerschbaum et al., 2017; Wolf et al., 1999) have 

demonstrated that there is a direct association between decline in estradiol and memory 

performance. Further, early surgical menopause, without hormone replacement, significantly 

increases the risk of memory decline and AD (Bove et al., 2014; Phung et al., 2010; Rocca 

et al., 2007; Rocca et al., 2011). Our current results extend these findings and suggest that 

the ability to maintain estrogenicity after menopause, with higher endogenous levels of 

DHEAS, may be important for reducing risk of cognitive impairment and potentially even 

AD in later life.

Results in the current study were unique to postmenopausal women with MDD, suggesting 

that certain populations may be more sensitive to the early impact of ovarian decline than 

others. We previously demonstrated that MDD women have lower overall levels of estradiol 

compared to healthy controls (Holsen et al., 2011). In the current study, we found these 

effects to be exacerbated by reproductive aging, whereby postmenopausal women with 

MDD had the lowest levels of estradiol compared to pre/perimenopausal women with MDD 

and non-MDD women of all reproductive stages. Thus, the added impact of reproductive 

aging in the face of MDD may make these women particularly sensitive to the estrogenic 

effects that DHEAS may provide after menopause. The women in the current study were in 

early postmenopause. Thus, it may also be that with time and decreasing levels of estradiol, 

non-MDD postmenopausal women may also benefit from higher endogenous levels of 

DHEAS. We are following these women as they age further and will test this hypothesis.

We further identified specific memory circuitry activity impacted by DHEAS in a task-

dependent manner. On the WM task, lower DHEAS levels were associated with higher fMRI 

BOLD activity in the HIPP, while on the VE task, lower DHEAS levels were associated with 

lower fMRI BOLD activity in the VLPFC and HIPP. These results demonstrated that lower 

levels of DHEAS were not associated with an overall decrease in functional activity but 

rather modulated activation in response to task demands. Given that task performance did 

not differ between groups and was not associated with DHEAS levels, these results suggest 

that altered task-dependent activity associated with DHEAS contributes to maintain task 

performance. With increasing levels of endogenous DHEAS, patterns of activity in MDD 

postmenopausal women resembled those of pre/perimenopausal women and men. These 

results suggest that higher levels of DHEAS may reduce the impact of reproductive aging on 
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memory circuitry function in early midlife and contribute to understanding sex differences in 

memory decline with age.

There is large discrepancy in the literature regarding the relationship between endogenous 

levels of DHEAS and memory function. While several studies have found that higher 

endogenous levels of DHEAS are associated with better memory performance (Barrett-

Connor and Edelstein, 1994; Bojar et al., 2017; Correa et al., 2016; Davis et al., 2008), 

others have found no association (Bo et al., 2006; Koyama et al., 2016). Inconsistencies may 

result from demographic differences in study populations as well as measures used to assess 

memory and cognitive function. Some studies exclusively looked at postmenopausal women, 

controlling (Barrett-Connor and Edelstein, 1994; Castanho et al., 2014) and not controlling 

(Bojar et al., 2017; Davis et al., 2008; Koyama et al., 2016) for hormone use, while others 

looked at both men and women across various age ranges (Correa et al., 2016; Hildreth et 

al., 2013). As demonstrated in the current study, reproductive age is an important factor to 

consider when examining the role of DHEAS on brain function. Further, disease state is also 

important to consider, given that certain clinical populations, like major depression, may be 

more vulnerable than others to memory decline which may underscore the impact of 

DHEAS.

Memory measures are also a critical factor to consider. In the current study, we found an 

impact selectively on memory circuitry function and not memory performance. We 

examined brain function in key memory circuitry regions known to alter in function with 

reproductive aging and AD. In AD, functional changes are known to precede cognitive 

changes (Jack et al., 2010; Jagust, 2013; Putcha et al., 2011; Reagh and Yassa, 2017; Reitz et 

al., 2009) and therefore, early changes that are not detectable by standard 

neuropsychological tests such as the Mini Mental State Examination (MMSE) and Digit 

Span may be detectable using neuroimaging. Tests such as the MMSE, which as been 

frequently used to assess the impact of DHEA/S (Barrett-Connor and Edelstein, 1994; 

Hirshman et al., 2004; Leblhuber et al., 1993; Merritt et al., 2012; Stangl et al., 2011; Yaffe 

et al., 1998a; Yamada et al., 2010), are blunt instruments of cognitive function and may 

explain null findings in many studies.

Our study was unique in that we examined the impact of DHEAS on brain activity using 

neuroimaging memory challenges. Our results suggest that in early midlife, brain activity 

may be a more sensitive measure than cognitive function in identifying the neuronal impact 

of DHEAS, and this may be particularly true only for postmenopausal women. The 

relatively young age of our postmenopausal women may explain why we did not observe an 

impact of DHEAS on cognitive function. In early midlife, there is less variability in 

cognitive performance and a general absence of cognitive impairment. With increasing age, 

variability increases and there may be a stronger association between DHEAS and cognitive 

function. Further, DHEAS decreases with age and thus being able to maintain estrogenicity 

(i.e. higher DHEAS levels) in older age may have a larger impact. This is of interest to 

pursue in our future follow up studies with this cohort.

The preclinical literature, specifically rodent studies, has convincingly demonstrated the 

beneficial effects of exogenous DHEA/S treatment in enhancing HIPP-dependent memory. 
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Interestingly, many of these studies were in male rodents who are not gonadectomized and 

thus the impact of testosterone was not dissociated from DHEAS. In contrast, clinical 

research outcomes have been inconsistent and complex with discrepancies regarding the 

impact of exogenous DHEA/S (DHEA/S supplementation) on memory function. While 

DHEA treatment is effective in elevating circulating levels of DHEA/S and other steroid 

metabolites (Barnhart et al., 1999; Hirshman et al., 2004; Merritt et al., 2012; Parsons et al., 

2006; Schmidt et al., 2005; Stangl et al., 2011; Yamada et al., 2010), its impact on memory 

function has yielded inconsistent results. Several studies report exogenous DHEA 

supplementation improves memory (Hirshman et al., 2004; Stangl et al., 2011; Yamada et 

al., 2010), while others report no beneficial effects (Hirshman et al., 2004; Kritz-Silverstein 

et al., 2008; Merritt et al., 2012; Wolf et al., 1997; Wolkowitz et al., 2003) or negative effects 

(Parsons et al., 2006; Wolf et al., 1998). The discrepancy in potential benefits of DHEA/S 

treatment between preclinical and clinical work may, in part, be attributed to differing 

pathways through which DHEA/S is synthesized. Humans (Lacroix et al., 1987) and rodents 

(Corpechot et al., 1981) have higher concentrations of DHEA/S in the brain compared to 

plasma. However, unlike humans who produce DHEA/S in the adrenal gland, rodents lack 

the capacity to synthesize DHEA/S in their adrenal gland (van Weerden et al., 1992), 

resulting in lower peripheral circulating concentrations of DHEA/S (Cutler et al., 1978; van 

Weerden et al., 1992). As such, clinical studies of DHEA/S treatment are far more complex 

and require further investigation and discussion.

The current results pertain to endogenous levels of DHEAS and not exogenous DHEAS 

administration. DHEA/S is a steroid hormone that works on multiple tissues and caution 

should be taken when administering DHEA/S as a treatment. Many aging studies use women 

65+ in age (Carlson and Sherwin, 1999; Yaffe et al., 1998a; Yamada et al., 2010). However, 

based on evidence from the Women’s Health Initiative-Memory Study (Shumaker et al., 

2003; Shumaker et al., 2004), we now know that there are critical windows for hormone 

therapy that may also apply for DHEAS. Initiation of estradiol in late perimenopause or 

early menopause can have positive effects on brain activity and memory function in the 

healthy brain (Espeland et al., 2013; Gleason et al., 2015; Henderson et al., 2016; LeBlanc et 

al., 2001; Phung et al., 2010; Rocca et al., 2007; Yaffe et al., 1998b; Zandi et al., 2002). In 

contrast, initiation of estradiol in late menopause (65+) may have adverse effects on the 

brain and increase risk of AD (Shumaker et al., 2003; Shumaker et al., 2004). As such, if the 

neuroprotective effects of DHEAS are, in part, through its metabolism to estradiol, then 

DHEAS administration may not be beneficial after a certain age. Further research is required 

for understanding which populations may benefit most from treatment and in which 

populations it may be harmful. In the same manner as other hormone therapies, further 

investigation on the optimal dosage and timing as well as the most effective form, route, and 

duration of administration are needed. This is particularly important given that DHEA is 

sold over-the-counter and used extensively by the public.

The current results should be viewed in light of certain limitations. The first is that the 

sample sizes when broken down by menopausal and MDD status, are relatively small and 

thus future studies should aim to replicate these findings in larger cohorts. The study design 

is also cross-sectional, and as such, causality cannot be determined. Future longitudinal 

studies can prospectively assess DHEAS levels in premenopausal women and examine the 
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neuroprotective effects of higher DHEAS levels across the menopausal transition. We intend 

to continue our investigation of this as our cohort ages. Also, steroid hormone levels were 

assessed from serum, presenting limitations for drawing conclusion about neuronal levels of 

the steroid hormones. Finally, when measuring circulating levels of DHEAS, we are also 

tracking circulating androstenediol which is both an androgen and a weak estrogen (Lasley 

et al., 2013). Androstenediol can transduce a signal through the androgen receptor (AR), the 

estrogen receptors alpha (ER-α), as well as the estrogen receptor beta (ER-β). Circulating 

concentrations move up and down with DHEAS because they are both produced and 

secreted from the adrenal gland together. Therefore, when measuring peripheral levels of 

DHEA, one cannot distinguish its effects from that of androstenediol, and therefore, 

androstenediol may be partially responsible for some of the observed effects in the current 

study.

At a human population-level, these results contribute to a broader understanding of the 

impact of adrenal hormones on aging of memory circuitry in women. Our results suggest 

that higher levels of DHEAS may maintain intact memory function across the menopausal 

transition, in particular for women with major depression who may have particularly low 

levels, shedding light on possible mechanisms for resilience in women, and understanding 

sex differences in memory decline with age and the impact of major depression.

4. Experimental Procedure

4.1 Participants

Adult participants were selected from 17,741 pregnancies in the New England Family Study 

(NEFS; subsidiary of the National Collaborative Perinatal Project), a representative sample 

of those receiving prenatal care in Boston-Providence from 1959 tol966. In a series of 

studies over 20 years and ongoing, we have followed the offspring of these pregnancies to 

investigate the fetal programming of adult psychiatric and general medical disorders and sex 

differences therein. We recently completed a study investigating prenatal immune 

antecedents to sex differences in memory circuitry in early midlife (NIMH R01 MH090291, 

Goldstein, PI). In that study, same-sex siblings were recruited from NEFS, discordant for 

preeclampsia or fetal growth restriction. When a discordant sibling was unavailable, an 

unrelated and unexposed offspring was individually matched based on maternal age, 

ethnicity, socioeconomic status, offspring sex, and gestational age.

212 offspring (equally divided by sex) were recruited between 45-55 years of age and 

underwent clinical, cognitive, and neuropsychological assessments. 201 completed 

functional and structural magnetic resonance imaging (fMRI/sMRI). The community-based 

sample was 88.6% White, 8.5% African American, 2.8% Other (primarily Hispanic). 

Exclusion criteria included any history of neurological disease, central nervous system 

(CNS) damage, head injury with loss of consciousness, endocrine disorders, heart disease, 

alcohol-related diseases, current or past history of psychosis, other medical illnesses that 

may significantly alter CNS function, or any MRI contraindication. Demographic 

information, including body mass index (BMI), marital status, race/ethnicity, psychiatric 

history, and alcohol and substance abuse dependence, were collected as part of the clinical 

interview via self-report. The Partners Human Research Committee and Brown University’s 
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Institutional Review Board granted Human Studies participants’ approval. All volunteers 

gave written informed consent and were paid for their participation.

4.2 Study design and procedures

Participants were seen at the Brigham and Women’s Hospital (BWH) Outpatient Clinical 

Research Center. Women who were still menstruating were scheduled within the early 

follicular menstrual cycle phase (days 3-5). Participants fasted for ≥8 hours prior to their 

morning baseline blood draw. They were offered a light standardized breakfast (excluding 

caffeine) before MRI scanning. MRI scanning was followed by neuropsychological testing 

and structured clinical interviews administered by an experienced clinical interviewer/

clinician. Clinical interviews assessed history of alcohol or substance disorders, family 

medical history, and reproductive history.

4.3 Menopausal staging

Timing of menopause between the first clinical appearance of decreased ovarian function 

(i.e., shorter inter-menstrual time periods) to menstrual irregularity and final amenorrhea is 

highly variable and can occur over several years. Women in this sample were between the 

ages of 45-55 years and were in various stages of ovarian decline, ranging from 

oligoamenorrhea to permanent amenorrhea as well as to normal cycling. Reproductive 

histories and hormonal evaluations (see Endocrine assessments below) were used to 

determine reproductive stage following the Stages of Reproductive Aging Workshop 

(STRAW)-IO guidelines (Harlow et al., 2012). Women were categorized into the following 

groups: late reproductive (“premenopause”), menopausal transition (“perimenopause”), and 

early postmenopausal (“postmenopause”). Eight women reported current use of hormone 

therapy and were excluded from analyses.

4.4 Sample collection

Trained nurses inserted a saline-lock IV line in the non-dominant forearm of participants to 

acquire serum and plasma samples. Approximately 18.5 ml of blood was collected at the 

BWH Center for Clinical Investigation. Fasting morning blood was drawn at approximately 

0800h for optimal evaluation of hormones reflecting the hypothalamic-pituitary-gonadal 

axis, including sex steroids (estradiol, progesterone, and testosterone) and gonadotropins 

(luteinizing hormone and follicle-stimulating hormone (FSH)), and the hypothalamic-

pituitary-adrenal axis, including dehydroepiandrosterone-sulfate (DHEAS) and cortisol. For 

endocrine assessments (see below), blood was collected into SST tubes. Serum aliquots were 

stored at −80°C for later evaluations and analyzed at the Brigham Research Assay Core 

(BRAC) laboratory for sex steroid determinations.

4.5 Endocrine assessments

17β-estradiol, progesterone, and testosterone concentrations were determined via liquid 

chromatography-mass spectrometry (LC-MS) at BRAC. Assay sensitivities, dynamic range 

and intra-assay coefficients of variation (CV) were as follows (respectively): Estradiol (1 

pg/mL, 1-500 pg/mL, <5% RSD); Progesterone (0.05 ng/mL, 0.05-10ng/mL, 5.75% RSD); 

Testosterone (1.0 ng/dL, 1-2000 ng/dL, <2% RSD). FSH levels were determined via 
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chemoluminescent immunoassay (CLIA, Beckman Coulter), with assay sensitivity of 0.2 

mlU/mL, dynamic range 0.2-200 mlU/mL, and intra-assay CV 3.1-4.3%.

DHEAS concentrations were also determined via CLIA (Beckman Coulter & Abbott). 

Samples were analyzed using different assays and thus, CLIA assay type was controlled for 

in analyses. The Beckman Coulter Access CLIA has an assay sensitivity of 2 ug/dL, 

dynamic range 2-1000 ug/dL, and intra-assay CV 1.6-8.3%. The Abbott Architect CLIA has 

an assay sensitivity of 3 ug/dL and dynamic range of 3-1500 ug/dL.

4.6 Working Memory fMRI Paradigm

201 participants performed a verbal working memory N-back task during fMRI scanning 

(Jacobs et al., 2016a). The task consisted of two conditions, 0-back and 2-back. In each 

condition, participants were presented with a sequence of white upper-case letters on a black 

background presented centrally (200msec duration, 1800msec interstimulus interval) in a 

pseudo-random order. Participants performed two experimental runs of the task, with each 

run lasting 5min44sec. Each run contained six 32sec blocks. Each block was preceded by a 

20sec fixation period and a 4sec instruction screen. During 0-back blocks, participants 

responded to every letter using one of two buttons to indicate whether or not the target letter 

(X) appeared. During 2-back blocks, participants responded to every letter using one of two 

buttons to indicate whether it matched or did not match the letter seen two previously. 

Response times and accuracy (d’ 2back) were recorded. Response time (RT) values < 

100msec were considered null and not included in the computation of participants’ average 

RT. The sensitivity index d’ 2back was calculated (Wickens, 2001) as d’ 2back = 

z[probability(hits)] - z[probability(false alarms)]. In accordance with signal detection theory, 

a higher d’ represents a greater distinction between signal and noise (i.e., better signal 

detection).

4.7 Verbal encoding fMRI paradigm and subsequent memory retrieval task

The same 201 participants performed a verbal encoding task during fMRI scanning (Golby 

et al., 2001; Jacobs et al., 2016b; Stone et al., 2005). The task consisted of two conditions, 

“Novel” and “Repeat.” In each condition, subjects were presented with a pair of common 

nouns on a black background presented centrally (4000 msec duration) with a variable 

interstimulus interval (600-1500 msec). Subjects were asked to silently generate a sentence 

using both words and were instructed to remember the stimuli for a later test. In the Repeat 

condition, subjects viewed the same noun pair repeated throughout each block of a run and 

were instructed to generate the same sentence each time they saw the word pair. In the Novel 

condition, subjects viewed novel word pairs and generated a new sentence in response to 

each pair. Subjects were instructed to respond to every word pair with a single button press 

(pointer finger) to indicate that they had successfully formed a sentence in their mind. 

Subjects performed two experimental runs of the task. Each run contained three Repeat 

blocks and three Novel blocks, for a total of six blocks per condition.

A subsequent recognition memory task was administered immediately following the 

encoding task using the same response box and while the subject remained in the scanner. 

Subjects viewed single nouns, including 24 previously presented nouns and 24 foils. Each 
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stimulus was presented for 4000 msec with a variable interstimulus interval. Subjects were 

instructed to indicate, using one of two buttons, whether they had seen the item on the screen 

in the previous task (yes) or not (no). Response times (RT) and accuracy (d’ VR) were 

recorded. RT values <100 msrc were considered null and not included in the computation of 

subjects’ average RT. Same as above, the sensitivity index d’ VR was calculated (Wickens, 

2001) as d’ VR = z[probability(hits)] - z[probability(false alarms)].

4.8 fMRI Data Acquisition

MRI data were acquired with a Siemens 3T Tim Trio scanner (Siemens, Erlangen, 

Germany), equipped with a 12-channel head coil. Functional data were obtained using a 

T2*-weighted echo-planar imaging sequence sensitive to blood oxygenation level-dependent 

(BOLD) contrast (repetition time, 2000msec; echo time, 30msec; field of view, 200mm; flip 

angle, 90°; voxel size, 3.1 × 3.1 × 3.0). Each functional volume consisted of 33 (3mm) 

oblique axial slices. A Tl-weighted image was collected using a high-resolution 3D Multi-

Echo (ME) MPRAGE sagittal sequence with an isotropic resolution of 1mm3. Following 

acquisition, MRI data were converted to NifTI format and preprocessed in SPM8 (Wellcome 

Department of Cognitive Neurology, London, UK). Preprocessing included realignment and 

geometric unwarping of echo-planar imaging images using magnetic field maps, correction 

for head motion, nonlinear volume-based spatial normalization (Montreal Neurological 

Institute template MNI-152), and spatial smoothing with a Gaussian filter (6mm [full width 

at half maximum]). Additional software (http://web.mit.edu/swg/software.htm) was used to 

identify and exclude outliers in the global mean image time series (threshold 3.0 standard 

deviation (SD) from the mean) and movement (threshold 1.0mm; measured as scan-to-scan 

movement, separately for translation and rotation) parameters. Statistical parametric maps of 

BOLD activation were calculated in SPM8 using the general linear model approach 

(Worsley and Friston, 1995).

4.9 fMRI Data Analyses

4.9.1 Working Memory fMRI Paradigm—Hemodynamic responses were modeled 

using a gamma function and convolved with onset times of 2-back and 0-back blocks to 

form the general linear model (GLM) at the single subject level. Outlier time points and the 

6 rigid-body movement parameters were included in the GLM as covariates of no interest. 

To test a priori hypotheses targeting the HIPP and dorsolateral prefrontal cortex (DLPFC), 

anatomically-defined masks of the HIPP and bilateral DLPFC (BA9/46; MNI coordinates, 

left: −42,26,30; right: 44,32,28) (10mm spheres around peak loci) were used. Functional 

regions of interest (ROIs) in the DLPFC were defined from “supergroup” whole-brain 

analyses in the larger sample based on peak task-evoked activity generated at p<10−10. The 

left and right HIPP ROIs was anatomically defined using a manually segmented MNI-152 

brain (based on methods previously published by the Center for Morphometric Analysis at 

Massachusetts General Hospital and Harvard Medical School; see Makris et al. (2013). ROIs 

were created with the Wake Forest University PickAtlas ROI toolbox for SPM (Maldjian et 

al., 2003). β weights from the right and left HIPP and DLPFC were extracted for each 

participant as a function of WM load (2-back > 0-back) using the REX toolbox (Whitfield-

Gabrieli, 2009) and were used for subsequent analyses. For each participant and ROI, β 
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estimates were entered into a mixed model analysis with sex or reproductive status and 

DHEAS levels as independent variables.

4.9.2 Verbal encoding fMRI paradigm and subsequent memory retrieval task
—Hemodynamic responses were modeled using a gamma function and convolved with 

onset times of Novel and Repeat blocks to form the general linear model (GLM) at the 

single subject level. Outlier time points and the six rigid-body movement parameters were 

included in the GLM as covariates of no interest. To test a priori hypotheses targeting ROIs 

within memory encoding circuitry (Blumenfeld and Ranganath, 2007; Golby et al., 2001; 

Spaniol et al., 2009; Uncapher and Wagner, 2009), we conducted ROI analyses (10mm 

spheres around peak loci) on functionally defined masks of left dorsal/posterior ventrolateral 

prefrontal cortex (VLPFC; BA44/BA45/BA9), mid-VLPFC (BA45), ventral/anterior VLPFC 

(BA47; MNI coordinates, −51, 20, 25; −51, 30, 10; and −39, 26, −2, respectively), and 

anatomically defined masks of the HIPP. Functional ROIs were defined from whole-brain 

analyses in the larger sample based on peak task-evoked activity generated atp<10−16. The 

HIPP ROI was anatomically defined using a manually segmented MNI-152 brain (based on 

methods previously published by the Center for Morphometric Analysis at Massachusetts 

General Hospital and Harvard Medical School (Makris et al., 2013). ROIs were 

implemented as overlays on the SPM8 canonical brain using the Wake Forest University 

Pick Atlas ROI toolbox for SPM (Maldjian et al., 2003). β weights from the ROIs were 

extracted for each participant as a function of encoding load (Novel - Repeat) using the REX 

toolbox (Whitfield-Gabrieli, 2009). For each participant and ROI, β estimates were entered 

into a mixed model analysis with sex or reproductive status and DHEAS levels as 

independent variables.

4.10 Neuropsychological and Clinical assessments

Participants completed a basic mood and neuropsychological battery that included the 

following: a digit span (Wechsler, 1997), a Controlled Oral Word Association Test for verbal 

fluency to the letters F, A, and S (FAS) and categories (Benton, 1968), the American 

National Adult Reading Test (AMNART; Nelson, 1982), the Spielberger State-Trait Anxiety 

Inventory (STAI), and the Profile of Moods Questionnaire (POMS).

All subjects underwent a systematic psychiatric diagnostic interview using the SCID (First 

MB, 2015), and mood (Hamilton, 1967; McNair, 1992) and anxiety (Hamilton, 1959; 

Spielberger, 1983) traits. Diagnostic and Statistical Manual of Mental Disorders (DSM) 

diagnoses were obtained by a trained senior clinical interviewer with three decades of 

experience assessing AXIS I disorders. SCIDs and state/trait instruments were administered 

along with demographic and medical histories. Clinical narratives were written, provisional 

diagnoses made, and then all materials were reviewed by a Clinical Psychologist and J.M.G. 

DSM diagnoses were obtained by group consensus, including a study psychiatrist who 

oversaw any disagreements. History of MDD included both single episode and recurrent 

MDD subjects.
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4.11 Statistical Analyses

Descriptive statistics of study sample characteristics - age, BMI, education (above v. below a 

high school level of attainment), ethnicity (Caucasian v. not Caucasian), substance or alcohol 

abuse or dependence (history of or current, yes v. no) – were reported by group status (i.e., 

sex (men and women), reproductive status (pre/peri-menopausal and post-menopausal), and 

MDD status (MDD and non-MDD)). Similarly reported were, neuropsychological and 

clinical assessments – task performance (d’ 2back and d’ VR), Digit span (Forward and 

Backward), Verbal fluency (FAS and Category), STAI (State and Trait), and POMS. 

Comparisons by group status were evaluated using nonparametric Wilcoxon rank-sum or 

chi-square test, for continuous and categorical data, respectively.

The associations between DHEAS levels and fMRI BOLD activity were assessed overall 

and by individual group status using linear mixed models adjusted for intrafamilial 

correlation among siblings, along with potential confounding by age, substance or alcohol 

abuse or dependence, and CLIA assay type. Models were run for the overall sample, as well 

as stratified by group status. Group differences in the association between DHEAS and 

fMRI BOLD activity were assessed by including in the model an interaction term between 

group status and DHEAS. Tests of our hypotheses were two-sided with an α = 0.05. To 

address multiple comparisons across sex/reproductive status, we used a Bonferroni-corrected 

α = (0.05/4 comparisons) = 0.0125. All analyses were performed using SAS 9.4 software 

(SAS institute, Cary, NC).
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Highlights:

• Steroid hormones have pronounced effects on the brain including regulation 

of memory circuitry regions, which are highly sexually dimorphic.

• DHEAS levels were significantly associated with memory circuitry function, 

specifically in postmenopausal women with major depression.

• Memory circuitry deficits associated with major depression and a lower 

ability of the adrenal gland to produce DHEAS after menopause may 

contribute to a lower ability to maintain intact memory function with age.
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Figure 1. 
Mean 17β-estradiol and DHEAS concentrations by MDD and menopausal stage, a) Serum 

estradiol levels in MDD postmenopausal women were significantly lower than non-MDD 

postmenopausal women and pre/perimenopausal women, regardless of MDD status. As 

expected, non-MDD postmenopausal women had significantly lower levels of estradiol 

compared to non-MDD pre/perimenopausal women, b) In non-MDD subjects, men had 

significantly higher of DHEAS compared to pre/perimenopausal and postmenopausal 

women. In MDD, men had significantly higher levels of DHEAS compared to 

postmenopausal women. There were no differences in DHEAS levels between menopausal 

staging groups in both MDD status. Non-MDD: pre/perimenopause (n = 33), postmenopause 

(n = 21), men (n = 67); MDD: pre/perimenopause (n = 29), postmenopause (n = 10), men (n 

= 27). Error bars represent SEM. *p< 0.05.
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Figure 2. 
Relationship between working memory-related activity in the right HIPP and endogenous 

levels of DHEAS by sex/reproductive status, a) In MDD, task-related HIPP activity 

decreased with increasing levels of DHEAS in postmenopausal women, reaching levels 

similar to pre/perimenopausal women and men. Brain image displays negative correlation 

between DHEAS and fMRI BOLD activity in the right hippocampus in postmenopausal 

women with MDD (to illustrate full spatial extent, findings are displayed at p< 0.05, 

uncorrected), b) In non-MDD, there was no relationship between task-related HIPP activity 

and DHEAS levels in any group. Brain image displays negative correlation between DHEAS 

and fMRI BOLD activity in the right hippocampus in postmenopausal women with no MDD 

(to illustrate full spatial extent, findings are displayed at p< 0.05, uncorrected). Functional 

ROI was generated from an anatomically-defined mask of the HIPP (2-back > 0-back). 

DHEAS levels were natural log transformed.
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Figure 3. 
Relationship between verbal encoding-related activity in the left mid-VLPFC and 

endogenous levels of DHEAS by sex/reproductive status, a) In MDD, task-related activity in 

the mid-VLPFC increased with higher levels of DHEAS in postmenopausal women. Brain 

image displays positive correlation between DHEAS and fMRI BOLD activity in the left 

mid-VLPFC in postmenopausal women with MDD (to illustrate full spatial extent, findings 

are displayed at p< 0.05, uncorrected), b) In non-MDD, there was no relationship between 

task-related activity in the mid-VLPFC and DHEAS levels in any group. Brain image 

displays positive correlation between DHEAS and fMRI BOLD activity in the left mid-

VLPFC in postmenopausal women with no MDD (to illustrate full spatial extent, findings 

are displayed at p< 0.05, uncorrected). From a supergroup activity map in the larger sample, 

a 10mm spheres around peak loci in the mid-VLPFC (BA45; MNI coordinates −51, 30, 10) 

was used to generate a functional ROI (Novel > Repeat). DHEAS levels were natural log 

transformed.

Konishi et al. Page 29

Brain Res. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Relationship between verbal encoding-related activity in the left HIPP and endogenous 

levels of DHEAS by sex/reproductive status, a) In MDD, task-related HIPP activity 

increased with higher levels of DHEAS in postmenopausal women, reaching levels similar 

to pre/perimenopausal women and men. Brain image displays positive correlation between 

DHEAS and fMRI BOLD activity in the left hippocampus in postmenopausal women with 

MDD (to illustrate full spatial extent, findings are displayed at p< 0.05, uncorrected), b) In 

non-MDD, there was no relationship between task-related HIPP activity and DHEAS levels 

in any group. Brain image displays positive correlation between DHEAS and fMRI BOLD 

activity in the left hippocampus in postmenopausal women with no MDD (to illustrate full 

spatial extent, findings are displayed at p < 0.05, uncorrected). Functional ROI was 

generated from an anatomically-defined mask of the HIPP (Novel > Repeat). DHEAS levels 

were natural log transformed.
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Table 1.

Demographic and clinical characteristics of a sample of N = 187, men and women assessed at ages 45-55

Men (n = 
94)

Women (n = 
93)

Pre/Peri (n 
= 62)

Post (n = 
31)

MDD (n = 
66)

Non-MDD 
(n = 121) Comparison

mean (SD) mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
ψp < 0.001; *p < 

0.05; †p < 0.1

Age 50.1 (2.4) 49.8 (1.9) 49.5 (1.7) 50.5 (2.2) 49.6 (2.1) 50.2 (2.2)
Pre/Peri < Post*, 

Men†

BMI
a 28.8 (5.2) 28.2 (5.9) 28.4 (6.0) 27.8 (5.8) 29.2 (5.6) 28.1 (5.5) n.s.

Digit Span 

Forward
a 9.3 (2.5) 8.5 (2.3) 8.4 (2.3) 8.8 (2.3) 9.0 (2.8) 8.9 (2.3) Men > Women*, 

Pre/Peri*

Digit Span 

Backward
a 7.7 (2.8) 7.1 (2.3) 7.1 (2.3) 7.1 (2.5) 7.5 (2.9) 7.3 (2.4) n.s.

Verbal Fluency 

(FAS)
a 42.4 (11.4) 41.2 (10.4) 40.9 (8.5) 41.9 (13.5) 40.3 (11.5) 42.7 (10.5) Non-MDD > 

MDD*

Verbal Fluency 

(Categories)
a 44.8 (10.1) 47.9 (8.4) 48.8 (8.7) 46.1 (7.8) 45.6 (9.8) 46.7 (9.2) Men < Women*, 

Pre/Peri*

STAI STATE
a 28.6 (7.7) 28.9 (8.4) 28.8 (9.0) 29.2 (7.2) 30.9 (6.7) 27.6 (8.5)

MDD > Non-
MDDψ

STAI TRAIT
d 34.1 (9.4) 33.7 (8.1) 33.9 (8.6) 33.3 (6.9) 38.6 (9.1) 31.3 (7.3)

MDD > Non-
MDDψ

POMS
e 0.4 (3.3) −0.3 (24) −04 (2.3) 0.00 (2.8) 1.1 (28) −0.5 (2.8)

MDD > Non-
MDDψ

d’ 2back 
(Performance on 

WM task)
b

2.0 (0.7) 1.9 (0.7) 1.9 (0.7) 2.0 (0.7) 1.9 (0.7) 2.1 (0.7) n.s.

d’ VR (Performance 

on VE task)
c 1.0 (0.5) 1.0 (0.5) 1.0 (0.6) 0.9 (0.4) 0.9 (0.5) 1.0 (0.9) n.s.

Median 
(p25, p75)

Median 
(p25, p75)

Median 
(p25, p75)

Median 
(p25, p75)

Median 
(p25, p75)

Median 
(p25, p75)

DHEAS (ug/dL) 139.2 (97.8, 
199.4)

100.0 ( 64.2, 
138.0)

101.8 (69.3, 
141.8)

100.0 ( 60.0, 
135.4)

121.3 (89.2, 
173.1)

118.9 ( 75.7, 
173.9)

Men > Women*, 
Pre/Peri*, Post*

17β-Estradiol (pg/

ml): Only women
a - 36.5 (11.6, 

84.8)
60.1 (21.8, 

109.0) 9.0 (3.9, 9.0) 41.3 (8.9, 
84.8)

24.8 (11.8, 
90.4) Pre/Peri > Postψ

Progesterone (ng/

ml): Only women
d - 0.14 (0.06, 

0.67)
0.20 (0.09, 

4.01)
0.07 (0.05, 

0.13)
0.18 (0.06, 

1.42)
0.13 (0.06, 

0.33) Pre/Peri > Postψ

FSH (mlU/ml): Only 
women - 23.7 (6.9, 

62.8)
10.1 (5.5, 

28.3)
64.2 (45.5, 

85.5)
12.7 (6.8, 

56.6)
30.5 (6.6, 

68.3) Pre/Peri < Postψ

n (%) n (%) n (%) n (%) n (%) n (%)

Education (%>High 

school/GED)
d 63 (67.0%) 55 (59.1%) 37 (59.7%) 18 (58.1%) 50 (76.9%) 68 (57.1%) MDD > Non-

MDD*

Ethnicity 
(%Caucasian) 85 (90.4%) 81 (87.1%) 56 (90.3%) 25 (80.6%) 56 (84.8%) 110 (90.9%) n.s.

History of or 
Current substance 
or alcohol abuse/
dependence (Yes)

59 (62.8%) 43 (46.2%) 26 (41.9%) 17 (54.8%) 38 (57.6%) 64 (52.9%) Men > Women*, 
Pre/Peri*
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a
Missing n=1;

b
Missing n=5;

c
Missing n=11;

d
Missing n=3;

e
Missing n=2

Comparisons by group status were evaluated using nonparametric Wilcoxon rank-sum or chi-square test, for continuous and categorical data, 
respectively (n.s. = Not Significant).

p25, p75: 25th and 75th quartiles

BMI:Body Mass index; WM: Working memory; VE: Verbal encoding; STAI: Spielberger State-Trait Anxiety Inventory; POMS: Profile of Moods 
Questionnaire; DHEAS: Dehydroepiandrosterone-sulfate; FSH=Follcle-stimulating hormone
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Table 2.

Hormone assessment of sample by MDD and sex/reproductive status

Men Women Pre/Perimenopause Postmenopause Comparisons

Median (p25, 
p75)

Median (p25, p75) Median (p25, p75) Median (p25, p75) ψp < 0,001; *p < 0.05; †p < 
0.1

DHEAS (ug/dL)

MDD 132.0 (99.3, 
202.8) 114.9 (S5.0, 149.0) 121.0 (71.5, 156.0) 103.5 (58.8, 126.9) Men > Women†, Post*

Non-MDD 150.0 (97.1, 
198.3) 87.0 ( 63.1, 129.5) 85.9 (68.5, 124.7) 93.6 (56.8, 139.8) Men > Womenψ, Pre/Periψ, 

Postψ

n.s. n.s. n.s. n.s.

17β-Estradiol (pg/ml)
a

MDD - 41.3 (8.9, 84.8) 53.0 (29.2, 100.9) 4.3 (3.4, 10.1) Pre/Peri >Postψ

Non-MDD - 24.8 (11.8, 90.4) 60.6 (16.9, 122.5) 13.7 (5.9, 29.9) Pre/Peri>Postψ

n.s. n.s. non-MDD>MDD*

Progesterone (ng/ml)
b

MDD - 0.18 (0.06, 1.42) 0.19 (0.08, 3.41) 0.07 (0.04, 0.38) Pre/Peri > Post*

Non-MDD - 0.13 (0.06, 0.33) 0.20 (0.10, 4.80) 0.07 (0.05, 0.09) Pre/Peri >Postψ

n.s. n.s. n.s.

FSH (mIU/ml)

MDD - 12.7 (6.8, 56.6) 10.1 (6.5, 16.2) 65.5 (48.2, 73.6) Post> Pre/Periψ

Non-MDD - 30.5 (6.6, 68.3) 9.1 (4.8, 35.0) 64.2 (43.7, 92.3) Post> Pre/Periψ

n.s. n.s. n.s.

a
Missing n=1;

b
Missing n=3

Comparisons by group status were evaluated using nonparametric Wilcoxon rank-sum (n.s. = Not Significant).

p25, p75: 25th and 75th quartiles
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