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Abstract: Brexanolone, a formulation of the neurosteroid allopregnanolone (ALLO), is approved
for treating postpartum depression (PPD) and is being investigated for therapeutic efficacy across
numerous neuropsychiatric disorders. Given ALLO’s beneficial effects on mood in women with
PPD compared to healthy control women, we sought to characterize and compare the cellular
response to ALLO in women with (n = 9) or without (n = 10, i.e., Controls) past PPD, utilizing
our previously established patient-derived lymphoblastoid cell lines (LCLs). To mimic in vivo PPD
ALLO-treatment, LCLs were exposed to ALLO or DMSO vehicle for 60 h and RNA-sequenced to
detect differentially expressed genes (DEGs, pnominal < 0.05). Between ALLO-treated Control and
PPD LCLs, 269 DEGs were identified, including Glutamate Decarboxylase 1 (GAD1), which was
decreased 2-fold in PPD. Network analysis of PPD:ALLO DEGs revealed enriched terms related to
synaptic activity and cholesterol biosynthesis. Within-diagnosis analyses (i.e., DMSO vs. ALLO)
detected 265 ALLO-induced DEGs in Control LCLs compared to only 98 within PPD LCLs, with just
11 DEGs overlapping. Likewise, the gene ontologies underlying ALLO-induced DEGs in PPD and
Control LCLs were divergent. These data suggest that ALLO may activate unique and opposing
molecular pathways in women with PPD, which may be tied to its antidepressant mechanism.
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1. Introduction

The FDA approval of brexanolone critically advanced the treatment of postpartum
depression (PPD), a highly prevalent [1,2], clinically distinct mood disorder with a myr-
iad of negative health consequences [3–5]. Brexanolone is the proprietary, chemical for-
mulation of allopregnanolone (ALLO), a neurosteroid metabolite of progesterone (P4)
and positive allosteric modulator of the GABAA receptor (GABAAR) [6]. Clinical stud-
ies [7,8] of brexanolone for PPD were supported by pre-clinical data demonstrating that
ALLO-induced, GABAAR-mediated synaptic activity can promote both anxiolytic- [9] and
antidepressant- [10,11] like effects in rodents as well as modulate maternal care and stress
in transgenic mouse models for PPD [12,13]. Although ALLO’s cellular mechanisms and
molecular consequences in PPD have yet to be fully understood [14,15], numerous studies
have or are currently investigating ALLO’s potential to treat a vast range of neuropsychi-
atric conditions from major depressive disorder [16] to Alzheimer’s disease [17].

We previously hypothesized that women with PPD have an innate cellular sensitivity
to changes in ovarian steroids that underlies their affective symptoms [18]. Recent findings
from our patient-derived, lymphoblastoid cell lines (LCLs) support this hypothesis, demon-
strating intrinsically different transcriptomes in PPD LCLs compared to controls, both in
the absence of exogenous hormonal variation (baseline) and in response to the addition and
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removal of estradiol (E2) and P4 [19]. These in vitro data provide a possible biological basis
for the clinical observation that the recapitulation of ovarian steroid changes occurring
peripartum can trigger a recurrence of mood symptoms in women with past PPD but not
matched postpartum controls [20–22].

Whether women with PPD have a similar differential mood response to ALLO has
yet to be clinically determined. Unlike E2 and P4, where endogenous levels do not differ
in women with PPD compared with controls, evidence regarding whether this holds true
for ALLO is mixed [23–25]. In healthy control women, certain [26] exogenous doses of
ALLO can induce fatigue [27,28] and memory deficits [29], and ALLO may ultimately be
responsible for the documented sedative effects following P4 [30] or pregnanolone [31]
administration. In further contrast to the mood-enhancing effects experienced by women
with PPD, women with premenstrual dysphoric disorder (PMDD) experience negative
mood symptoms during luteal phase increases in ALLO, with this effect blocked by dutas-
teride (an inhibitor of 5α-reductase, the rate limiting enzyme for ALLO production) [32–34].
Taken together, these clinical observations suggest that even amongst reproductive-related
mood disorders, ALLO’s effects on mood and behavior could depend upon innate biologi-
cal differences.

Therefore, our in vitro findings [19] of intrinsic transcriptomic differences in PPD LCLs
raise questions about ALLO’s genomic effects. Namely, what are the downstream cellular
responses to ALLO, and do these responses differ for, or mitigate differences in, the PPD
transcriptome? LCLs are ovarian steroid-responsive [35] and have a functional GABAergic
system [36–38]. Post-GABAR-mediated responses to ALLO could alter the expression of any
number of downstream molecular players, possibly reflecting gene networks involved in
PPD symptom onset or remission [39,40]. Such effects could also occur through other ALLO-
responsive receptors, including neurotransmitter and immune toll-like [41,42], pregnane
X [43,44], or membrane progesterone [45,46] receptors, all of which can trigger intracellular
actions leading to alterations in gene regulation and expression.

To investigate these questions, here we subject our previously described [19] PPD LCL
model to 60 h of ALLO-treatment and utilize transcriptomics to characterize and compare
gene expression thereafter. Our goal was to identify ALLO-related transcriptomic changes
(or lack thereof) in both PPD and control LCLs that could potentially be involved in ALLO’s
antidepressant mechanisms for PPD.

2. Methods
2.1. Lymphoblastoid Cell Lines

Participants were euthymic women with a history of past PPD and matched postpar-
tum controls with no history of PPD or other Axis 1 disorder recruited at the University
of North Carolina, Chapel Hill (UNC). All women were interviewed to assess medical
and psychiatric history and screened with physical and gynecological exams, confirming
that each was otherwise healthy. Participants then underwent a clinical study at UNC,
described in detail in Schiller et al., 2022 [22], characterizing their behavioral and affective
response to supraphysiologic ovarian steroids. The NIH and UNC IRBs approved the
study protocol, and all women provided written informed consent. At least a year after the
conclusion of the clinical study, participants were re-contacted and re-consented to provide
a new blood sample that was used to generate lymphoblastoid cell lines (LCLs).

2.2. Experimental Treatment Paradigm

Epstein-Barr Virus generation, passaging and maintenance for LCLs prior to the exper-
imental ALLO treatments are as described in Rudzinskas et al., 2023 [19]. For the present
study, N = 19 LCLs were utilized, comprising n = 10 derived from women without a history
of PPD (i.e., Controls) and n = 9 from women with past PPD (i.e., PPD). Approximately
three days prior to experimental treatments, each LCL was seeded at ~1 × 106 cells/mL in
two flasks of 15%-knockout serum replacement (KOSR) RPMI-1640 (a phenol red-free [47],
FBS-free [48] media). Vehicle treatment stock comprised of 100 µL sterile DMSO (Sigma-



Genes 2023, 14, 1234 3 of 12

Aldrich, St. Louis, MO, USA, D2650-5X5ML) in 20 mL of media. For ALLO treatment
stock, 5 mg of allopregnanolone (Sigma-Aldrich, USA, P8887-5MG) was dissolved in 1 mL
of DMSO, with 100 µL added to 20 mL of media. The experimental timeline thereafter is
described and depicted in Figure 1. In summary, LCLs were treated every 20 h over a 60-h
period (mimicking the length of brexanolone infusion for PPD) with either an acute 100 nM
spike of allopregnanolone (ALLO) or vehicle (DMSO), totaling three spikes [300 nM total]
throughout the experimental treatment. Each LCL flask (N = 38) was then pelleted, frozen
and stored at −80 ◦C for subsequent molecular analyses.

Genes 2023, 14, x FOR PEER REVIEW  3  of  13 
 

 

2.2. Experimental Treatment Paradigm 

Epstein-Barr Virus generation, passaging and maintenance for LCLs prior to the ex-

perimental ALLO treatments are as described in Rudzinskas et al., 2023 [19]. For the pre-

sent study, N = 19 LCLs were utilized, comprising n = 10 derived from women without a 

history of PPD (i.e., Controls) and n = 9 from women with past PPD (i.e., PPD). Approxi-

mately  three days prior  to  experimental  treatments,  each LCL was  seeded  at  ~1  × 106 

cells/mL in two flasks of 15%-knockout serum replacement (KOSR) RPMI-1640 (a phenol 

red-free  [47], FBS-free  [48] media). Vehicle  treatment stock comprised of 100 µL sterile 

DMSO (Sigma-Aldrich, St. Louis, MO, USA, D2650-5X5ML) in 20 mL of media. For ALLO 

treatment stock, 5 mg of allopregnanolone  (Sigma-Aldrich, USA, P8887-5MG) was dis-

solved in 1 mL of DMSO, with 100 µL added to 20 mL of media. The experimental timeline 

thereafter is described and depicted in Figure 1. In summary, LCLs were treated every 20 

h over a 60-h period (mimicking the length of brexanolone infusion for PPD) with either 

an acute 100 nM  spike of allopregnanolone  (ALLO) or vehicle  (DMSO),  totaling  three 

spikes [300 nM total] throughout the experimental treatment. Each LCL flask (N = 38) was 

then pelleted, frozen and stored at −80 °C for subsequent molecular analyses. 

 

Figure 1. LCL Allopregnanolone treatment paradigm/experimental design. Blood samples were 

transformed using Epstein Barr Virus (EBV) to generate patient-derived lymphoblastoid cell lines 

(LCLs). After exponential growth and passaging (Creation Phase), LCLs (N = 19) were transferred 

to steroid-free media (phenol red-free, KOSR-supplemented RPMI) divided into two flasks (i.e., one 

per  treatment) seeded at approximately 1 × 106 cells/mL  (Preparation Phase). Experimental treat-

ments (baseline/vehicle (“DMSO”) and allopregnanolone (“ALLO”)) for each LCL occurred simul-

taneously, with either DMSO or ALLO (100 nM) given every 20 h over the course of 60 h total (Treat-

ment Phase). Thus, four experimental groups were generated upon LCL collection via pelleting for 

downstream assays and Ampliseq transcriptomic analysis (Analysis Phase). Figure created in Bio-

render.com. 

2.3. AmpliSeq‐RNA Transcriptomics 

TRIzol-isolated LCL pellets were RNA extracted using the Qiagen RNeasy Mini Kit 

(Qiagen, Germantown, MD, USA, #15596018) with RNase-free DNase (Qiagen, #79254), 

according to manufacturer’s instructions. Total RNA quantity and quality were assessed 

on the nanodrop, 100 ng of which was then used as input into the SuperScript® VILO™ 

cDNA Synthesis kit. Total cDNA output was used according to manufacturer protocol in 

the AmpliSeq™ Transcriptome Human Gene Expression Kit  (ThermoFisher, Waltham, 

MA, USA, #A26326). Final amplicon library quality and concentration was assessed using 

the Agilent® 2100 Bioanalyzer High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA, 

#5067-4626), according to manufacturer’s directions. 

Barcoded, prepared cDNA AmpliSeq libraries were then sequenced on the Ion Tor-

rent S5 Sequencing System via the Ion Torrent 540-OT2 kit (ThermoFisher, USA, #A27753), 

using the Ion 540™ Chip Kit (ThermoFisher, USA, #A27766). Approximately eight sam-

ples were  loaded  in equal  concentrations per  chip.  In  contrast  to whole-transcriptome 

Figure 1. LCL Allopregnanolone treatment paradigm/experimental design. Blood samples were
transformed using Epstein Barr Virus (EBV) to generate patient-derived lymphoblastoid cell lines
(LCLs). After exponential growth and passaging (Creation Phase), LCLs (N = 19) were transferred to
steroid-free media (phenol red-free, KOSR-supplemented RPMI) divided into two flasks (i.e., one per
treatment) seeded at approximately 1 × 106 cells/mL (Preparation Phase). Experimental treatments
(baseline/vehicle (“DMSO”) and allopregnanolone (“ALLO”)) for each LCL occurred simultaneously,
with either DMSO or ALLO (100 nM) given every 20 h over the course of 60 h total (Treatment Phase).
Thus, four experimental groups were generated upon LCL collection via pelleting for downstream
assays and Ampliseq transcriptomic analysis (Analysis Phase). Figure created in Biorender.com.

2.3. AmpliSeq-RNA Transcriptomics

TRIzol-isolated LCL pellets were RNA extracted using the Qiagen RNeasy Mini Kit
(Qiagen, Germantown, MD, USA, #15596018) with RNase-free DNase (Qiagen, #79254),
according to manufacturer’s instructions. Total RNA quantity and quality were assessed
on the nanodrop, 100 ng of which was then used as input into the SuperScript® VILO™
cDNA Synthesis kit. Total cDNA output was used according to manufacturer protocol
in the AmpliSeq™ Transcriptome Human Gene Expression Kit (ThermoFisher, Waltham,
MA, USA, #A26326). Final amplicon library quality and concentration was assessed using
the Agilent® 2100 Bioanalyzer High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA,
#5067-4626), according to manufacturer’s directions.

Barcoded, prepared cDNA AmpliSeq libraries were then sequenced on the Ion Torrent
S5 Sequencing System via the Ion Torrent 540-OT2 kit (ThermoFisher, USA, #A27753), using
the Ion 540™ Chip Kit (ThermoFisher, USA, #A27766). Approximately eight samples were
loaded in equal concentrations per chip. In contrast to whole-transcriptome RNA-seq,
AmpliSeq utilizes targeted amplification via a pre-determined primer pool of up to 20k
transcript targets (some ~10k of which are thought to be expressed in LCLs) to generate
short amplicon tags of ~150 bps that are amplified and sequenced. Since each single read
equates to the expression of a transcript (regardless of factors, such as transcript length,
etc.), only ~1 million reads/sample are necessary to accurately quantify gene expression.
Our libraries were sequenced at a minimum depth of 4 million high-quality reads, with
an average of 8 million counts/sample. Raw AmpliSeq data was processed within the
Ion Torrent sequencer algorithm, using the Torrent Mapping Alignment Program (TMAP),
SamTools and the AmpliSeqRNA plugin. Together, these plugins generated matrices
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containing total counts (i.e., tags),per million normalized (CPM) counts of the targeted
genes, and “CHP” files (binary storage of the above values in endian format for processing).

2.4. RNA-Seq Data Analysis with TAC

CHP files for all samples (n = 38) were imported into the Transcriptome Analysis Console
Software (TAC) 4.0.2, along with corresponding metadata for sequencing batches and two user-
defined comparison groups, Diagnosis (Control or PPD) and Treatment (DMSO or ALLO).
Differentially expressed genes (DEGs) were called using the eBayes ANOVA Method with the
following settings: Array Type: hg19_AmpliSeq_Transcriptome_21K_v1_Array; Fold Change
(FC): <−1.25 or >1.25; p-value < 0.05, FDR p-value < 0.1. Principal Component Analysis (PCA)
examined sample level variance using default TAC settings (5000 points, distributed). Lists of
normalized (log2) expression, Gene-Level FC and FDR/nominal Gene-Level p-values were
generated for the following between-subject comparisons: Control:DMSO vs. PPD:DMSO (i.e.,
baseline), Control:ALLO vs. PPD:ALLO; and within-subject comparisons: Control:DMSO vs.
Control:ALLO, PPD:DMSO vs. PPD:ALLO. TAC software was used to perform experiment
quality control and generate AmpliSeq-related plots/sample signal graphs.

2.5. qRT-PCR

Confirmatory quantitative real time PCR (qRT-PCR) analysis was performed on indi-
vidual DEGs of interest (defined as genes with a p < 0.001 nominal significance, ≥|2|-fold
change between diagnoses and/or functional relevance to PPD/ALLO). cDNA was synthe-
sized from 1 µg total RNA using the TaqMan® RNA Reverse Transcription Kit (Applied
Biosystems, USA, #4304134), according to manufacturer’s directions: 1 µL of a 1:10 dilution
of synthesized stock cDNA was combined with 10 µL of TaqMan® Universal PCR Master
Mix (Applied Biosystems, Waltham, MA, USA, #4324018), 8 µL of H2O, and 1 µL of Taq-
Man Primer, including (ThermoFisher, USA, #4331182): GAD1 [HS02512069_s1] and ACTB
[HS99999903_m1]. Each sample was analyzed in triplicate with expression quantitated
according to the recommended conditions for the 7900HT Fast Real-Time PCR System
(ABI, CA, USA). Relative gene expression levels were calculated using the ∆CT value be-
tween ACTB (beta-Actin) expression for normalization. GraphPad Prism 9 (GraphPad, Inc.,
Boston, MA, USA) generated related graphs and statistical analyses, including two-way
ANOVAs and Student’s t-tests.

2.6. Gene Network and Ontology Analyses

All DEGs with nominal (p < 0.05) significance and |FC| > 1.25 were utilized for
gene network analyses via Enrichr [49], a web tool comparing user data with multiple
annotated gene sets, databases and pathways; or MSigDB [50], a database for identifying
overrepresented molecular functions and ontologies in gene sets. Visual output was
generated via Enrichr Appyter.

3. Results
3.1. ALLO Alters Overall Patterns of Differential Gene Expression in PPD LCLs

Principal Component Analysis showed greater clustering by diagnostic group rather
than treatment, suggesting that transcriptomic variance between LCL samples was largely
driven by PPD, not ALLO (Figure S1). Replicating previous baseline (i.e., DMSO-treated)
findings from whole transcriptome RNA-seq (Rudzinskas et al., 2023), scatter and vol-
cano plots indicated a bias toward downregulated gene expression in PPD compared to
Control LCLs (Figure S2A,C). However, this bias toward decreased PPD gene expression
disappeared after ALLO-treatment (Figure S2B,D).

3.2. Differential GAD1 and Synaptic-Related Gene Network Expression in PPD LCLs

Transcriptomic analyses revealed 269 significant, differentially expressed genes (DEGs,
pnominal < 0.05) between ALLO-treated LCLs (Control:ALLO vs. PPD:ALLO, Table S2),
just slightly fewer than the 297 DEGs present at baseline between vehicle-treated LCLs
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(Control:DMSO vs. PPD:DMSO, Table S1). In addition to the similar number of DEGs
between PPD and Controls at baseline and after ALLO-treatment, 71 DEGs were overlap-
ping. Notably, we observed that many non-overlapping DEGs just missed the threshold for
significance in either the baseline (e.g., GAD1, UNC13B) or ALLO comparison (e.g., IL9R)
(Figure 2A).
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Figure 2. GAD1 and synaptic signaling-related pathways are differentially expressed in PPD
LCLs. (A) Venn Diagram comparing differential gene expression between PPD vs. Control LCLs
at (DMSO) baseline compared to after ALLO-treatment. Nominal DEGs highlighted are those with
two-fold change or greater, with red indicating decreased expression and green indicating increased
expression in PPD relative to controls. (B) One of the 13 ALLO-specific DEGs with two-fold change
or greater was GAD1, a gene for the 67-kDa isoform enzyme GAD67 that catalyzes the conversion
of glutamic acid to GABA. Bar chart shows RNA-seq expression data for each sample between all
four treatment groups (* = pnom < 0.02, Control:ALLO vs. PPD:ALLO). (C) Technical replication via
qRT-PCR demonstrated a main effect of Diagnosis (F(1,34) = 5.25, p = 0.0283) on GAD1 expression,
which was decreased in PPD LCLs compared to Controls. ALLO-treatment did not show a significant
main effect (F(1,34) = 0.0061) or Interaction (F(1,34) = 0.0108, ns). (D) Gene Network Analyses of the
198 between-diagnosis DEGs unique to ALLO-treated LCLs were subjected to network analysis
via the WikiPathways Human 2021 Database. Top terms are plotted as the Odds Ratio (x-axis) vs.
Significance/-log(p-Value) (y-axis) for each functional category. Bar chart highlights the top enriched
terms, with light blue colored bars corresponding to terms with significant p-values (<0.05) and an
asterisk (*) indicating a significant adjusted p-value.
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Since no DEGs in any comparison with a log(fold change) ≥|1.25| survived false dis-
covery rate (FDR) correction (pFDR < 0.1), only nominally significant DEGs with
≥|2|-fold change (as highlighted in Figure 2A) between Control:ALLO vs. PPD:ALLO
were further examined individually. Of the DEGs that met these criteria, the most ostensibly
biologically relevant was GAD1, the gene encoding the 67-kDa isoform enzyme GAD67
that catalyzes the conversion of glutamic acid to GABA (Figure 2B). Although technical
replication via qRT-PCR did confirm that GAD1 expression was lower in PPD compared
with Control LCLs (Diagnosis, F(1,34) = 5.25, p = 0.0283), this expression difference was
ultimately independent of the presence or absence of ALLO (Treatment, F(1,34) = 0.0061, ns;
Interaction, F(1,34) = 0.0108, ns) (Figure 2C).

The unique 198 DEGs identified between Control:ALLO vs. PPD:ALLO LCLs were
then subjected to comparative gene enrichment analysis via EnRichr. The WikiPathway
Human 2021 database revealed significant enrichment for the synaptic vesicle pathway
(p < 0.0002, Odds Ratio = 11.13), development of pulmonary dendritic cells and macrophage
subsets (p < 0.0071, Odds Ratio = 18.36) and the cholesterol biosynthesis pathway
(p < 0.0094, Odds Ratio = 15.53) (Figure 2D). In comparison, the unique 226 DEGs be-
tween Control:DMSO vs. PPD:DMSO LCLs were instead most associated with terms such
as ovarian infertility (p < 0.0005) and sphingolipid metabolism (p < 0.0024) (Figure S3).

3.3. PPD LCLs Have Diminished, Divergent Transcriptomic Responses to ALLO Compared
with Controls

ALLO-induced differential expression was then characterized within LCL diagnostic
background. Surprisingly, given the potential pathway-relevance of the DEGs identified
between groups after ALLO-treatment, substantially more DEGs were induced by ALLO
within Control LCLs (Control:DMSO vs. Control:ALLO, 265 DEGs, Table S3), compared
to within PPD LCLs (PPD:DMSO vs. PPD:ALLO, 98 DEGs, Table S4). In addition to the
differences in quantity, ALLO-induced DEGs in PPD LCLs were prominently upregu-
lated (with 77 of the 98 transcripts increased after ALLO) (Figures 3B and S4B) whereas
quantities of up- and down-regulated transcripts were relatively equal in Control LCLs
(Figures 3A and S4A). Of the more than 350 total ALLO-induced DEGs, only 11 overlapped
between PPD LCLs and Controls (Figure 3C).

Since many different genes can converge to serve similar cellular functions, MSigDB
Gene Set Ontology Analysis was used to broadly examine similarities and differences
amongst the gene ontologies related to the ALLO-DEGs within each diagnostic group.
Highly significant (q-value) gene ontologies corresponding to PPD:DMSO vs. PPD:ALLO
DEGs were not only unique from Control:DMSO vs. Control:ALLO DEGs; some networks
(e.g., Regulation of Nucleobase Containing Compound Metabolic Process) were direction-
ally (e.g., positive vs. negative) opposite (Figure 3D). Taken together, ALLO-treatment
induced both quantitative and qualitative transcriptomic differences in DEGs, ontological
networks and cellular responsivity in PPD LCLs compared with Controls.
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Figure 3. Unique and opposing ALLO-responsive genes and cellular pathways are induced
in PPD LCLs compared with controls. (A,B) Volcano plots depicting gene significance (y-axis,
(p value(−log10)) and fold change (x-axis) in transcription after ALLO-exposure for DEGs within
Control LCLs and PPD LCLs. Each dot represents one gene. A positive fold change (purple dots,
right side of volcano) indicates ALLO increased expression. While Control LCLs had 265 DEGs
induced following treatment with ALLO, PPD LCLs exposed to the same ALLO-treatment only had
98 DEGs. (C) Venn Diagram comparing DEGs within PPD and Control LCLs after ALLO compared
to their respective vehicle (DMSO) baseline. Listed are the 11 nominally significant diagnosis-
independent, ALLO-responsive DEGs. (D) MSigDB data identifying overrepresented molecular
functions in Control-ALLO and PPD-ALLO Gene Ontology. None of the Top 10 most significant
ALLO-responsive gene sets overlapped between Control or PPD LCLs. Remarkably, among the top
ALLO regulated pathways in both PPD and Control LCLs was regulation of nucleobase containing
compound metabolic process. However, this term was positively regulated in Control LCLs, but
negatively regulated in PPD LCLs, pointing to a divergent response to ALLO driven by PPD.

4. Discussion

Allopregnanolone induces a rapid, long-lasting antidepressant response in PPD [7,51].
This response is thought to be linked to the activation of GABAARs, leading to alterations
in synaptic and cellular activity that result in downstream molecular changes [14]. With
this in mind, we used our in vitro PPD model to (1) empirically define the transcriptomic
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consequences of 60 h of ALLO exposure between PPD and Control LCLs, and additionally,
(2) evaluate the similarities and differences in cellular response to ALLO within both PPD
and Control LCLs. Given the diagnosis-related intrinsic transcriptomic differences previ-
ously observed within these LCLs [19], our predictions were that (1) ALLO would mitigate
gene expression differences between-diagnosis (i.e., in relation to “baseline” differences),
and that (2) although specific ALLO-induced DEGs within-diagnosis would likely diverge,
their broader cellular roles would converge.

Our findings were, to some extent, contrary to both predictions. ALLO-treatment
did mitigate the proportion of downregulated DEGs in PPD LCLs that has now been
repeatedly [19,52,53] observed. However, while 60 h of brexanolone induces a robust, long-
lasting therapeutic response in women with PPD, an equally timed in vitro ALLO-exposure
only modestly affected overall gene expression compared to PPD diagnosis. Some ~15%
of DEGs overlapped in between-group (Control vs. PPD) comparisons (Figure 2A), and
this already highly significant percent overlap is most certainly an underestimate due to
the limitations of transcriptomics in a relatively small sample size. For example, GAD1, a
DEG we identified because it met significance criteria in the Control:ALLO vs. PPD:ALLO
AmpliSeq comparison, also showed decreased expression that just missed significance
(pnom = 0.11) at baseline (Figure 2B). It, therefore, is not represented in this between-
diagnosis overlap. However, qRT-PCR replication analyses more concretely demonstrated
the significant decrease in GAD1 expression was driven by a significant main effect of PPD,
statistically independent of ALLO-treatment (Figure 2C).

Methodological limitations aside, these findings are consistent with our previous
observations of more robust trait- (e.g., PPD vs. Control) versus state- (e.g., exogenous E2
and P4) induced differences in gene expression [19]. However, differences in GABAAR
subunit expression in LCLs may, in part, also explain ALLO’s seemingly modest effects. On
one hand, LCLs are GABA-responsive [36] and express a variety of GABAAR subunits [37],
including α4, which is highly responsive to ALLO [54]. This literature corroborates the
substantial number of DEGs we identified after ALLO-treatment within Control LCLs.
However, LCLs do not appear to express the delta subunit, which is prominently expressed
in extrasynaptic GABAAR that tonically modulate synaptic activity [12,55]. ALLO’s affinity
for extrasynaptic GABAARs has been suggested to be potentially responsible for differences
in the therapeutic efficacy of neurosteroids over other classic GABAAR modulators, such
as benzodiazepines [56], but these interactions are complex. For example, exposure to
ALLO can alter GABAAR subunit configurations [57] such that subsequent exposures
generate anxiety (versus anxiolysis) [58,59], and genetic alterations in GABAARs may
induce paradoxical behavioral responses to ALLO withdrawal [60].

To ultimately define the association (or lack thereof) between ALLO and DEGs such as
GAD1, larger studies in more complex models, such as induced stem cell-derived neurons,
and/or neural tissue from GABAAR knockout mouse models of PPD [60] will be necessary.
Despite potential limitations of our non-neural PPD LCL model, the gene networks and
DEGs identified (such as GAD1, an indirect indicator of altered GABA release, and UNC13B,
a contributor to synaptic vesicle maturation in certain excitatory synapses) tended to func-
tionally correspond to synaptic signaling and neuronal modulation, in support of existing
literature linking PPD risk to dysregulated synaptic activity [54,60] (Figure 2D). Moreover,
the directionality of expression differences (GAD1 being downregulated and UNC13B being
upregulated in PPD) was in line with existing hypotheses that ALLO’s dramatic decline at
parturition triggers PPD symptoms by critically decreasing inhibitory signaling, thereby
further exacerbating already dysregulated excitatory neurotransmission [14].

Regarding our within-group findings, two primary DEG-related observations were
made: PPD LCLs had a diminished transcriptomic response to ALLO (fewer DEGs overall)
compared to Controls, and ALLO-responsive PPD DEGs tended to be upregulated (with
>75% of PPD having increased expression after ALLO) (Figure 3A–C). These differences
also corresponded to a total divergence of significant ALLO-related ontological networks
between PPD and Control LCLs (Figure 3D). Although seemingly counterintuitive, in-
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trinsically diminished cellular responsivity in PPD is supported by a growing body of
literature, including demonstrations of increased methylation [53,61], diminished neural
oscillations [11], aberrant neuroimmune-inhibition [41,42], and blunted cellular stress re-
sponses [19,62] in PPD. Additionally, ALLO’s preferential upregulation of transcripts is
in line with broader neurophysiologic hypotheses regarding the GABAergic system in
PPD [63] and other disorders, such as alcohol use disorder [64].

While longitudinal studies are needed to evaluate whether diminished transcriptomic
responses to ALLO are present as cause or consequence of PPD, findings in rodent models
investigating the roles of ALLO and early life stress support the former [65]. More broadly,
our within-group PPD data also provide in vitro transcriptomic evidence of ALLO’s ability
to induce divergent intracellular responses that are dependent on diagnosis (i.e., genetic
background) potentially lending support to clinical observations [26], and the hypothesis
that ALLO’s actions are highly pleiotropic [63]. Such pleiotropy or differential responses to
neurosteroids would have important clinical implications for the wide variety of disorders
for which ALLO is currently being evaluated in vivo for therapeutic efficacy, with 14 studies
underway and 31 studies listed as completed (ClinicalTrials.gov; accessed on 13 April 2023).

In summary, the striking lack of concordance in DEGs after ALLO-treatment suggests
that ALLO mediates unique, and potentially opposing, cellular responses in women with
PPD compared with heathy control women. Despite the restrictions of an LCL model that
may limit the ultimate generalizability of these findings, these transcriptomic data establish
the potential for PPD-specific molecular responses to ALLO to be tied to its antidepressant
mechanisms. As such, ALLO’s capacity to play distinct, diagnosis-dependent cellular roles
may warrant consideration when evaluating the broader translational and therapeutic
potential of this neurosteroid.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes14061234/s1, Figure S1: Unsupervised Clustering of RNA-
sequencing; Figure S2: Control vs. PPD, Scatter and Volcano plots; Figure S3: WikiPathway results
for 226 DEGs significant only at baseline between PPD and Controls Figure S4: DMSO vs. ALLO
(within-diagnosis) Scatterplots; Table S1: Control vs. PPD–Baseline/DMSO (60 hrs Vehicle); Table
S2: Control vs. PPD–ALLO (60 hrs ALLO, total 300 nM); Table S3: Control–Baseline/DMSO vs.
Control–ALLO; Table S4: PPD–Baseline/DMSO vs. PPD–ALLO.

Author Contributions: Conceptualization, S.A.R., P.J.S. and D.G.; methodology, formal analysis, and
visualization, S.A.R.; investigation and validation, S.A.R. and M.A.M.; resources, C.E.S., S.M.-B.,
D.R.R., P.J.S. and D.G.; data curation, S.A.R. and M.A.M.; writing—original draft preparation, S.A.R.;
writing—review and editing, S.A.R., D.R.R., C.E.S., S.M.-B., P.J.S. and D.G.; supervision, P.J.S. and
D.G.; project administration, S.A.R.; funding acquisition, P.J.S. and D.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Office of Clinical Research Bench to Bedside Pro-
gram Funds Award #480670 and the Intramural Research Programs of the NIMH/NIH and NI-
AAA/NIH; Protocols 95-M-0097; NIMH Project ZIAMH002865 and NIAAA Project ZIAAA000301.
Extramural funding from the Foundation of Hope, Brain & Behavior Research Foundation, and NIH
R21MH101409. Clinical Trial: NCT01762943.

Institutional Review Board Statement: The NIH and UNC IRBs approved the study protocol, and
all women provided informed consent. Cell lines were generated under protocols 95-M-0097 and
03-M-0175.

Informed Consent Statement: Informed consent was obtained from all subjects who gave blood
samples utilized in the study.

Data Availability Statement: Summary AmpliSeq expression data will ultimately be available in
dbGaP. All other data is available upon request.

ClinicalTrials.gov
https://www.mdpi.com/article/10.3390/genes14061234/s1
https://www.mdpi.com/article/10.3390/genes14061234/s1


Genes 2023, 14, 1234 10 of 12

Acknowledgments: We thank Cheryl Marietta, Longina Akhtar, and Allison Goff of NIAAA/NIH
for their assistance and technical expertise in conducting this study. This work was written as part of
Sarah Rudzinskas’s, Peter J. Schmidt’s and David Goldman’s official duties as government employees.
The views expressed in this article do not necessarily represent the views of the NIH, HHS or the
United States government.

Conflicts of Interest: D.R. receives research funding from the NIH, the Buszucki Foundation and
Sage Therapeutics. He serves on the Scientific Advisory Boards of Sage Therapeutics and Sensorium
Therapeutics and on the Clinical Advisory Boards of Felicitypharma and Embarkneuro. He serves
as a consultant to Brii Biosciences, GH Research-Ireland and Aldeyra Therapeutics. S.M.-B. serves
as a consultant for WebMD/MedScape, Ancora Bio and Modern Health and receives research grant
support from Sage Therapeutics, Inc. The authors declare no conflict of interest, as these grants
did not fund the research described in this manuscript nor were these boards/groups in any way
involved in this work.

References
1. Gavin, N.I.; Gaynes, B.N.; Lohr, K.N.; Meltzer-Brody, S.; Gartlehner, G.; Swinson, T. Perinatal depression: A systematic review of

prevalence and incidence. Obstet. Gynecol. 2005, 106, 1071–1083. [CrossRef] [PubMed]
2. Segre, L.S.; O’Hara, M.W.; Arndt, S.; Stuart, S. The prevalence of postpartum depression: The relative significance of three social

status indices. Soc. Psychiatry Psychiatr. Epidemiol. 2007, 42, 316–321. [CrossRef] [PubMed]
3. Oates, M. Perinatal psychiatric disorders: A leading cause of maternal morbidity and mortality. Br. Med. Bull. 2003, 67, 219–229.

[CrossRef] [PubMed]
4. Lindahl, V.; Pearson, J.L.; Colpe, L. Prevalence of suicidality during pregnancy and the postpartum. Arch. Womens Ment. Health

2005, 8, 77–87. [CrossRef]
5. Munk-Olsen, T.; Ingstrup, K.G.; Johannsen, B.M.; Liu, X. Population-Based Assessment of the Recurrence Risk of Postpartum

Mental Disorders: Will It Happen Again? JAMA Psychiatry 2020, 77, 213–214. [CrossRef]
6. Reddy, D.S. Neurosteroids: Endogenous role in the human brain and therapeutic potentials. Prog. Brain Res. 2010, 186, 113–137.

[CrossRef]
7. Meltzer-Brody, S.; Colquhoun, H.; Riesenberg, R.; Epperson, C.N.; Deligiannidis, K.M.; Rubinow, D.R.; Li, H.; Sankoh, A.J.;

Clemson, C.; Schacterle, A.; et al. Brexanolone injection in post-partum depression: Two multicentre, double-blind, randomised,
placebo-controlled, phase 3 trials. Lancet 2018, 392, 1058–1070. [CrossRef]

8. Kanes, S.; Colquhoun, H.; Gunduz-Bruce, H.; Raines, S.; Arnold, R.; Schacterle, A.; Doherty, J.; Epperson, C.N.; Deligiannidis,
K.M.; Riesenberg, R.; et al. Brexanolone (SAGE-547 injection) in post-partum depression: A randomised controlled trial. Lancet
2017, 390, 480–489. [CrossRef]

9. McCarthy, M.M.; Felzenberg, E.; Robbins, A.; Pfaff, D.W.; Schwartz-Giblin, S. Infusions of diazepam and allopregnanolone into
the midbrain central gray facilitate open-field behavior and sexual receptivity in female rats. Horm. Behav. 1995, 29, 279–295.
[CrossRef]

10. Pinna, G.; Rasmusson, A.M. Up-regulation of neurosteroid biosynthesis as a pharmacological strategy to improve behavioural
deficits in a putative mouse model of post-traumatic stress disorder. J. Neuroendocrinol. 2012, 24, 102–116. [CrossRef]

11. Antonoudiou, P.; Colmers, P.L.W.; Walton, N.L.; Weiss, G.L.; Smith, A.C.; Nguyen, D.P.; Lewis, M.; Quirk, M.C.; Barros, L.;
Melon, L.C.; et al. Allopregnanolone Mediates Affective Switching Through Modulation of Oscillatory States in the Basolateral
Amygdala. Biol. Psychiatry 2022, 91, 283–293. [CrossRef]

12. Maguire, J.; Mody, I. Neurosteroid synthesis-mediated regulation of GABA(A) receptors: Relevance to the ovarian cycle and
stress. J. Neurosci. 2007, 27, 2155–2162. [CrossRef]

13. Melon, L.; Hammond, R.; Lewis, M.; Maguire, J. A Novel, Synthetic, Neuroactive Steroid Is Effective at Decreasing Depression-
Like Behaviors and Improving Maternal Care in Preclinical Models of Postpartum Depression. Front. Endocrinol. 2018, 9, 703.
[CrossRef]

14. Walton, N.; Maguire, J. Allopregnanolone-based treatments for postpartum depression: Why/how do they work? Neurobiol.
Stress 2019, 11, 100198. [CrossRef]

15. Schiller, C.E.; Schmidt, P.J.; Rubinow, D.R. Allopregnanolone as a mediator of affective switching in reproductive mood disorders.
Psychopharmacology 2014, 231, 3557–3567. [CrossRef]

16. Gunduz-Bruce, H.; Silber, C.; Kaul, I.; Rothschild, A.J.; Riesenberg, R.; Sankoh, A.J.; Li, H.; Lasser, R.; Zorumski, C.F.; Rubinow,
D.R.; et al. Trial of SAGE-217 in Patients with Major Depressive Disorder. N. Engl. J. Med. 2019, 381, 903–911. [CrossRef]

17. Hernandez, G.D.; Solinsky, C.M.; Mack, W.J.; Kono, N.; Rodgers, K.E.; Wu, C.Y.; Mollo, A.R.; Lopez, C.M.; Pawluczyk, S.; Bauer,
G.; et al. Safety, tolerability, and pharmacokinetics of allopregnanolone as a regenerative therapeutic for Alzheimer’s disease: A
single and multiple ascending dose phase 1b/2a clinical trial. Alzheimers Dement. 2020, 6, e12107. [CrossRef]

18. Schiller, C.E.; Meltzer-Brody, S.; Rubinow, D.R. The role of reproductive hormones in postpartum depression. CNS Spectr. 2015,
20, 48–59. [CrossRef]

https://doi.org/10.1097/01.AOG.0000183597.31630.db
https://www.ncbi.nlm.nih.gov/pubmed/16260528
https://doi.org/10.1007/s00127-007-0168-1
https://www.ncbi.nlm.nih.gov/pubmed/17370048
https://doi.org/10.1093/bmb/ldg011
https://www.ncbi.nlm.nih.gov/pubmed/14711766
https://doi.org/10.1007/s00737-005-0080-1
https://doi.org/10.1001/jamapsychiatry.2019.3208
https://doi.org/10.1016/B978-0-444-53630-3.00008-7
https://doi.org/10.1016/S0140-6736(18)31551-4
https://doi.org/10.1016/S0140-6736(17)31264-3
https://doi.org/10.1006/hbeh.1995.1020
https://doi.org/10.1111/j.1365-2826.2011.02234.x
https://doi.org/10.1016/j.biopsych.2021.07.017
https://doi.org/10.1523/JNEUROSCI.4945-06.2007
https://doi.org/10.3389/fendo.2018.00703
https://doi.org/10.1016/j.ynstr.2019.100198
https://doi.org/10.1007/s00213-014-3599-x
https://doi.org/10.1056/NEJMoa1815981
https://doi.org/10.1002/trc2.12107
https://doi.org/10.1017/S1092852914000480


Genes 2023, 14, 1234 11 of 12

19. Rudzinskas, S.A.; Goff, A.C.; Mazzu, M.A.; Schiller, C.E.; Meltzer-Brody, S.; Rubinow, D.R.; Schmidt, P.J.; Goldman, D. Intrinsically
dysregulated cellular stress signaling genes and gene networks in postpartum depression. Mol. Psychiatry 2023, Online ahead
of print. [CrossRef]

20. Bloch, M.; Daly, R.C.; Rubinow, D.R. Endocrine factors in the etiology of postpartum depression. Compr. Psychiatry 2003, 44,
234–246. [CrossRef]

21. Bloch, M.; Schmidt, P.J.; Danaceau, M.; Murphy, J.; Nieman, L.; Rubinow, D.R. Effects of gonadal steroids in women with a history
of postpartum depression. Am. J. Psychiatry 2000, 157, 924–930. [CrossRef] [PubMed]

22. Schiller, C.E.; Walsh, E.; Eisenlohr-Moul, T.A.; Prim, J.; Dichter, G.S.; Schiff, L.; Bizzell, J.; Slightom, S.L.; Richardson, E.C.;
Belger, A.; et al. Effects of gonadal steroids on reward circuitry function and anhedonia in women with a history of postpartum
depression. J. Affect Disord. 2022, 314, 176–184. [CrossRef] [PubMed]

23. Nappi, R. Serum allopregnanolone in women with postpartum “blues”. Obstet. Gynecol. 2001, 97, 77–80. [CrossRef] [PubMed]
24. Hellgren, C.; Åkerud, H.; Skalkidou, A.; Bäckström, T.; Sundström-Poromaa, I. Low Serum Allopregnanolone Is Associated with

Symptoms of Depression in Late Pregnancy. Neuropsychobiology 2014, 69, 147–153. [CrossRef]
25. Osborne, L.M.; Gispen, F.; Sanyal, A.; Yenokyan, G.; Meilman, S.; Payne, J.L. Lower allopregnanolone during pregnancy predicts

postpartum depression: An exploratory study. Psychoneuroendocrinology 2017, 79, 116–121. [CrossRef]
26. Backstrom, T.; Haage, D.; Lofgren, M.; Johansson, I.M.; Stromberg, J.; Nyberg, S.; Andreen, L.; Ossewaarde, L.; van Wingen, G.A.;

Turkmen, S.; et al. Paradoxical effects of GABA-A modulators may explain sex steroid induced negative mood symptoms in some
persons. Neuroscience 2011, 191, 46–54. [CrossRef]

27. Timby, E.; Balgard, M.; Nyberg, S.; Spigset, O.; Andersson, A.; Porankiewicz-Asplund, J.; Purdy, R.H.; Zhu, D.; Backstrom, T.;
Poromaa, I.S. Pharmacokinetic and behavioral effects of allopregnanolone in healthy women. Psychopharmacology 2006, 186,
414–424. [CrossRef]

28. Bäckström, T.; Bixo, M.; Johansson, M.; Nyberg, S.; Ossewaarde, L.; Ragagnin, G.; Savic, I.; Strömberg, J.; Timby, E.; van
Broekhoven, F.; et al. Allopregnanolone and mood disorders. Prog. Neurobiol. 2014, 113, 88–94. [CrossRef]

29. Kask, K.; Backstrom, T.; Nilsson, L.G.; Sundstrom-Poromaa, I. Allopregnanolone impairs episodic memory in healthy women.
Psychopharmacology 2008, 199, 161–168. [CrossRef]

30. Freeman, E.W.; Weinstock, L.; Rickels, K.; Sondheimer, S.J.; Coutifaris, C. A placebo-controlled study of effects of oral progesterone
on performance and mood. Br. J. Clin. Pharmacol. 1992, 33, 293–298. [CrossRef]

31. Sripada, R.K.; Marx, C.E.; King, A.P.; Rampton, J.C.; Ho, S.S.; Liberzon, I. Allopregnanolone elevations following pregnenolone
administration are associated with enhanced activation of emotion regulation neurocircuits. Biol. Psychiatry 2013, 73, 1045–1053.
[CrossRef]

32. Martinez, P.E.; Rubinow, D.R.; Nieman, L.K.; Koziol, D.E.; Morrow, A.L.; Schiller, C.E.; Cintron, D.; Thompson, K.D.; Khine, K.K.;
Schmidt, P.J. 5alpha-Reductase Inhibition Prevents the Luteal Phase Increase in Plasma Allopregnanolone Levels and Mitigates
Symptoms in Women with Premenstrual Dysphoric Disorder. Neuropsychopharmacology 2016, 41, 1093–1102. [CrossRef]

33. Freeman, E.W.; Frye, C.A.; Rickels, K.; Martin, P.A.G.; Smith, S.S. Allopregnanolone Levels and Symptom Improvement in Severe
Premenstrual Syndrome. J. Clin. Psychopharmacol. 2002, 22, 516–520. [CrossRef]

34. Andreen, L.; Nyberg, S.; Turkmen, S.; van Wingen, G.; Fernandez, G.; Backstrom, T. Sex steroid induced negative mood may be
explained by the paradoxical effect mediated by GABAA modulators. Psychoneuroendocrinology 2009, 34, 1121–1132. [CrossRef]

35. Dubey, N.; Hoffman, J.F.; Schuebel, K.; Yuan, Q.; Martinez, P.E.; Nieman, L.K.; Rubinow, D.R.; Schmidt, P.J.; Goldman, D. The
ESC/E(Z) complex, an effector of response to ovarian steroids, manifests an intrinsic difference in cells from women with
premenstrual dysphoric disorder. Mol. Psychiatry 2017, 22, 1172–1184. [CrossRef]

36. Dionisio, L.; Jose De Rosa, M.; Bouzat, C.; Esandi Mdel, C. An intrinsic GABAergic system in human lymphocytes. Neuropharma-
cology 2011, 60, 513–519. [CrossRef]

37. Alam, S.; Laughton, D.L.; Walding, A.; Wolstenholme, A.J. Human peripheral blood mononuclear cells express GABAA receptor
subunits. Mol. Immunol. 2006, 43, 1432–1442. [CrossRef]

38. Mendu, S.K.; Bhandage, A.; Jin, Z.; Birnir, B. Different subtypes of GABA-A receptors are expressed in human, mouse and rat T
lymphocytes. PLoS ONE 2012, 7, e42959. [CrossRef]

39. Kaminsky, Z.; Payne, J. Seeing the future: Epigenetic biomarkers of postpartum depression. Neuropsychopharmacology 2014, 39,
233–234. [CrossRef]

40. Bauer, A.E.; Liu, X.; Byrne, E.M.; Sullivan, P.F.; Wray, N.R.; Agerbo, E.; Nyegaard, M.; Grove, J.; Musliner, K.L.; Ingstrup, K.G.;
et al. Genetic risk scores for major psychiatric disorders and the risk of postpartum psychiatric disorders. Transl. Psychiatry 2019,
9, 288. [CrossRef]

41. Balan, I.; Patterson, R.; Boero, G.; Krohn, H.; O’Buckley, T.K.; Meltzer-Brody, S.; Morrow, A.L. Brexanolone therapeutics in
post-partum depression involves inhibition of systemic inflammatory pathways. EBioMedicine 2023, 89, 104473. [CrossRef]
[PubMed]

42. Balan, I.; Beattie, M.C.; O’Buckley, T.K.; Aurelian, L.; Morrow, A.L. Endogenous Neurosteroid (3alpha,5alpha)3-Hydroxypregnan-
20-one Inhibits Toll-like-4 Receptor Activation and Pro-inflammatory Signaling in Macrophages and Brain. Sci. Rep. 2019, 9, 1220.
[CrossRef] [PubMed]

43. Frye, C.A.; Koonce, C.J.; Walf, A.A. Novel receptor targets for production and action of allopregnanolone in the central nervous
system: A focus on pregnane xenobiotic receptor. Front. Cell Neurosci. 2014, 8, 106. [CrossRef] [PubMed]

https://doi.org/10.1038/s41380-023-01985-5
https://doi.org/10.1016/S0010-440X(03)00034-8
https://doi.org/10.1176/appi.ajp.157.6.924
https://www.ncbi.nlm.nih.gov/pubmed/10831472
https://doi.org/10.1016/j.jad.2022.06.078
https://www.ncbi.nlm.nih.gov/pubmed/35777494
https://doi.org/10.1016/s0029-7844(00)01112-1
https://www.ncbi.nlm.nih.gov/pubmed/11152912
https://doi.org/10.1159/000358838
https://doi.org/10.1016/j.psyneuen.2017.02.012
https://doi.org/10.1016/j.neuroscience.2011.03.061
https://doi.org/10.1007/s00213-005-0148-7
https://doi.org/10.1016/j.pneurobio.2013.07.005
https://doi.org/10.1007/s00213-008-1150-7
https://doi.org/10.1111/j.1365-2125.1992.tb04038.x
https://doi.org/10.1016/j.biopsych.2012.12.008
https://doi.org/10.1038/npp.2015.246
https://doi.org/10.1097/00004714-200210000-00013
https://doi.org/10.1016/j.psyneuen.2009.02.003
https://doi.org/10.1038/mp.2016.229
https://doi.org/10.1016/j.neuropharm.2010.11.007
https://doi.org/10.1016/j.molimm.2005.07.025
https://doi.org/10.1371/journal.pone.0042959
https://doi.org/10.1038/npp.2013.238
https://doi.org/10.1038/s41398-019-0629-9
https://doi.org/10.1016/j.ebiom.2023.104473
https://www.ncbi.nlm.nih.gov/pubmed/36801618
https://doi.org/10.1038/s41598-018-37409-6
https://www.ncbi.nlm.nih.gov/pubmed/30718548
https://doi.org/10.3389/fncel.2014.00106
https://www.ncbi.nlm.nih.gov/pubmed/24782710


Genes 2023, 14, 1234 12 of 12

44. Balan, I.; Aurelian, L.; Williams, K.S.; Campbell, B.; Meeker, R.B.; Morrow, A.L. Inhibition of human macrophage activation via
pregnane neurosteroid interactions with toll-like receptors: Sex differences and structural requirements. Front. Immunol. 2022,
13, 940095. [CrossRef]

45. Thomas, P.; Pang, Y. Membrane progesterone receptors: Evidence for neuroprotective, neurosteroid signaling and neuroendocrine
functions in neuronal cells. Neuroendocrinology 2012, 96, 162–171. [CrossRef]

46. Guennoun, R. Progesterone in the Brain: Hormone, Neurosteroid and Neuroprotectant. Int. J. Mol. Sci. 2020, 21, 5271. [CrossRef]
47. Berthois, Y.; Katzenellenbogen, J.A.; Katzenellenbogen, B.S. Phenol red in tissue culture media is a weak estrogen: Implications

concerning the study of estrogen-responsive cells in culture. Proc. Natl. Acad. Sci. USA 1986, 83, 2496–2500. [CrossRef]
48. Van der Valk, J. Fetal bovine serum-a cell culture dilemma. Science 2022, 375, 143–144. [CrossRef]
49. Chen, E.Y.; Tan, C.M.; Kou, Y.; Duan, Q.; Wang, Z.; Meirelles, G.V.; Clark, N.R.; Ma’ayan, A. Enrichr: Interactive and collaborative

HTML5 gene list enrichment analysis tool. BMC Bioinform. 2013, 14, 128. [CrossRef]
50. Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB)

hallmark gene set collection. Cell Syst. 2015, 1, 417–425. [CrossRef]
51. Deligiannidis, K.M.; Meltzer-Brody, S.; Gunduz-Bruce, H.; Doherty, J.; Jonas, J.; Li, S.; Sankoh, A.J.; Silber, C.; Campbell, A.D.;

Werneburg, B.; et al. Effect of Zuranolone vs Placebo in Postpartum Depression: A Randomized Clinical Trial. JAMA Psychiatry
2021, 78, 951–959. [CrossRef]

52. Pan, D.; Xu, Y.; Zhang, L.; Su, Q.; Chen, M.; Li, B.; Xiao, Q.; Gao, Q.; Peng, X.; Jiang, B.; et al. Gene expression profile in peripheral
blood mononuclear cells of postpartum depression patients. Sci. Rep. 2018, 8, 10139. [CrossRef]

53. Guintivano, J.; Arad, M.; Gould, T.D.; Payne, J.L.; Kaminsky, Z.A. Antenatal prediction of postpartum depression with blood
DNA methylation biomarkers. Mol. Psychiatry 2014, 19, 560–567. [CrossRef]

54. Lee, V.; Maguire, J. The impact of tonic GABAA receptor-mediated inhibition on neuronal excitability varies across brain region
and cell type. Front. Neural Circuits 2014, 8, 3. [CrossRef]

55. Carver, C.M.; Reddy, D.S. Neurosteroid interactions with synaptic and extrasynaptic GABAA receptors: Regulation of subunit
plasticity, phasic and tonic inhibition, and neuronal network excitability. Psychopharmacology 2013, 230, 151–188. [CrossRef]

56. Paul, S.M.; Pinna, G.; Guidotti, A. Allopregnanolone: From molecular pathophysiology to therapeutics. A historical perspective.
Neurobiol Stress 2020, 12, 100215. [CrossRef]

57. Carver, C.M.; Wu, X.; Gangisetty, O.; Reddy, D.S. Perimenstrual-like hormonal regulation of extrasynaptic delta-containing
GABAA receptors mediating tonic inhibition and neurosteroid sensitivity. J. Neurosci. 2014, 34, 14181–14197. [CrossRef]

58. Smith, S.S.; Gong, Q.H.; Li, X.; Moran, M.H.; Bitran, D.; Frye, C.A.; Hsu, F.-C. Withdrawal from 3α-OH-5α-Pregnan-20-One Using
a Pseudopregnancy Model Alters the Kinetics of Hippocampal GABAA-Gated Current and Increases the GABAA Receptor α4
Subunit in Association with Increased Anxiety. J. Neurosci. 1998, 18, 5275–5284. [CrossRef]

59. Gulinello, M.; Smith, S.S. Anxiogenic effects of neurosteroid exposure: Sex differences and altered GABAA receptor pharmacology
in adult rats. J. Pharmacol. Exp. Ther. 2003, 305, 541–548. [CrossRef]

60. Maguire, J.; Ferando, I.; Simonsen, C.; Mody, I. Excitability changes related to GABAA receptor plasticity during pregnancy.
J. Neurosci. 2009, 29, 9592–9601. [CrossRef]

61. Kimmel, M.; Kaminsky, Z.; Payne, J.L. Biomarker or pathophysiology? The role of DNA methylation in postpartum depression.
Epigenomics 2013, 5, 473–475. [CrossRef] [PubMed]

62. Katz, E.R.; Stowe, Z.N.; Newport, D.J.; Kelley, M.E.; Pace, T.W.; Cubells, J.F.; Binder, E.B. Regulation of mRNA expression
encoding chaperone and co-chaperone proteins of the glucocorticoid receptor in peripheral blood: Association with depressive
symptoms during pregnancy. Psychol. Med. 2012, 42, 943–956. [CrossRef] [PubMed]

63. Boero, G.; Porcu, P.; Morrow, A.L. Pleiotropic actions of allopregnanolone underlie therapeutic benefits in stress-related disease.
Neurobiol. Stress 2020, 12, 100203. [CrossRef] [PubMed]

64. Morrow, A.L.; Boero, G.; Porcu, P. A Rationale for Allopregnanolone Treatment of Alcohol Use Disorders: Basic and Clinical
Studies. Alcohol. Clin. Exp. Res. 2020, 44, 320–339. [CrossRef]

65. Morrison, K.E.; Cole, A.B.; Kane, P.J.; Meadows, V.E.; Thompson, S.M.; Bale, T.L. Pubertal adversity alters chromatin dynamics
and stress circuitry in the pregnant brain. Neuropsychopharmacology 2020, 45, 1263–1271. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2022.940095
https://doi.org/10.1159/000339822
https://doi.org/10.3390/ijms21155271
https://doi.org/10.1073/pnas.83.8.2496
https://doi.org/10.1126/science.abm1317
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1001/jamapsychiatry.2021.1559
https://doi.org/10.1038/s41598-018-28509-4
https://doi.org/10.1038/mp.2013.62
https://doi.org/10.3389/fncir.2014.00003
https://doi.org/10.1007/s00213-013-3276-5
https://doi.org/10.1016/j.ynstr.2020.100215
https://doi.org/10.1523/JNEUROSCI.0596-14.2014
https://doi.org/10.1523/JNEUROSCI.18-14-05275.1998
https://doi.org/10.1124/jpet.102.045120
https://doi.org/10.1523/JNEUROSCI.2162-09.2009
https://doi.org/10.2217/epi.13.51
https://www.ncbi.nlm.nih.gov/pubmed/24059792
https://doi.org/10.1017/S0033291711002121
https://www.ncbi.nlm.nih.gov/pubmed/21995950
https://doi.org/10.1016/j.ynstr.2019.100203
https://www.ncbi.nlm.nih.gov/pubmed/31879693
https://doi.org/10.1111/acer.14253
https://doi.org/10.1038/s41386-020-0634-y

	Introduction 
	Methods 
	Lymphoblastoid Cell Lines 
	Experimental Treatment Paradigm 
	AmpliSeq-RNA Transcriptomics 
	RNA-Seq Data Analysis with TAC 
	qRT-PCR 
	Gene Network and Ontology Analyses 

	Results 
	ALLO Alters Overall Patterns of Differential Gene Expression in PPD LCLs 
	Differential GAD1 and Synaptic-Related Gene Network Expression in PPD LCLs 
	PPD LCLs Have Diminished, Divergent Transcriptomic Responses to ALLO Compared with Controls 

	Discussion 
	References

