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Abstract Preclinical and clinical research supports a role for
neuroactive steroids in the pathophysiology of posttraumatic
stress disorder (PTSD). We investigated ganaxolone (a syn-
thetic 33-methylated derivative of allopregnanolone, a
GABAergic neuroactive steroid) for treatment of PTSD in a
proof-of-concept, multisite, double-blind, placebo-controlled
trial. Veteran and non-veteran participants (n = 112) were ran-
domized to ganaxolone or placebo at biweekly escalating
doses of 200, 400, and 600 mg twice daily for 6 weeks.
During an open-label 6-week extension phase, the initial
ganaxolone group continued ganaxolone, while the placebo
group crossed over to ganaxolone. Eighty-six and 59 partici-
pants, respectively, completed the placebo-controlled and
open-label phases. A modified intent-to-treat mixed model
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repeated measures analysis revealed no significant differences
between the effects of ganaxolone and placebo on Clinician
Administered PTSD Symptom (CAPS) scores, global well-
being, negative mood, or sleep. Dropout rates did not differ
between groups, and ganaxolone was generally well tolerated.
Trough blood levels of ganaxolone at the end of the double-
blind phase were, however, lower than the anticipated thera-
peutic level of ganaxolone in >35% of participants on active
drug. Pharmacokinetic profiling of the ganaxolone dose regi-
men used in the trial and adverse event sensitivity analyses
suggest that under-dosing may have contributed to the failure
of ganaxolone to out-perform placebo. Future investigations
of ganaxolone may benefit from higher dosing, rigorous mon-
itoring of dosing adherence, a longer length of placebo-
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controlled testing, and targeting of treatment to PTSD subpop-
ulations with demonstrably dysregulated pre-treatment neuro-
active steroid levels.

Clinicaltrials.gov identifier: NCT01339689.
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Introduction

Over the past 15 years, strides have been made in defining the
neurobiological characteristics of PTSD (Pitman et al. 2012).
Nevertheless, there remain limited efficacious pharmacother-
apies for PTSD, either as stand-alone treatment or for augmen-
tation of trauma-focused psychotherapies such as Prolonged
Exposure or Cognitive Processing Therapy (Resick et al.
2014). Medications tested in PTSD have typically shown
large effect sizes in small preliminary studies, but smaller
effects when tested against placebo in large multisite trials.
The serotonin selective reuptake inhibitors (SSRIs) sertraline
and paroxetine, the only two FDA-approved medications for
the treatment of PTSD, showed only moderate effect sizes in
FDA registration trials (Brady et al. 2000; Davidson et al.
2001; Marshall et al. 2001; Tucker et al. 2001). Combat vet-
erans, in particular, appeared to be resistant to SSRIs (e.g.,
Friedman et al. 2007), although variability in outcomes across
veteran studies now suggests that ethnicity, age, or other sub-
population differences may play a role (Bernardy and
Friedman 2015). The growing evidence for biological hetero-
geneity underlying the PTSD phenotype has therefore pro-
voked a call for medications that address individually variable
PTSD-specific pathophysiological processes (Rasmusson and
Abdallah 2015; Friedman and Bernardy 2016).

As discussed below, preclinical and clinical evidence sup-
ports a role for neuroactive steroids with effects at gamma-
amino-butyric acid (GABA), receptors in the pathophysiology
and treatment of PTSD in at least some subpopulations. Levels
of allopregnanolone, a progesterone metabolite that positively
and potently modulates effects of GABA at GABA 4 receptors,
increase following administration of SSRIs, and appear to con-
tribute to the therapeutic effects of SSRIs (Uzunova et al. 1998;
Romeo et al. 1998). In healthy humans, increases in serum
allopregnanolone levels during a study of the effects of preg-
nenolone (a precursor for allopregnanolone) on emotion regu-
lation correlated negatively with amygdala activity; further, a
higher ratio of allopregnanolone to pregnenolone after pregnen-
olone infusion was positively correlated with dorsomedial pre-
frontal cortex-amygdala connectivity, which in turn correlated
negatively with anxiety (Sripada et al. 2013). In contrast, a
reduction in the corticolimbic expression of allopregnanolone
in male rodent models (Pibiri et al. 2008; Zhang et al. 2014) is
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associated with anxiety-like behaviors, increased aggression,
enhanced contextual fear conditioning, and extinction deficits.
In turn, administration of allopregnanolone, drugs that stimulate
allopregnanolone synthesis, or an SSRI at doses well below that
which block serotonin reuptake but that rectify allo-
pregnanolone levels reverse these aberrant behaviors (Pinna
et al. 2006; Pibiri et al. 2008; Zhang et al. 2014).

In women with PTSD, cerebrospinal fluid (CSF) levels of
allopregnanolone and pregnanolone (the GABAergic 53 stereo-
isomer of allopregnanolone) were together decreased to 39% of
levels seen in healthy women, correlated inversely with PTSD
re-experiencing symptoms and negative mood, and were lowest
in patients with comorbid major depressive disorder (MDD)
(Rasmusson et al. 2006). The ratio of these GABAergic neuro-
active steroids to the immediate allopregnanolone precursor, 5o-
dihydroprogesterone, was also decreased, consistent with a
block in their synthesis. Recent studies demonstrate a similar
role for these neuroactive steroids in the pathophysiology of
PTSD in men (Marx 2014; Rasmusson et al. 2016).

Allopregnanolone acts at benzodiazepine-sensitive synap-
tic GABA receptors and more potently at benzodiazepine-
insensitive, extrasynaptic GABA, receptors (Semyanov et al.
2004). Of note, Chhatwal et al. (2005) demonstrated down-
regulation of synaptic GABA 5 receptors in the amygdala after
fear conditioning, thus providing a rationale for the poor effi-
cacy in PTSD of benzodiazepines. In contrast, gabapentin and
topiramate (which target extrasynaptic GABA receptors)
have shown efficacy in several PTSD trials (Bernardy and
Friedman 2015). Thus, the potential utility of
allopregnanolone in treating PTSD appears plausible.

Although allopregnanolone has been intravenously admin-
istered to healthy humans (Timby et al. 2006; van Broekhoven
et al. 2007), and to patients with traumatic brain injury
(ClinicalTrials.gov: NCT01673828), Alzheimer’s disease
(ClinicalTrials.gov: NCT02221622), and postpartum depres-
sion (ClinicalTrials.gov Identifier: NCT02942004), an oral
formulation of allopregnanolone is not yet available.
Ganaxolone, a synthetic 33-methylated analog of
allopregnanolone, can be administered orally, however. Like
allopregnanolone, ganaxolone is a positive allosteric modula-
tor of GABA receptors and demonstrates anxiolytic and an-
ticonvulsant actions in rodent models (Kaminski et al. 2004;
Reddy et al. 2004). The tolerability and safety of ganaxolone
also has been demonstrated in phase 1 and phase 2 clinical
trials in patients with refractory epilepsy (Laxer et al. 2000;
Nohria and Giller 2007; Bialer et al. 2010). We therefore de-
cided to investigate ganaxolone for the treatment of PTSD in a
phase 2, proof-of-concept clinical trial. We hypothesized that
ganaxolone would show an advantage over placebo in reduc-
ing PTSD symptoms and improving well-being. We also ex-
pected ganaxolone to be well tolerated and that adverse events
would not differ between the ganaxolone and placebo
treatments.
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Methods
Study design

The trial was conducted between April 19, 2011 and January
9, 2014, at eight Department of Veterans Affairs Medical
Centers. The trial consisted of a 6-week, randomized, dou-
ble-blind, placebo-controlled phase, followed by a 6-week,
open-label extension phase in which subjects initially random-
ized to ganaxolone continued ganaxolone (GNX-GNX),
while placebo-treated subjects crossed over to ganaxolone
(PLC-GNX). A 1-week taper of ganaxolone followed with
safety assessments extending to week 15 (Fig. 1). Eligible
participants were randomized in a 1:1 ratio based on a ran-
domly permuted block design stratified by site and sex. The
GNX-GNX group received biweekly escalating ganaxolone
doses of 200, 400, and 600 mg twice a day; ganaxolone was
continued at 600 mg twice a day during the 6-week extension
phase. The PLC-GNX group received placebo and then
ganaxolone according to the same titration schedule for the
blinded and open-label phases, respectively. Subjects unable
to tolerate the 400 or 600 mg twice a day doses were dropped
back to the previous dose and remained at that dose for the
remainder of the study.

Study drug

Each gelatin capsule of ganaxolone contained 200 mg
ganaxolone (3-hydroxy-33-methyl-5a-pregnan-20-one).
The placebo formulation was comprised of sucrose spheres
of comparable size to the ganaxolone spray-layered spheres
encapsulated in a gelatin capsule of identical (00) size, weight,
and appearance. Randomization and study drug dispensing
were managed through an Interactive Web Response System
(IWRS). The contents of each drug bottle were blinded; labels
contained a unique bottle number corresponding to either
ganaxolone or placebo. Upon completion of each participant’s
baseline evaluation, the investigator or appropriate designee
logged onto the IWRS to randomize the subject to treatment
type and receive corresponding bottle numbers. Designated
personnel at the clinical site matched the assigned bottle num-
bers with the correct bottles of study drug and distributed the
bottles to the investigator or designee. Only the investigational
drug supplier and an unblinded inventory manager had access
to the bottle numbers and treatment assignment codes.

Dosing adherence

Adherence to the study drug-dosing regimen was assessed at
all visits by counting the returned supplies. Of note, each
bottle contained an unspecified greater number of capsules
than needed for the expected duration of time between visits.
The amount of drug dispensed/returned was recorded in the

Drug Accountability Log. Subjects that fell below 80% com-
pliance at two consecutive visits were withdrawn from the
study. Sites were provided a “Compliance Table” to facilitate
assessment of drug adherence.

Patient sample

Potential subjects participated in informed consent procedures
approved by Institutional Review Boards for each perfor-
mance site, the INTRuST Consortium at University of
California, San Diego, and the Department of Defense
Human Research Protection Office (HRPO).

To be included in the trial, veteran or civilian outpatients,
aged 1865 years,' had to be exposed to DSM-IV PTSD Al
and A2 criteria trauma at least 6 months prior to evaluation,
and meet DSM-IV criteria for current PTSD (APA 1994).
Exposure to potentially traumatic events was assessed using
the Childhood Trauma Questionnaire (CTQ: Bernstein et al.
1994), the Life Events Checklist (LEC: Kubany et al. 2000;
Gray et al. 2004) modified to ascertain whether endorsed
items met the DSM-IV A2 criterion, and the Deployment
Risk and Resilience Inventory (Combat Experiences Scale,
Exposure to the Aftermath of Battle Scale, Perceived Threat
Scale, and Sexual Harassment Scale) (DRRI: King et al.
2006). Participants also had to score at least a “1” for frequen-
cy and “2” for intensity on at least one Criterion B re-
experiencing symptom, three Criterion C avoidance symp-
toms, and two Criterion D hyperarousal symptoms over the
past month. A 1-month CAPS total score >50 and a past-week
CAPS score >50 were required at the screening and baseline
visits, respectively. Substance abuse and psychiatric diagnoses
other than PTSD were assessed using the Mini-International
Neuropsychiatric Interview (M.LN.L: Sheehan et al. 1998).
Participants had to be otherwise in general good health as
confirmed by medical history, physical examination, electro-
cardiogram, and screening laboratory tests, have a negative
urine drug screen for benzodiazepines, opiates, barbiturates,
phencyclidine, cocaine, amphetamines, and tetrahydrocan-
nabinol [THC], and test negative for pregnancy and refrain
from breastfeeding, if female. Participants with childbearing
potential had to agree to use effective contraception.

Participants with clinically unstable medical conditions, a
history of seizures (except childhood febrile seizures), and
moderate to severe traumatic brain injury (TBI) (American
Congress of Rehabilitation Medicine, Kay et al. 1993) were
excluded. Also exclusionary were DSM-IV (APA 1994) diag-
noses of current or past schizophrenia or other psychotic dis-
orders (except psychosis NOS due to the presence of sensory

! Based on the observed general safety of ganaxolone, the upper end of the age
range for study eligibility was increased from 55 to 65 years on February 22,
2013, after which an additional 18 participants included in the modified intent-
to-treat sample were recruited.
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Fig. 1 Trial design. GNX-GNX
group: randomized to ganaxolone
for the first 6 weeks of the blinded
phase of the study, with continu-
ation of open-label active drug
during the second 6 weeks; PLC-
GNX group: randomized to pla-
cebo for the first 6 weeks and

GNX-GNX Group

400 mg/day

800 mg/day

—>

&— Continued Ganaxolone

1200 mg/day
Downward
Titration

‘ D d
crossed over to open-label 800 mg/day 'I(‘)lvt\i‘r:é\l]s;
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6 weeks o 400 mg/day \
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&—— Double-Blinded Phase—— €—— Open-Label Phase ——>
< Biweekly Symptom Ratings >
P Adverse Event Ratings >

hallucinations clearly related to trauma), bipolar type I disor-
der, dementia, substance abuse or dependence on drugs or
alcohol within 6 months of study entry, unwillingness to ab-
stain from alcohol during the study, suicidal or homicidal ide-
ation necessitating clinical intervention, history of suicide at-
tempt in the past 10 years, alanine or aspartate transferase
levels greater than two times the upper limits of normal, and
unwillingness to abstain from grapefruit products that inhibit
the enzyme CYP3A4, which metabolizes ganaxolone.
Participants taking psychotropic medications other than ap-
proved insomnia medications (zolpidem, zaleplon,
eszopiclone, or trazodone up to 150 mg at a frequency of four
times a week or less) were excluded, as were subjects in
evidence-based trauma-focused treatment for PTSD within
6 weeks of the trial. Participation in other psychotherapeutic
modalities maintained for 3 months before and during the trial
was permitted.

Efficacy and safety assessments

The primary PTSD outcome measure was the CAPS (1-week
version; Blake et al. 1995), which provides a continuous mea-
sure of PTSD symptom frequency and intensity. It was admin-
istered at baseline and biweekly through week 12. The sec-
ondary outcome measure was the clinician-assessed Clinical
Global Impression rating of Improvement (CGI-I), which uses
a seven-point Likert-like scale to measure overall health and
function. It was administered biweekly beginning at week 2.
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Ancillary symptom measures included the following:
PTSD Check-List (PCL), a 17-item self-report of DSM-IV
PTSD symptom severity (Conybeare et al. 2012); patient-
rated CGI-I; Profile of Mood States (POMS: McNair et al.
1992), a 65-item self-report with 5-point measures of five
factor analytically derived dimensions of mood (vigor/activi-
ty, anger/irritability, anxiety/tension, depression/dejection,
confusion/bewilderment, and fatigue/inertia); Patient Health
Questionnaire-9 (PHQ-9: Kroenke et al. 2001), a 9-item de-
pression subscale of the Patient Health Questionnaire based
on the nine DSM-IV diagnostic criteria for major depressive
disorder; Insomnia Severity Index (ISI: Bastien et al. 2001), a
5-item 2-week assessment of self-perceived difficulty with
sleep onset, middle of the night awakening, early morning
awakening, and impairment in daily function attributed to in-
somnia; and Connor-Davidson Resilience Scale (CD-RISC:
Connor and Davidson 2003), a 25-item scale that typically
correlates with treatment response. The PCL was administered
biweekly. The other ancillary ratings were administered at
baseline, week 6, and week 12.

Safety assessments conducted at each planned visit (and at
additional visits if clinically indicated) included the Columbia—
Suicide Severity Rating Scale (CSSRS: Posner et al. 2011), a
mental status examination by the study psychiatrist, vital signs
including orthostatic blood pressure changes, weight, clinical
blood tests, urinalysis, a urine toxicology screen, measurement
of urine cotinine (a long-acting metabolite of nicotine), a preg-
nancy test, and an electrocardiogram. Physical and neurological
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examinations were conducted at screening, week 6, week 12,
and additional visits if clinically indicated.

Statistical methods

Sample size was based on a two-sided, two-sample ¢ test for
change. Cohen’s d effects sizes for published, large, multicen-
ter PTSD trials of venlafaxine, sertraline, and paroxetine range
between 0.19 and 0.44, and are considered inadequate in re-
lation to current satisfaction with these drugs. Hence, the study
was powered to detect a somewhat larger effect size of 0.65.

Assuming 33% attrition, 76 completers (or approximately
112 subjects overall) were required to detect a 65% difference
in the standardized change in treatment arms with 80% power.

An interim and final analyses were planned using the
method of DeMets and Lan (1994) and the O’Brien-
Fleming-type spending function; futility rules were based on
conditional power approaches (Pepe and Anderson 1992).
Results of the interim analysis were reviewed by an indepen-
dent Data Monitoring Committee that recommended continu-
ation of the trial. Statistical analyses were performed in R
version 3.1.0. No adjustments were made for multiple com-
parisons; a p < 0.047 and p < 0.05 were considered to be
statistically significant for the primary and secondary analy-
ses, respectively.

The primary outcome (CAPS total score) was analyzed
using a mixed model repeated measures (MMRM) approach
in a modified intent-to-treat (mITT) population. The mITT
population consisted of randomized subjects dispensed study
medication and having at least one post-baseline data point
during the 6-week, placebo-controlled phase of the study.
The model included change from baseline in CAPS total score
at each post-baseline visit during the blinded phase as the
dependent variable. Independent variables included treatment
type (placebo vs. active ganaxolone), study visit, the
treatment-by-visit interaction, and CAPS total score at base-
line. Visits (weeks 2, 4, and 6) were treated as a categorical
variable. An unstructured variance-covariance structure was
used. Pre-specified variables, including baseline age, sex,
smoking status, comorbid depression, and history of mild
TBI, were assessed as potential model covariates if the vari-
able was unbalanced between the treatment groups and asso-
ciated with outcome in the univariate analysis.

Secondary outcome CGI-I scores were collapsed into
two categories (“Responders” if scored as 1 or 2, or
“Non-responders” if scored between 3 and 7) and ana-
lyzed using a generalized estimating equation (GEE)
model for binary data. The model included the binary
responder status at weeks 2, 4, and 6 as the dependent
variable; treatment, study visit, and the treatment-by-
visit interaction were treated as independent variables.
Ancillary efficacy outcomes were analyzed in a manner
similar to the primary analysis if measured biweekly.

An analysis of covariance (ANCOVA) model was used
for outcomes measured only at baseline and week 6
during the blinded phase of the study. Descriptive anal-
yses were performed to compare baseline data between
treatment groups. Categorical variables were evaluated
using Fisher’s exact test. Continuous variables were an-
alyzed with Wilcoxon’s rank sum test. Safety data were
summarized overall and by treatment group for the
blinded and extended phases of the study. Fisher’s exact
test was used for comparisons between groups.

Results
Demographic and clinical characteristics of sample

A total of 344 individuals consented to participate in the study;
230 screen-failed (see the CONSORT diagram, Fig. 2). One
hundred twelve (112) participants with PTSD were random-
ized into the study (GNX-GNX group: n = 59; PLC-GNX
group: n = 53); 86 completed the first 6-week, blinded,
placebo-controlled phase of the trial (GNX: n = 42; PLC:
n = 44); 53 participants remained in the study through the
subsequent 6-week open-label phase, the 1-week taper, and
the 2-week, post-taper follow-up period (GNX-GNX: n =27;
PLC-GNX: n = 26). There were no significant differences
between participants randomized to the GNX-GNX and
PLC-GNX groups with regard to demographic or baseline
clinical characteristics, including age, sex, ethnicity, combat
veteran status, smoking status, comorbid major depression, or
presence of mild TBI (Table 1).

Treatment efficacy

A total of 99 patients completed one post-randomization visit
and were included in the primary mITT efficacy analysis
(GNX: n = 49; PLC: n = 50). Over the 6-week, placebo-
controlled phase, MMRM analysis revealed that the GNX
group experienced a mean reduction of 17.6 points (95% CI
—23.6, —11.6) in total CAPS score, while the PLC group ex-
perienced a mean reduction of 15.1 points (95% CI —21,
—9.2). There was no significant difference between the two
groups (p = 0.55, Fig. 3 and Table 2). There were also no
significant differences between treatment groups for changes
in CAPS Cluster B re-experiencing symptoms, Cluster C
avoidance symptoms, or Cluster D hyperarousal symptoms
(Table 2). In addition, there was not a group difference in
clinician-rated CGI-I responder rates: odds ratio at week 6
comparing ganaxolone vs. placebo = 1.38 (95% CI 0.55,
3.49), p = 0.49.

Reductions in PCL scores and other ancillary mea-
sures also showed no significant differences between
the ganaxolone and placebo-treated groups (Table 3).

@ Springer
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Fig.2 CONSORT flow diagram.
Single asterisk means 114
subjects were randomized, but
two randomizations violated the
inclusion criteria and were
removed from the randomized
population; double asterisks
mean other categorical reasons for
screen failure included the
following: study termination (3);
unwillingness to follow birth
control requirement (2); unreli-
able reporter (1); pending lawsuit
(1); age (1). Triple asterisks mean
the per-protocol analysis sample
was distinguished, a priori, from
the intent-to-treat sample by the
following criteria: (a) available
for the 6-week CAPS assessment,
(b) at least 80% compliant with
study medication during the
blinded phase of the study, (c) re-
ceived the correct intervention,
(d) did not initiate prohibited
medications during the blinded
phase of the trial

230 Screen Failures

344 Screened

61 CAPS criteria not met
22 positive urine drug screen
12 lab abnormality

10 unwilling to enroll in placebo study
113 other reasons:

112 Randomized*

multiple reasons (22)

lost to follow-up (35)
prohibited meds/treatment (18)
suicide attempt/ideation (11)

59 assigned to GNX-GNX Group
(6wk GNX followed by 6wk GNX)

ETOH/drug abuse/dependence (15)
moderate or severe TBI (4)
other (8)**

7 psychiatric and 5 medical co-morbidity

53 assigned to PLC-GNX Group
(6wk PLC followed by 6wk GNX)

17 early discontinuations during the 6-
week blinded phase
9 lost to follow-up; 2 withdrew consent;
2 adverse events; 1 non-compliance;
1 multiple reasons; 1 prohibited meds;
1 positive urine drug screen

9 early discontinuations during the 6-
week blinded phase
3 lost to follow-up; 3 adverse events;
1 relocation; 1 depressed mood;
1 multiple reasons

42 completed 6-week blinded phase;
32 completed per protocol***

44 completed 6-week blinded phase;
36 completed per protocol

14 early discontinuations during
weeks 6-12 open-label GNX phase;
15 by week 15
2 lost to follow up; 4 withdrew consent;
3 adverse events; 3 non-compliance
2 change in schedule; 1 multiple reasons

13 early discontinuations during
weeks 6-12 open-label GNX phase;
18 by week 15
4 lost to follow up; 3 withdrew consent;
5 adverse events; 4 non-compliance
1 change in schedule; 1 other

27 completed full 15-week study

26 completed full 15-week study

Per-protocol analyses, which included only participants
who adhered strictly to study procedures and completed
the three biweekly visits following randomization, also
revealed no significant group differences.

Over the full 12 weeks of the trial, the GNX-GNX group,
which was continuously treated with ganaxolone, had a mean
change in the CAPS total score of —28.6 points at week 12
(95% CI —34.7, —22.4) compared to —26.8 (95% CI —32.8,
—20.9) for the PLC-GNX group, (p = 0.69). The changes in
PCL scores at week 12 were —15.5 (95% CI —20.1,-10.9) and
—13.6 (95% CI —18.0, —9.1), respectively, for the GNX-GNX
vs. PLC-GNX groups (p = 0.55). There also were no signifi-
cant differences between these two groups for the other mea-
sures collected in the study (data not shown).
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Treatment tolerability and safety

There were no significant differences between groups in
rates of early discontinuation during the blinded phase
(GNX, 28.8% vs. PLC, 17.0%; Fisher’s exact test
p = 0.18) or whole study (GNX-GNX, 54.2% vs PLC-
GNX, 50.9%; Fisher’s exact test p = 0.85).

At the end of the placebo-controlled phase, all partici-
pants on active ganaxolone had been dispensed 1200 mg/
day of study drug, except for one participant receiving
400 mg/day. At the end of the open-label extension phase,
all participants had been dispensed ganaxolone at
1200 mg/day except for seven receiving 800 mg/day.
The proportion of patients experiencing at least one
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Table 1  Demographics and baseline characteristics of the randomized participants
GNX-GNX group (N =59) PLC-GNX group (N =53) Total (N=112) p value
Age (years) 38.8+10.5 37.7+10.9 38.3+10.7 0.61
Weight (Ibs.) 196.9 +40.5 206.8 +49.1 201.6 £44.8 0.43
Body mass index (kg/m?) 294+54 302+64 29.8+5.9 0.76
Male sex—no. (%) 44 (75%) 44 (83%) 88 (79%) 0.36
Ethnicity—no. (%) 0.67
Hispanic 6 (10%) 4(8%) 10(9%)
Non-Hispanic 50 (85%) 48 (91%) 98 (88%)
Unknown 3 (5%) 1 (8%) 4 (4%)
Race—no. (%) 0.19
White 30 (51%) 35 (66%) 65 (58%)
Black or African American 19 (32%) 16 (30%) 35 (31%)
Other® 10 (17%) 2 (4%) 12 (11%)
Education (years) 13.6 £2.1 14.1+2.1 13.9+2.1 0.34
Military (past or present)}—no. (%) 50 (85%) 48 (91%) 98 (88%) 0.40
Smoking—no. (%) 0.59
Every day 10 (17%) 8 (15%) 18 (16%)
Some days 5 (8%) 8 (15%) 13 (12%)
Not at all 44 (75%) 37 (70%) 81 (72%)
Trauma exposure
DRRI°
Combat experiences 26.6 10 29.5+9 279 +10 0.16
Exposure to aftermath of battle 34+£13.7 413+£135 374+ 14 0.02
Perceived threat 53.7+£7.8 50.6 £9.0 523 +84 0.04
General harassment 22.0+6.9 22.1+6.9 220+6.8 0.90
Combat 47 (80%) 40 (75%) 87 (78%) 0.65
LEC total® 531+2.59 5.55+2.37 5.42+2.48 0.46
CTQ total 60.6 +12.9 59.2+12.8 60.0 +12.8 0.72
Physical abuse 10.4+5.8 10.1£5.3 10.2+5.5 0.81
Sexual abuse 82+64 7.4+6.2 78+6.3 0.27
Emotional abuse 10.6 + 6.1 10.6 £6.3 10.6 £6.2 0.84
Physical neglect 134+1.9 12.8+2.2 13.1+£2.0 0.05
Emotional neglect 18.0+ 6.0 184 +6.1 182 +6.0 0.57
Mild TBI—no. (%) 30 (51%) 30 (56%) 60 (54%) 0.57
Comorbid major depression—no. (%) 18 (31%) 19 (36%) 37 (33%) 0.30
CAPS total® 722+ 183 75.5+17.0 738 +17.7 0.25
PCL total 55.6+14.4 589+ 124 57.1+13.6 0.29

The GNX-GNX group was randomized to ganaxolone for the first 6 weeks and continued ganaxolone during the 6 weeks open-label phase. The PLC-
GNX group was randomized to placebo for the first 6 weeks and switched over to ganaxolone during the open-label phase. Values plus-minus values are
mean = SD

2 Other races include Native or Alaska American, Hawaiian or other Pacific Islander, Asian, Mixed or Unknown

® DRRI—Deployment Risk and Resilience Inventory: The DRRI is a suite of 14 scales that measure deployment-related risk and resilience factors. It was
administered only for participants who had been deployed. Four sections were used: G (General Harassment Scale), H (Perceived Threat Scale), 1
(Combat Experiences Scale), J (Exposure to the Aftermath of Battle Scale)

¢ LEC—Life Events Checklist. Screen for potentially traumatic events. Total ranges from 0 to 17. Items are scored as 1 if ever experienced and 0 if not

4 CTQ—Brief Child Trauma Questionnaire. Total scores range from 25 to 125. Higher scores indicate more extensive abuse or neglect. The CTQ
assesses five domains: childhood sexual abuse, physical abuse, emotional abuse, physical neglect, and emotional neglect. Each domain has five items to
be scored as follows: 1—never true, 2—rarely true, 3—sometimes true, 4—often true, S—very often true. There are an additional three validity items

¢ CAPS—Clinician Administered PTSD Scale. Total ranges from 0 to 136; higher scores indicate worse symptoms
fPCL—PTSD Check-List. Total ranges from 17 to 85; higher scores indicate worse symptoms
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Fig. 3 Estimated change from baseline in Clinician Administered PTSD
Scale (CAPS) total score during the first 6-week blinded phase of the trial,
based on a modified intent-to-treat (mITT) mixed model repeated mea-
sure (MMRM) analysis

adverse event after randomization did not differ by treat-
ment group during either the blinded (GNX, 66.1% vs.
PLC, 60.4%, p = 0.56) or extension (GNX-GNX, 42.9%
vs. PLC-GNX, 45.4%, p = 0.83) phases. Adverse events
reported by at least 10% of patients who completed the
first 6 weeks of the trial were headache (13.6% (GNX) vs.
7.5% (PLC), p = 0.37) and somnolence (18.6% (GNX) vs.
13.2% (PLC), p = 0.45). Adverse events reported by at
least 10% of patients who completed the open-label phase
were headache (19% (GNX-GNX) vs. 9.1% (PLC-GNX),
p = 0.22) and somnolence (7.1% (GNX-GNX) vs. 13.6%
(PLC-GNX), p = 0.48). No patients discontinued treat-
ment due to the emergence of laboratory abnormalities,
and there were no treatment group differences in labora-
tory or EKG abnormalities or clinically significant chang-
es. There were significantly greater reductions in sitting
and standing pulse by week 6 in the GNX compared to
PLC group (sitting: =2.9 £ 11.0 bpm vs. +1.1 + 10.0 bpm,
p = 0.035; standing: —4.3 £ 9.3 bpm vs. 0.6 £ 11.3 bpm,
p = 0.011). The mean change in weight over the double-
blind phase did not differ between groups: (GNX,
0.81 + 6.6 1bs.; PLC, —0.17 + 7.37 Ibs., p = 0.56).
There were three serious adverse events in patients taking
ganaxolone during the first 6 weeks of the trial. One was
unrelated to drug; the second involved an overnight hos-
pital stay for dizziness, confusion, and balance problems
that resolved with ganaxolone discontinuation. The third
was an episode of suicidal ideation that resolved without
change in study drug or other clinical intervention; the
participant completed the study without further incident.
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Sensitivity analyses based on therapeutic trough
ganaxolone levels

As this was the first study to administer ganaxolone to PTSD
patients, the target therapeutic trough level of ganaxolone was
inferred from previous phase 2 clinical trials in patients with
refractory partial complex seizures (Laxer et al. 2000; Bialer
et al. 2010) and phase 1 inpatient pharmacokinetic (PK) stud-
ies in healthy volunteers taking single or multiple daily doses
of an earlier ganaxolone formulation with a high fat meal
under supervision (Monaghan et al. 1997; Marinus
Pharmaceuticals, Inc. data on file). The PK study in healthy
volunteers predicted trough values of ~30 ng/ml or higher
with adherent dosing of ganaxolone at 1200 mg/day.

While the current study was being conducted, PK data for
the ganaxolone formulation and dosing regimen used in the
study was collected in healthy male inpatient volunteers tak-
ing ganaxolone with a standard meal or snack at 200, 400, and
600 mg bid. Ganaxolone was rapidly absorbed with a T}, of
~2 h. The half-life (T},,) for ganaxolone was 7-10 h, with
elimination occurring primarily in the feces. The mean
ganaxolone trough level in 22 of the healthy volunteers taking
the 600 mg bid dose after 3 days was 38.9 + 16.9 ng/ml; this
was about 25% lower than the trough level obtained when
ganaxolone was taken with high fat meals. Based on this data,
and assuming that participants took study medication with
meals as instructed, we estimate that about 16% of study par-
ticipants taking ganaxolone at 600 mg bid between weeks 4
and 6 of the study would have had trough levels of <22 ng/ml
[i.e., mean trough level (38.9 ng/ml) minus 1 SD of the mean
trough level (16.9 ng/ml)].

Plasma trough levels of ganaxolone were measured in the
current study at week 6 in 72 of 86 participants who complet-
ed the placebo-controlled phase of the trial. Among the 34
patients on active ganaxolone, 41.2% (n = 14) had ganaxolone
levels below 30 ng/ml; 35.3% (n = 12) had ganaxolone levels
below the predicted therapeutic trough level of 20 ng/ml, and
23.5% (n = 8) had undetectable levels. Drug levels were also
measured at week 12 in 46 of the 59 participants on active
ganaxolone. Among these participants, 32.6% (n = 15) had
ganaxolone trough levels below 30 ng/ml level; 26.1%
(n = 12) had trough levels below 20 ng/ml, and 10.9%
(n = 5) had undetectable levels. The extent of ganaxolone
under-dosing (i.e., trough level < 20 ng/ml) may be
underestimated, however, as 7 participants took their last
ganaxolone dose in the morning within 5 h of blood sampling,
thus confounding accurate measurement of trough drug levels
in these cases.

We therefore conducted a sensitivity analysis compar-
ing the 22 participants on active ganaxolone with trough
drug levels >20 ng/ml to the controls. The MMRM
efficacy analysis revealed no significant treatment group
differences in the change in CAPS scores from baseline
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Table 2 Change in the CAPS

from baseline during the 6-week GNX-GNX group (N =49) GNX-PLC group (N = 50) p value
blinded phase MMRM
Change in CAPS total
Week 2 —9.2 (-14.0,-4.4) —-10.2 (-14.9, -5.5) 0.77
Week 4 —-10.9 (-15.3,-6.4) -12.8 (-17.1,-8.4) 0.55
Week 6 —17.6 (-23.6, —11.6) —-15.1 (-21.0,-9.2) 0.55
Change in CAPS cluster B
Week 2 =3.7 (6.0, -1.5) -3.6 (-5.8,-1.3) 0.92
Week 4 —4.1(-6.1,-2.2) -3.9(-5.8,-2.0) 0.87
Week 6 —5.8(-8.1,-3.4) =5.0 (-7.3,-2.7) 0.63
Change in CAPS cluster C
Week 2 —4.2 (-6.6,—1.7) —4.0 (-6.4,-1.6) 0.92
Week 4 —4.6 (-7.2,-2.1) —4.8(-72,-2.3) 0.94
Week 6 -74(-10.3,-4.4) -5.8 (-8.7,-2.9) 0.46
Change in CAPS cluster D
Week 2 —1.7 (3.4, 0.05) —2.3 (-4.0,-0.6) 0.59
Week 4 -2.5(-4.2,-08) =3.6 (-5.3,-2.0) 0.36
Week 6 =5.0 (-7.1,-3.0) -3.9(-59,-1.9) 0.44

The GNX-GNX group was randomized to ganaxolone for the first 6 weeks and continued ganaxolone during the
6-week open-label phase. The GNX-PLC group was randomized to placebo for the first 6 weeks and switched
over to ganaxolone during the open-label phase. Values in brackets indicate 95% confidence intervals

CAPS Clinician Administered PTSD Scale, MMRM mixed model repeated measures, Cluster B re-experiencing
symptoms, Cluster C avoidance symptoms, Cluster D hyperarousal symptoms

to week 6 (GNX: —16.7 (95% CI —25.6, —7.9); PLC:
—15.0 (95% CI -21.1, =8.9); p = 0.75). We also re-
assessed adverse event rates. When only those partici-
pants with ganaxolone levels >20 ng/ml were included
in the comparison, a significantly larger proportion of
the GNX group (91.0%) than the PLC group (60.4%)
reported at least one adverse event (p = 0.01). The
proportion of headaches was 23% (5/22) for patients
in the GNX group compared to 7.5% (4/53) for the
PLC group, p = 0.11. The proportion of somnolence
was 27% (6/22) in the GNX group compared to
13.2% (7/53) in the PLC group, p = 0.18.

Comment

This multicenter proof-of-concept, placebo-controlled study
represents the first attempt to evaluate ganaxolone, a synthetic
derivative of allopregnanolone, for the treatment of PTSD in a
population of male and female, veteran and civilian patients.
The study found no significant differences in the impact of
placebo and ganaxolone on total CAPS score over 6 weeks
(the primary endpoint). Ganaxolone and placebo also had
similar effects on general well-being, self-rated PTSD symp-
toms, negative mood, sleep, and resilience. Ganaxolone was
generally well tolerated at the doses administered; the most

Table 3 Change from baseline in
ancillary outcomes during the 6-

week blinded phase

GNX group PLC group p value
Change in PCL (GNX = 42; PLC = 44) -9.0 (-12.5,-5.5) =7.0 (-10.4, -3.6) 0.42
Change in POMS Total (GNX = 42; PLC = 45) —14.3 (-24.4,-4.3) —8.4(-18.3,1.3) 0.41
Change in PHQ9 (GNX = 45; PLC = 46) —2.3(-3.7,-0.8) —2.3(-3.7,-0.8) 0.99
Change in ISI (GNX = 45; PLC = 46) -3.3(-5.0,-1.5) —1.8 (3.5, -0.05) 0.22
Change in CD-RISC (GNX = 44; PLC = 45) 22(-09,54) 2.3(-0.8,5.4) 0.98

GNX group is randomized to ganaxolone for the first 6 weeks. PLC group is randomized to placebo for the first
6 weeks. PCL was analyzed with a mixed model repeated measures (MMRM) approach; the other outcomes were
analyzed using an ANCOVA model. Values in brackets indicate 95% confidence intervals

PCL PTSD Check-List, POMS Profile of Mood States, PHQ9 Patient Health Questionnaire-9, IS/ Insomnia
Severity Index, CD-RISC Connor-Davidson Resilience Scale
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frequent side effects were headache and mild somnolence that
resolved with time or a reduction in the ganaxolone dose.

This study thus suggests that ganaxolone may not be effec-
tive in the treatment of PTSD, despite preclinical and clinical
studies suggesting a possible role for deficits in
allopregnanolone in the pathophysiology of PTSD.
Although ganaxolone has GABA 4 receptor modulating prop-
erties and has shown efficacy in epilepsy, small variations in
the structure of neurosteroids can profoundly alter their func-
tional impact (Schiile et al. 2014). For example, the two 33
stereoisomers of allopregnanolone do not exhibit GABA 4 re-
ceptor activity, although their molecular weights are identical
to those of allopregnanolone. It is also possible that adminis-
tration of GABAergic neuroactive steroids is not helpful in
PTSD.

Problems with ganaxolone dosing, however, may have
contributed to the lack of difference in outcomes between
the ganaxolone and placebo groups. Rates of adverse events
were not different between participants randomized to active
drug versus placebo during the blinded phase of the study.
However, adverse events were higher among participants on
ganaxolone with trough levels above the expected therapeutic
trough level of 20 ng/ml compared to participants on placebo,
suggesting that participants on ganaxolone with trough levels
below 20 ng/ml were under-dosed. Nevertheless, sensitivity
analyses excluding participants with trough levels below
20 ng/ml also did not suggest ganaxolone efficacy. These
analyses were likely underpowered, however, given the omis-
sion of over one third of the participants randomized to
ganaxolone. It is also possible that therapeutic dosing of
ganaxolone in PTSD requires dosages that yield plasma levels
higher than 22 ng/ml.

When selecting doses of ganaxolone for this proof-of-
concept trial, the investigators hypothesized that effective
doses in PTSD might be at the lower end of the dose range
studied in epilepsy (1200—1800 mg/day), assuming that some
ganaxolone effects would be mediated via high affinity,
benzodiazepine-resistant extrasynaptic GABA 4 receptors
(Lambert et al. 2003; Mody and Pearce 2004) and because
treatment-resistant epilepsy patients generally have high drug
tolerance. Therefore, although ganaxolone was successfully
titrated to doses above 1200 mg/day in 2 weeks or less in
epilepsy studies, the extended titration of ganaxolone in the
current study to just 1200 mg/day was designed to maximize
tolerability, minimize drop out, and collect evidence about
possible effects of lower as well as higher doses of
ganaxolone. As PK testing of the specific ganaxolone formu-
lation and bid dosing regimen used in the study suggests that
about 16% of individuals with low trough levels in the current
study would be expectable, other factors likely contributed to
under-dosing, including the following: non-adherence to the
dosing regimen, including failure to take the medication with
a meal (absorption of ganaxolone is decreased by about 50—
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66% in the fasting state), or increased ganaxolone metabolism
in patients with PTSD. Stress steroids and other ligands, such
as nicotine, activate the nuclear pregnane X receptor (PXR)
(Lamba et al. 2004); PXR, in turn, increases expression of
CYP3A4 (Sinz et al. 2008), which metabolizes ganaxolone.

Potential experimental design issues also should be consid-
ered in evaluating the outcome of the current study. The short
duration of the controlled phase of the study and the short time
at maximum drug dose (2 weeks) likely contributed to a fail-
ure to discern a potential ganaxolone advantage. Perusal of the
mean PTSD symptom response curves between weeks 4 and 6
of the study suggests that the downward slope in the placebo
group was flattening (with a CAPS score reduction of 2.3
points), while it was steepening in the ganaxolone group
(CAPS scores reduction of 6.7 points) (Table 2). In addition,
as can be seen in Fig. 3, CAPS scores in both treatment groups
decreased in parallel over the first 4 weeks of the placebo-
controlled phase. Given that ganaxolone levels in many pa-
tients may have been subtherapeutic at ganaxolone doses of
200 mg bid and 400 mg bid, these reductions in symptoms
may largely represent placebo effects in both groups. Future
studies thus might consider trial designs that help reduce pla-
cebo effects (Chen et al. 2011; Heger 2013).

It is also now clear that multiple, individually variable neu-
robiological factors contribute to the pathophysiology of
PTSD (Rasmusson and Shalev 2014), suggesting a need for
precision medicine approaches to PTSD therapeutics
(Rasmusson and Abdallah 2015). For example, clinical re-
search suggests that lower levels of ALLO in CSF are associ-
ated with more severe PTSD and negative mood or depressive
symptoms (Uzunova et al. 1998; Rasmusson et al. 2006).
Studies also have shown that individuals with PTSD/MDD
generally have more severe PTSD (Breslau et al. 2000), and
may recover less quickly or completely in response to
exposure-based cognitive therapy for PTSD (Nishith et al.
2005). Moreover, extinction and extinction retention deficits
in allopregnanolone deficient rodents were normalized after a
single dose of ganaxolone administered at the end of the first
extinction training session; extinction and extinction retention
was not influenced by ganaxolone in rodents with normal
allopregnanolone levels (Pinna and Rasmusson 2014).
Together, these observations suggest that ganaxolone may
specifically benefit individuals with demonstrable
allopregnanolone deficits, which appear to be greater or most
common among individuals with comorbid PTSD/MDD. The
rigorous exclusion criteria for this outpatient study thus may
have inadvertently excluded individuals more likely to be re-
sponsive to ganaxolone (Table 1). Finally, to the extent that
allopregnanolone-like treatments may facilitate PTSD recov-
ery by facilitating extinction learning or retention, it may be
necessary to pair such treatments with structured extinction
learning opportunities (such as those afforded by trauma-
focused PTSD psychotherapies) in order to achieve clinical
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benefit. Alternatively, longer periods of drug administration
and/or higher dosing may allow exposure-avoidant patients
with chronic PTSD to encounter a sufficient number of natural
re-exposure opportunities to enable effective extinction and
recovery over time.

Consideration of other drug administration paradigms also
may be indicated. The release of stress hormones such as
allopregnanolone from peripheral and brain sources may have
a diurnal rhythm, as do other stress hormones, as well as ultra-
radian rhythms contingent on exposure to natural stressors.
Steady state dosing of ganaxolone could potentially suppress
critically timed neurobiological responses to stress and inter-
fere with extinction learning or other processes inherent to
PTSD recovery. In the rodent study highlighted above, a sin-
gle dose of ganaxolone administered immediately after one
session of extinction training markedly enhanced and stabi-
lized extinction and extinction retention, suggesting that
ganaxolone may block reconsolidation of conditioned fear or
facilitate consolidation of new learning. Further experimental
work to translate these preclinical observations into more ef-
fective uses of ganaxolone is warranted.

The enrollment period for this study, which achieved its
pre-determined enrollment benchmarks, was comparable or
better than many previously reported pharmacological inter-
vention studies in PTSD. Nevertheless, there were several
challenges to efficient recruitment. Although critical to pre-
vent confounding of the trial outcome, the rigorous inclusion
criteria contributed to recruitment challenges. Conduct of
PTSD pharmacological trials in settings where substance
abuse or use of other medications is less common (e.g., active
duty settings) or where patients with more severe illness can
be kept safe (e.g., inpatient units or residential programs) may
address some of these challenges. Current research-related
administrative procedures also contributed to trial length: 17
institutional review boards (IRBs) were involved in approving
the study, 1 for the Department of Defense (DOD), and 2 for
each site (one for the Veterans Administration and one for
each site’s academic affiliate); non-lead sites had to wait for
IRB approvals at the lead site and DOD before submitting
study materials to their IRBs and the DOD. Use of a central
IRB could reduce IRB-related delays in study implementa-
tion. There were complicated contracting procedures, which
delayed hiring of study staff at trial outset. Mid-trial changes
in recruitment strategies (requiring IRB approval) to address
unanticipated lags in recruitment prolonged recruitment lags
at several study sites; implementation of multiple recruitment
strategies at trial outset could prevent such delays. Finally, a
mid-trial halt in recruitment occurred across all sites while
funding was sought for manufacture of an additional supply
of study drug—reflecting the fiscal challenges of small phar-
maceutical companies even when partnering with public
sources of support. Addressing the ubiquitous inefficient prac-
tices embedded in the current drug development process is

essential if the rational iterative research process required to
develop and effectively target new PTSD therapeutics is to be
successful.

In summary, this first phase 2 clinical trial of ganaxolone
in PTSD showed that ganaxolone, as dosed, was safe but no
more efficacious than placebo in reducing PTSD symptoms.
Several possible reasons for this failure will need to be eval-
uated in future trials. Pharmacokinetic studies to evaluate
metabolism of ganaxolone in PTSD patients may be helpful.
Rigorous monitoring of adherence to study medication,
such as use of electronically monitored bottles or video apps
to confirm that capsules were taken, as well as measurement
of ganaxolone levels, will be necessary to confirm compli-
ance and adequacy of dosing. Lengthening the placebo-
controlled phase of testing is indicated. In addition, future
studies might consider use of novel precision medicine ap-
proaches, such as targeting of ganaxolone to patients with
demonstrated deficits in GABAergic neuroactive steroids,
or precise targeting of drug to specific neurocognitive pro-
cesses critical to PTSD recovery. Future studies should also
capture other study population characteristics that might in-
fluence therapeutic response in PTSD clinical trials, such as
type and timing of trauma exposure, sex, and patterns of
previous response to PTSD treatments.
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