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Abstract

Preclinical evidence suggests that the actions of ovarian steroid hormones and brain-derived 

neurotrophic factor (BDNF) are highly convergent on brain function. Studies in humanized mice 

document an interaction between estrus cycle-related changes in estradiol secretion and BDNF 
Val66Met genotype on measures of hippocampal function and anxiety-like behavior. We believe 

our multimodal imaging data provide the first demonstration in women that the effects of the 

BDNF Val/Met polymorphism on hippocampal function are selectively modulated by estradiol. 

In a 6-month pharmacological hormone manipulation protocol, healthy, regularly menstruating, 

asymptomatic women completed positron emission tomography (PET) and functional magnetic 

resonance imaging (fMRI) scans while performing the n-back working memory task during three 

hormone conditions: ovarian suppression induced by the gonadotropin-releasing hormone agonist, 

leuprolide acetate; leuprolide plus estradiol; and leuprolide plus progesterone. For each of the 

three hormone conditions, a discovery data set was obtained with oxygen-15 water regional 

cerebral blood flow PET in 39 healthy women genotyped for BDNF Val66Met, and a confirmatory 
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data set was obtained with fMRI in 27 women. Our results, in close agreement across the two 

imaging platforms, demonstrate an ovarian hormone-by-BDNF interaction on working memory-

related hippocampal function (PET: F2,37 = 9.11, P = 0.00026 uncorrected, P = 0.05, familywise 

error corrected with small volume correction; fMRI: F2,25 = 5.43, P = 0.01, uncorrected) that 

reflects differential hippocampal recruitment in Met carriers but only in the presence of estradiol. 

These findings have clinical relevance for understanding the neurobiological basis of individual 

differences in the cognitive and behavioral effects of ovarian steroids in women, and may provide 

a neurogenetic framework for understanding neuropsychiatric disorders related to reproductive 

hormones as well as illnesses with sex differences in disease expression and course.

INTRODUCTION

There is mounting evidence that sex steroids play an important role in a number of 

serious neuropsychiatric disorders, such as depression, anxiety and schizophrenia, which 

are characterized by sex–related differences in onset, severity and course of disease. There 

is, thus, growing interest in defining mechanisms by which these hormones affect the 

genesis or modulation of such illnesses. Moreover, reproductive- and menstrual cycle-related 

disorders make clear that ovarian steroids have the capacity to induce changes in affective 

and cognitive states in some women, but not in others.1 Several contextual factors have been 

identified that contribute to the individual variability in the impact of ovarian hormones on 

brain function, including age, environmental influences (for example, exposure to early life 

stress) and variations in ovarian steroid-regulated genes.1 However, very few studies have 

tested for potential interaction between genotype and hormonal state in the human brain.2

Variation in the gene coding for brain-derived neurotrophic factor (BDNF) is a particularly 

promising candidate that could mediate effects of ovarian steroids on central nervous system 

function.3 Preclinical evidence suggests that the actions of ovarian steroid hormones and 

BDNF on the brain are highly convergent. Both exert a wide range of neuromodulatory 

and neuroprotective effects including neural differentiation,4,5 synaptic plasticity6,7 and 

dendritic arborization.8,9 In addition, both play critical roles in prefrontal (PFC)10,11 

and in hippocampal processes including activity-dependent synaptic plasticity involved in 

learning and memory.12-14 The BDNF gene is most abundantly expressed in the medial 

temporal lobe, specifically in the hippocampus, as well as in the PFC.15 Moreover, BDNF 

tyrosine kinase receptors (TrkB) and steroid hormone receptors are co-localized in both the 

hippocampus and PFC,16 indicating a potential for the physiologically relevant coupling 

of their individual functions. Finally, in animals, ovarian hormones affect the expression 

of both BDNF and TrkB,16,17 and the BDNF gene contains a putative estrogen response 

element.18 Thus, while interactions between ovarian steroid hormones and BDNF are well 

documented in animal studies, and while effects in the PFC and hippocampus appear 

particularly relevant in humans, the impact of this interaction on neurophysiologic systems 

underpinning behavior in women is less well characterized.

A uniquely human, functional single-nucleotide polymorphism (SNP) in the BDNF gene 

provides an opportunity to examine the effects of variations in BDNF function on the 

neuroregulatory actions of ovarian steroids. The BDNF Val66Met SNP (rs6265) results in the 
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substitution of methionine (Met) for valine (Val) in the 5′ pro-region of the BDNF protein 

in 20–30% of Caucasians,19 and this variant affects intracellular trafficking and secretion of 

BDNF12,20 in addition to long-term changes in hippocampal synapses.12,13,20 Neuroimaging 

studies in humans document (1) altered hippocampal recruitment in BDNF Met carriers 

during both working12 and episodic memory,21 (2) an altered relationship between resting 

regional cerebral blood flow (rCBF) and anxious temperament22 and (3) sex-dependent 

changes in resting rCBF and resting-state functional connectivity.11 Finally, studies using 

humanized BDNF Met knock-in mice showed that this BDNF allelic variation interacts with 

ovarian steroids to affect cognitive and behavioral functions.23,24

To characterize the effects of ovarian steroid hormones and BDNF genotype on brain 

circuits underlying PFC- and hippocampal-dependent processes, we used oxygen-15 water 

rCBF positron emission tomography (PET) in our discovery data set and functional 

magnetic resonance imaging (fMRI) in our confirmatory data set to study healthy 

women who participated in a 6-month long hormone manipulation protocol (that is, 

pharmacologically induced hypogonadism and standardized physiologic ovarian steroid 

replacement) in which three sets of scans were performed in each of three separate 

hormone conditions in every woman. PET was considered the discovery data set because, to 

the best of our knowledge, our study was first initiated with this gold-standard method, 

while fMRI measurements were begun later. The choice of a working memory task 

was based not only on the fundamental and well documented role of the PFC in this 

cognitive function,25-27 but also on the importance of the hippocampus in short-term 

working memory, as now demonstrated in lesion studies.28-30 Importantly, neuroimaging 

investigations suggest a reciprocal relationship between the PFC and hippocampus, in which 

activation of dorsolateral prefrontal cortex (DLPFC) is accompanied (at least in healthy 

participants) by hippocampal deactivation in a working memory load-dependent manner.31 

We selected the n-back working memory paradigm because it is widely employed in 

neuroimaging studies to target our regions of focus, the DLPFC and hippocampus,32-35 

and because it is a robust cognitive imaging probe of these regions, even with repeated scan 

sessions,36-38 as was necessary in this study. We hypothesized that an ovarian hormone-by-

BDNF genotype interaction would be observed in the working memory network, specifically 

in the hippocampus and PFC.

MATERIALS AND METHODS

Subject selection

Healthy, regularly menstruating women aged 18–50 years provided oral and written consent 

and were paid for participation as per approved NIH IRB procedures (Table 1). All had 

normal physical exams, structural MRIs and laboratory results including negative pregnancy 

tests. Absence of current or past psychiatric illness was confirmed by the Structured Clinical 

Interview for DSM-IV, and daily symptom self-ratings for 2 months prior to the study 

established the absence of menstrual-related mood and behavioral symptoms. In addition, 

the Beck Depression Inventory39 confirmed the absence of depressive symptoms in all 

participants.
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BDNF genotyping

DNA was extracted from peripheral blood, and BDNF Val66Met (rs6265) genotype was 

determined (Table 1 for methods).

Pharmacological hormone manipulation

Participants received monthly injections of the GnRH agonist leuprolide acetate (Lupron, 

TAP Pharmaceuticals, Chicago, IL, USA, 3.75 mg IM), for 6 months to suppress 

endogenous production of the ovarian steroids, estradiol and progesterone (Figure 1). 

Following 3 months of Lupron alone, women were randomly assigned to additionally 

receive transdermal estradiol and progesterone vaginal suppositories separately, each for 5 

weeks, after which they were switched to the alternative hormonal replacement in a double-

blind, crossover design with a 2-week washout between hormone add-back periods. Plasma 

estradiol and progesterone levels were measured before each imaging session (Figure 1 

and Table 2). Estradiol was assayed by liquid chromatography/mass spectrometry. Plasma 

estradiol and progesterone levels were confirmed (by clinical assays) to have returned to 

levels comparable to those during the Lupron alone condition after the 2-week washout.

PET rCBF and fMRI BOLD data acquisition and preprocessing

PET and fMRI were performed during each of the three separate hormonal conditions: after 

at least 6 weeks of Lupron alone (hypogonadism), after at least 2 weeks of Lupron plus 

estradiol, and after at least 2 weeks of Lupron plus progesterone. Subjects were instructed 

to refrain from alcohol, nicotine or caffeine for 4 h prior to scanning, as well as over-the-

counter medications that could affect rCBF or blood-oxygenation-level-dependent (BOLD) 

signal for the preceding 24 h.

The same n-back working memory paradigm was used for both PET rCBF and fMRI BOLD 

signal measurements. Subjects were shown a series of diamond-shaped number arrays, with 

one of four numbers highlighted in random sequences with a 2 s inter-trial interval. For the 

0-back sensorimotor control task, participants pushed a button corresponding to the number 

shown at the time of the trial. For the 2-back working memory task, participants pushed a 

button corresponding to the number displayed two trials previously. To avoid practice effects 

that could confound interpretations of the imaging data, participants were intensively trained 

on this task prior to every scanning session. The n-back working memory paradigm reliably 

affects both DLPFC and hippocampus and is commonly used in neuroimaging. Importantly, 

it is well documented that in healthy subjects performing this task, DLPFC is activated 

(see review in Owen et al.26), whereas hippocampal regions are ‘deactivated’ (that is, have 

less neuronal recruitment during working memory than at baseline), possibly reflecting the 

necessary reliance on short-term, DLPFC memory circuits, rather than hippocampal episodic 

memory mechanisms for optimal performance of the working memory task.40,41

PET rCBF measurements.—During each hormone condition, fourteen 60-s scans (seven 

0-back and seven 2-back scans in alternating order) were independently collected 6-min 

apart to allow entirely independent analyses of 0-back sensorimotor and 2-back working 

memory rCBF (a particular advantage of the PET rCBF technique), in addition to activation 

analyses comparing rCBF during the two tasks. rCBF data were collected with a GE 
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Advance PET scanner (Waukesha, WI, USA) in 3D mode (4.25 mm slice separation, 35 

slices, axial field of view 15.3 cm). Each scan was preceded by an intravenous bolus of 

10 mCi of oxygen-15 water. Scans were corrected for background counts and attenuation 

(via a transmission scan) and were reconstructed into 32 axial planes (6.5 mm full-width 

at half-maximum). With Statistical Parametric Mapping 5 (SPM5; Wellcome Department 

of Cognitive Neurology), the reconstructed PET data were anatomically normalized to an 

average template, scaled proportionally to remove variations in global blood flow, and 

smoothed using a 10 mm Gaussian kernel, and first-level single-subject activation maps 

(2-back versus 0-back) were calculated for each scan session (one activation/deactivation 

statistical map per hormone condition for each woman). Because altered activation (2-back 

versus 0-back) could reflect rCBF changes in either the 0-back control or 2-back working 

memory conditions or in both, the 2-back and 0-back rCBF maps were also analyzed 

separately to disambiguate the activation/deactivation genotype-by-hormone findings.

fMRI BOLD signal measurements.—During each hormone condition, two runs of the 

n-back working memory task were acquired for each subject on a GE 3-Tesla scanner 

using T2*-weighted gradient-echo planar imaging (36 axial slices, 4 mm thickness, 1 mm 

gap; repetition time/echo time = 3000/35 ms, field of view = 24 cm, matrix = 64 × 64). 

Each run consisted of fourteen 30-s blocks, switching between 2-back and 0-back tasks. 

After preprocessing using SPM5 (slice-timing and motion-correction, coregistration to a 

standard template, alignment to the first volume for each subject, spatial normalization to the 

Montreal Neurological Institute T1-weighted template, and, as in the PET data, smoothed 

with a Gaussian kernel of 10 mm full-width at half-maximum to improve signal-to-noise 

ratios and to ameliorate differences in inter-subject localization. First-level single-subject 

activation maps (2-back versus 0-back) were created in similar manner to the PET analysis.

Hormone-by-BDNF genotype analyses of PET and fMRI data

The same analytic design was used in both the PET and fMRI data sets to test for differences 

in Met carriers compared to Val homozygotes that varied according to hormone condition. 

A first-level 2-back versus 0-back activation/deactivation map for each hormone condition 

for each woman was entered as a within-subject repeated measure, and genotype was 

entered as a between-groups measure in a full-factorial design within SPM5. Because 

BDNF and ovarian steroids have been shown in animal studies to interactively affect PFC 

and hippocampal function, these brain areas were chosen a priori as regions of interest, 

and voxel-wise analyses within these regions were carried out to test the hypothesis that 

BDNF Val66Met genotype and hormone status interactively effect cognitively related brain 

function in women. To restrict the findings to these regions of interest (that is, hippocampal 

region and PFC, specifically DLPFC), a bilateral hippocampal mask (made using the Wake 

Forest Pick-Atlas tool (Winston-Salem, NC, USA) in SPM) and an independently derived 

DLPFC mask (as cytoarchitechtonically defined in standard stereotaxic space in postmortem 

human brain by Rajkowska and Goldman-Rakic42) were applied. For analysis of the 

PET discovery data set, genotype-by-ovarian hormone interactions in working-memory 

activation/deactivation (2-back versus 0-back) were evaluated with a voxel-wise statistical 

threshold of P < 0.001, uncorrected, within our a priori-chosen, region-specific masks and 

small volume correction for familywise error (FWE) was also applied. For the relatively 
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smaller fMRI cohort, considered to be a confirmatory data set, we accepted a voxel-wise 

statistical threshold of P < 0.05, uncorrected, and small volume correction for FWE was 

tested within regions of interest. In both data sets, for post hoc between-genotype, between-

hormone decomposition of the gene-by-hormone interaction analyses, we extracted and 

graphed average activation/deactivation values from a 3 mm diameter sphere surrounding 

identified foci in the hippocampus. We chose a sphere with a diameter of 3 mm because in 

some locales the cross-sectional dimensions of the hippocampus are as small as 3 mm.43 In 

addition to these regionally focused, hypothesis-driven analyses, we performed whole brain 

voxel-wise gene-by-hormone interaction analyses of both the fMRI and PET data sets to test 

for unpredicted results outside of the DLPFC and hippocampus using a voxel-wise statistical 

threshold of P < 0.001, uncorrected. Because in some formulations the hippocampus is 

considered to be a part of the default-mode network (DMN), we specially examined the data 

within (1) a ‘task deactive’ (0-back–2-back) mask and (2) a literature-based DMN mask that 

was derived from 1000 subjects.44

Because altered activation (2-back versus 0-back) could reflect rCBF changes in either the 

0-back or 2-back conditions or in both, for PET data, the independently collected 2-back and 

0-back rCBF maps were also analyzed separately to disambiguate the activation/deactivation 

genotype-by-hormone findings. The procedures were identical to the 2-back versus 0-back 

activation/deactivation analysis except that for each woman, one average first-level 2-back or 

0-back rCBF map per hormone condition per woman was entered and separate task-specific 

(0-back alone and 2-back alone) second-level full-factorial analyses were performed.

Finally, to assess the adequacy of our sample size, we performed a sensitivity power 

analysis.45 We assumed 80% power and an α of 0.05 using the G*power program.46,47

RESULTS

Participants

For the PET analyses (N = 39), 29 women were Val homozygotes and 10 were Met carriers 

(mean ages ± s.d. = 33.9 ± 8.2 and 37.6 ± 8.3 years, respectively); for the fMRI analyses (N 
= 27), there were 20 Val homozygotes and seven Met carriers (ages = 30.9 ± 7.4 and 34.8 

± 10.9 years, respectively). Genotype frequencies were in Hardy–Weinberg equilibrium, and 

there were no between-genotype differences in age, racial distribution, or handedness (Table 

1). In addition, Beck Depression Inventory scores did not differ across genotype groups and 

remained in the asymptomatic range across all hormone conditions (Table 2). There were 

no significant differences between the two genotype groups in the variances of all measures 

(Levene’s test: P’s > 0.1). One woman was a smoker, but neither performance nor imaging 

results changed when she was excluded from the data.

Plasma estradiol and progesterone levels, and n-back performance

In the PET study, 55% of the Val homozygotes received estradiol add-back first, and 

40% of the Met carriers had estradiol add-back first (χ2 = 0.66, P = 0.41) (Figure 2 

and Table 2) . In the fMRI study, 55% of the Val homozygotes received estradiol first, 

and 43% of the Met carriers received estradiol first (χ2 = 0.31, P = 0.58). No effects 
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of add-back order on imaging or performance results were observed. As predicted from 

the pharmacological manipulation, during hypogonadism (Lupron alone), plasma levels of 

estradiol and progesterone were suppressed ( < 20 pg ml−1 and < 0.6 ng ml−1, respectively), 

whereas during estradiol replacement plasma levels of estradiol were in the mid-follicular 

range and during progesterone replacement plasma levels of progesterone were comparable 

to those in the mid-luteal phase. Hormone levels did not differ between genotypes during 

any of the three hormone conditions in PET or fMRI. There were no significant differences 

in plasma hormone levels between Val homozygotes and Met carriers and no significant 

genotype-by-plasma hormone level interactions (Figure 2).

All participants performed the n-back working memory task well above chance (25%) on 

all runs in all hormone conditions. As expected in light of the intensive pre-scan training on 

the task, there were no performance differences between genotype groups or across hormone 

conditions, and no genotype-by-hormone interactions. Finally, there were no effects of age 

or education on n-back working memory performance scores.

PET rCBF findings

Activation/deactivation results.—No significant genotype-by-hormone interactions 

were observed in the PFC (Figure 3a, upper). However, within the hippocampus, a region 

typically deactivated in the n-back working memory paradigm,26,41 an interaction was 

observed in the right hemisphere for 2-back versus 0-back activation/deactivation (F2,37 = 

9.11, P = 0.00026 uncorrected, P = 0.05 FWE corrected with small volume correction, effect 

size: partial eta square ηp
2 = 0.41; MNI x,y,z coordinates: 24, − 36, − 4). A similar finding 

was also observed in the left hippocampus (F2,37 = 5.83, P = 0.004 uncorrected; x,y,z = − 

34, − 14, − 18) but did not survive correction for multiple comparisons. Sensitivity power 

analyses of the hippocampal findings indicated that we were sufficiently powered to detect 

an effect size of 0.20 (actual observed effect size = 0.41). Whole-brain voxel-wise analysis 

revealed only a single, 10-voxel cluster outside of our a priori regions of interest, in the 

medial prefrontal cortex (mPFC; F2,37 = 8.44, P = 0.0004, uncorrected; x,y,z = 22,54, − 8). 

This region was not in the task deactive mask and was formally outside the DMN mask that 

we investigated44 (although in some formulations mPFC may be included in the DMN).

Post hoc activation/deactivation analyses.—Post hoc analyses of the right 

hippocampal cluster that was identified in the interaction analyses revealed that for 

Val homozygous women there was no significant change in activation across hormone 

conditions (F2,27 = 1.58, P = 0.21), whereas Met carriers showed hormone-specific changes 

(F2,8 = 4.57, P = 0.02). In Met carriers the hippocampus was activated (not deactivated) 

during estradiol add-back, and this finding differed from that in the hypogonadal (Lupron 

alone) state (t9 = 3.01, P = 0.01) and the progesterone replacement phase (t9 = 3.5, P = 

0.007), with no difference between Lupron alone and progesterone add-back (t9 = 0.51, P 
= 0.62). Finally, there was a significant effect of genotype during estradiol replacement, 

with Met carriers having elevated activation compared to Val homozygotes (t38 = 3.16, P = 

0.003), but there were no genotype effects during Lupron alone or progesterone add-back 

(Figure 3). Post hoc analysis of the mPFC findings, which were neither predicted nor 

replicated in the fMRI data, and were not in the task deactive mask, showed a between-
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genotype difference during estradiol add-back that was different in direction than that in the 

hippocampus. In contrast to the hippocampus, in the mPFC activation was greater in Val 

homozygotes than in Met carriers (P < 0.01, uncorrected).

Within-task rCBF results.—Analyses exploring the BDNF-by-hormone effects during 

0-back and 2-back separately made possible by the task-specific, independent PET 

measurements, indicated that the genotype-by-hormone interaction in the activation data 

was due to neural activity during the working memory condition and not during the 

sensorimotor control task (Figure 3a, lower). Specifically, the PET hippocampal rCBF 

changes in the 2-back working memory condition analyzed entirely independently showed 

a significant genotype-by-hormone interaction with a between-group and across-hormone 

pattern remarkably similar to that seen in the 2-back versus 0-back activation/deactivation 

analysis in an almost identical hippocampal locale (F2,37 = 7.86, P = 0.0006 uncorrected; 

x,y,z = 26, − 40, − 4). In contrast, no BDNF-by-hormone interaction was observed when the 

0-back control condition was analyzed alone (P>0.2, NS).

fMRI findings

As in the PET discovery data set, there were no significant BDNF-by-ovarian hormone 

interactions in the PFC. However, in the right hippocampal region there were two foci 

(x,y,z = 30, − 38, − 12 and x,y,z = 35, − 10, − 27; Figure 3b1 and b2) within which 

interactions were observed (F2,25 = 5.43, P = 0.01 uncorrected, effect size ηp
2 = 0.31; and 

F2,25 = 5.11, P = 0.02 uncorrected, ηp
2 = 0.24, respectively; not significant with small volume 

correction for FWE). Moreover, the patterns of interaction in both loci were remarkably 

similar to that observed in the PET data. Specifically, post hoc analyses of the two right 

hippocampal clusters that were identified in the interaction analyses showed that in Met 

carriers, activation was higher than in the Val homozygotes, but only during estradiol add-

back (both loci: t25 = 2.13, P = 0.04). There were no between-group activation differences 

during Lupron alone or progesterone add-back (P’s>0.4). There was no significant change 

in activation across hormone conditions in the Val homozygotes (P’s>0.2), whereas in the 

Met carriers a trend-level interaction was observed in one of the right hippocampal loci (P = 

0.1, Figure 3b2). In this smaller cohort, there were no left hippocampal findings. Sensitivity 

power analyses of the hippocampal findings indicated that we were sufficiently powered 

to detect an effect size of 0.25 (actual observed effect sizes = 0.24 and 0.31 for the two 

hippocampal loci). Whole-brain analysis of this smaller data set revealed only one cluster 

in BA19 (F2,25 = 9.88, P = 0.0002, uncorrected; x,y,z = 18, − 56, − 4). Post hoc analyses 

showed nominal (P = 0.05) and opposite-in-direction, between-genotype differences during 

estradiol and progesterone add-back conditions. This finding, like the mPFC result, was 

neither predicted, nor replicated in the alternative data set (here, PET).

DISCUSSION

By combining a 6-month hormonal manipulation protocol with two different neuroimaging 

modalities, fMRI and a gold standard PET rCBF method, we demonstrated that hippocampal 

function in women is differentially modulated by estradiol in a genotypically specific 

manner, that is, in BDNF Met carriers only. These data extend to humans previous 
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preclinical findings that estradiol and BDNF allelic variations both affect hippocampal 

physiology, and also delineate interactive effects between these two factors. These results 

additionally identify biological contributors to individual differences in the cognitive and 

affective effects of ovarian steroids in women, and thus suggest a new conceptual framework 

within which to view the pathophysiological mechanism by which variations in genes such 

as BDNF may be a substrate of risk in women with reproductive-related mood disorders and 

a modifier in neuropsychiatric illnesses with sexually dimorphic presentation and course.

The n-back working memory paradigm, which has consistently shown PFC activation and 

hippocampal ‘deactivation’ (that is, less neuronal recruitment during working memory 

than at baseline),26,40,41 was utilized to examine neurofunctional changes mediated by 

the interaction between BDNF and ovarian steroids. We observed this expected pattern 

of hippocampal deactivation during working memory in all three hormonal states in Val 

homozygotes and in all hormonal states except estradiol add-back in the Met carriers. 

Importantly, atypical hippocampal activation (not deactivation) during estradiol add-back 

in Met carriers was identified with PET rCBF; moreover, consistent with these findings, 

fMRI also demonstrated altered BOLD signal in the hippocampus only in Met carriers 

and only during estradiol add-back, albeit with the limitation that the findings in this 

smaller data set did not survive correction for multiple comparisons. The results from 

these two neuroimaging platforms (direct measurement of rCBF in the PET data, change 

in BOLD signal in the fMRI data) were highly convergent with regard to selectively 

identifying atypical activation in the Met carriers during estradiol exposure—convergent 

in both anatomical distribution and with regard to specificity in participants’ BDNF status 

and hormone conditions. This close agreement between the rCBF and BOLD signal data 

(related, but quite distinct neurophysiological parameters of brain function that could 

be differentially affected by hormone state and/or vascular changes48) lends credence to 

our results. By showing specific neuromodulatory effects of estradiol in women with the 

functionally less efficient BDNF Met allele, our data also inform previous observations of 

differential hippocampal recruitment during working memory for Met carriers compared to 

Val homozygotes in both men and women.12

Pre-clinical studies offer several mechanistic insights into our data. At the molecular level, 

estradiol increases BDNF function by binding to a putative estrogen response element 

on the BDNF gene and/or by inducing the BDNF receptor, TrkB,18 and estradiol and 

BDNF activate similar signaling cascades and pathways through estrogen receptors and 

trkB, respectively.49 At the cellular level, both BDNF and estradiol alone facilitate neural 

activity in the hippocampus5,50 and conjointly influence neural growth, survival, and 

plasticity in the hippocampus.51,52 In contrast, the BDNF Met protein has been shown to 

impair intracellular processing and activity-dependent modulation of BDNF in transfected 

hippocampal neuronal cultures.12,20 Moreover, in a humanized knock-in mouse model 

(that is, mice made homozygous for the human BDNF Met allele), both wild-type and 

Met carriers showed a proestrus-related increase in BDNF gene expression (but not TrkB 

expression).23 However, differential estrous cycle-related changes in the hippocampus also 

were observed in the quantities of two molecules related to hippocampal neuroplasticity. 

Met knock-in mice had decreased phosphorylated Akt and decreased PSD-95 expression 

during proestrus in contrast to proestrus-related increases in both measures in the wild-type 
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mice. Behaviorally, in this mouse model, estrous cycle-related sensitivity was observed 

in both cognitive and anxiety-like measures.23,24 Compared with wild-type mice, BDNF 
Met knock-in mice displayed enhanced mnemonic function (that is, object placement) 

during proestrus (when estradiol levels are high), whereas anxiety-like behaviors (that is, 

elevated-plus maze, open field) were increased during estrus (when estradiol levels are 

declining) compared with wild-type mice. Together, these findings in Met knock-in mice 

suggest that hippocampal BDNF function, and potentially the regulation of hippocampal 

neuroplasticity, differ from wild-type mice both constitutionally (that is, trait-like) and in an 

estradiol-dependent manner, and that these differences have behavioral implications. Thus, 

preclinical studies suggest that trait differences in BDNF/TrkB activity could be regulated by 

estradiol levels to alter optimal hippocampal function, as we observed here in Met-carrying 

women.

Our data also suggest a potential explanation for observations of individual differences in the 

effects of estradiol on hippocampal performance in women. Declines in hippocampal-based 

memory performance have been reported in some but not all postmenopausal women, 

as have both beneficial and no effects of estradiol therapy on verbal and visual-spatial 

memory performances in hypogonadal women.53-63 In addition, estradiol exposure in animal 

studies alters the preferred neurocircuitry employed to solve hippocampal tasks, with high 

physiologic levels of estradiol favoring place learning and impairing response learning 

in a reward-based (that is, food) maze navigation task.64,65 Indeed, altered hippocampal-

related task performances in the presence of differing levels of estradiol secretion have 

been observed in both the humanized Met knock-in mouse23 as well as the BDNF (+/−) 

heterozygote mouse.66

In women in the present study, we did not observe differences in working memory 

performance in the Met carriers during estradiol administration. However, we trained our 

participants to optimal working memory performance prior to each scan session during 

the three hormonal states in an effort to minimize the potential of performance differences 

to confound interpretation of the observed impacts of hormone and genotype on neural 

recruitment. Several previously published behavioral studies demonstrate that both sex 

and the presence of ovarian steroids (estradiol specifically) influence working memory 

performance, but that the effect is small67-69 and is likely to be modulated by a number of 

contextual factors. Our results suggest that genotypic variation is among those contextual 

factors. Had we not repeatedly trained, or if we had employed a more focused hippocampal 

task or a more difficult working memory task, altered performance scores could have 

emerged in the Met carriers during estradiol treatment.

In contrast to results of several preclinical studies that demonstrate the ability of 

progesterone to regulate BDNF function,70-72 we observed neither effects of progesterone 

on the pattern of cortical activation during the working memory task, nor genotype-related 

differences in hippocampal function related to this ovarian steroid. Thus, our data would 

suggest that the mechanisms (or brain regions) involved in progesterone’s effects on BDNF 

function are not dysregulated by BDNF allelic variation. It is possible that our relatively 

small sample size, while sufficient to demonstrate genotype-by-estradiol effects in the 

hippocampus, may have limited our ability to identify similar progesterone effects, as well 
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as main effects of estradiol or progesterone on working-memory related PFC function as we 

had demonstrated in a previous study using a PFC task more related to executive function.10 

As we were sufficiently powered, our data suggest that the mechanisms (or brain regions) 

involved in progesterone’s effects are not dysregulated by BDNF allelic variation.

Our work demonstrates that the effects of BDNF genotype on hippocampal function can 

be modulated by estradiol (either as a part of working memory circuitry or possibly as a 

component of the DMN). Harboring a BDNF Met allele conveys a robust estradiol-related 

sensitivity in the hippocampus that may have important clinical implications both for our 

understanding of individual differences in the effects of estradiol on cognitive performance 

and for the biological underpinnings of the risk for affective disorders in women. Together 

these clinical and preclinical findings underscore the physiological relevance of the 

convergence of estrogen receptor signaling and BDNF system function. Thus, failure to 

consider gene by hormone interactions may lead to spurious conclusions about main effects 

of either variable. Finally, our results extend previous findings demonstrating the modulatory 

effects of both estradiol and BDNF allelic variations on hippocampal physiology, and offer 

key and clinically relevant translation from an extensive body of animal research.
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Figure 1. 
Schematic diagram of GnRH agonist-induced hypogonadism and gonadal steroid 

replacement. Following a 2-month baseline evaluation period, women received 3.75 mg 

of Lupron (leuprolide acetate, purchased from TAP Pharmaceuticals, Chicago, IL, USA) 

by intramuscular injection every 4 weeks for 6 months. Lupron alone was administered for 

the first 12 weeks. After the Lupron-alone period, women received, in addition to Lupron, 

17β estradiol (0.1 mg per day) by skin patch or progesterone suppositories (200 mg BID) 

for 5 weeks each. Women then were crossed-over to the alternative treatment (in a double 

blind, counterbalanced design). During the fifth week of estradiol add-back, progesterone 

suppositories (200 mg twice daily) were added to provide progesterone withdrawal-induced 

shedding of the endometrium and menses in order to prevent prolonged exposure of the 

endometrium to unopposed estrogen. The two replacement regimens were separated by a 

2-week washout period. Three PET and three fMRI sessions were acquired: during Lupron 

alone, estradiol add-back and progesterone add-back periods. fMRI, functional magnetic 

resonance imaging; PET, positron emission tomography.
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Figure 2. 
Plasma hormone levels at the time of the PET and fMRI scans and n-back performance 

scores during scanning during three conditions: hormone suppression (Lupron alone), 

estradiol add-back, and progesterone add-back (mean ± s.e.m.). Also see Table 2. (a, b) As 

expected, during hypogonadism (Lupron alone), plasma levels of estradiol and progesterone 

were suppressed ( < 20 pg ml−1 and < 0.6 ng ml−1, respectively), whereas during estradiol 

replacement, plasma levels of estradiol were in the mid-follicular phase range, and during 

progesterone replacement plasma levels of progesterone were comparable to those in the 

mid-luteal phase. Hormone levels did not differ significantly between genotypes during 

any of the three hormone conditions in PET or fMRI. (c, d) No significant main or 

interactive effects of hormone and genotype were observed in either the 0-back or the 2-back 
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performance scores. fMRI, functional magnetic resonance imaging; PET, positron emission 

tomography.
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Figure 3. 
Working memory-related right hippocampal rCBF and BOLD activation/deactivation. (a) 

Top left: statistical parametric map showing differential BDNF-by-hormone interaction on 

PET rCBF changes in the 2-back versus 0-back activation/deactivation map (F2,37 = 9.11, P 
= 0.00026 uncorrected, P = 0.05 small volume correction for FWE; MNI x,y,z coordinates: 

24, − 36, − 4). Top right: post hoc analyses demonstrated that for Val homozygous women 

there was no significant change in activation across hormone conditions (F2,27 = 1.58, P 
= 0.21), whereas Met carriers showed hormone-specific changes (F2,8 = 4.57, P = 0.02): 

activated (not deactivated) hippocampal function during estradiol add-back compared to 

Lupron alone (t9 = 3.01, P = 0.01) and to the progesterone replacement phase (t9 = 3.5, 

P = 0.007). Between genotype comparison revealed that, compared to Val homozygotes, 

Met carriers showed atypically elevated right hippocampal activation (t38 = 3.16, P = 

0.003) during estradiol replacement. (a) Bottom right: the hippocampal rCBF values 

during the 2-back working memory condition analyzed entirely independently showed 
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a significant genotype-by-hormone interaction with a between-group and across-hormone 

pattern remarkably similar to that seen in the 2-back versus 0-back activation/deactivation 

analysis in an almost identical hippocampal locale (F2,37 = 7.86, P = 0.0006 uncorrected; 

x,y,z = 26, − 40, − 4). Bottom left: in contrast, no BDNF-by-hormone interaction was 

observed when the 0-back control condition was analyzed alone (P>0.2, NS). (b1, b2) 

Statistical parametric maps and graphs showing differential BDNF-by-hormone interaction 

on fMRI BOLD changes in 2-back versus 0-back activation/deactivation maps in two foci 

in the right hippocampal region (x,y,z = 30, − 38, − 12 and x,y,z = 35, − 10, − 27) within 

which interactions were observed (F2,25 = 5.43, P = 0.01 uncorrected and F2,25 = 5.11, P 
= 0.02 uncorrected, respectively). The patterns of interaction in both loci were remarkably 

similar to that observed in the PET rCBF data (Figure 3a). BOLD, blood-oxygenation-level-

dependent; fMRI, functional magnetic resonance imaging; FWE, familywise error; PET, 

positron emission tomography; rCBF, regional cerebral blood flow.

Wei et al. Page 20

Mol Psychiatry. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 21

Ta
b

le
 1

.

Su
bj

ec
t d

em
og

ra
ph

ic
s

P
E

T
 d

is
co

ve
ry

 d
at

a 
se

t (
N

 =
 3

9)
fM

R
I 

co
nf

ir
m

at
or

y 
da

ta
 s

et
 (

N
 =

 2
7)

Va
l/V

al
 

ho
m

oz
yg

ot
es

M
et

 c
ar

ri
er

s
St

at
is

tic
al

 
si

gn
if

ic
an

ce
Va

l/V
al

 
ho

m
oz

yg
ot

es
M

et
 c

ar
ri

er
s

St
at

is
tic

al
 

si
gn

if
ic

an
ce

n
29

10
G

en
ot

yp
e 

fr
eq

ue
nc

y:
 χ

2  
=

 0
.9

4;
 P

 =
 1

.0
0

20
7

G
en

ot
yp

e 
fr

eq
ue

nc
y:

 χ
2  

=
 0

.6
6 

P 
=

 1
.0

0

A
ge

 (
ye

ar
s)

 m
ea

n 
±

 s
.d

.
33

.9
 ±

 8
.2

37
.6

 ±
 8

.3
t(

37
) 

=
 0

.2
5;

 P
 =

 0
.8

0
30

.9
 ±

 7
.4

34
.8

 ±
 1

0.
9

t(
25

) 
=

 0
.3

7;
 P

 =
 0

.8
7

R
ac

e
20

C
/8

A
A

/1
A

7C
/2

A
A

/1
A

Z
 =

 0
.0

6;
 P

 =
 0

.9
5

15
C

/5
A

A
6C

/1
A

A
Z

 =
 0

.1
5;

 P
 =

 0
.8

8

B
M

I 
(k

g/
m

2 )
 m

ea
n 

±
 s

.d
.

24
.6

1 
±

 5
.1

5
24

.8
2 

±
 4

.7
4

t(
37

) 
=

 0
.9

1;
 P

 =
 0

.3
7

23
.7

1 
±

 4
.6

5
25

.5
9 

±
 4

.9
9

t(
25

) 
=

 0
.3

8;
 P

 =
 0

.7
1

H
an

de
dn

es
s

24
R

/5
L

 (
82

.8
%

R
)

9R
/1

L
 (

90
%

R
)

χ
2  

=
 0

.3
0;

 P
 =

 0
.5

8
18

R
/3

L
 (

86
.3

%
R

)
6R

/1
L

 (
85

.7
%

R
)

χ
2  

=
 0

.0
0;

 P
 =

 1
.0

0

A
bb

re
vi

at
io

ns
: A

, A
si

an
s;

 A
A

, A
fr

ic
an

 A
m

er
ic

an
s;

 B
M

I,
 b

od
y 

m
as

s 
in

de
x;

 C
, C

au
ca

si
an

s;
 f

M
R

I,
 f

un
ct

io
na

l m
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g;
 L

, l
ef

t h
an

de
d;

 P
E

T,
 p

os
itr

on
 e

m
is

si
on

 to
m

og
ra

ph
y;

 R
, r

ig
ht

 

ha
nd

ed
. D

N
A

 w
as

 e
xt

ra
ct

ed
 f

ro
m

 p
er

ip
he

ra
l b

lo
od

, a
nd

 B
D

N
F 

V
al

66
M

et
 (

rs
62

65
) 

ge
no

ty
pe

 w
as

 d
et

er
m

in
ed

 b
y 

Ta
qM

an
 5
′ 

cu
st

om
-d

es
ig

ne
d 

ex
on

uc
le

as
e 

as
sa

y 
(A

pp
lie

d 
B

io
sy

st
em

s,
 F

os
te

r 
C

ity
, C

A
, 

U
SA

).
 T

o 
te

st
 f

or
 o

cc
ul

t g
en

et
ic

 s
tr

at
if

ic
at

io
n,

 p
ar

tic
ip

an
ts

 w
er

e 
al

so
 g

en
ot

yp
ed

 f
or

 a
 c

om
m

on
 f

un
ct

io
na

l p
ol

ym
or

ph
is

m
 in

 C
O

M
T

 V
al

15
8M

et
 (

rs
46

80
),

 a
nd

 n
o 

si
gn

if
ic

an
t v

ar
ia

tio
n 

in
 a

lle
le

 f
re

qu
en

cy
 w

as
 

fo
un

d 
in

 th
e 

st
ud

y 
po

pu
la

tio
ns

. A
s 

is
 c

om
m

on
 in

 s
tu

di
es

 o
f 

ge
no

ty
pe

–p
he

no
ty

pe
 a

ss
oc

ia
tio

ns
 w

ith
 th

e 
B

D
N

F 
V

al
66

M
et

 S
N

P,
 B

D
N

F 
V

al
/M

et
 h

et
er

oz
yg

ot
es

 a
nd

 M
et

/M
et

 h
om

oz
yg

ot
es

 w
er

e 
co

m
bi

ne
d 

in
to

 

a 
‘M

et
 C

ar
ri

er
’ 

gr
ou

p 
be

ca
us

e 
of

 th
e 

ra
ri

ty
 o

f 
M

et
 h

om
oz

yg
ot

es
 (

 <
 5

%
 in

 C
au

ca
si

an
 s

am
pl

es
19

).
 F

or
 b

ot
h 

PE
T

 a
nd

 f
M

R
I 

da
ta

 s
et

s,
 th

er
e 

w
er

e 
no

 s
ig

ni
fi

ca
nt

 d
if

fe
re

nc
es

 b
et

w
ee

n 
V

al
 h

om
oz

yg
ot

es
 a

nd
 M

et
 

ca
rr

ie
rs

 in
 a

ge
, r

ac
ia

l d
is

tr
ib

ut
io

n,
 B

M
I 

an
d 

ha
nd

ed
ne

ss
.

Mol Psychiatry. Author manuscript; available in PMC 2023 April 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wei et al. Page 22

Ta
b

le
 2

.

H
or

m
on

e 
le

ve
ls

, B
ec

k 
D

ep
re

ss
io

n 
In

ve
nt

or
y 

sc
or

es
 a

nd
 n

-b
ac

k 
w

or
ki

ng
 m

em
or

y 
pe

rf
or

m
an

ce

L
up

ro
n

P
ro

ge
st

er
on

e
E

st
ra

di
ol

A
N

O
V

A
-R

 m
ai

n 
ef

fe
ct

 o
f

ho
rm

on
e 

co
nd

iti
on

 F
(P

-v
al

ue
)

A
N

O
V

A
-R

 m
ai

n 
ef

fe
ct

 o
f

ge
no

ty
pe

 F
(P

-v
al

ue
)

A
N

O
V

A
-R

 in
te

ra
ct

io
n 

of
ho

rm
on

e 
by

 g
en

ot
yp

e 
F

(P
-v

al
ue

)

Va
l

M
et

Va
l

M
et

Va
l

M
et

Pl
as

m
a 

es
tr

ad
io

l (
pg

 m
l−1

)

 
PE

T
8.

21
 (

6.
88

)
9.

13
 (

6.
18

)
7.

15
 (

4.
82

)
7.

84
 (

5.
91

)
12

9.
63

 (
75

.4
)

14
0.

30
 (

73
.8

6)
66

2.
30

 (
P

 =
 0

.0
02

)
1.

55
 (

P 
=

 0
.3

4)
0.

12
 (

P 
=

 0
.8

9)

 
fM

R
I

10
.6

2 
(1

1.
27

)
6.

87
 (

4.
94

)
6.

62
 (

3.
76

)
8.

69
 (

7.
28

)
13

8.
17

 (
10

2.
04

)
12

7.
87

 (
63

.3
0)

54
1.

79
 (

P
 =

 0
.0

02
)

1.
25

 (
P 

=
 0

.3
8)

0.
07

 (
P 

=
 0

.9
4)

Pl
as

m
a 

pr
og

es
te

ro
ne

 (n
g 

m
l−1

)

 
PE

T
0.

37
 (

0.
16

)
0.

39
 (

0.
13

)
13

.6
6 

(6
.0

7)
13

.1
5 

(5
.9

7)
0.

39
 (

0.
17

)
0.

37
 (

0.
23

)
26

40
.4

 (
P

 <
 0

.0
01

)
0.

99
 (

P 
=

 0
.4

3)
0.

05
 (

P 
=

 0
.9

5)

 
fM

R
I

0.
38

 (
0.

17
)

0.
66

 (
0.

87
)

13
.1

0 
(4

.2
6)

15
.7

7 
(8

.3
1)

0.
37

 (
0.

15
)

0.
36

 (
0.

19
)

12
1.

44
 (

P
 =

 0
.0

08
)

1.
34

 (
P 

=
 0

.3
7)

1.
03

 (
P 

=
 0

.3
6)

B
ec

k 
D

ep
re

ss
io

n 
In

ve
nt

or
y

 
PE

T
0.

67
 (

1.
44

)
1.

40
 (

1.
84

)
0.

89
 (

1.
45

)
0.

70
 (

1.
57

)
0.

70
 (

1.
54

)
0.

40
 (

0.
97

)
1.

69
 (

P 
=

 0
.1

9)
0.

09
 (

P 
=

 0
.7

7)
2.

30
 (

P 
=

 0
.1

1)

 
fM

R
I

0.
73

 (
1.

54
)

1.
56

 (
2.

07
)

1.
19

 (
2.

25
)

1.
00

 (
2.

00
)

0.
50

 (
1.

27
)

0.
56

 (
1.

13
)

1.
28

 (
P 

=
 0

.2
9)

1.
14

 (
P 

=
 0

.3
0)

1.
01

 (
P 

=
 0

.3
7)

0-
B

ac
k 

pe
rf

or
m

an
ce

 (%
 a

cc
ur

ac
y)

 
PE

T
98

.8
0 

(1
.7

0)
99

.1
1 

(1
.3

9)
98

.0
5 

(3
.3

4)
99

.5
4 

(0
.7

7)
99

.0
7 

(1
.0

5)
99

.2
4 

(1
.1

7)
0.

34
 (

P 
=

 0
.7

1)
1.

84
 (

P 
=

 0
.1

8)
0.

75
 (

P 
=

 0
.4

8)

 
fM

R
I

98
.8

0 
(2

.8
5)

95
.7

2 
(7

.6
0)

98
.9

7 
(2

.0
7)

98
.0

1 
(2

.4
3)

99
.0

0 
(1

.8
5)

96
.3

6 
(3

.9
6)

1.
34

 (
P 

=
 0

.2
8)

4.
35

 (
P 

=
 0

.0
6)

1.
28

 (
0.

30
)

2-
B

ac
k 

pe
rf

or
m

an
ce

 (%
 a

cc
ur

ac
y)

 
PE

T
84

.5
1 

(1
2.

80
)

79
.0

5 
(1

6.
06

)
87

.1
1 

(1
2.

52
)

81
.3

1 
(1

5.
47

)
85

.8
4 

(1
2.

57
)

83
.7

5 
(1

0.
23

)
1.

47
 (

P 
=

 0
.2

4)
1.

03
 (

P 
=

 0
.3

2)
1.

28
 (

P 
=

 0
.2

9)

 
fM

R
I

89
.6

0 
(1

0.
70

)
85

.3
8 

(1
4.

97
)

92
.6

7 
(8

.8
2)

91
.6

1 
(9

.8
4)

91
.4

8 
(9

.4
4)

89
.2

9 
(1

3.
45

)
1.

21
 (

P 
=

 0
.3

2)
0.

44
 (

P 
=

 0
.5

2)
0.

14
 (

P 
=

 0
.8

7)

A
bb

re
vi

at
io

ns
: f

M
R

I,
 f

un
ct

io
na

l m
ag

ne
tic

 r
es

on
an

ce
 im

ag
in

g;
 P

E
T,

 p
os

itr
on

 e
m

is
si

on
 to

m
og

ra
ph

y.
 B

lo
od

 s
am

pl
es

 w
er

e 
ce

nt
ri

fu
ge

d,
 a

liq
uo

te
d 

an
d 

st
or

ed
 a

t −
 7

0 
°C

 u
nt

il 
tim

e 
of

 a
ss

ay
. P

la
sm

a 
le

ve
ls

 
of

 p
ro

ge
st

er
on

e 
w

er
e 

an
al

yz
ed

 b
y 

ra
di

oi
m

m
un

oa
ss

ay
 (

D
ia

gn
os

tic
 S

ys
te

m
s 

L
ab

or
at

or
y,

 W
eb

st
er

, T
X

, U
SA

).
 I

nt
ra

- 
an

d 
in

te
r-

as
sa

y 
co

ef
fi

ci
en

ts
 o

f 
va

ri
at

io
n 

fo
r 

pr
og

es
te

ro
ne

 w
er

e 
7.

0–
7.

3%
 a

nd
 8

.0
–9

.2
%

, 
re

sp
ec

tiv
el

y.
 B

ec
au

se
 p

la
sm

a 
le

ve
ls

 o
f 

es
tr

ad
io

l d
ur

in
g 

bo
th

 th
e 

L
up

ro
n 

al
on

e 
an

d 
pr

og
es

te
ro

ne
 a

dd
-b

ac
k 

co
nd

iti
on

s 
w

er
e 

an
tic

ip
at

ed
 to

 b
e 

at
 th

e 
lo

w
er

 li
m

its
 o

f 
de

te
ct

ab
ili

ty
 f

or
 s

ta
nd

ar
d 

R
IA

, e
st

ra
di

ol
 

w
as

 a
ss

ay
ed

 b
y 

liq
ui

d 
ch

ro
m

at
og

ra
ph

y/
m

as
s 

sp
ec

tr
om

et
ry

.7
3  

Fo
r 

bo
th

 P
E

T
 a

nd
 f

M
R

I 
da

ta
 s

et
s,

 e
xp

ec
te

d 
si

gn
if

ic
an

t m
ai

n 
ef

fe
ct

s 
of

 h
or

m
on

e 
co

nd
iti

on
 w

er
e 

ob
se

rv
ed

. P
os

t h
oc

 a
na

ly
se

s 
sh

ow
ed

 p
ai

rw
is

e 
di

ff
er

en
ce

s 
be

tw
ee

n 
ho

rm
on

e 
co

nd
iti

on
 in

 b
ot

h 
pl

as
m

a 
es

tr
ad

io
l l

ev
el

s 
(E

st
ra

di
ol

 v
er

su
s 

L
up

ro
n,

 P
 <

 0
.0

1;
 E

st
ra

di
ol

 v
er

su
s 

Pr
og

es
te

ro
ne

, P
 <

 0
.0

1;
 L

up
ro

n 
ve

rs
us

 P
ro

ge
st

er
on

e,
 P

 =
 N

S)
 a

nd
 p

la
sm

a 
pr

og
es

te
ro

ne
 le

ve
ls

 (
E

st
ra

di
ol

 v
er

su
s 

Pr
og

es
te

ro
ne

, P
 <

 0
.0

1;
 L

up
ro

n 
ve

rs
us

 P
ro

ge
st

er
on

e,
 P

 <
 0

.0
1;

 E
st

ra
di

ol
 v

er
su

s 
L

up
ro

n,
 P

 =
 N

S)
. T

he
re

 w
er

e 
no

 s
ig

ni
fi

ca
nt

 m
ai

n 
ef

fe
ct

s 
of

 g
en

ot
yp

e 
an

d 
no

 
ge

no
ty

pe
-b

y-
ho

rm
on

e 
in

te
ra

ct
io

n 
ef

fe
ct

s 
on

 e
ith

er
 e

st
ra

di
ol

 o
r 

pr
og

es
te

ro
ne

 p
la

sm
a 

le
ve

ls
. N

o 
m

ai
n 

ef
fe

ct
s 

of
 g

en
ot

yp
e 

or
 h

or
m

on
e 

co
nd

iti
on

, a
nd

 n
o 

si
gn

if
ic

an
t h

or
m

on
e-

by
-g

en
ot

yp
e 

in
te

ra
ct

io
ns

 w
er

e 
ob

se
rv

ed
 f

or
 th

e 
B

ec
k 

D
ep

re
ss

io
n 

In
ve

nt
or

y 
sc

or
es

, 0
-b

ac
k 

w
or

ki
ng

 m
em

or
y 

ac
cu

ra
cy

 o
r 

2-
ba

ck
 w

or
ki

ng
 m

em
or

y 
ac

cu
ra

cy
 (

al
l p

os
t h

oc
 p

ai
rw

is
e 

co
m

pa
ri

so
ns

 P
 =

 N
S)

. A
ll 

va
lu

es
 a

re
 m

ea
n 

±
 s

.d
. B

ol
d 

va
lu

es
 s

ig
ni

fy
 s

ta
tis

tic
al

 s
ig

ni
fi

ca
nc

e.

Mol Psychiatry. Author manuscript; available in PMC 2023 April 14.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Subject selection
	BDNF genotyping
	Pharmacological hormone manipulation
	PET rCBF and fMRI BOLD data acquisition and preprocessing
	PET rCBF measurements.
	fMRI BOLD signal measurements.

	Hormone-by-BDNF genotype analyses of PET and fMRI data

	RESULTS
	Participants
	Plasma estradiol and progesterone levels, and n-back performance
	PET rCBF findings
	Activation/deactivation results.
	Post hoc activation/deactivation analyses.
	Within-task rCBF results.

	fMRI findings

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.

