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Abstract

Neuroactive steroids (NAS) are allosteric modulators of the γ-aminobutyric acid (GABA) system. 

NAS and GABA are implicated in depression. The peripartum period involves physiologic 

changes in NAS which may be associated with peripartum depression and anxiety. We measured 

peripartum plasma NAS and GABA in healthy comparison subjects (HCS) and those at-risk for 

postpartum depression (AR-PPD) due to current mild depressive or anxiety symptoms or a history 

of depression. We evaluated 56 peripartum medication-free subjects. We measured symptoms with 

the Hamilton Depression Rating Scale (HAM-D17), Hamilton Anxiety Rating Scale (HAM-A) and 
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Spielberger State-Trait Anxiety Inventory-State (STAI-S). Plasma NAS and GABA were 

quantified by liquid chromatography-mass spectrometry. We examined the associations between 

longitudinal changes in NAS, GABA and depressive and anxiety symptoms using generalized 

estimating equation methods. Peripartum GABA concentration was 1.9 ± 0.7 ng/mL (p=0.004) 

lower and progesterone and pregnanolone were 15.8 ± 7.5 (p=0.04) and 1.5 ± 0.7 ng/mL (p=0.03) 

higher in AR-PPD versus HCS, respectively. HAM-D17 was negatively associated with GABA (β=

−0.14 ± 0.05, p=0.01) and positively associated with pregnanolone (β=0.16 ± 0.06, p=0.01). STAI-

S was positively associated with pregnanolone (β=0.11 ± 0.04, p=0.004), allopregnanolone 

(β=0.13 ± 0.05, p=0.006) and pregnenolone (β=0.02 ± 0.01, p=0.04). HAM-A was negatively 

associated with GABA (β=−0.12 ± 0.04, p=0.004) and positively associated with pregnanolone 

(β=0.11 ± 0.05, p=0.05). Altered peripartum NAS and GABA profiles in AR-PPD women suggest 

that their interaction may play an important role in the pathophysiology of peripartum depression 

and anxiety.
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1. INTRODUCTION

Postpartum depression (PPD) affects 1 in 8 women (Gavin et al., 2005) and negatively 

impacts child development. Antepartum depressive or anxiety symptoms are a risk factor for 

PPD (Milgrom et al., 2008) and may represent an early manifestation of the disorder. 

Recently, the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) 

revised the “postpartum onset” specifier for major depression to “peripartum onset” in 

recognition that 50% of “postpartum” major depressive episodes begin antepartum 

(American Psychiatric Association, 2013). Additional risk factors associated with PPD 

include: prior depressive episode (Meltzer-Brody et al., 2013) or history of PPD (Wisner et 

al., 2001), premenstrual syndrome or premenstrual dysphoric disorder (PMDD) (Buttner et 

al., 2013) and history of childhood trauma (Meltzer-Brody et al., 2013).

While the pathogenesis of PPD is likely multifactorial, research has focused on 

neuroendocrine mechanisms given the physiologic changes occurring within the endocrine 

system across the peripartum period. Hypothalamic-pituitary-adrenal (HPA) (Bloch et al., 

2005; Skrundz et al., 2011) functioning has been investigated in the context of prolonged 

and elevated antepartum exposure of the neurocircuit to the effects of neuroactive steroids 

(NAS) followed by their rapid withdrawal after delivery. Thus a proposed model is a 

“hormone-sensitive” PPD phenotype in which a subgroup of women develops affective 

symptomatology when the neurocircuit fails to adapt to the normal fluctuating peripartum 

hormonal milieu (Bloch et al., 2000; Deligiannidis et al., 2013).

Γ-aminobutyric acid (GABA) is the dominant inhibitory neurotransmitter within the 

hypothalamic paraventricular nucleus, a region important in the initiation of the 

neuroendocrine and autonomic response to stress (Herman and Cullinan, 1997), and exerts 

inhibitory tone upon the HPA axis function (Makara and Stark, 1974). Derivatives of 
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cholesterol or steroidal precursors, NAS are among the most rapid and potent allosteric 

modulators of GABAA receptor (GABAAR) function and, as such, alter the excitability of 

the neurocircuit (Majewska et al., 1986). NAS, especially allopregnanolone, modulate the 

extent and duration of stress-induced inhibition of GABAergic transmission ((Barbaccia et 

al., 1998; Barbaccia et al., 1996; Barbaccia et al., 1997)). The peripartum period involves 

significant changes in NAS levels which are associated with GABAAR neuroplasticity 

(Follesa et al., 1998; Gilbert Evans et al., 2005). In healthy peripartum women, NAS levels 

increase across pregnancy and then fall precipitously at delivery (Hill et al., 2000; Hill et al., 

2002; Parizek et al., 2005). Animal models suggest that differential metabolism of NAS 

during late pregnancy and the postpartum period is associated with the development of 

depressive-like symptoms through their interaction with the GABAergic system (Mostallino 

et al., 2009). NAS abnormalities and abnormalities in the GABAergic system response to 

normal NAS levels have additionally been implicated in clinical reproductive (Bloch et al., 

2000; Martinez et al., 2016) and non-reproductive related affective disorders (Eser et al., 

2006). Elevated plasma progesterone has been associated with poorer mood in healthy 

pregnant women (N=19) (Buckwalter et al., 1999) and 5α-dihydroprogesterone (DHP), the 

precursor to 3α,5α-tetrahydroprogesterone (THP) [i.e. allopregnanolone] and 3α,5β–THP 

[i.e. pregnanolone], was elevated in a sample of women (N=9) with antepartum major 

depressive disorder (MDD) (Pearson Murphy et al., 2001). In one study, low 

allopregnanolone levels were associated with the development of postpartum blues (N=18) 

(Nappi et al., 2001), however other studies reported no difference in plasma progesterone, 

pregnenolone or allopregnanolone concentrations between euthymic postpartum women and 

those with PPD (Deligiannidis et al., 2013; Epperson et al., 2006).

The GABAergic system, evidenced by abnormal plasma and brain MRS concentrations, has 

been implicated in the pathogenesis of MDD (Sanacora et al., 1999) and the hormonally-

modulated PMDD (Epperson et al., 2002; Halbreich et al., 1996). Studies in the occipital 

cortex suggest that reductions in cortical GABA in the postpartum may be a risk factor for 

PPD development (Epperson et al., 2006). GABAAR plasticity correlates with the marked 

fluctuations in NAS throughout pregnancy and after delivery (Mostallino et al., 2009). 

GABAAR subunit knockout mice exhibit abnormal GABA conductance with depression-like 

and abnormal maternal behaviors that result in reduced pup survival (Maguire and Mody, 

2008). Rodent models of postpartum syndrome demonstrate allopregnanolone-mediated 

changes in gene transcription of GABAAR (Smith et al., 1998). GABA plasma levels have 

been studied in relationship to cerebral spinal fluid (CSF) levels in several species (Bohlen et 

al., 1979; Ferkany et al., 1979; Ferkany et al., 1978; Loscher, 1979; Loscher and Frey, 1982; 

Petty, 1994; Petty et al., 1987). GABA plasma and CSF levels are correlated in some but not 

all studies (Berrettini et al., 1982; Bohlen et al., 1979; Loscher and Frey, 1982; Loscher et 

al., 1981; Schmidt and Loscher, 1982; Uhlhaas et al., 1986). GABA concentration is reduced 

in many brain areas during pregnancy in rats (Smolen et al., 1993) and in the CSF of healthy 

women (Altemus et al., 2004) but the role of GABA has not been otherwise investigated in 

peripartum women.

Given preliminary evidence for alterations in plasma NAS in PMDD and antepartum 

depression and the evidence for lower plasma GABA concentrations in unipolar depression, 

the primary aim of this study was to examine plasma NAS and GABA in peripartum women 
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at-risk for PPD (AR-PPD) compared to healthy comparison peripartum women (HCS). Our 

aim was to examine potential biological underpinnings of the aforementioned antepartum 

risk factors for PPD. Since antepartum depressive and anxiety symptoms may be an early 

manifestation of PPD for some women, we hypothesized that AR-PPD women would have 

an altered NAS profile and lower GABA concentrations as compared to HCS across the 

peripartum period and that the blood profiles would be correlated to depressive and anxiety 

symptoms as measured by clinician-assessed and subject self-report measures. Although 

there is strong clinical need identify predictive biomarkers of PPD, this study was designed 

to examine associations between plasma concentrations and peripartum symptomatology. An 

altered NAS profile could represent an abnormality in the metabolic pathway involved in the 

conversion of the GABAergic progesterone to pregnanolone and allopregnanolone by either 

of the 5–reductases and/or 3α-hydroxysteroid dehydrogenase, in exploratory analyses we 

examined peripartum NAS metabolite to precursor ratios.

2. MATERIAL AND METHODS

2.1 Subject selection

510 English-speaking pregnant subjects were consented and pre-screened with the 

Edinburgh Postnatal Depression Scale (EPDS) (Cox et al., 1987) at 24–34 weeks gestational 

age as determined by first trimester ultrasound to determine eligibility and interest in the 

main longitudinal study. Of the 510 pre-screened subjects, 118 did not meet inclusion 

criteria, as delineated below, and 336, though meeting main inclusion criteria as ascertained 

by thorough medical record review, declined to participate due to lack of interest or time for 

research. A total of 56 eligible and interested nulliparous, primiparous or multiparous 

women between 18–40 years old were consented to the prospective study. Two groups were 

enrolled: (1) 24 HCS and (2) 32 AR-PPD women. The EPDS was used to assess peripartum 

depressive and anxiety symptoms (Cox et al., 1987; Lydsdottir et al., 2014) and a cut-off 

score of ≥10 was chosen to identify women with current depressive and anxiety 

symptomatology. The HCS group included women with an EPDS ≤5 and no current or past 

psychiatric diagnosis or family history of psychiatric illness, as ascertained by clinical and 

research interviews (First et al., 2001) conducted by a board-certified psychiatrist. As the 

EPDS is not sufficiently accurate in predicting risk of postpartum depressive symptoms 

alone (Meijer et al., 2014), the AR-PPD group included women who either had an EPDS 

score ≥10 (indicating current depressive and/or anxiety symptomatology) or, regardless of 

current EPDS score, a history of PPD or non-puerperal depression as determined by the 

Structured Clinical Interview for DSM-IV TR Disorders (SCID-IV), Patient Edition (First et 

al., 2001). Since antepartum anxiety and depression symptoms are associated with, or may 

represent the early presentation of postpartum depressive symptomatology, women who met 

criteria for an anxiety disorder or depressive disorder not otherwise specified were included 

in the AR-PPD group; however subjects who met SCID-IV criteria for a current major 

depressive episode (MDE) were excluded as the study was designed to identify a potential 

unifying plasma profile in those women at risk for developing a peripartum MDE.

Subjects were additionally excluded for: multiple gestation pregnancy, lifetime history of 

manic episode or any psychotic disorder, elevated suicidal risk, and alcohol, tobacco or 
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substance abuse/dependence in the 6 months prior to study entry or any current use. Based 

on medical record review, subjects were excluded if they had any significant current medical 

illness. Available laboratory results including blood cell counts, oral glucose tolerance 

testing, chemistry panels, thyroid function tests and viral serology conducted for routine care 

were reviewed and were within normal limits. Prenatal vitamins and as needed over the 

counter antacids, antihistamines and stool softeners were allowed during the study. 

Concomitant use of pharmacotherapy with known psychotropic, GABAergic or 

neurosteroidotropic activity at any time during the study was not allowed. The University of 

Massachusetts Medical School Institutional Review Board (IRB) approved the study which 

was conducted between January 2010 and March 2013. All subjects provided written 

informed consent and each received monetary compensation for their participation.

2.2 Study procedures

Subjects were evaluated twice across pregnancy (i.e. between 27–34 weeks gestation (for 

study purposes named “Visit 1”) and 33–38 weeks gestation (“Visit 2”)) and in the 

postpartum (i.e. within 5 days after parturition (“Visit 3”) and between 2–9 weeks after 

parturition (“Visit 4”)). The 9-week postpartum cut-off was based on literature suggesting a 

postpartum onset definition of up to 6–8 weeks of delivery as optimal (Forty et al., 2006), 

with the additional week to allow research assessment completion. Serial mood and 

psychosocial assessments were completed at each of the four study visits. Blood samples for 

NAS and GABA analyses were obtained between 9–11 AM at all four study visits whenever 

possible and collected into tubes containing EDTA. Samples were centrifuged at 4,000 rpm 

for 15 minutes and plasma was stored at −80°C until analysis was completed by 

collaborators blind to the subject group assignment. Research assessments done at all 4 

visits included: Structured Interview Guide for Hamilton Depression Rating Scale (HAM-

D17) (Williams, 1988), Structured Interview Guide for Hamilton Anxiety Scale (HAM-A) 

(Hamilton, 1959; Shear et al., 2001), Edinburgh Postnatal Depression Scale (EPDS) (Cox et 

al., 1987), Spielberger State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1970), 

Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989), Sheehan Disability Scale (SDS) 

(Sheehan, 1983), subject weight in pounds (excluding Visit 3) and urine benzodiazepine test. 

Assessments done at Visit 1 included the SCID-IV and past medical history/demographics. 

Additional assessments done at the final postpartum study visit (Visit 4) included: SCID-IV, 

a labor and delivery questionnaire, a menses and breastfeeding recording form and Mother-

to-Infant Bonding Scale (MIBS) (Taylor et al., 2005).

2.3 Neuroactive steroid and GABA quantification

Plasma concentrations of proneuroactive steroids (pregnenolone, progesterone, and 

deoxycorticosterone) and neuroactive steroids (5α- and 5β-dihydroprogesterone as well as 

3α,5α- and 3α,5β-tetrahydroprogesterone) were determined by liquid chromatography-

tandem mass spectrometry (LC-MS/MS). Plasma GABA concentrations were determined by 

an additional LC-MS/MS assay. Details of both assays are in the Supplemental data online.

2.4 Urinary benzodiazepine detection

To determine the presence or absence of benzodiazepine use which could affect plasma NAS 

or GABA measurements, a urine sample was obtained at the time of each blood draw. The 
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urinary benzodiazepine drug test (Innovacon, Inc., San Diego, CA) is a lateral flow 

chromatographic immunoassay for the qualitative detection of oxazepam (major metabolite) 

with a cut-off concentration of 300ng/mL. Common benzodiazepines (e.g. alprazolam, 

clonazepam, diazepam, etc.) are detected with the assay.

2.5 Statistical analysis

Baseline and postpartum characteristics and peripartum depression and anxiety ratings were 

compared between AR-PPD vs. HCS groups using Fisher’s exact test for categorical 

variables and Student’s independent samples t-test for continuous variables (with 

Satterthwaite adjustment for unequal variances, when appropriate).

We analyzed the longitudinal relationship between depression and anxiety symptoms and 

plasma concentrations of GABA and NAS across peripartum visits using generalized 

estimating equation (GEE) methods to control for the repeated subjects correlation at the 

four visit time points. Two sets of models were examined; the first were main effects models 

for each plasma/mood score relationship, with individual mood scores as the independent 

variable and plasma concentrations as the dependent variable, as acute depression and its 

successful treatment has been associated with changes in plasma concentrations of NAS. 

Additionally, we ran main effects models with risk group (AR-PPD vs. HCS) as the 

independent variable and plasma concentration as the dependent variable. The GEE models 

accounted for all measures taken for every subject and correlated the data between the 

independent and dependent variables at each visit across the study to estimate an average 

response over time for the study subjects.

To account for the timing during pregnancy or postpartum of the plasma measurement, we 

created a peripartum time variable, centering time around delivery date where timing prior to 

delivery (for study purposes, named “Visits 1 and 2”) was coded negatively and timing after 

delivery (“Visits 3 and 4”) was coded positively. All models were adjusted for this timing 

variable. We used an autoregressive covariance structure in our GEE models. For main 

effects models, P values are reported from a z test that a single regression coefficient was 

equal to 0 as well as from the overall Type 3 test of any difference among levels of a factor 

(such as risk group) adjusting for other variables in the model. Additionally, as part of 

exploratory analyses, we ran GEE models using the NAS metabolite to precursor ratios as 

outcome variables to determine if the ratios differed overall and separately by risk group 

across pregnancy (“Visits 1 and 2”) or the postpartum (“Visits 3 and 4”). All results are 

reported with the conventional critical significance level of p=0.05. Based on the suggestions 

of Rothman, we did not adjust for multiple comparisons in our analysis to avoid eliminating 

any indication of results from this preliminary study that may warrant further study, as well 

as to prevent an increase in the Type II error rate (Rothman, 1990). All analyses were 

conducted in SAS Version 9.3 (SAS Institute, Inc., Cary, North Carolina).
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3. RESULTS

3.1 Study population characteristics

A total of 56 women participated in the study. The average age was 31.9 years (± standard 

deviation [SD] 4.7) and the majority of subjects were white, non-Hispanic, employed and 

married. There were no between group differences in age, race, ethnicity, employment 

status, or number of children in household; however, AR-PPD women were more likely to 

be never married (p=0.041) and less educated (p=0.020) compared to HCS (Table 1). 

Overall, women were 32.1 weeks gestational age (±2.8 weeks) at study entry. Over half of 

the women had experienced one or more prior births; 44.6% of women were nulliparous at 

study entry. Prior to study entry, a majority (68.8%) of the AR-PPD women had a prior 

depression diagnosis; including 18.8% with a prior MDE with postpartum onset, and 25.0% 

had a prior anxiety diagnosis (Table 1). At the time of the first antepartum study visit, 18.8% 

of AR-PPD women had a depressive disorder NOS diagnosis and 56.3% had an anxiety 

disorder; no HCS women had either condition (p=0.03 for depression; p<.001 for anxiety). 

At the final postpartum study visit, 21.9% of AR-PPD women had a depressive disorder 

NOS or MDE and 53.1% had an anxiety disorder compared to no Axis I diagnoses in HCS 

women (p≤0.02 for both comparisons). At the final postpartum visit, all AR-PPD women 

with a depressive disorder NOS or MDE diagnosis had a past history of depression; 12.5% 

AR-PPD subjects developed an MDE with postpartum onset and 3.1% developed a new 

anxiety diagnosis.

3.2 Depression and anxiety ratings across peripartum period

AR-PPD women scored higher compared to HCS women at each visit on HAM-D17, HAM-

A, EPDS, STAI-S, SDS, and PSQI peripartum scale scores (Table 2). AR-PPD women also 

reported higher MIBS scores at Visit 4 compared to HCS women (AR-PPD 1.3 ± 1.8 vs. 

HCS 0.7 ± 1.0; data not shown).

3.3 Primary analyses of peripartum plasma neuroactive steroid and γ-aminobutyric acid 
concentrations by risk group

Average plasma concentrations by peripartum time by risk group for progesterone, 

pregnanolone and GABA are displayed in Figure 1. GABA concentration increased on 

average by 0.97 ng/mL per visit. Main effects models examining the relationship of plasma 

concentrations by risk group or by mood score for all subjects (in separate models) across 

peripartum time points are reported in Supplemental Table 1. Main effects models 

examining the relationship between depressive and anxiety symptoms and plasma 

concentrations across peripartum time points showed that plasma GABA concentration was 

1.9 ± 0.7 ng/mL (p=0.004) lower and plasma progesterone and pregnanolone were 15.8 

± 7.5 and 1.5 ± 0.7 ng/mL higher in AR-PPD women across time as compared to HCS, 

respectively (p=0.04 for progesterone; p=0.03 for pregnanolone). HAM-D17 was negatively 

associated with GABA concentration (β=−0.14 ± 0.05, p=0.01) and positively associated 

with pregnanolone (β=0.16 ± 0.06, p=0.01) concentration. STAI-S was positively associated 

with pregnanolone (β=0.11 ± 0.04, p=0.004), allopregnanolone (β=0.13 ± 0.05, p=0.006) 

and pregnenolone (β=0.02 ± 0.01, p=0.04) concentrations. HAM-A was negatively 
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associated with GABA concentration (β=−0.12 ± 0.04, p=0.004) and positively associated 

with pregnanolone (β=0.11 ± 0.05, p=0.05).

Additionally, we examined the correlation between GABA and NAS using similar GEE 

models. We did not find any relationships between plasma GABA concentrations and 

individual NAS values.

3.4 Exploratory analyses of antepartum and postpartum plasma neuroactive steroid 
metabolite to precursor ratios

In an exploratory analysis, seven NAS metabolite to precursor ratios were examined by risk 

group (Figure 2). During pregnancy (Visits 1 and 2), GEE models revealed that 

progesterone: pregnenolone, deoxycorticosterone: progesterone, and dihydroprogesterone: 

progesterone increased significantly for all subjects, while allopregnanolone: 

dihydroprogesterone, pregnanolone: dihydroprogesterone, and pregnanolone: progesterone 

decreased significantly over all subjects (p≤0.001 for all). During pregnancy, AR-PPD 

subjects had an average increase of 0.10 (±0.05) ng/mL in the pregnanolone: 

dihydroprogesterone ratio (p=0.053) and an average decrease of 0.05 (±0.03) ng/mL in the 

ratio of dihydroprogesterone: progesterone (p=0.057) compared to HCS.

During the postpartum (Visits 3 and 4), deoxycorticosterone: progesterone and 

pregnanolone: progesterone ratios increased significantly for all subjects, while 

progesterone: pregnenolone, allopregnanolone: dihydroprogesterone, and allopregnanolone: 

progesterone ratios significantly decreased (p<0.05 for all). There were no differences in 

NAS metabolite: precursor ratios between risk groups over the postpartum period.

Supplemental Table 2 depicts peripartum plasma γ-aminobutyric acid (ng/mL) and 

neuroactive steroid concentrations (ng/mL) (mean±SD) within each “study visit” so mean 

concentrations can be compared in future studies even though study visits were across the 

peripartum period and not narrowly defined by gestational age for study feasibility.

4. DISCUSSION

We tested the primary hypothesis that women with risk factors for the development of PPD 

would have an altered plasma NAS profile and lower GABA concentrations compared to 

HCS women across the peripartum period and these plasma profiles would be associated 

with depressive and anxiety symptomatology. Our study yielded two main novel findings: 

(1) mean peripartum progesterone and pregnanolone concentrations were higher in AR-PPD 

women compared to HCS with pregnanolone positively associated with HAM-D17 and 

HAM-A and (2) peripartum GABA concentrations were lower in AR-PPD women compared 

to HCS and negatively associated with HAM-D17 and HAM-A scores.

In our study, all subjects at risk for PPD had a history of MDD or PPD and/or current 

depressive and anxiety symptomatology in the mild to moderate range. Symptomatology 

was significantly greater in AR-PPD compared to HCS women at every peripartum time 

point including the SDS, a measure of functional impairment. Reported sleep quality, as 

measured by the PSQI, was also significantly worse in the AR-PPD group across all visits 
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except for the final postpartum visit. Although women reported functional impairment, 

depressive and anxiety symptomatology severity and SCID-IV diagnoses were fairly stable 

across the peripartum period studied. Four ARPPD subjects developed worsening 

symptomatology that met SCID-IV criteria for a MDE at the final postpartum study visit and 

one AR-PPD subject with no past history of anxiety developed a new postpartum anxiety 

disorder.

Our findings of elevated progesterone, the precursor to 5β-dihydroprogesterone, and 

pregnanolone, its metabolite, in the AR-PPD women are consistent with previous studies as 

mentioned in the introduction (Buckwalter et al., 1999; Pearson Murphy et al., 2001). Given 

that allopregnanolone was not additionally elevated, the finding of elevated pregnanolone 

does not appear to be due to elevated concentrations of its precursor, progesterone and may 

represent evidence of altered 5β–reductase and/or 3α-hydroxysteroid dehydrogenase 

function, though the exploratory analysis of NAS:metabolite ratios did not meet statistical 

significance, which would have given stronger evidence of this possibility. Our study could 

not confirm or refute a previous report of elevated 5α-dihydroprogesterone in antepartum 

major depression (Pearson Murphy et al., 2001) as we report a combined measurement of 

5α-dihydroprogesterone and 5β-dihydroprogesterone.

In exploratory analyses, we examined NAS metabolite to precursor ratios as an index of 

enzymatic conversion of pregnenolone to progesterone and progesterone to 

deoxycorticosterone, DHP, allopregnanolone or pregnanolone. Although none of the 

between-group comparisons met statistical significance level of p≤0.050, ratios of 

pregnanolone to dihydroprogesterone and dihydroprogesterone to progesterone during 

pregnancy in AR-PPD appear to mirror a pattern consistent with a previous report of an 

increased ratio of pregnanolone to progesterone in non-peripartum women with a history of 

depression after exposure to a single administration of oral progesterone (Girdler et al., 

2012). Given that the majority of the AR-PPD women had a history of depression and were 

exposed to elevated concentrations of progesterone throughout gestation, this pattern of 

ratios, if found statistically significant in a larger replication sample, could be a marker of 

mood susceptibility during times of physiologic changes in progesterone, or simply the 

presence of a past depressive episode. We did not find an altered ratio of allopregnanolone to 

progesterone as did the aforementioned Girdler et. al study. Our findings may differ slightly 

from this study, as AR-PPD subjects were more symptomatic and it may be that the duration 

of progesterone exposure (i.e. prolonged gestational exposure vs. acute single dose 

administration) differentially affects biosynthetic pathway functioning. Future studies will 

isolate the 5α- and 5β-dihydroprogesterone isomers to more precisely determine if the 

altered NAS profile is due to an underlying abnormality in the pathway involved in the 

conversion of the GABAergic progesterone to pregnanolone or allopregnanolone by 5α and 

5β–reductase and/or 3α-hydroxysteroid dehydrogenase.

The inability to sufficiently adapt to chronic changes in NAS production may result in 

changes in the balance of neuronal excitability and inhibition and contribute to the 

development of hormone-sensitive affective disorders (Deligiannidis et al., 2013; Maguire 

and Mody, 2009). The differences we report in peripartum NAS concentrations could 

represent differential metabolism within the progesterone-based biosynthetic pathway, either 
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peripherally and/or in the brain, though they are regulated differently (Paul and Purdy, 

1992). Differences in NAS concentrations could affect further downstream interactions with 

glutamic acid decarboxylase (GAD), which catalyzes glutamate decarboxylation to GABA, 

as there is evidence that NAS can induce GABA synthesis via GAD (Magnaghi et al., 2010) 

and that changes in GAD mRNA expression are associated with changes in brain GABA and 

glutamate levels across the peripartum period (Zhao and Gammie, 2014). Additionally, there 

is increasing evidence that abnormalities in GABAAR neuroplasticity, changes driven by 

chronic NAS exposure, alter the balance of neuronal excitability and inhibition (Maguire and 

Mody, 2008) in animal models. Altered NAS concentrations could affect downstream 

GABAergic inhibitory tone within the hypothalamus (Herman and Cullinan, 1997; Makara 

and Stark, 1974) affecting HPA axis function, evidenced by current depressive and anxiety 

symptomatology as measured by the HAM-D and HAM-A. This is consistent with a 

growing literature, as reviewed by Crowley & Girdler (2014), supporting NAS, GABAergic 

and HPA axis dysregulation in stress-related psychiatric disorders including MDD and 

PMDD (Crowley and Girdler, 2014).

We are not aware of any previous studies which measured peripartum plasma GABA 

concentrations. In contrast to the dramatic decrease in all measured NAS at the first 

postpartum visit, GABA concentrations continued to rise in all subjects through the final 

postpartum study visit and differed between groups across the peripartum period. Why 

GABA concentrations rose across the peripartum period requires further study. Our finding 

of lower peripartum plasma GABA concentrations in the AR-PPD women is consistent with 

findings in non-puerperal MDD (Sanacora et al., 1999) and in women with PMDD and a 

prior history of MDD (Halbreich et al., 1996) where plasma GABA concentrations are lower 

throughout the menstrual cycle compared to comparison women. Although NAS were not 

measured in the aforementioned Halbreicht et. al. study (Halbreich et al., 1996), plasma 

GABA levels were low during the symptomatic late luteal phase when progesterone is 

elevated as compared to the follicular phase. This supports our finding of elevated 

progesterone and pregnanolone and lower GABA concentrations in symptomatic peripartum 

women. As it has been postulated that decreased GABA function may represent a common 

endophenotype between MDD and PMDD (Halbreich et al., 1996), we did not expect 

peripartum changes in NAS to be correlated with changes in GABA. Given that all AR-PPD 

subjects had a history of MDD or PPD and/or current peripartum symptomatology, it is not 

clear if the finding of lower peripartum plasma GABA is a state or trait biomarker for 

depression, peripartum or otherwise. Very few AR-PPD subjects had a history of PMDD so 

further sub-analysis was not possible. A single, cross-sectional study demonstrated that CSF 

GABA concentration in healthy pregnant women was lower than non-pregnant comparison 

women (Altemus et al., 2004). Given that we did not examine pre-partum or postpartum 

plasma GABA concentrations beyond 8 weeks, we cannot determine when in the postpartum 

plasma GABA would become comparable to that of non-pregnant comparison women. 

Future studies should compare plasma GABA in peripartum and non-peripartum cycling 

females to understand the potential dynamic changes in this neurotransmitter during times of 

altered NAS production. For example, if peripartum plasma GABA concentrations are lower 

than healthy non-peripartum women, as seen in CSF GABA, does this altered GABAergic 

state, facilitated by pregnancy, represent a period of risk for peripartum women (Epperson et 
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al., 2006)? Ideally, future studies should examine plasma and CSF given a mixed literature 

on the correlation of plasma to CSF GABA concentrations.

Strengths of this study include stringent inclusion/exclusion criteria; subjects underwent 

thorough research diagnostic and symptomatic evaluations. The EPDS is widely utilized and 

validated in the peripartum population to screen for depressive and anxiety symptomatology 

and identifies women with various psychiatric diagnoses (Lydsdottir et al., 2014). In addition 

to the SCID-IV, we utilized both research-clinician administered instruments as well as self-

report measures. We hypothesized that sole use of the EPDS, which measures both 

depression and anxiety, may obscure hypothesized relationships with NAS and GABA: in 

this study, plasma concentrations were more often associated with symptoms as measured by 

the HAM-D17 and HAM-A rather than the EPDS. An additional strength is the use of an 

ultra-sensitive LC-MS/MS assay (Auchus, 2014) to quantify plasma GABA and NAS in the 

same subjects repeatedly across time. To our knowledge, this study represents the largest 

prospective study of its kind to date.

We designed the study with an approach consistent with the NIMH Research Domain 

Criteria (Cuthbert and Insel, 2013) and included a heterogeneous at-risk population. 

However, since the AR-PPD group included a variety of clinical at-risk phenotypes, the 

underlying neuroendocrine mechanisms for each may differ (Schiller et al., 2015) and 

inclusion as a group obscures the ability to identify potential differences in NAS and GABA 

profiles for individual clinical phenotypes (e.g. euthymic peripartum women with a history 

of PPD vs. symptomatic peripartum women with no prior history of PPD vs. symptomatic 

peripartum women with a history of MDD, etc.). Importantly, despite the heterogeneity in 

risk, we were able to identify altered peripartum NAS and GABA profiles in an at-risk 

sample. Additionally, although we pre-screened a diverse ethnic and racial pregnant 

population, women who ultimately were interested in and participated in the study were 

mainly white, non-Hispanic women, which could limit the generalizability of the results.

In our study, few women developed a SCID-IV diagnosis of MDE with post-partum onset, 

likely due to the strict study inclusion and exclusion criteria required for valid NAS and 

GABA measurement. Thus our study excluded many women with additional important risk 

factors for the development of peripartum depressive and anxiety disorders, including: 

current psychotropic medication use, recent substance abuse and active medical disorders. 

Additionally, some women may have developed a MDE beyond the postpartum time frame 

under study which was restricted to when women could feasibly remain off of hormonal 

contraceptives as their use would have invalidated the blood GABA and NAS data. Given 

the small number of women who developed an MDE with post-partum onset, it was not 

possible to examine how this subset of women may differ from those women AR-PPD who 

did not. Future studies should examine NAS and GABA profiles in individual risk 

phenotypes and across a broader range of symptom severity. Also, given that NAS 

biosynthesis, metabolism and function change across the peripartum period (Hill et al., 

2007), future studies should examine blood levels at more tightly defined study visit time 

frames as compared to examining levels across the peripartum time period. Our across-

peripartum time approach in concert with the variable number of women sampled at each 
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gestational age time point, likely added to observed inter-subject variability in plasma NAS 

levels.

Understanding the interactions of NAS with the GABAergic system across the peripartum 

period is critical to understanding potential neuroendocrine mechanisms of risk for 

peripartum depressive and anxiety disorders. This study builds upon limited research in the 

role of NAS and GABA in peripartum depression and anxiety in a novel and understudied 

population, women at-risk for developing PPD.
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Highlights

• Peripartum progesterone and pregnanolone concentrations were higher in 

at-risk women.

• Peripartum GABA concentrations were lower in at-risk women.

• Peripartum GABA concentration increased across peripartum time in both 

groups
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FIGURE 1. 
Average plasma progesterone, pregnanolone and GABA concentration (ng/mL) at pregnancy 

and postpartum time points. Subject results demonstrate significantly increased progesterone 

and pregnanolone and lower γ-aminobutyric acid (GABA) plasma concentrations in women 

at-risk for postpartum depression (AR-PPD; n=32) versus healthy control subjects (HCS; 

n=24) across the peripartum time period. Data is shown across peripartum time and 

represents data from Visit 1 (27–34 weeks GA), Visit 2 (33–38 weeks GA), Visit 3 (within 5 

days after parturition) and Visit 4 (2–9 weeks after parturition). Please see On-line 
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Supplemental Table 2: Peripartum GABA and NAS concentrations for sample size and mean 

± standard deviation values when plasma concentration data was grouped into antepartum 

and postpartum “study visits.” WGA: gestational age in weeks; WPP: postpartum time in 

weeks

Deligiannidis et al. Page 19

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Peripartum neuroactive steroid metabolite to precursor ratios

Note: Mean ratio values shown are from raw data values with standard deviation. The Y-axis 

is scaled logarithmically. AR-PPD: at-risk postpartum depression; HCS: healthy control 

subject; DHP: dihydroprogesterone

Deligiannidis et al. Page 20

Psychoneuroendocrinology. Author manuscript; available in PMC 2017 August 01.

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

Deligiannidis et al. Page 21

Table 1

Subject Characteristics at Study Entry and in the Postpartum

Variable1
AR-PPD
(n=32)

HCS
(n=24) P-value2

Study Entry

Age, mean (SD) 32.73 (5.15) 30.90 (4.03) 0.1541

Race, %

  % Caucasian 87.50 83.33 0.7131

Ethnicity, %

  % Not Hispanic or Latino 75.00 91.67 0.1619

Education level, %

  High school diploma or less 15.63 8.33

0.0200  Partial or completed college 68.75 41.67

  Graduate/professional degree 15.63 50.00

Marital status, %

  Never married 31.25 8.33

0.0410  Married 62.50 91.67

  Divorced/separated/widowed 6.25 0.00

Employment status (currently
employed), % 65.63 75.00 0.7655

Number of children in household

0.3121
  0 34.38 54.17

  1 46.88 29.17

  2+ 18.75 16.67

Parity, %

  Nulliparous 40.63 50.00

0.4475  Primiparous 50.00 33.33

  Multiparous 9.38 16.67

Weight (lbs.), mean (SD) 181.70 (32.78) 174.50 (32.74) 0.4183

EPDS total score, mean (SD) 8.94 (5.25) 2.58 (2.04) <.0001

Depressive disorder NOS, % 18.75 0.00 0.0321

Anxiety disorder, % 56.25 0.00 <.0001

Postpartum

Gestational age at delivery (weeks),
mean (SD) 39.03 (1.27) 39.48 (0.95) 0.1685

Delivery method, %

  Vaginal 68.75 70.83
0.9999

  Cesarean section 21.88 25.00

Labor induction, %

0.0890  % Yes 46.88 25.00

Breastfeeding status, %
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Variable1
AR-PPD
(n=32)

HCS
(n=24) P-value2

  Full or partial 59.38 79.17 0.1403

  Bottle-feeding 34.38 16.67

Major depression with postpartum
onset, % 7.14 0.00

0.1268

Depressive disorder NOS, % 21.88 0.00 0.0160

Anxiety disorder, % 53.13 0.00 <.0001

1
Unless otherwise indicated, data are expressed as number (percentage) of subjects. Percentages have been rounded and may not total 100.

2
P-values from Fisher's Exact Test for categorical variables and Student’s independent samples t-test for continuous variables (with Satterthwaite 

adjustment for unequal variances, when appropriate).

SD: Standard Deviation; AR-PPD: At-risk postpartum depression; HCS: Healthy comparison subject; EPDS: Edinburgh Postnatal Depression Scale
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