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Abstract

Background—The neurosteroid allopregnanolone is a potent allosteric modulator of the
GABA(A) receptor with anxiolytic properties. Exogenous administration of allopregnanolone
reduces anxiety, and allopregnanolone blockade impairs social and affective functioning.
However, the neural mechanism whereby allopregnanolone improves mood and reduces anxiety is
unknown. In particular, brain imaging has not been used to link neurosteroid effects to emotion
regulation neurocircuitry.

Methods—To investigate the brain basis of allopregnanolone’s impact on emotion regulation,
participants were administered 400mg of pregnenolone (N=16) or placebo (N=15) and underwent
3T fMRI while performing the Shifted-Attention Emotion Appraisal Task (SEAT), which probes
emotional processing and regulation.

Results—Compared to placebo, allopregnanolone was associated with reduced activity in the
amygdala and insula across all conditions. During the appraisal condition, allopregnanolone
increased activity in the dorsal medial prefrontal cortex and enhanced connectivity between the
amygdala and dorsal medial prefrontal cortex, an effect that was associated with reduced self-
reported anxiety.

Conclusions—These results demonstrate that in response to emotional stimuli,
allopregnanolone reduces activity in regions associated with generation of negative emotion.
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Furthermore, allopregnanolone may enhance activity in regions linked to regulatory processes.
Aberrant activity in these regions has been linked to anxiety psychopathology. These results thus
provide initial neuroimaging evidence that allopregnanolone may be a target for pharmacological
intervention in the treatment of anxiety disorders, and suggest potential future directions for
research into neurosteroid effects on emotion regulation neurocircuitry.

Keywords
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Introduction

Allopregnanolone (ALLO) is a progesterone-derived neurosteroid with potent anxiolytic
properties (1) that acts as a positive allosteric modulator at the GABA(A) receptor (2-4).
Allopregnanolone is produced de novo in neurons and glia (2), in addition to synthesis in
peripheral organs including the ovaries and adrenal glands (5). In tissue culture, it acts on
GABA(A) receptors with 20-fold higher potency than benzodiazepines and barbiturates (3),
and modulates a broader range of GABA(A) receptors than either of these compounds (6).
Due to its pronounced anxiolytic-like actions in rodent models and GABA(A) receptor
activity, allopregnanolone shows promise as a mechanism for anxiolysis in psychiatric
disorders.

Convergent evidence from animal studies and human clinical research implicates
allopregnanolone dysregulation in mood and anxiety symptomatology. In rats, blockade of
metabolism from progesterone to allopregnanolone impairs social and affective (anxiety-
related) behavior in rats (7, 8), which in turn is restored by allopregnanolone infusion (9).
Consistent with these findings, allopregnanolone infusions have reliably been shown to
reduce stress and anxiety-like behavior in rodents (2, 3, 10-15). Furthermore, exploratory
and low-anxiety behavior in rats is correlated with circulating and hippocampal levels of
allopregnanolone, but not with levels of estradiol, progesterone, or corticosterone (8),
suggesting that allopregnanolone may show greater promise as an anxiolytic candidate than
other pregnane neurosteroids. Allopregnanolone also reduces conditioned fear responding,
facilitates fear extinction, and prevents the reinstatement of fear memory after extinction
(16). Studies in humans are less abundant, but broadly consistent with animal findings.
Cerebrospinal fluid levels of allopregnanolone are reduced in women with major depressive
disorder and PTSD, and increase with successful pharmacological treatment (17-21).
Multiple antidepressant agents (including fluoxetine, norfluoxetine, fluvoxamine and
paroxetine) elevate allopregnanolone brain levels (19, 22-25), leading to the suggestion that
allopregnanolone induction might be an important mechanism for the antidepressant effects
of SSRIs (16, 18, 26, 27). Based on these observations, it has been suggested that
allopregnanolone dysregulation may contribute to the development of neuropsychiatric
disorders, and that restoration of allopregnanolone regulation may be a potential pathway for
symptomatic improvement (1, 6, 23). However, the specific neural mechanisms whereby
allopregnanolone improves mood and anxiety symptomatology are unknown.

One potential mechanism for allopregnanolone’s effects in the central nervous system is its
ability to directly impact emotion neurocircuitry. Allopregnanolone acts directly on
GABA(A) receptors, which are present throughout the cortex and limbic system (28). The
anxiolytic actions of allopregnanolone likely involve the amygdala (29). In rats,
microinfusions of allopregnanolone directly into the amygdala produce rapid anxiolytic (30),
antidepressant (31), and anti-aggressive (32) effects. In humans, progesterone administration
(which increases downstream allopregnanolone) modulates amygdala responses to
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emotional faces (33), and increases functional connectivity between amygdala and dorsal
medial prefrontal cortex (dmPFC) (34), a regulatory region interconnected with limbic
structures (35) and crucial to emotional regulation (36). However, no studies have yet
examined the impact of allopregnanolone on emotion regulation, a function subserved by
these neurocircuits and postulated to be disrupted in anxiety disorders (for reviews, see 37,
38). Since deficits in emotion regulation may contribute to or maintain anxiety (38),
understanding allopregnanolone’s impact on emotion regulation neurocircuits may be
central to understanding why allopregnanolone dysregulation is associated with distress and
psychopathology.

In the current study, we used a probe of emotion processing, modulation, and regulation (39,
40) to examine the neural basis of allopregnanolone’s effects on emotion processing. Given
previous behavioral and preclinical evidence of its anxiolytic and antidepressant effects, we
expected allopregnanolone to diminish responses in emotion generation neurocircuits (e.g.
amygdala and insula), and enhance activation in regions subserving regulatory control of
emotions (e.g. dmPFC).

Methods and Materials

Participants

Study participants were 31 right-handed healthy male volunteers aged 18-32 years (mean +
SD=22 + 3.38) recruited from the community via advertisement. Our investigation was
restricted to males because allopregnanolone levels fluctuate over the course of the
menstrual cycle and may have differential impact on mood depending on menstrual cycle
phase (41), and it was not feasible within the limited scope of this project to recruit women
in all phases of the menstrual cycle. Exclusion criteria were history of head injury, recent
steroid use, and current or past psychiatric disorder, as assessed via the Mini-International
Neuropsychiatric Interview (M.1.N.1.; 42). Participants were given full details of the study
and provided written informed consent. The study was approved by the Institutional Review
Board of the University of Michigan Medical School. All participants completed self-report
measures of anxiety, sedation, and neurocognitive function. Details can be found in
Supplemental Information.

Drug Administration

Study drug (pregnenolone) and matching placebo identical in appearance were obtained
from Belmar Pharmacy (Lakewood, CO), which provided certificates of analysis.
Participants were randomly assigned to receive a single oral dose of 400 mg pregnenolone
(n=16), or placebo (n=15). Participants and investigators were blind to condition.
Pregnenolone was administered as a precursor loading strategy to significantly increase
downstream allopregnanolone levels. Pregnenolone is lipophilic and readily crosses the
blood brain barrier. We have previously found that pregnenolone is preferentially
metabolized to allopregnanolone, rather than other compounds such as cortisol or DHEA
(43, 44); however these metabolites were also assayed. Allopregnanolone serum levels have
been reported to triple two hours after oral administration of 400 mg pregnenolone (45).
Thus, drug administration occurred two hours before neuroimaging to ensure elevated levels
during the scan.

Steroid measurements

We used circulating serum levels of allopregnanolone and pregnenolone as indicators of
central neurosteroid levels. In animal models, serum neurosteroid levels appear to be closely
related to hippocampal levels (46). Serum samples for assay were collected once prior to
drug administration and once after the scanning session. Pregnenolone and allopregnanolone
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levels in serum were determined by a highly sensitive and specific gas chromatography-
mass spectrometry method as described previously (47, 48), with modifications (the electron
impact ionization mode was utilized for this investigation, rather than negative ion chemical
ionization). One ml of serum was extracted three times in ethyl acetate before high
performance liquid chromatography (HPLC) purification using tetrahydrofuran, ethanol, and
hexane in the mobile phase. All samples were injected in duplicate. Mean intra-assay
coefficients of variation for pregnenolone and allopregnanolone were 0.9% and 2.9%,
respectively. The limit of detection with this method was 1 pg for both pregnenolone and
allopregnanolone. Serum DHEA levels were determined via enzyme immunoassay (ALPCO
Diagnostics, Salem, NH), and serum levels of cortisol and DHEAS were determined by
chemiluminescent enzyme immunoassay (IMMULITE) according to the manufacturer’s
directions (Siemens Healthcare Diagnostics Inc., Tarrytown, NY). All neurosteroid values
were natural log transformed prior to analyses.

Shifted-Attention Emotion Appraisal (SEAT) Paradigm

In order to investigate the brain basis of emotional response and regulation, our laboratory
has developed an emotional appraisal task (39, 40) modifying the task of Anderson and
colleagues (49). The SEAT taskpresents compound stimuli that include both emotional faces
and neutral scenes (see Figure 1). Stimuli include composite pictures of superimposed faces
(foreground) and buildings (background), as well as 20 pictures of faces or buildings only.
The face pictures depict neutral, angry, or fearful expressions, and the building pictures
depict indoor or outdoor scenes. In three different conditions, participants are asked to
respond to three different questions: (1) ‘Gender’: Whether the face in the foreground is
male or female; (2) ‘Inside/Outside’: Whether the scene in the background is indoors or
outdoors; or (3) ‘Like/Dislike’: Whether the face in the foreground is liked or disliked. This
probes multiple components of emotion regulation, including (1) implicit emotional
processing, (2) attentional modulation of emotion, and (3) modulation of emotion by
appraisal. Further details can be found in Supplemental Information.

Magnetic Resonance Imaging

Image Acquisition—MRI scanning occurred on a Philips 3.0 Tesla Achieva X-series
MRI (Philips Medical Systems). After a T1 image (T1-overlay) was obtained, a T2*-
weighted, echoplanar acquisition sequence [GRE; repetition time, 2000 ms; echo time, 25
ms; flip angle, 90°; field of view (FOV), 22 cm; 42 slice; thickness/skip, 3.0/0 mm matrix
size equivalent to 64 x 64] was collected. After discarding three initial volumes to permit
thermal equilibration of the MRI signal, 185 volumes were acquired per run. After acquiring
the functional volumes, a high-resolution T1 scan was obtained for anatomic normalization
[26 FOV; thickness/skip, 1.0/0 mm]. E-prime was used to present stimuli and record
responses (Psychology Software Tools, Pittsburgh, PA). Participants viewed stimuli through
MR-compatible liquid crystal display goggles (NordicNeuroLabs http://
www.nordicneurolab.com) and responded to those stimuli using an MRI-compatible button
box.

Preprocessing—A standard series of processing steps was performed using statistical
parametric mapping (SPM8; www.fil.ion.ucl.ac.uk/spm). Scans were reconstructed, motion-
corrected, slice-time corrected, realigned to the first scan in the experiment to correct for
head motion, co-registered with the high-resolution sagittal images, anatomically normalized
to the Montreal Neurological Institute (MNI) 152 template brain, resampled to 3x3x3 mm3
voxels, and smoothed with an 8x8x8 mm?3 kernel. Motion parameters (mean displacement,
mean angle) were compared across drug conditions via Independent-Samples Kruskal-
Wallis tests, and runs with any movement greater than 3 mm were excluded.
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Data Analysis

Maps of activation in each condition, as well as reaction time and on-line accuracy
judgments were analyzed via a 2 (Drug Type: Pregnenolone or Placebo) x 3 (Face Type:
Angry, Fearful, Neutral) x 3 (Condition: Male/Female, Inside/Outside, Like/Dislike)
repeated measures ANOVA to assess for main effects and interaction effects. Follow-up
simple effects analyses were performed with two-tailed t-tests, with significance threshold
set to .05, corrected for multiple comparisons. Since 20 clusters were found, the significance
threshold was set to .05/20 = .0025. Levels of allopregnanolone and pregnenolone (endpoint
minus baseline) were entered as regressors in between-subject analyses.

Whole Brain and Region of Interest Analysis

Results

Participants

Intervention

Z-score images from the individual activation maps were entered into second-level random-
effects analyses implemented in SPM8. Second-level maps were corrected for multiple
comparisons using whole-brain family-wise error correction, p<.05. In addition, region of
interest (ROI) analysis with small volume correction (SVC) was conducted with a priori
brain areas identified in previous neuroimaging studies of allopregnanolone (33, 34) and
studies using the SEAT task (40). Activation threshold and cluster size were determined
using AlphaSim (50) to correspond to a false positive rate of p<0.05, corrected for multiple
comparisons within ROls. A priori ROIs of anatomical dmPFC (k=1473), insula (k=536),
and amygdala (A=69) were used as masks. Images were thresholded using a voxelwise
threshold of p<0.05 uncorrected with a minimum cluster size of 30 voxels for amygdala, 81
connected voxels for insula, and 170 voxels for dmPFC. Only the activations within the
ROls that survived the volume and voxel correction criteria were extracted and used for
further analysis. Activation foci were labeled by comparison with the neuroanatomical atlas
by Talairach and Tournoux (51). Reported voxel coordinates correspond to standardized
Montreal Neurologic Institute (MNI) space.

The time series from significant clusters within regions of group difference were used in a
psychophysiological interaction (PPI) analysis. Deconvolved time series in the anatomical
dmPFC was extracted for each participant as the first regressor in the PPI analysis
(physiological variable). The second regressor represented the experimental condition
(appraisal; psychological variable). The regressor of interest was the interaction between the
time series of the seed region and the experimental condition.

Sixteen participants were administered pregnenolone and 15 were administered placebo. No
participant met criteria for any psychiatric disorder, as assessed by the M.1.N.I. Groups did
not differ by age or race. There were no significant differences between pregnenolone
administration and placebo groups in self-reported anxiety, sedation, or neurocognitive
function (in all cases £>0.2). Sample demographics and characteristics can be found in Table
1.

At three hours post-administration, pregnenolone resulted in threefold elevations in serum
levels of pregnenolone (paired 415)=10.89, p<0.001), and increased allopregnanolone
sevenfold (paired {15)=13.59, p<0.001). Pregnenolone administration also increased levels
of pregnanolone (allopregnanolone’s 5p-stereoisomer) [t(29)=3.17, p=.004] by
approximately 60% and reduced DHEAS levels [t(29)=3.29, p=.003] by approximately 5%.
Baseline and endpoint levels of pregnenolone, allopregnanolone, and pregnanolone can be
found in Table 2. Compared to placebo, pregnenolone did not differentially alter serum
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cortisol or DHEA levels at three-hours post-administration (in all cases £>0.3). There were
no significant differences in subjective drug effects (¢>.5). Participants’ guesses of which
drug they received did not deviate from chance (XZ(S):1.34, p=71). Pregnenolone
administration was utilized as a precursor loading strategy to enhance allopregnanolone
levels, however, for accuracy, we will use the term “PREG group” to refer to the
participants who were administered pregnenolone. This issue is further detailed in the
discussion.

Behavioral Results—There were no significant differences between PREG and placebo
groups in reaction time [A1, 29)=1.72, p=20) or accuracy [H1, 29)=.031, p=386). There
was a significant main effect of task driven by increased accuracy (.81 +.028 vs .70 + .017)
and decreased reaction time (1.34 + .055 vs 1.44 + .05) in the attention modulation task as
compared to the implicit emotion processing task [reaction time A2, 58)=6.57, p=.003);
accuracy A2, 58)=41.11, p<.001)].

fMRI Results—Examination of motion parameter summary statistics revealed there were
no differences between groups in mean displacement or mean angle (in all cases p>0.07).
Maximum displacement did not exceed 3 mm.

Main Effect of Drug—There was a main effect of drug in the amygdala ([27,-1,-17];
H1,29)=9.97, p<.05, SVC) and the insula ([42,8,4]; A1,29)=10.97, p<.05, SVC) such that
pregnenolone administration decreased amygdala and insula activity across all conditions
and face types (see Figure 2). Across all conditions and face types, change in serum
allopregnanolone level was negatively associated with right amygdala activity (r=—.66, p<.
001), and change in serum pregnenolone level was negatively associated with right insula
activity (r=—.65, p<.001), indicating that peripheral increase in allopregnanolone and
pregnenolone was associated with reduced activation in these emotion generation regions.
Whole-brain correlations with steroid levels (pregnenolone, allopregnanolone, and
pregnanolone) can be found in Table 3.

Main Effect of Condition: Effects of Appraisal—There was a main effect of
condition in the dmPFC [(-12,32,58); A2, 232)=6.71; k=255; p<.001], and left anterior
insula [(-48,26,-2]; F=6.72; k=160; p<.001] such that activity in these regions was
increased during the appraisal condition as compared to the implicit emotion processing
condition (p<.001). This effect was present for both the PREG (p=0.0002) and placebo
(0=0.003) groups.

Main Effect of Condition: Effects of Attention Modulation—There was a main
effect of condition in the left parietal cortex ([-36,-82,28]; /=54.26; k=341; p<.001), left
precuneus ([-15,-55,13]; /=45.02; k=173; p<.001), and bilateral parahippocampal gyrus
(Right: [30,-40,-11]; /=56.94; k=169; p<.001; Left: [-27,-43,-11]; F/=64.07; k=225; p<.
001) such that activity in these regions was increased in the attention modulation condition
as compared to the implicit emotion processing condition (p<.001). Parahippocampal
activity showed significant overlap with Parahippocampal Place Area (Right: [30,-40,-14];
k=158; Left: [-27,-37,-14]; k=131), indicating heightened attention to location during this
condition.

Drug by Condition Interaction—There was a significant drug by condition interaction
in the dmPFC ([3,56,37]; A2,232)=6.41, p<.05, SVC), such that pregnenolone
administration increased dmPFC activity in the appraisal condition as compared to the
implicit emotion processing condition (p=.002; see Figure 2). The placebo group showed no
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significant differences between conditions in this dmPFC region. DMPFC activation in the
PREG group was positively correlated with self-reported anxiety (r=50, p=.047), whereas
there was no relationship between dmPFC activation and self-reported anxiety in the
placebo group (r=.18, p=52). Since this region showed differential activation due to drug
(PREG>PBO) during appraisal, subsequent PPI analysis was performed with this dmPFC
region as a seed during the appraisal condition to identify differential patterns of
connectivity across the drug versus placebo groups.

Psychophysiological Interaction (PPI)—Compared to placebo, the PREG group
showed significantly greater functional connectivity between the dmPFC and left amygdala
([-30,-1,-23]; £=4.8, p<.001; see Figure 3) during the appraisal condition as compared to
implicit baseline. No other region showed differential connectivity with the dmPFC.
Functional connectivity between dmPFC and amygdala in the PREG group was inversely
correlated with self-reported anxiety (r=—.52, p=.046). There was no relationship between
self-reported anxiety and dmPFC-amygdala connectivity in the placebo group (/=-.043, p=.
88). We further hypothesized that ratios of neurosteroid levels could influence functional
connectivity between the dmPFC and amygdala or anxiety ratings (e.g., 20). These
exploratory analyses can be found in Table 4.

Discussion

We used a novel probe of emotion processing, modulation and regulation to assess the
neural basis of allopregnanolone’s impact on emotion processing. We demonstrate that
elevation of allopregnanolone following pregnenolone administration is associated with
reduced activity in regions linked to the generation of negative emotion, increased activity in
regions linked to regulatory processes, and enhancement of functional connectivity; an
effect that is associated with less self-reported anxiety. To our knowledge, this is the first
neuroimaging study to demonstrate an effect of allopregnanolone on emotion regulation, a
function likely dysregulated in anxiety disorders. These findings add to the current
knowledge regarding the effects of allopregnanolone on emotion neurocircuits, and provide
neuroimaging evidence that allopregnanolone may modulate neurocircuits in directions
counter to those observed in anxiety psychopathology.

Pregnenolone administration reduced activity in neural circuits associated with the
generation of negative emaotions. Across all conditions and all face types, pregnenolone
administration decreased right amygdala and right insula activity, and serum levels of
pregnenolone and allopregnanolone were negatively correlated with amygdala and insula
activation levels. The amygdala is a key region in threat detection (52), fear conditioning
(53), and emational salience (54). The insula is responsible for interoception (55), disgust
(56), emation processing (57), emotional recall (36), and anticipation of aversive stimuli
(58). Both regions are associated with negative emotional response (57), and greater
amygdala activation in response to the presentation of facial expressions is associated with
greater magnitude of emotional response (59-63). Additionally, activation reductions in
amygdala and insula are associated with down-regulation of negative emotions (64). Thus,
allopregnanolone’s reduction of activity in amygdala and insula suggests that
allopregnanolone may reduce emaotional reactivity to aversive stimuli.

Pregnenolone administration also increased activity in the dmPFC, a region linked to
regulatory control over emotion. This finding was specific to the appraisal condition. We
have previously demonstrated that shifting attention to become aware of and evaluate the
intensity of one’s emotional response to aversive stimuli leads to robust activation of
dmPFC and rostral ACC (59, 65-67). Behavioral studies of emotional appraisal and labeling
report that this strategy lowers distress (68) and facilitates habituation (69). Thus,
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allopregnanolone’s enhancement of dmPFC activity during appraisal suggests that
allopregnanolone may facilitate the evaluation of one’s own emotional response and aid in
successful down-regulation of negative emotions. Interestingly, greater dmPFC activity
during appraisal was associated with greater self-reported anxiety. As the dmPFC is central
to conscious threat appraisal (70), greater dmPFC activity in individuals with higher self-
reported anxiety could reflect greater levels of threat processing. Alternatively, higher
activity in this region could reflect greater task engagement in certain individuals.

Finally, pregnenolone administration increased connectivity between amygdala and dmPFC
during appraisal, with greater connectivity associated with reduced self-reported anxiety.
Psychophysiological interaction (PPI) reflects the connectivity between one region and
another during a particular context, controlling for the baseline relationship between regions.
Thus, the current results suggest that allopregnanolone is associated with greater functional
coupling between amygdala and dmPFC during appraisal specifically. However, PPI does
not assess the impact of third-party regions on the two regions of interest, and does not
reflect causal relationships. While these correlational findings do not necessarily provide
evidence of an inhibitory or excitatory relationship, they may suggest potential neural
mechanisms of emotional regulation given known structural connections and reciprocal
feedback loops between amygdala and mPFC (71-73). Previous research indicates that
emotion regulation depends on interactions between dmPFC and amygdala (74). At least one
previous study has demonstrated that enhanced connectivity between dmPFC and amygdala
is associated with successful emotion regulation and less negative affect (75). Of note, some
evidence suggests that successful regulation is associated with an inverse relationship (anti-
correlation) between dmPFC and amygdala (64, 76). However, in our sample, greater
connectivity between amygdala and dmPFC was associated with less self-reported anxiety,
suggesting allopregnanolone’s modulatory effects on connectivity may aid dmPFC-mediated
appraisal and/or reduce amygdala-mediated negative emotional responding. Our findings
extend those of Van Wingen and colleagues (34) by demonstrating that allopregnanolone’s
selective enhancement of dmPFC to amygdala connectivity is associated with reduced
anxiety. Since several anxiety disorders are characterized by a lack of neural regulatory
control (77) and impaired emotion regulation (38), future studies should examine
allopregnanolone’s potential as a neurosteroid target for pharmacologic intervention for
these individuals.

Allopregnanolone likely impacts emotion regulation neurocircuitry through GABAergic
mechanisms, though it may also impact this circuitry through its enhancement of
neurogenesis (78) myelination (79) or neuroprotection (80-83). Amygdala and mPFC are
rich in GABA(A) receptors (28) and endogenous allopregnanolone (48), suggesting that
allopregnanolone could feasibly have a direct impact on activity in these regions. Indeed, in
our sample, allopregnanolone serum level was more strongly correlated to amygdala activity
than activity in any other brain region. Preclinical research suggests that the amygdala may
be a particular target of allopregnanolone’s anxiolytic effects (30). In rats, microinfusions of
allopregnanolone directly into the amygdala produce anxiolytic (30) antidepressant (31) and
anti-aggressive (32) effects. In previous neuroimaging studies, greater endogenous
allopregnanolone has been reported to be associated with lower amygdala reactivity (33, 41)
and greater coupling between amygdala and dmPFC (34). Though we did not directly test
the GABAergic effect of our intervention, our findings illuminate potential neural pathways
through which pregnenolone administration and resulting increases in allopregnanolone
levels could feasibly impact GABAergic transmission in a manner that is relevant to
pathological anxiety.

There are several limitations to this study. Limitations of our intervention include the fact
that we measured serum levels of allopregnanolone, and not CSF or brain levels. However,
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in animals, neurosteroid levels appear to be highly correlated (46). Secondly, as steroid
levels were only measured twice (once at baseline and once at the 3-hour endpoint), it is
possible that steroids showing no change (including cortisol and DHEA) were in fact acutely
changed but had returned to baseline by the endpoint of our experiment. Third, our event-
related fMRI design is not well-suited to assess allopregnanolone’s potential impact on
overall brain perfusion (82) or neurovascular coupling. Future studies should employ PET or
arterial spin labeling to examine these issues. Sample limitations include the fact that our
sample size was modest, thus our results should be considered preliminary. In particular, our
power to detect differences between groups was limited by our small sample size; therefore,
our study requires replication. Additionally, our sample consisted of healthy male
individuals without mood or anxiety disorder diagnoses. Thus, extrapolations to women or
to clinical populations should be made with caution. Potential behavioral data limitations
include the fact that pregnenolone administration did not reduce overall self-reported
anxiety, thus it is possible that the observed correlations between anxiety and amygdala-
dmPFC coupling might be related to normal variations in anxiety levels rather than a drug
induced effect per se. However, it may not be anticipated that participants without baseline
anxiety symptoms would necessarily report decreases in self-reported anxiety. Future
investigations in participants meeting criteria for anxiety disorders at study entry may help
to clarify this issue. Finally, our drug manipulation involved the administration of
pregnenolone, not allopregnanolone. Since allopregnanolone is not currently commercially
available for clinical use, it was necessary to administer pregnenolone as a precursor loading
strategy to increase downstream allopregnanolone levels. As our results demonstrate, oral
administration of pregnenolone increases allopregnanolone levels sevenfold. We have
framed our results in terms of an allopregnanolone manipulation, but our results may also be
attributable to increases in pregnenolone. Pregnenolone levels are low in individuals with
major depression (84) and anxiety disorders (85, 86), and are increased by fluoxetine
administration in rats (22) and in humans (87). Therefore, pregnenolone may also be
relevant to anxiety symptomatology, and may influence relevant neurocircuits. Thus, future
studies should attempt to disentangle the emotion regulatory effects of pregnenolone versus
its metabolite allopregnanolone.

In conclusion, we demonstrate that pregnenolone administration (leading to increased
downstream allopregnanolone levels) reduces activity in regions associated with the
generation of negative emotion and enhances activity in regions linked to regulatory control
over emotion, as well as increasing connectivity between two of these regions (dmPFC and
amygdala). Considering the wealth of evidence that neurocircuits involving these regions are
altered in anxiety disorders, our results invite further investigation into the brain basis for
allopregnanolone’s use as an anxiolytic pharmacological intervention.
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Figure 1.
Task stimuli depict neutral, angry, or fearful expressions superimposed on building pictures

of indoor or outdoor scenes. Faces reprinted with permission from the Paul Ekman Group,
LLC.
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Figure 2.

(A) Compared to placebo, pregnenolone administration decreased activation in right
amygdala ()=2) and right insula (z=-6) across conditions and face types. (B) Compared to
placebo, pregnenolone administration increased dorsal medial prefrontal cortex activation
during appraisal (x=0). Percent signal change is displayed next to each figure.
PREG=pregnenolone administration group. PBO=placebo.
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Figure 3.
Pregnenolone administration increased functional connectivity between dorsal medial

prefrontal cortex (dmPFC) and left amygdala ()=3) during appraisal.
PREG=pregnenolone administration group. PBO=placebo.
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Table 1

Sample Demographics and Characteristics

Placebo (n=15)  Pregnenolone (n=16) t/x> p

Age (Mean * SD) 23+3.0 22437 9 36
Race 3A, 3AA, 9C 2A, 14C 426 .12
Digit Span

Baseline 19.6+3.9 19.8+35 16 .87

Change 11+24 31+£20 10 31
Trail-Making Test

Baseline 514 %157 54.4+9.9 .65 .52

Change -74+115 -10.6 £ 6.6 95 .35
PANAS-X Negative Affect 14+ .34 12+.25 1.8 .08
Drug Effects Questionnaire 1.9+ .66 1710 58 .57
VAS Anxiety

Baseline .83+.43 1.0+ .87 .80 .43

Change .09 £ .66 -.28+.78 14 .18
In-Scan Anxiety Survey 74x19 76%18 25 .81

A, Asian; AA, African-American; C, Caucasian; PANAS-X, Positive and Negative Affect Schedule — Expanded Form; VAS, Visual Analogue

Scale. Change = Endpoint minus Baseline.
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Table 3

Whole-Brain Correlations with Steroid Levels

Steroid (pg/ml) and Brain Region  Cluster Size  MNI coordinates (x,y,2)  Analysis(r)
Pregnenolone
Right Insula 12 42,11, 4 -.65
Right Inferior Frontal Gyrus 12 48, 11, 37 -.62
Allopregnanolone
Right Amygdala 10 27,-1,-17 -.66
Pregnanolone
Right Lingual Gyrus 18 33,-70,7 .62
Right Insula 127 30,8,7 -.68
Medial Frontal Gyrus 11 18, 38, 31 -.56

*
Correlations were conducted with change scores (natural log transformed steroid levels at endpoint minus baseline), and are significant at p<.001,

uncorrected, extent threshold £>10.
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Correlations between steroid level, in-scan anxiety, and dmPFC-amygdala functional connectivity

Table 4

Steroid (pg/ml)

PREG/ALLO DHEA/ALLO DHEA/CORT

In-scan anxiety rating

dmPFC-amgydala connectivity 4447 -.337 -.148

.051 -.089 -.133

ALLO = allopregnanolone; CORT = cortisol; PREG = pregnenolone.

p<.05
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