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A B S T R A C T

Allopregnanolone and pregnanolone (together termed allo+ pregnan) are neurosteroid metabolites of proges-
terone that equipotently facilitate the action of gamma-amino-butyric acid (GABA) at GABAA receptors. The
adrenal steroid dehydroepiandrosterone (DHEA) allosterically antagonizes GABAA receptors and facilitates N-
methyl-D-aspartate (NMDA) receptor function. In prior research, premenopausal women with posttraumatic
stress disorder (PTSD) displayed low cerebrospinal fluid (CSF) levels of allo+ pregnan [undifferentiated by the
gas chromatography-mass spectrometry (GC–MS) method used] that correlated strongly and negatively with
PTSD reexperiencing and negative mood symptoms. A PTSD-related decrease in the ratio of allo+ pregnan to
5α-dihydroprogesterone (5α-DHP: immediate precursor for allopregnanolone) suggested a block in synthesis of
these neurosteroids at 3α-hydroxysteroid dehydrogenase (3α-HSD). In the current study, CSF was collected from
unmedicated, tobacco-free men with PTSD (n=13) and trauma-exposed healthy controls (n= 17) after an
overnight fast. Individual CSF steroids were quantified separately by GC–MS. In the men with PTSD, allo+
pregnan correlated negatively with Clinician-Administered PTSD Scale (CAPS-IV) total (ρ=-0.74, p=0.006)
and CAPS-IV derived Simms dysphoria cluster (ρ=-0.71, p=0.01) scores. The allo+pregnan to DHEA ratio also
was negatively correlated with total CAPS (ρ=-0.74, p= 0.006) and dysphoria cluster (ρ=-0.79, p= 0.002)
scores. A PTSD-related decrease in the 5α-DHP to progesterone ratio indicated a block in allopregnanolone
synthesis at 5α-reductase. This study suggests that CSF allo+ pregnan levels correlate negatively with PTSD and
negative mood symptoms in both men and women, but that the enzyme blocks in synthesis of these neuro-
steroids may be sex-specific. Consideration of sex, PTSD severity, and function of 5α-reductase and 3α-HSD thus
may enable better targeting of neurosteroid-based PTSD treatments.

1. Introduction

Many interacting neurobiological factors are involved in the pa-
thophysiology of posttraumatic stress disorder (PTSD) (Pitman et al.,
2012; Rasmusson et al., 2018, 2017b), including allopregnanolone and
pregnanolone, neurosteroid metabolites of progesterone that equipo-
tently facilitate GABAergic neurotransmission at nanomolar con-
centrations (Fig. 1) (Pineles et al., 2018; Rasmusson et al., 2006b). In
premenopausal women with PTSD, cerebrospinal fluid (CSF) levels of
these stereoisomers [undifferentiated by the gas chromatography-mass

spectrometry (GC–MS) methodology employed; herein termed allo+
pregnan when levels of each are summed] were 40% of levels in healthy
non-traumatized women, and correlated strongly and negatively with
PTSD re-experiencing and negative mood symptoms (Rasmusson et al.,
2006b). The ratio of allopregnanolone to 5α-dihydroprogesterone (5α-
DHP: the immediate steroid precursor for allopregnanolone) also was
low in the women with PTSD, whereas the ratio of 5α-DHP to proges-
terone was not low, suggesting a block in the synthesis of these GA-
BAergic neurosteroids at 3α-hydroxysteroid dehydrogenase (3αHSD),
not 5α-reductase (Fig. 1).
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Recent work by Izumi et al. (2013) suggests that allopregnanolone
and pregnanolone synthesis in brain neurons (e.g., Agís-Balboa et al.,
2006) can be initiated de novo by N-methyl-D-aspartate (NMDA) re-
ceptor activation. De novo synthesis of allopregnanolone and pregna-
nolone in adrenocortical cells is initiated by diurnal or stress-induced
increases in adrenocorticotropic hormone (ACTH) (Purdy et al., 1991),
which acts at a G-protein coupled receptor to stimulate intracellular
second messenger pathways that lead to neurosteroidogenesis; allo-
pregnanolone and pregnanolone are also produced by the ovary and
testis in response to luteinizing hormone (LH) (Genazzani et al., 2002).
Allopregnanolone and pregnanolone produced peripherally then cross
the blood-brain barrier.

Brain allopregnanolone and pregnanolone levels peak about an hour
after initiation of stress (Purdy et al., 1991). In the central nervous
system (CNS) allopregnanolone and pregnanolone have been shown to
exert anticonvulsant (Kaminski et al., 2004) and antinociceptive
(Charlet et al., 2008) effects, as well as modulate neurophysiological
and behavioral reactions to acute stress by increasing GABA-activated
GABAA receptor-mediated chloride ion influx (up to 7–10 times)
(Majewska et al., 1986; Puia et al., 1990). Allopregnanolone and/or
pregnanolone are also thought to promote phase 2 sleep, reduce in-
flammation, reduce apoptosis, promote neurogenesis and myelination,
protect against the negative effects of neurotrauma, and promote pro-
cesses relevant to memory such as long-term depression (LTD) and
long-term potentiation (LTP) interference (reviewed by Rasmusson and

Pineles, 2018, and Rasmusson et al., 2017b).
In contrast to these GABAergic neurosteroids, dehydroepian-

drosterone (DHEA) allosterically antagonizes GABAA receptors and fa-
cilitates N-methyl-D-aspartate (NMDA) receptor function with micro-
molar potency. In humans, DHEA is synthesized by the adrenal gland in
response to ACTH, peaks in plasma about 10–20minutes after synthesis
initiation and crosses into brain where it may be sulfated to DHEAS,
which is 4 times more potent than DHEA in modulating GABAA and
NMDA receptor function (Rasmusson et al., 2004). In premenopausal
women with PTSD, the ratio of allo+ pregnan to DHEA in CSF ap-
peared to be more strongly negatively associated with PTSD reexper-
iencing and mood symptoms than the sum of allo+ pregnan alone,
suggesting that a balance between inhibitory and excitatory neuro-
transmission in the CNS impacts PTSD symptom expression (Rasmusson
et al., 2006b).

CSF allopregnanolone and pregnanolone levels have not yet been
examined in men with PTSD. However, research in male rodents sug-
gests that deficits in allopregnanolone synthesis may play a role in
PTSD pathogenesis in men. A reduction in brain allopregnanolone le-
vels induced by prolonged social isolation in male (Pibiri et al., 2008)
but not female (Pinna et al., 2008) mice was associated with anxiety-
like behavior in the plus maze, aggression toward conspecific same-sex
intruders, increased expression of conditioned contextual (but not cued)
fear, decreased rates of contextual fear extinction, and deficits in ex-
tinction retention (Pibiri et al., 2008; Pinna and Rasmusson, 2014). A

Fig. 1. Neuroactive Steroid Synthetic Pathways. Bold underlined: Steroids produced in the central nervous system (CNS) and periphery and measured for the
current study in cerebrospinal fluid (CSF) by gas chromatography/mass spectrometry (GC–MS). Allopregnanolone and pregnanolone (together designated allo+
pregnan) are equipotent stereoisomers that markedly facilitate the action of gamma-amino-butyric acid (GABA) at GABAA receptors. Dehydroepiandrosterone
(DHEA) is produced by the adrenal gland and crosses into the CNS, where it allosterically antagonizes GABAA receptor function and facilitates N-methyl-D-aspartate
(NMDA) receptor function. Bold italicized: Allotetrahydrodeoxycorticosterone (THDOC), 3α-androstanediol (3α−diol), and androsterone were not measured in the
current study, but like allopregnanolone, are GABAergic neuroactive steroids produced by the serial action of 5α-reductase and 3α-hydroxysteroid dehydrogenase
(3α-HSD). Other acronyms from top to bottom, left to right: P450c11AS=P450c11 aldosterone synthase; P450scc= P450 side-chain cleavage enzyme; 3α-
HSD=3α-hydroxysteroid dehydrogenase; 17KSR=17-ketosteroid reductase; P450aro= P450 aromatase. Note that all pathways are not active in all tissues. *In
addition, 3α-HSD is noted to operate solely in the reductive direction. The earlier work on this topic by Penning et al. (2000) was performed in vitro and suggested
that 3α-HSD functions in a bidirectional manner based on the oxidative/reductive status of the milieu in which the enzyme is functioning. Follow-up work by
Penning et al. (2004) indicated that human Type 3 3α-HSD (AKR1C2: primarily responsible for production of allopregnanolone and pregnanolone in humans)
functioned in vitro and in COS-1 cell lysates in a bi-directional manner. However, in intact COS-1 and prostate cells AKR1C2 functioned solely as a ketosteroid
reductase. According to these investigators, the failure to observe AKR1C2-mediated oxidation “…in a cellular context was due to the potent inhibition of this reaction
by low concentrations of NADPH that may prevail in the whole cell.”.
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reduction in brain and serum allopregnanolone levels induced in male
rats by exposure to a series of intense stressors over a few hours also
was associated with increased conditioned contextual fear (Zhang et al.,
2014).

Given the relationship between CSF allo+ pregnan deficits and
PTSD symptoms in women, as well as preclinical research linking low
brain allopregnanolone levels to behavioral analogues of PTSD in male
rodents, we investigated levels of CSF allopregnanolone and pregna-
nolone, as well as the steroid precursors for these neurosteroids in
trauma-exposed men with and without PTSD. We hypothesized that the
sum of these equipotent GABAergic steroids in CSF (i.e., allo+
pregnan) would be low in men with PTSD and correlate negatively with
Simms et al. (2002) confirmatory factor analysis-defined PTSD re-
experiencing and dysphoria clusters derived from Clinician-
Administered PTSD Scale (CAPS-IV) scores (Blake et al., 1995). Given
previous findings in women (Rasmusson et al., 2006b), we also ex-
plored whether (allo+ pregnan)/DHEA and (allo+ pregnan)/DHEAS
ratios in CSF would correlate negatively with PTSD symptoms.

Plasma allopregnanolone and pregnanolone levels would be ex-
pected to rise in response to diurnal morning spikes in ACTH release, as
well as in response to the stress of a lumbar puncture (LP). As morning
ACTH spikes or responses to stress were expected to vary among study
participants and could correlate with PTSD symptom patterns
(Rasmusson et al., 2018), we also examined the relationships between
CSF allo+ pregnan levels and PTSD symptoms while controlling sta-
tistically for plasma ACTH levels. We were concerned that low CNS
production of allo+ pregnan among the PTSD participants might po-
tentiate hypothalamic-pituitary-adrenal (HPA) axis responses to the
stress of an LP session (Barbaccia et al., 2001), resulting in increased
adrenal production of allopregnanolone and pregnanolone, which
would cross the blood-brain barrier and obscure possible central deficits
in the production of these GABAergic neurosteroids as an artifact of the
experimental design.

Finally, based on the reported block in allopregnanolone synthesis
at 5α-reductase in socially isolated male but not female mice (Agís-
Balboa et al., 2007) and the observed link between a polymorphism in
the 5α-reductase II gene and PTSD risk in men, but not women
(Gillespie et al., 2013), we hypothesized that men with PTSD would
demonstrate a block in allopregnanolone synthesis at 5α-reductase,
manifest as a low ratio of CSF 5α-DHP to progesterone (Fig. 1).

Most studies of biomarkers in PTSD have focused on mean diag-
nostic group differences. However, the field of psychiatry is moving
toward development of precision medicine treatments for PTSD based
on individual variability in the pathophysiological mechanisms that
contribute to PTSD clinical phenotypes (e.g., Dalvie et al., 2016).
Therefore, in addition to examining average differences in neuroactive
steroid levels and ratios between trauma-exposed individuals with and
without PTSD, we defined the proportion of PTSD participants with
apparent deficiencies in allo+ pregnan synthesis in relation to trauma
control group indices.

2. Materials and methods

The study took place at the VA National Center for PTSD Women’s
Health Science Division, which is located at VA Boston Healthcare
System and affiliated with Boston University School of Medicine. The
Institutional Review Boards of both institutions approved the study
procedures.

2.1. Recruitment

Potential study participants responded to community advertise-
ments on bulletin boards and the internet by contacting the study in-
vestigators. After telephone screening, potentially eligible individuals
were scheduled for a paid, in-person screening evaluation.

2.2. In-person screening

After completing the informed consent process, participants were
assessed for exposure to DSM-IV PTSD Criterion A1/A2 trauma (APA,
1994) using the Traumatic Life Events Questionnaire (TLEQ) (Kubany
et al., 2000) and Childhood Trauma Questionnaire (CTQ) (Fink et al.,
1995). The Clinician-Administered PTSD Scale (CAPS-IV one-month
version) was used to diagnose PTSD (Blake et al., 1995) and the
Structured Clinical Interview for DSM-IV (SCID) (First et al., 1995) was
used to diagnose other Axis I disorders; diagnoses were confirmed at
consensus diagnosis meetings by three doctoral-level clinicians trained
to criterion on the CAPS and SCID using published manuals, videotapes,
and demonstrations. Participants were screened for current or sig-
nificant past medical illness that could impact psychiatric symptoms or
neuroactive steroid levels via medical history, review of systems and
physical examination. An electrocardiogram, urinalysis, clinical blood
tests including a gamma-glutamyl transferase test sensitive to recent
alcohol use, and a urine toxicology test for benzodiazepines, opiates,
barbiturates, cocaine, amphetamines, marijuana, and cotinine (a me-
tabolite of nicotine with a 10–27 hour half-life (Jarvis et al., 1988) also
were completed.

2.3. Eligibility criteria

PTSD group participants were required to meet DSM-IV symptom
criteria for chronic PTSD as determined by the CAPS. Participants with
past but not current PTSD, current partial PTSD (Stein et al., 1997),
bipolar I disorder, psychotic disorders (except psychosis NOS due to
trauma-related sensory hallucinations), and current alcohol, nicotine,
or illicit drug dependence were excluded. Participants with homicidal
or suicidal ideation requiring intervention were excluded and referred
for clinical evaluation. Healthy trauma-exposed participants (TCs) were
required to meet the DSM-IV A1 criterion for exposure to a potentially
traumatic stressor, but not the criteria for current, partial or lifetime
PTSD. Potential TCs with a current Axis I diagnosis or more than one
past episode of major depression were excluded.

Participants were required to have normal screening labs, as well as
negative urine toxicology and cotinine screens at screening and the LP.
Participants were asked to be free from alcohol, illicit drugs, nicotine,
and all medication before the LP for > 4 weeks, or > 6 weeks for
selective serotonin reuptake inhibitors (SSRIs) with long half-lives.
Over-the-counter medications such as acetaminophen, ibuprofen, or
loratidine were acceptable if the last dose was>7 days before the LP.

2.4. Lumbar puncture

Participants fasted except for water intake after midnight until after
the LP; they were scheduled to arrive for the LP session at 7:30 am.
Urine drug and cotinine screening, an ophthalmologic examination to
rule out increased intracranial pressure, and vital signs were completed.
Participants then sat quietly upright for ∼60min. (TC:
66.6+25.8 min.; PTSD: 72.4+ 21.6min.; p= 0.77) before blood was
drawn from an antecubital vein, processed and stored at −80 °C.
Approximately 30min. after the blood draw (TC: 34.2+21.9 min.;
PTSD: 31.8+12.0 min.; p= 0.67), the LP was performed by an ex-
perienced anesthesiologist with the participant in a sitting position. A
Sprotte needle was used to minimize risk of post-LP headaches (Strupp
et al., 2001). Twenty 1cc CSF aliquots were collected over about
20min. and kept on dry ice until storage at -80° C immediately after the
LP. Participants then lay prone for 30min. while the CAPS-IV (one-
week version) was administered.

2.5. CSF neuroactive steroid and plasma ACTH analyses

CSF neuroactive steroids were measured by GC–MS. Samples were
extracted in ethyl acetate and lyophilized. The steroids of interest were
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purified and separated using high-pressure liquid chromatography
(HPLC). Tritiated steroids (American Radiolabeled Chemicals, St. Louis,
MO) and deuterated internal standards (CDN Isotopes, Pointe-Claire,
QC, and Steraloids, Newport, RI) were added to monitor retention time
on the HPLC column and allow quantification of each steroid. Each
steroid then was derivatized for GCMS, which was conducted in the
standard electron impact mode (EI). To calculate the quantity of the
steroid in each fraction, the area under the steroid peak was divided by
the area under the deuterated internal standard peak. The detection
limit for allopregnanolone, pregnanolone and the other steroids quan-
tified was∼5 fmol/mL or 1.6 pg/ml. Samples for each analyte were run
in one batch. The intra- and inter-assay coefficients of variation (CVs)
for each analyte are< 5% and<10%, respectively (Cheney et al.,
1995). As allopregnanolone and pregnanolone have equipotent effects
at GABAA receptors, we added their levels together (termed allo+
pregnan) to assess their relationship to the PTSD phenotype, as in
previous studies (Pineles et al., 2018; Rasmusson et al., 2006b). Plasma
ACTH was measured using a two-site enzyme-linked immunosorbent
assay (ELISA) (MD Bioproducts, St. Paul, MN). Low (43.7 pg/mL) and
high (191 pg/mL) control samples included in each assay had intra-
assay CVs of 8.2% and 7.2% (n= 6), respectively, and inter-assay CVs
of 6.7% and 12.9% (n= 5), respectively.

2.6. Analyses

Per protocol, data from two participants diagnosed with PTSD and
eligible for the LP at screening, but who no longer met PTSD criteria
several weeks later at the LP, were excluded. CSF could not be collected
from one trauma control. Thus, CSF neuroactive steroid data from 17
TCs and 13 participants with PTSD were analyzed by GC/MS. The
number of participants included in analyses varied across biomarker
indices (see Table 2) due to occasional technical problems measuring
the analytes of interest; subjects with missing data were excluded on an
analysis-wise basis both to make best use of the available data and
avoid assumptions about the underlying variable distributions, as
generally required for imputation approaches. Demographic char-
acteristics and screening psychometric assessment scores were tabu-
lated for the entire sample and compared between the PTSD and TC
groups. In addition, because we were not able to directly measure en-
zyme activity in the allopregnanolone and pregnanolone synthesis
pathways, we computed the ratio between the neurosteroid product of
each enzyme and its neurosteroid precursor (Fig. 1) to reflect enzyme
activity indirectly—with and without controlling for plasma ACTH by
fitting a linear model of the neurosteroid level or ratio with diagnostic
group and ACTH as predictors. To provide a fuller picture of the degree
to which distributions of neurosteroid to precursor ratios in the PTSD
subjects were shifted relative to the TCs, we calculated five-number
summary percentiles for the TCs (minimum, maximum, and middle
quartiles—see Table 3), and then calculated the proportion of PTSD
subjects with a ratio falling beneath each TC percentile. A relative de-
crease in the neurosteroid to precursor ratio among PTSD subjects
would give rise to a left-shifted distribution (e.g., greater than 25% of
the PTSD subjects’ ratios would fall under the 25th percentile of TC
values). A relative increase in the neurosteroid to precursor ratio among
the PTSD subjects would give rise to a right-shifted distribution (e.g.,
less than 25% of PTSD subjects’ values would fall under the 25th per-
centile of TC values).

Finally, for participants with PTSD and the TCs, we calculated
Spearman’s rank-order correlations between the one-week total CAPS
scores assessed at the LP and: a) CSF allo+ pregnan and b) the ratio of
CSF allo+ pregnan to DHEA(S). We also report correlations between
these biomarker indices and the four Simms et al. (2002) PTSD
symptom clusters defined by confirmatory factor analysis (instead of
the DSM-IV PTSD symptom clusters defined by committee consensus;
see the legend for Fig. 2 for the list of DSM-IV PTSD symptoms com-
prising each of the four Simms PTSD symptom clusters). In addition, we

examined the relationships between these biomarker indices and PTSD
symptom severity as partial correlations while controlling for plasma
ACTH, as discussed in the introduction. An α < .05 was used to judge
statistical significance for the primary hypotheses based on previous
findings. For exploratory hypotheses, our primary interest was to report
the preliminary effect sizes, but we also report p-values for complete-
ness.

Fig. 2. Scatter-plots of cerebrospinal fluid (CSF) allopregnanolone+
pregnanolone levels (pg/ml) and PTSD symptoms measured using the Clinician-
Administered PTSD Scale (CAPS) one-week version immediately after the
lumbar puncture. For the participants with PTSD, correlations were large for
CSF allopregnanolone+pregnanolone levels (pg/ml) and (top) total CAPS
scores (Spearman rho= 0.74, p= 0.006), (middle) Simms re-experiencing
cluster symptoms (rho = -0.51, p= 0.09), and (bottom) Simms dysphoria
cluster symptoms (rho= −0.71, p= 0.01). Correlations for the trauma-ex-
posed healthy participants (i.e., trauma controls; TCs) were small and non-
significant. Simms et al. (2002) confirmatory factor analysis-defined PTSD
symptom clusters comprise the following Diagnostic and Statistical Manual
(DSM)-IV PTSD symptoms rated using the CAPS.
Simms reexperiencing cluster: B1-intrusive thoughts, B2-nightmares, B3-
flashbacks, B4- emotional distress at trauma cue exposure and B5-physiological
reactivity to trauma cues.
Simms active avoidance cluster: C1-avoidance of trauma-related thoughts,
feelings, conversations; C2-avoidance of people, places, things.
Simms dysphoria cluster: C3-amnesia for details of the trauma; C4-decreased
interest in everyday activities; C5-detachment or estrangement from others; C6-
restricted range of affect; C7-sense of foreshortened future; D1-disturbed sleep;
D2-irritability; D3-poor concentration.
Simms arousal cluster: D4-hypervigilance; D5-increased startle.
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3. Results

3.1. Participant characteristics

As indicated in Table 1, the TC and PTSD groups did not differ
significantly in age, weight, body mass index (BMI), ethnicity or edu-
cation; the PTSD participants were less likely to be employed and dif-
fered in marital status. As expected, the PTSD group was exposed to a
greater number of trauma types, and had higher TLEQ scores, CAPS
scores at screening and the LP, negative mood symptoms at screening,
and rates of past alcohol abuse. About half of the PTSD group was di-
agnosed with current major depression.

3.2. CSF neuroactive steroid levels and ratios

There was a trend for the unadjusted CSF 5α-DHP to progesterone
ratio to be lower in the PTSD group compared to the TC group (t=-
2.09, p=0.05); the difference was statistically significant after con-
trolling for plasma ACTH levels (t=-2.14, p=0.047; Table 2). There
were no other statistical group differences in steroid levels or ratios,
including possible indices of 3α-HSD deficiency such as the allo-
pregnanolone to 5α-DHP or (allo+ pregnan)/5α-DHP ratios.

Table 3 shows the proportion of PTSD participants with

neurosteroid to precursor ratios falling below each TC percentile. About
a third of the PTSD group had progesterone to ACTH ratios that were
lower than the lowest ratio in the TC group. About 15% of the PTSD
group had a lower 5α-DHP to progesterone ratio than the lowest ratio
in the TC group. The efficiency of 3α-HSD (indicated by the allo+
pregnan/5α-DHP ratio) appeared to be right-shifted (i.e., greater) in the
PTSD group. The CSF allo+ pregnan to plasma ACTH ratio, perhaps
indicating net allo+ pregnan synthesis efficiency, was lower than the
lowest TC ratio in 23% of the PTSD participants.

3.3. Correlations between CSF neuroactive steroid indices and PTSD
symptoms

As can be seen in Fig. 2, CSF allo+ pregnan levels in the PTSD
group correlated strongly and negatively with one-week total CAPS
(ρ=-0.74, p=0.006) and Simms dysphoria cluster ρ=-0.71, p=0.01)
scores assessed at the LP. There were large and moderate (but not
statistically significant) effect sizes, respectively, for correlations be-
tween CSF allo+pregnan levels and the Simms reexperiencing (ρ=-
0.51, p=0.09) and arousal (ρ=-0.49, p=0.11) cluster scores. There
was a small non-significant negative correlation between CSF allo
+pregnan and the Simms active avoidance cluster (ρ=-0.27, p=0.39).
The results were similar when controlling for plasma ACTH, with large

Table 1
Demographic Characteristics for Total Sample and PTSD vs. Trauma Control Groups.

Total sample
(n=30)

PTSD
(n=13)

Trauma Control
(n=17)

Welch’s
t-test /
Chi square

Mean SD Mean SD Mean SD t

Age (years) 37.2 10.6 40.1 9.3 35.0 11.2 −1.35
Weight (lbs.) 188.1 37.8 198.7 33.9 180.6 39.5 −1.32
BMI (kg/m2) 27.0 4.7 28.5 4.0 26.0 5.0 −1.49
TLEQ (total trauma exposure) 13.9 14.8 21.9 15.7 7.8 11.0 −2.77*
CTQ 48.2 23.9 56.2 22.8 42.1 23.6 −1.67
CAPS 29.9 33.3 63.4 21.9 4.4 7.0 −9.35*
BDI 8.7 13.1 18.5 15.1 1.1 1.7 −4.15*

n % n % n % χ2

Veteran Status 1.63
Veteran 8 26.67 5 38.46 3 17.65
Not a Veteran 22 73.33 8 61.54 14 82.35

Race/Ethnicity 0.15
Caucasian 13 43.33 6 46.15 7 41.18
African American 15 50.00 6 46.15 9 52.94
Hispanic/Latino 2 6.66 1 7.69 1 5.88

Years of Education 1.83
High school/GED 12 40.00 7 53.84 5 29.41
Completed part of college 9 30.00 3 23.08 6 35.29
2 or 4 year degree 6 20.00 2 15.38 4 23.53
Graduate school 3 10.00 1 7.69 2 11.76

Employment 10.92*
Working full-time 9 30.00 4 30.78 5 29.41
Working part-time 5 16.67 0 0 5 29.41
In school part- or full-time 3 10.00 0 0 3 17.65
Unemployed 12 40.00 9 69.23 3 17.65

Marital Status 8.89*
Married or cohabitating 2 6.67 2 15.38 0 0
Widowed 1 3.33 0 0 1 5.88
Divorced/Separated 8 26.67 6 46.15 2 11.76
Never married 19 63.33 5 38.46 14 82.35

Current Axis I diagnosis
Anxiety disorders 3 10.00 3 23.08 0 0 4.36
Depression 7 23.33 7 53.85 0 0 11.94*
Alcohol Abuse 1 3.33 1 7.69 0 0 1.35

Lifetime Axis I diagnoses
Anxiety disorders 1 3.33 1 7.69 0 0 1.35
Depression 1 3.33 1 7.69 0 0 1.35
Alcohol Abuse 9 30.00 7 53.84 2 11.76 6.21*
Substance Abuse 6 20.00 4 30.78 2 11.76 1.66

Note: * p < .05 BMI= body mass index; TLEQ=Traumatic Life Events Questionnaire; CTQ=Childhood Trauma Questionnaire; BDI= Beck Depression Inventory;
CAPS=Clinician Administered PTSD Scale. Anxiety disorders= panic disorder, specific phobia, obsessive compulsive disorder, social phobia. Although the entire
SCID-I was administered, no other diagnoses are reported because no one in the sample met criteria for those diagnoses.
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effect sizes for the negative partial correlations between CSF allo
+pregnan and one-week total CAPS (ρ=-0.82, p=0.007) and Simms
dysphoria cluster (ρ=-0.88, p < 0.002). There were large, moderate
and small effect sizes, respectively, for the negative partial correlations
between CSF allo+pregnan levels and the Simms reexperiencing (ρ=-
0.55, p=0.08), arousal (ρ=-0.48, p=0.14) and active avoidance (ρ=-
0.25, p=0.49) cluster scores. Within the TC group, Spearman corre-
lations between CSF allo+pregnan levels and total CAPS or Simms
PTSD symptom cluster scores were small and non-significant (all ρs
< 0.2, ps> 0.5).

The PTSD group also showed strong correlations between the CSF
(allo+ pregnan)/DHEA ratio and total CAPS (ρ=-0.74, p=0.006) and
Simms dysphoria cluster (ρ=-0.79, p= 0.002) scores. There were si-
milar negative correlations between the CSF (allo+ pregnan)/DHEAS
ratio and total CAPS (ρ=-0.70, p=0.01) and Simms dysphoria cluster
(ρ=-0.80, p=0.002) scores. There were medium to small (non-sig-
nificant) effect sizes for correlations between the CSF allo+ pregnan/
DHEA(S) ratios and Simms reexperiencing, arousal, and avoidance
cluster scores.

4. Discussion

4.1. Evidence for the impact of allo+ pregnan on PTSD severity in men

This study found strong negative associations between CSF allo+
pregnan levels and total PTSD symptoms in men currently meeting
criteria for PTSD. Correlation magnitudes were similar across Simms
et al (2002) confirmatory factor analysis-defined PTSD reexperiencing,

dysphoria and arousal cluster symptoms. Controlling for plasma ACTH
levels (to account for possible confounding effects of morning ACTH
surges and variable stress-stimulated ACTH effects on allo+ pregnan
synthesis in reaction to the LP) increased these associations somewhat.
This LP study in men free from confounding psychotropics thus re-
plicates and extends previous studies in premenopausal women
(Rasmusson et al., 2006b; Pineles et al., 2018) suggesting a role for
deficient synthesis of these GABAergic neurosteroids in the pathophy-
siology of PTSD.

Also consistent with the previous findings in women, there was a
more robust correlation between PTSD-related depressive symptoms
(captured by the Simms dysphoria cluster) and the CSF (allo+
pregnan)/DHEA ratio, as well as the (allo+ pregnan)/DHEAS ratio
than CSF allo+ pregnan levels alone. At first this seems paradoxical.
Several previous studies have demonstrated a negative relationship
between plasma DHEA(S) resting levels or reactivity and PTSD or PTSD-
related depressive symptoms, as well as a positive relationship between
plasma DHEA(S) levels and stress resilience (reviewed in Pitman et al.,
2012; Rasmusson and Pineles, 2018; Rasmusson et al., 2017b). How-
ever, as previously suggested (e.g., Rasmusson et al., 2006b), a balance
between the inhibitory effects of allo+ pregnan and the excitatory ef-
fects of DHEA(S) in the central nervous system may influence PTSD
symptoms severity; i.e., DHEA(S) may confer stress resilience only
when balanced by adequate synthesis of allo+ pregnan. However, it is
also possible that a lower ratio of allo+ pregnan to DHEA(S) in CSF
reflects reduced conversion of DHEA to other stress protective com-
pounds: a) androsterone (Dor et al., 2015), another potent GABAergic
neurosteroid produced by the serial activity of 5α-reductase and 3α-

Table 2
Results of t-tests comparing PTSD and non-PTSD group means for plasma adrenocorticotropin (ACTH) and cerebrospinal fluid neuroactive steroids and ratios.

Cerebrospinal Fluid Neuroactive Steroid Indices (pg/ml) TC
Mean + SD
(n)

PTSD
Mean + SD
(n)

ta dfa pa Cohen’s d
[95% CI]a

Progesterone
(PROG)

13.0 + 12.2
(14)

17.1 + 11.6
(12)

0.87
0.61

23.7
20.0

.39

.55
0.34 [-0.47; 1.16]
0.26 [-0.62; 1.13]

5α-Dihydroprogesterone:
(5α-DHP)

573.7 + 669.7
(15)

309.4 + 293.7
(12)

−1.37
−1.68

20.1
21.0

.19

.11
−0.53 [-1.34; 0.28]
−0.69 [-1.58; 0.19]

Allopregnanolone:
(Allo)

18.2 + 10.6
(15)

15.1 + 9.7
(12)

−0.78
−0.98

24.5
21.0

.44

.34
−0.30 [-1.10; 0.50]
−0.41 [-1.27; 0.46]

Pregnanolone:
(Pregnan)

5.1 + 4.1
(15)

17.0 + 23.6
(12)

1.72
1.71

11.5
21.0

.11

.10
0.67 [-0.15; 1.49]
0.71 [-0.18; 1.59]

Allo+ Pregnan 23.3 + 10.6
(15)

32.1 + 23.7
(12)

1.20
1.00

14.5
21.0

.25

.33
0.46 [-0.34; 1.27]
0.41 [-0.46; 1.28]

Dehydroepiandrosterone:
(DHEA)

839.4 + 889.0
(17)

618.9 + 479.3
(13)

−0.87
−1.28

25.6
24.0

.39

.21
−0.32 [-1.08; 0.44]
−0.50 [-1.32; 0.32]

DHEA-Sulfate:
(DHEAS)

2121 + 1572
(16)

2059 + 2087
(12)

−0.09
−0.16

19.7
22.0

.93

.87
−0.03 [-0.82; 0.75]
−0.07 [-0.91; 0.78]

Plasma
Adrenocorticotropic Hormone (ACTH) 26.6 + 17.8

(16)
21.5 + 10.7
(11)

−0.92 24.7 .36 −0.36 [-1.17; 0.45]

Ratios Indicating Possible Enzyme Blocks in the Allo and Pregnan Synthesis Pathways
5α-DHP/PROG 64.1 + 60.4

(13)
25.8 + 24.2
(11)

−2.09
−2.14

16.3
18.0

.05t

< .05*
−0.86 [-1.75; 0.03]
−0.94 [-1.91; 0.03]

Allo/5α-DHP 0.11 + 0.21
(14)

0.12 + 0.17
(12)

0.18
0.48

23.9
20.0

0.86
0.64

0.07 [-0.74; 0.18]
0.20 [-0.68; 1.08]

Ratios Integrating Possible Synthesis Blocks Across Neurosteroidogenesis
(Allo+ Pregnan)/5α-DHP 0.13 + 0.25

(14)
0.36 + 0.58
(12)

1.30
1.55

14.4
20.0

.21

.14
0.51 [-0.31; 1.34]
0.65 [-0.25; 1.55]

PROG/ACTH 0.75 + 0.83
(13)

0.93 + 0.49
(10)

0.65 19.9 .52 0.27 [-0.61; 1.15]

(Allo+ Pregnan)/ACTH 1.27 + 1.11
(14)

1.76 + 1.84
(10)

0.75 13.6 .47 0.31 [-0.55; 1.17]

Ratios Reflecting
Inhibitory to Excitatory Neurotransmission Balance

(Allo+ Pregnan)/DHEA 0.047 + 0.03
(15)

0.116 + 0.15
(12)

1.56
1.85

11.9
21.0

.14

.08
0.61 [-0.21; 1.42]
0.76 [-0.12; 1.65]

(Allop+ Pregnan)/DHEAS 0.016 + 0.01
(15)

0.035 + 0.05
(12)

1.28
1.38

12.5
21.0

.22

.18
0.50 [-0.31; 1.31]
0.57 [-0.31; 1.44]

Note: aThe first line of results for each biomarker is for the unadjusted t-test (using Welch’s correction for unequal variances); the second line reports the adjusted
statistics controlling for plasma ACTH levels. t=0.05 < p < 0.10; * = p < 0.05.
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HSD (Fig. 1), and b) 5-androsten-3β,17β-diol (ADIOL) (Saijo et al.,
2011). ADIOL promotes estrogen receptor (ER)β-mediated recruitment
of C-terminal binding protein (CtBP) co-repressor complexes to AP-1
dependent promoters present in genes involved in GABAergic neuro-
steroid synthesis as well as suppression of microglia-mediated in-
flammation. Notably, recent research demonstrates clear causal links
between inflammation and depressive symptoms (Miller and Raison,
2016).

4.2. Possible sex differences in the enzyme sites at which GABAergic
neurosteroid synthesis may be blocked in PTSD

In contrast to the current findings in men with PTSD, pre-
menopausal women with PTSD have not demonstrated 5α-reductase
deficiency in either CSF or plasma (Rasmusson et al., 2006b; Pineles
et al., 2018). Given the inability to separate allopregnanolone from
pregnanolone, or measure 5α-DHP in CSF, Rasmusson et al. (2006b)
suggested, but could not confirm, that the low ratio of allopreg+
pregnan to 5α-DHP observed in premenopausal women with PTSD was
consistent with 3α-HSD deficiency. Pineles et al. (2018) investigated
the relationship between PTSD symptoms and both the (allo+
pregnan)/5α-DHP and allopregnanolone/5α-DHP ratios in plasma, and
found that only the (allo+ pregnan)/5α-DHP ratio was associated with
PTSD. We therefore concluded that the (allo+ pregnan)/5α-DHP ratio
might be a more robust biomarker for PTSD (even though it may not be
the most specific metric for 3α-HSD deficiency) because it reflects the
composite effects of two opposing PTSD-related factors: 1) upstream
excitatory pressures that push production of 5α-DHP (e.g., amygdala
hyperreactivity that drives HPA axis activation and peripheral pro-
duction of 5α-DHP during stress), and 2) deficient 3α-HSD function that
blocks conversion of 5α-DHP and (unmeasured) 5β-HDP to allo-
pregnanolone and pregnanolone, respectively. Indeed, a particularly
striking finding was the failure of the women with PTSD to increase the
plasma ratio of allo+ pregnan to 5α-DHP in reaction to a moderately

stressful psychophysiology task, whereas this ratio increased robustly in
the healthy controls.

In contrast, in the current study, neither the allopregnanolone/5α-
DHP ratio nor the (allo+ pregnan)/5α-DHP ratio differed the PTSD
and TC groups, suggesting that 3α-HSD activity was normal in the men
with PTSD. Instead, the men with PTSD exhibited deficient 5α-re-
ductase activity (Fig. 1, Table 2). As indicated in Table 3, 77% of the
men with PTSD had 5α-DHP/progesterone ratios below the median 5α-
DHP/progesterone ratio in TCs. These results are thus consistent with:
a) the social isolation model of PTSD vulnerability in male mice
wherein brain 5α-reductase I expression and allopregnanolone levels
are diminished (Agís-Balboa et al., 2007; Pinna and Rasmusson, 2014),
and b) the association between PTSD risk and a 5α-reductase II gene
polymorphism in men but not women (Gillespie et al., 2011).

4.3. PTSD-related 5α-reductase deficiency previously reported for the
gucocorticoid pathway

A PTSD-related deficiency in 5α-reductase activity that impacts
cortisol metabolism has been reported previously in mixed-sex samples
(Yehuda et al., 2009a, b). These studies used GC–MS to discriminate
cortisol from its metabolites and demonstrated: a) a reduction in the
cortisol metabolite 5α−tetrahydrocortisol (produced by 5α-reductase),
but not in cortisol itself, in aging Holocaust survivors with lifetime
PTSD (Yehuda et al., 2009b); b) negative correlations between 5α-re-
ductase activity (indexed as the ratio of 5α-tetrahydrocortisol to cor-
tisol) and PTSD severity in both Holocaust survivors and 2001 World
Trade Center Attack victims (Yehuda et al., 2009a, and 2009b) and c) a
positive correlation between 5α-reductase activity and resistance to the
therapeutic effects of Prolonged Exposure in the 2001 World Trade
Center Attack victims (Yehuda et al., 2009a). Future work will therefore
have to determine whether 5α-reductase deficiency in the glucocorti-
coid system is sex-dependent, and whether 5α-reductase deficiency, if
present in any pathway, manifests across all 5α-reductase dependent
neuroactive steroid synthesis pathways (Fig. 1). As previously discussed
(Rasmusson and Pineles, 2018), 5α-reductase deficiency in the gluco-
corticoid pathway raises cortisol levels and may beneficially compen-
sate for primary enzyme deficiencies that reduce cortisol production
(e.g., 21-hydroxylase deficiency)—while simultaneously compromising
allopregnanolone and pregnanolone synthesis and increasing risk for
PTSD and depression.

4.4. Study limitations

Experimental design characteristics and methodologies limit con-
clusions that can be drawn from the current study. Although the find-
ings are bolstered by careful experimental controls and convergence
with both preclinical and clinical lines of evidence, replication in larger
samples will be important.

As noted above (Section 2.6), enzyme activities in the allopregna-
nolone and preganolone synthesis pathways were not measured di-
rectly. Instead, as common in clinical neuroendocrine testing, the ac-
tivity of specific enzymes was inferred from steroid product to
precursor ratios. Confirmatory studies assessing enzyme activity di-
rectly in PTSD are warranted. It will also be important to investigate
whether PTSD-related allopregnanolone and pregnanolone synthesis
deficits can be detected in plasma in men (as for women; Pineles et al.,
2018), as plasma is more readily accessible than CSF.

The current study does note discriminate between deficient activity
of the two 5α-reductase isoenzymes involved in allopregnanolone and
pregnanolone synthesis. Both 5α-reductase I and 5α-reductase II are
expressed in distinct as well as overlapping brain regions relevant to
PTSD, including PFC, hippocampus, the amygdala and thalamus
(Eicheler et al., 1994; Torres et al., 2002; Torres and Ortega, 2003;
Castelli et al., 2013). The expression of 5α-reductase I, which has mi-
cromolar affinity for its steroid substrates (Normington and Russell,

Table 3
(A–D). Proportion of PTSD group values below TC group value at each quartile.

Percentile PTSD Group
Proportion
>100th

Percentile
for TC
Group

0th 25th 50th 75th 100th

A. PROG/ACTH
Value of TC Group Ratio at

Percentile
0.12 0.25 0.30 0.74 2.89

PTSD Group Proportion Below
TC Value

31%
⟵

31%
⟵

31%
→

38%
→

100% 0%

B. 5α-DHP/PROG
Value of TC Group Ratio at

Percentile
0.56 21.2 36.6 91.4 197.1

PTSD Group Proportion Below
TC Value

15%
⟵

54%
⟵

77%
⟵

100%
⟵

100% 0%

C. (Allo+Pregnan)/5α-DHP
Value of TC Group Ratio at

Percentile
0.01 0.03 0.06 0.08 0.97

PTSD Group Proportion Below
TC Value

8%
⟵

15%
→

38%
→

46%
→

85%
→

15%
→

D. (Allo+ Pregnan)/ACTH
Value of TC Group Ratio at

Percentile
0.21 0.53 0.95 1.63 4.44

PTSD Group Proportion Below
TC Value

23%
⟵

31%
⟵

62%
⟵

77%
⟵

92%
→

8%
→

Note: PTSD=posttraumatic stress disorder; TC= trauma-exposed but healthy;
PROG=progesterone; ACTH= adrenocorticotropic hormone; 5α-DHP=5α-
dihydroprogesterone; Allo+ Pregnan= sum of allopregnanolone and pregna-
nolone. Bold left-pointing arrows: PTSD group values shifted to the left re-
lative to TC group values. Bold right-pointing arrows: PTSD group values
shifted to the right relative to TC group values.

A.M. Rasmusson et al. Psychoneuroendocrinology 102 (2019) 95–104

101



1992), increases in male rodents when testosterone levels decrease
(Torres and Ortega, 2003)—as occurs in men during intense stress
(Morgan et al., 2000)—thereby facilitating catabolism of the increased
quantities of steroids produced during stress (Normington and Russell,
1992). In contrast, the expression of 5α-reductase II, which has nano-
molar affinity for its steroid substrates (Normington and Russell, 1992),
has been shown to decrease in rodent PFC in response to decreases in
testosterone (Torres and Ortega, 2003). It is therefore conceivable that
a loss-of-function 5α-reductase II gene polymorphism might increase
PTSD risk in men by a) compromising allopregnanolone formation even
before trauma exposure (thus enabling more extreme physiological and
behavioral reactions to traumatic stress), and b) preventing return of
5α-reductase II activity downregulated by intense stress to normal after
trauma. Future studies of 5α-reductase I and 5α-reductase II gene ex-
pression in humans exposed to extreme stress and in rodent models of
PTSD will help evaluate these possibilities.

Another limitation of the current study was our inability to measure
5β-DHP and thus the potential role of 5β-reductase in the pathophy-
siology of PTSD. As seen in Table 1, pregnanolone levels were about
three times higher in the participants with PTSD than in the TCs; the
group mean standard deviations also were high. Inspection of the data
revealed that the pregnanolone levels of 1 TC and 4 PTSD participants
were 4–10 times higher than the uniformly low levels seen in the re-
maining participants (∼4 pg/ml). This suggests that “compensatory”
shunting of progesterone into the 5β-reductase pathway to produce
pregnanolone may be protective for some individuals exposed to
trauma, particularly if 5α-reductase deficiency is present.

The observed additive relationship of allopregnanolone and preg-
nanolone to PTSD symptom severity (likely mediated via facilitation of
GABA effects at the GABAA receptor), while strong, also does not pre-
clude separate effects of pregnanolone and allopregnanolone on other
processes relevant to PTSD, such as memory processing or risk for
chronic refractory PTSD and depression or even long-term neurode-
generation. For example, although the sulfated metabolites of both al-
lopregnanolone and pregnanolone potently antagonize NMDA re-
ceptors, pregnanolone sulfate may be somewhat more potent than
allopregnanolone sulfate in this respect (Park-Chung et al., 1997,
1999). The sulfotransferases or sulfatases that regulate levels of these
sulfated neurosteroids also may interact more or less effectively with
one or the other neurosteroid precursor or sulfated metabolite. As dis-
cussed by Rasmusson and Pineles (2018), rising intracellular levels of
allopregnanolone and pregnanolone acting at GABAA receptors, as well
as antagonism of NMDA receptors by rising intracellular levels of al-
lopregnanolone sulfate and pregnanolone sulfate may contribute to LTD
or LTP interference (Izumi et al., 2011), which is thought to protect
newly modulated synapsis from further excitation during memory
consolidation. The quantities of allopregnanolone and pregnanolone, as
well as their sulfated metabolites produced during reexposure to stimuli
previously associated with trauma thus may influence extinction and
extinction retention, memory processes central to normal recovery from
traumatic stress and PTSD. In future studies, measurement of 5β-DHP to
more directly gauge 5β-reductase function, and measurement of allo-
pregnanolone sulfate and pregnanolone sulfate will be important in
addressing these important questions. For example, higher pregnano-
lone levels could be associated with increased production of pregna-
nolone sulfate, but also could result from reduced metabolism of
pregnanolone to pregnanolone sulfate.

Interestingly, this relatively small study did not demonstrate a mean
difference in the sum of CSF allopregnanolone and pregnanolone be-
tween the PTSD and TC participants, even though CSF allo+ pregnan
levels correlated strongly and negatively with PTSD symptom severity
in the PTSD group. There may be two reasons for these seemingly
discrepant observations. First, the range in total CAPS scores among the
small group of PTSD participants was large (Fig. 2). This suggests that
group mean differences in CSF allo+ pregnan levels might emerge in a
study including a greater proportion of PTSD participants with severe

symptoms. Secondly, even quantitatively normal allo+ pregnan levels
in the PTSD group may not be high enough to counter other (un-
measured) PTSD-related neurobiological factors that drive PTSD
symptoms, such as noradrenergic hyperreactivity, low GABA levels
and/or high DHEA(S) levels (as discussed above). There are also 3β-
hydroxy isomers of allopregnanolone and pregnanolone (not measured)
that negatively modulate GABAA receptor function (Egebjerg et al.,
2001; Lundgren et al., 2003) and may have diminished effects of allo-
pregnanolone and pregnanolone among the participants with PTSD.
Studies quantifying these many factors within single participants are
needed to identify possible interactions among them that impact PTSD
symptom burden.

This cross-sectional study cannot discriminate between neuroactive
steroid system abnormalities present before trauma exposure and those
resulting from trauma exposure.

It is also important to point out that the enzyme site(s) at which
allo+ pregnan synthesis appears to be blocked in this tobacco free,
male sample without current substance abuse or use of other psycho-
tropics may not generalize to all male PTSD patients. For example, male
mice exposed to high intermittent doses of alcohol followed by abrupt
alcohol withdrawal showed reduced brain 5-reductase I and 3α-HSD
gene expression, as well as lower brain allopregnanolone levels (Cagetti
et al., 2004). Alcohol, like allopregnanolone and pregnanolone, acti-
vates extrasynaptic GABAA receptors at low doses, but also stimulates
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX),
thereby reducing levels of NADPH (Kono et al., 2000; Qin and Crews,
2012). NADPH is a necessary coenzyme for 5α-reductase 1 and II, as
well as 3α-HSD. If PTSD patients compensate for inadequate allo+
pregnan synthesis in the aftermath of traumatic stress by abusing al-
cohol, blocks in allo+ pregnan synthesis at both 5α-reductase I and 3α-
HSD may emerge. Nicotine use also may confound studies of these
GABAergic neurosteroids in PTSD unless the timing of recent use and
the overall intensity of use are controlled and matched, respectively,
across diagnostic groups. While nicotine acutely activates the adrenal
gland, chronic nicotine use blunts adrenal reactivity to exogenous and
endogenous stressors (Rasmusson et al., 2006a). Nicotine also enhances
pregnane xenobiotic receptor (PXR)-induced expression of p450 en-
zymes such as CYP3A4 that metabolize steroids, including allopregna-
nolone, pregnanolone and their precursors (Lamba et al., 2004). As
noted below, prescribed psychotropics also may impact allopregnano-
lone and pregnanolone levels.

4.5. Implications for treatment

The study findings may have important treatment implications.
Interventions that enhance allopregnanolone and/or pregnanolone
synthesis or otherwise augment levels of these GABAergic neurosteroids
may be beneficial to PTSD patients with deficit GABAergic neurosteroid
synthesis. Given the potential for epigenetic regulation of 5
α−reductase, short-term treatment with deacetylase inhibitors or other
interventions that epigenetically enhance 5 α-reductase expression may
be beneficial to men with PTSD (Rasmusson and Pineles, 2018;
Rasmusson et al., 2017a). Work by Torres and Ortega (2003) suggests
that a short course of testosterone may reverse 5α-reductase II down-
regulation. SSRIs at doses< 1/10th the EC50 for serotonin reuptake
blockade have been shown to normalize downregulated 5α-reductase I
expression (5α-reductase II not assessed) and brain allopregnanolone
levels, as well as PTSD-like behaviors in socially isolated male mice
(Pinna et al., 2009). Likewise, in humans with major depression (PTSD
not assessed), fluoxetine and fluvoxamine increased CSF allo+ pregnan
levels in association with decreases in depressive symptoms (Uzunova
et al., 1998). Other compounds that induce neurosteroidogenesis [e.g.,
18 kDa translocator protein (TSPO) ligands (Rupprecht et al., 2010) or
agonists at the cannabinoid type 1 (CB1) receptor or peroxisome pro-
liferator-activated receptor alpha (PPAR-α (Pinna, 2018)] also may be
therapeutic in PTSD, but perhaps only if downstream blocks in
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allopregnanolone and/or pregnanolone synthesis don’t interfere. For
example, in healthy individuals, acutely administered pregnenolone
compared to placebo, as well as the serum ratio of allopregnanolone to
pregnenolone, were associated with increased dmPFC to amygdala
connectivity, which in turn was associated with better emotion reg-
ulation (Sripada et al., 2013). In 22 veterans with mild traumatic brain
injury (mTBI) + PTSD, pregnenolone was not more efficacious in re-
ducing PTSD symptoms than placebo, but the direction of effect favored
pregnenolone. In addition, increases in pregnenolone, pregnanolone
and allopregnanolone across both conditions were associated with im-
provements in DSM-IV defined Cluster D symptoms, while increases in
pregnenolone and allopregnanolone in the pregnenolone group were
associated with reductions in total CAPS scores (Marx et al., 2016).

Intravenous allopregnanolone and a novel oral allopregnanolone
analog were recently reported to show efficacy in post-partum de-
pression (Kanes et al., 2017) and major depression (https://www.
businesswire.com/news/home/20180207005417/en/), respectively.
Whether direct augmentation of allopregnanolone levels reduces PTSD
symptoms is yet unknown, however.

Consistent with a precision medicine approach to treating PTSD, it
may be important to target allopregnanolone- or pregnanolone-based
treatments to individuals with demonstrated blocks in allopregnanolone
and/or pregnanolone synthesis, as pre-clinical work shows no advantage
of allopregnanolone-based treatments in male rodents with normal al-
lopregnanolone synthesis (Pibiri et al., 2008; Pinna and Rasmusson,
2014). Allopregnanolone- and/or pregnanolone-based treatments also
may be more effective in PTSD if dosed to coincide with PTSD-specific
recovery processes, such as cognitive reprocessing and extinction that
may occur in response to trauma reminders in safe therapeutic contexts
(Pinna and Rasmusson, 2014)—rather than when dosed to achieve in-
creased steady state levels (e.g., Rasmusson et al., 2017a; Rasmusson
and Pineles, 2018).

Finally, this study adds weight to an emerging public health concern
(Singh and Avram, 2014) highlighted by the Post-Finasteride Syndrome
Foundation (http://www.pfsfoundation.org). A subpopulation of men
treated with finasteride for premature hair loss or prostate conditions
develop disabling and sometimes refractory depression, anxiety, pain,
insomnia, sexual dysfunction, suicidal ideation and a variety of meta-
bolic abnormalities—conditions often comorbid with PTSD in men.
Finasteride competitively antagonizes 5α-reductase type I at sub-mi-
cromolar concentrations (Ki value of 300 nM), and acts as a mechanism-
based inactivator of 5α-reductase II at sub-nanomolar concentrations
(Drury et al., 2009). Whether risk for off-target effects of finasteride are
greater among men exposed to trauma, men with PTSD, or men with
pre-existing 5α-reductase II deficiency or other causes of deficient al-
lopregnanolone or pregnanolone synthesis merits further investigation,
as well as clinical caution.

5. Conclusion

This CSF study in men with PTSD replicates a previous study in
premenopausal women with PTSD demonstrating a strong inverse re-
lationship between CSF allo+ pregnan levels and PTSD as well as de-
pressive symptoms. In addition, it demonstrates an apparent PTSD-re-
lated block in the allopregnanolone synthesis pathway at 5α-reductase
in men, instead of at 3α-HSD as suggested by previous studies in women
with PTSD. This study thus suggests that sex, PTSD severity, and the
identification of specific enzymatic blocks in the synthesis of allo-
pregnanolone and/or pregnanolone may help with precision medicine
targeting of a variety of pharmacotherapeutics or other interventions
aimed at augmenting levels of GABAergic neurosteroids for the pre-
vention and treatment of PTSD.
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