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Abstract

Background. Laboratory paradigms are widely used to study fear learning in posttraumatic
stress disorder (PTSD). Recent basic science models demonstrate that, during fear learning,
patterns of activity in large neuronal ensembles for the conditioned stimuli (CS) begin to
reinstate neural activity patterns for the unconditioned stimuli (US), suggesting a direct
way of quantifying fear memory strength for the CS. Here, we translate this concept to
human neuroimaging and test the impact of post-learning dopaminergic neurotransmission
on fear memory strength during fear acquisition, extinction, and recall among women with
PTSD in a re-analysis of previously reported data.

Methods. Participants (N =79) completed a context-dependent fear acquisition and extinc-
tion task on day 1 and extinction recall tests 24 h later. We decoded activity patterns in
large-scale functional networks for the US, then applied this decoder to activity patterns
toward the CS on day 1 and day 2.

Results. US decoder output for the CS+ increased during acquisition and decreased during
extinction in networks traditionally implicated in human fear learning. The strength of US
neural reactivation also predicted individuals skin conductance responses. Participants rando-
mized to receive L-DOPA (n = 43) following extinction on day 1 demonstrated less US neural
reactivation on day 2 relative to the placebo group (1 =28).

Conclusion. These results support neural reactivation as a measure of memory strength
between competing memories of threat and safety and further demonstrate the role of dopa-
minergic neurotransmission in the consolidation of fear extinction memories.

Posttraumatic stress disorder (PTSD) is characterized by intrusive recollections of the trau-
matic event, avoidance of stimuli related to the trauma, negative changes in mood and cogni-
tion, and hyperarousal (Weathers, Keane, & Davidson, 2001). Existing evidence-based
treatments for PTSD strongly rely on exposure-based modalities, which are hypothesized to
work via the basic mechanisms of classical conditioning and extinction (Foa, Rothbaum,
Riggs, & Murdock, 1991; Rothbaum & Davis, 2003). Accordingly, laboratory paradigms of
fear conditioning and extinction are widely used to test and develop novel modalities to
enhance exposure-based therapies (Crombie et al., 2023, 2021; Dunsmoor, Cisler, Fonzo,
Creech, & Nemeroff, 2022; Raij et al., 2018).

Recent animal and human laboratory work suggests a key role for dopamine signaling in
the consolidation of fear extinction memories (Kalisch, Gerlicher, & Duvarci, 2019). Animal
models using pharmacological and chemogenetic manipulations demonstrate a critical role
for dopaminergic neurons projecting to the striatum during consolidation of fear extinction
memories (Bouchet et al, 2017; Haaker et al., 2013; Luo et al, 2018). Human studies
among healthy men similarly demonstrate that L-DOPA, a dopamine precursor that broadly
increases dopamine signaling, delivered after fear extinction learning results in less return of
fear 24 h later (Gerlicher, Tischer, & Kalisch, 2018; Haaker et al., 2013). In a sample of
women with PTSD, we previously demonstrated that post-extinction L-DOPA decreased
skin conductance responses (SCRs) and anterior insula activation to conditioned stimuli
(CS) following a fear reinstatement procedure (Cisler et al., 2020). Here it is important to dif-
ferentiate learning the extinction memory v. consolidating the extinction memory, as this body
of data supports manipulations of dopaminergic signaling more specifically during the con-
solidation window as a means to enhance the consolidation of fear extinction memory, thereby
increasing likelihood of fear extinction memory retrieval upon subsequent CS presentation.
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Testing the impact of laboratory manipulations, such as dopa-
mine signaling, on fear extinction consolidation success necessi-
tates laboratory operational definitions of fear memory strength
(i.e. since extinction memory strength is inferred indirectly
through degree of fear memory strength). In humans, common
measures to evaluate the success of extinction learning include
psychophysiological responding (e.g. skin conductance) and func-
tional MRI activation (e.g. amygdala activity) (Bach & Melinscak,
2020; Fullana et al., 2016, 2018; Ojala & Bach, 2020) to CS at an
extinction recall test some time following extinction memory for-
mation. The underlying conceptualization is that presentation of
an extinguished conditioned stimulus elicits competing retrieval
of the fear memory and the extinction memory (Bouton, 2004),
with the relative degree of retrieval between these memories
thereby determining the degree of measurable fear responding
(e.g. the magnitude of autonomic arousal). In this way, down-
stream measures of fear provide an indirect index of fear memory
strength (v. extinction memory strength). Recent neurophysio-
logical animal models offer a novel methodology to quantify
fear memory strength more directly through populations of neural
activity (Herry & Jercog, 2022). Longitudinal monitoring of
dynamics within large populations of amygdala neurons demon-
strates that, during fear conditioning, the neural ensemble
representation of the conditioned stimulus (CS) reshapes to
resemble the representation of the unconditioned stimulus (US)
(Grewe et al, 2017; Zaki et al, 2022; Zhang & Li, 2018).
Beyond suggesting a supervised learning model by which fear
learning operates (Knudsen, 1994), these data also suggest a direct
and intuitive means of quantifying fear memory strength: the
degree to which the CS reactivates the representation of the threa-
tening outcome it had predicted in the past, i.e. the US (Grewe
et al,, 2017). This type of direct measure of fear memory strength,
if translated to humans, could further bolster support for labora-
tory manipulations hypothesized to enhance fear extinction learn-
ing and decrease fear memory strength.

Multivariate pattern analysis is increasingly used in human
fear conditioning and extinction fMRI studies (Hennings,
Cooper, Lewis-Peacock, & Dunsmoor, 2022), and is an appropri-
ate statistical approach for testing CS reactivation of the US dur-
ing learning in humans. A decoder trained to discriminate activity
patterns for the US itself can be applied to activity patterns for the
CS during conditioning and extinction, allowing CS elicited
reactivation of the US to be quantified. Here, we use MVPA to
translate the hypothesis that a CS is sufficient to reactivate neural
activity patterns of a US (mild electrical shock) that it has been
associated with in the past. We leverage a previously reported
multi-day fear conditioning/extinction and extinction recall data
set in women with PTSD who received L-DOPA or placebo fol-
lowing extinction on day 1, which allows us to test the degree
of US neural reactivation 24 h following extinction learning that
has putatively been enhanced through consolidation-dependent
dopaminergic signaling (Cisler et al., 2020). This allows us to
assess whether this measure of fear memory retrieval is effectively
diminished by manipulating the strength of the extinction mem-
ory representation through increased dopamine signaling during
the consolidation window. Based on meta-analytic results for
neural encoding of fear conditioning and pain in humans
(Biggs et al., 2020; Fullana et al., 2016; Palermo, Benedetti,
Costa, & Amanzio, 2015; Xu et al., 2020), we focus on US repre-
sentations in functional networks consisting of anterior insula,
dorsal anterior cingulate, striatum, and superior temporal gyrus.
Given the role of neuronal ensembles in the amygdala in animal
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models of CS reactivation of US representations, we include an
additional bilateral mask of amygdala (Grewe et al, 2017;
Zhang & Li, 2018). We also test a whole-brain mask of grey matter
(GM) voxels to identify a brain-wide US representation uncon-
strained within any specific network. We hypothesize that (1)
CS reactivation of US representations increases during fear acqui-
sition and decreases during fear extinction, (2) CS reactivation of
US representations predicts downstream psychophysiological
responding and self-reported US expectancy, and (3) participants
receiving L-DOPA after day 1 demonstrate decreased CS reactiva-
tion of US representations (i.e. decreased fear memory strength)
on day 2.

Method
Participants, assessments, and inclusion criteria

Participants consisted of 79 women with PTSD related to inter-
personal violence with usable fMRI data (from an initial rando-
mized sample of 91; see Supplementary material for further
inclusion and exclusionary criteria). Table 1 lists demographic
and clinical characteristics of the sample. All procedures were
approved by the appropriate IRBs and all patients provided
informed consent.

Double-blind randomization

Participants were randomized using blocked stratified randomiza-
tion (see Supplementary material). Online Supplementary Fig. S1
provides participant enrollment and attrition throughout the
design.

Fear conditioning, fear extinction, and fear recall task

The task used here (online Supplementary Fig. S2) was modeled
after a prior study among healthy adults testing the impact of
L-DOPA on context renewal (Haaker et al., 2013). The US was
an electric shock. CS consisted of triangles and circles. The US
occurred 2.5s following CS+ onset with a 50% reinforcement
schedule during the acquisition phase. Colored backgrounds dis-
tinguished the acquisition and extinction contexts. No shocks
occurred during the extinction phase. The task alternated
between acquisition and extinction phases, with two presenta-
tions of each phase. US expectancy ratings were collected three
times in each block on day 1. See the Supplementary material
for more details.

Participants completed the day 2 fear recall task 24 h following
day 1 learning. The task presented two CS+ and CS— stimuli per
context (acquisition and extinction contexts from day 1) for a
total of three context presentations (six total CS presentations
each), with no shock presentations. During this initial recall test
(i.e. initial fear recall), responding to the CSs in the extinction
context reflects extinction recall, whereas responding to the CSs
in the acquisition context reflects renewal. After this initial fear
recall test, participants then received a single unsignaled US pres-
entation to promote fear reinstatement before completing the
recall task again (i.e. reinstatement). In this task, extinction
retrieval, context renewal, and fear reinstatement are respectively
operationalized on day 2 through fear responding in the extinc-
tion context, when returning to the acquisition context, and fol-
lowing the US reinstatement procedure.
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Table 1. Comparison of clinical and demographic characteristics between participant groups (placebo v. 100 mg v. 200 mg)

Placebo (a) 100 mg (b) 200 mg (c)
Variable N=34 N=28 N=29 p values
Age (year) 33.8 (8.8) 34.8 (9.7) 34.5 (8.6) p(ab) =0.655
plac)=0.734
p(bc) =0.901
Education (year) 15.5 (2.9) 14.8 (2.0) 15.0 (2.6) p(ab) =0.251
p(ac) =0.457
p(bc)=0.713
Ethnicity p(abc)=0.168
White (%) 76.5 60.7 82.1
African America (%) 8.8 28.6 17.2
Asian 0 0 0
Native American 2.9 0 0
Hispanic 5.9 0 3.5
Pacific Islander 0 0 0
Other 5.9 10.7 0
1Q p(ab) =0.292
p(ac)=0.393
Verbal 104.3 (24.0) 98.3 (19.2) 99.4 (20.0) p(bc)=0.839
Digit span 9.8 (2.6) 9.5 (3.3) 9.7 (1.9) p(ab) =0.695
p(ac) =0.850
p(bc) =0.799
Direct assault types (#) 6.0 (2.6) 5.6 (2.9) 5.3 (3.5) p(ab) =0.580
plac) =0.347
p(bc) =0.697
Sexual assault (%) 97.1 92.9 89.7 p(abc) =0.493
Physical assault (%) 88.2 78.6 75.9 p(abc) =0.411
Physical abuse (%) 64.7 60.7 51.7 p(abc) =0.570
Age first assault (year) 8.9 (6.7) 9.4 (6.5) 9.7 (7.0) p(ab) =0.735
p(ac) =0.616
p(bc) =0.870
Age last assault (year) 28.4 (9.7) 29.3 (11.2) 27.9 (10.6) p(ab) =0.752
p(ac) =0.843
p(bc) =0.641
Time since last assault (year) 5.3 (6.7) 5.5 (7.7) 6.6 (7.8) p(ab) =0.908
p(ac) =0.491
p(bc)=0.611
Current mood disorder (%) 26.5 429 345 p(abc) =0.399
Current comorbid anxiety disorder (%) 70.6 57.1 75.9 plabc) =0.294
Current GAD (%) 50.0 39.3 62.1 p(abc) =0.227
CAPS-V total severity 43.8 (11.3) 40.1 (10.2) 42.3 (11.9) plab)=0.191
p(ac) =0.615
p(bc) =0.464
Time between first day of menstrual cycle and fear ext. paradigm (days) 23.7 (6.7) 24.4 (6.0) 25.8 (15.5) p(ab) =0.818
(Continued)
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Placebo (a) 100 mg (b) 200 mg (c)

Variable N=34 N=28 N=29 p values
p(ac)=0.708
p(bc) =0.828

Birth control (%) 50.0 53.6 48.3 p(abc) =0.920

Estradiol concentration® (pg/mL) 1.45 (0.82) 1.43 (0.71) 1.34 (0.49) p(ab)=0.938
p(bc) =0.695
p(ac) =0.659

Daily cigarette smoker 17.6 25.0 17.2 p(abc) =0.706

GAD, generalized anxiety disorder; CAPS, Clinician Administered PTSD Scale DSM-V.

Note: Verbal 1Q was assessed from the Receptive One-Word Picture Vocabulary Test. Digit span is from the Wechsler Adult Intelligence Scale-IV.
®Estradiol concentration was calculated using enzyme immunoassay upon samples collected immediately following the second scan session. Salivary samples were only available among a
subset of participants across both sites and drug groups; N, =21, N, =18, N.=15. Usable imaging data available for n=28 placebo, n=19 100 mg, and n=24 L-DOPA.

Study medication

Among the participants with usable fMRI data utilized for this
analysis, n = 28 were randomized with a double blind to placebo,
n =19 randomized to 100/25 mg L-DOPA/carbidopa, and n =24
randomized to 200/50 mg L-DOPA/carbidopa. While the study
was designed to probe possible dose-dependency effects, our
prior analysis suggested generally comparable effects of both
active doses on fear responding following reinstatement (Cisler
et al., 2020). Thus, to conserve power, the L-DOPA dose groups
are combined for this analysis.

Independent component analysis

See the Supplementary material for details regarding the inde-
pendent component analysis (Calhoun, Adali, Pearlson, &
Pekar, 2001). Five components were deemed functional networks
of interest for the current analysis, based on prior meta-analyses
of fear conditioning and pain processing (Biggs et al., 2020;
Fullana et al., 2016, 2018; Palermo et al., 2015; Xu et al., 2020).
One of the ICA networks included bilateral nucleus accumbens
and dorsal regions of bilateral amygdala. To ensure adequate
coverage of amygdala, we created an additional mask of bilateral
amygdala defined from the Harvard-Oxford Atlas. We addition-
ally included a brain-wide mask constrained within GM voxels
to define a whole-brain GM US reactivation model.

Multivariate pattern analyses

Figure 1 provides an overview of the analytical approach, which is
in direct accord with our previous MVPA investigations (Cisler,
Tamman, & Fonzo, 2023; Moughrabi et al., 2022).

Decoding the US

The first step was to decode network activity patterns for the US.
For this step, each participants’ trial-by-trial activation patterns
at the time of the US and at the comparable time of non-
reinforced CS+ during the acquisition phase were characterized
using a least-squares approach (Mumford, Turner, Ashby, &
Poldrack, 2012) across all trials (i.e. AFNI’s 3dLSS). All trials
here are for the CS+ during acquisition, allowing the decoder
to isolate the US specifically. The resulting timepoint x voxel
matrices were centered within each timepoint to ensure no
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differences in overall activation across trials. Support vector
machines (SVM, with radial basis function kernel and cost par-
ameter C=1) implemented in Matlab through libsvm (Chang &
Lin, 2011), were used to decode US v. no-US (binary classifica-
tion). We established the accuracy of the decoders using fivefold
cross-validation (i.e. the sample was split into five folds of parti-
cipants, with one set held out as the test set and repeated until
each fold of participants has served as the test set), with 10 sep-
arate iterations to account for any variability in partitioning into
the folds. The US decoder accuracy was defined as the mean of
sensitivity and specificity.

CS reactivation of US representations during day 1

After testing accuracy of the US decoder, the next step was to
apply the decoders to participants” data during each CS presenta-
tion during each context of the task. 3dLSS was used to define
trial-by-trial activation for each CS across the task, providing
unique f coefficients for each CS+ and CS— during the acquisi-
tion and extinction contexts. Only non-reinforced CS+ trials
were included in these analyses. Following recent work (Cisler
et al, 2023; Moughrabi et al, 2022; Zhou et al, 2021), a
leave-one-out approach was used, such that a subject was desig-
nated as the left-out test subject, the US decoders were trained
on all remaining participants’ US v. no-US data except for the
left-out test subject, and the resulting US decoders were applied
to the left-out participant’s data for each day 1 CS. This process
was repeated for each subject. This resulted in hyperplane dis-
tances representing the degree to which each CS in each phase
reactivated the US representation. This process was repeated sep-
arately for each network of interest.

CS reactivation of US during day 2

A similar approach was used for day 2 responding to each CS dur-
ing each phase. 3dLSS was used to define trial-by-trial activation
for each CS during each context, for both initial recall and follow-
ing reinstatement. A leave-one-out approach was used, such that a
subject was designated as the left-out test subject, the US decoders
were trained on all remaining participants’ US v. no-US data from
day 1 except for the left-out test subject, and the resulting US
decoders were applied to the left-out participant’s data for each
day 2 CS.
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Figure 1. (a) Overview of the randomized clinical trial design. On day 1 participants alternated between a fear acquisition and fear extinction context, detonated by
differing colored backgrounds, in which the CS+ (either a triangle or circle, counterbalanced) did or did not predict a mild electric shock, respectively. Participants
then received either placebo, 100 mg, or 200 mg of L-DOPA. Participants returned 24 h later for an initial fear recall test, in which they were presented the CS in each
context in the absence of any shocks. Participants then underwent a fear reinstatement procedure in which they received a single unsignaled shock, and then
underwent the same fear recall task. (b) Overview of the MVPA decoding approach. On day 1, participants were split into a training set and a left out test
case. The training sample’s trial-by-trial g coefficients, which corresponded to shock delivery v. shock absence on CS+ trials in the acquisition context, were con-
strained within a given ICA network. These trial x voxel matrices were then used to train an MVPA decoder to predict the occurrence of the shock based on patterns
of activity in the network. This MVPA decoder was then applied to either day 1 or day 2 for the left-out test case’s trial-by-trial B coefficients for each CS in each
phase, resulting in a prediction for each CS of the degree to which the US representation was reactivated.

MVPA linear mixed-effects models
We tested hypotheses about the decoder output using linear
mixed-effects models (LMEMs; Matlab’s fitlme function). For
day 1, we modeled trial-by-trial US decoder output (i.e. CS reacti-
vation of US representations) as a function of CS type (CS+ v. CS
—), context (acquisition v. extinction), and group (placebo .
L-DOPA) with additional covariates for PTSD symptom severity,
education, age, head motion, and site, and including a random
intercept for subject. For day 2, given that fear extinction learning
continues in the absence of CS+ reinforcement, we focused on the
first block (i.e. first two CS presentations) for each context (acqui-
sition and extinction) for initial fear recall. For reinstatement (i.e.
after the single isolated US presentation), we compared the last
block of the initial fear recall test for each phase (ie. last two
CS+ and CS— in each context prior to reinstatement) and the
first block following reinstatement (i.e. first two CS+ and CS—
in each context following reinstatement). We corrected for mul-
tiple comparisons with Bonferroni correction (p <0.05/7 tests =
corrected p < 0.0071).

We tested relationships between decoder output (ie. CS reactiva-
tion of US representations) and SCRs with LMEMs that were iden-
tical to those described above except for the addition of trial-by-trial
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SCRs as an interactive factor. We conducted a similar analysis test-
ing relationship of decoder output with US expectancy ratings,
which were only available on day 1 (see Supplementary material).

Results
US decoder accuracy

As indicated in Fig. 2, US decoder accuracy was above chance for
all networks tested. Decoder accuracy for the bilateral amygdala
was notably lower compared to the other networks. Decoder
accuracy for the brain-wide GM mask was notably higher com-
pared to the other networks. Further, Fig. 2a provides the voxel
feature weights, following transformation to forward encoding
(Haufe et al., 2014), from the SVM model for the GM mask,
which demonstrates that voxels that contributed strongly to US
predictions corresponded to the ICA networks.

CS reactivation of US representations during day 1 fear
acquisition and extinction

As indicated in Fig. 3, there were significant CS x context interac-
tions for decoder output for the dACC network, #(8877) =3.92,
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Figure 2. (a) Depiction of the ICA networks tested here. We created an additional mask of complete bilateral amygdala in order to ensure adequate testing of the
amygdala’s role in representing the US in human neuroimaging data. (b) We also tested a whole-brain grey matter (GM) voxel mask, which demonstrated the high-
est classification accuracy (see panel c), and we present the voxel feature weights from the SVM model following transformation to forward encoding (Haufe et al.,
2014). We also present an expanded image of an axial slice and a coronal slice to demonstrate that the voxel feature weights resemble the ICA networks tested, here
demonstrating strong positive weights in regions consistent with the insula/STG network (see panel a) and less strong positive weights in the amygdala. (c) Results
from the cross-validation analyses from day 1 that tested the accuracy of the MVPA decoders to predict the occurrence v. absence of the shock. Error bars represent
the range of the fivefold cross-validation accuracy across 10 iterations.

P <0.001, and insula/STG network #(8877) =4.00, p <0.001. No

significant US reactivation was observed for the other networks
controlling for multiple corrections.
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interactive term for block in the LMEMs. This analysis demon-
strated that US decoder output for the dACC and insula/STG net-
works was not moderated by block ( ps>0.15). By contrast, the
insula/MFG network demonstrated a significant CS x context x
block interaction, #(8873)=2.79, p=0.0053, such that greater
US decoder output for the CS+ v. CS— in the acquisition v. extinc-
tion context was only observed in the last half of blocks, #(4444) =
2.71, p=0.0067, and not first half of blocks, #(4424) = —0.44, p =
0.66 (Fig. 3). Similarly, the whole-brain GM mask demonstrated a
significant CS x context x block interaction, #(8873)=4.17, p<
0.001, such that greater US decoder output for the CS+ v. CS—
in the acquisition v. extinction context was observed in the last
half of blocks, #(4444) =2.05, p =0.04, whereas this pattern was
inverted in the first half of blocks, #(4424)=-2.25, p=0.025
(Fig. 3).

CS reactivation of US representations and convergent fear
responses during day 1

Trial-by-trial SCRs demonstrated the predicted CS x context inter-
action, #(8505) = 9.32, p < 0.001 (online Supplementary Fig. S3). US
decoder output for the insula/STG network was significantly posi-
tively correlated with trial-by-trial SCRs, #(8262) = 3.06, p = 0.002,
and no interaction with CS or context (Fig. 4). US decoder output
for the whole-brain GM mask was similarly positively correlated
with trial-by-trial SCRs, #(8262) =7.55, p <0.001 (Fig. 4).

US expectancy ratings were also available for day 1. US
decoder output for the insula/STG network was marginally sig-
nificantly related to the context x rating interaction, #(8873) =
2.59, p =0.0096, such that US decoder output was strongly related
to expectancy ratings during acquisition, #(3791) = 3.49, p < 0.001,

1097

but not extinction contexts, #(5077)=-1.13, p=0.26 (online
Supplementary Fig. S5). US decoder output for the other net-
works was not related to expectancy ratings during day 1.

CS reactivation of US representations during day 2 initial fear
recall and impact of L-DOPA

On day 2, there was a significant L-DOPA v. placebo x context
interaction for US decoder output for the insula/STG network, ¢
(581) =3.17, p=0.002 (Fig. 5). This interaction was attributed
to greater US reactivation in the extinction context among the pla-
cebo group relative to the L-DOPA group t(287) =—-2.42, p=
0.016. Further, there was greater US reactivation in the extinction
relative to acquisition context in the placebo group, #(225)=
—2.87, p=0.004, which was absent in the L-DOPA group, t
(351)=1.33, p=0.18.

CS reactivation of US representations during day 2 initial fear
recall, skin conductance responses, and impact of L-DOPA

There was no impact of L-DOPA on SCR responses during day 2
initial fear recall (online Supplementary Fig. S4). Mirroring the
correlation observed on day 1, trial-by-trial SCRs were predictive
of US decoder output for the insula/STG network, #(499) = 3.32,
p <0.001 (Fig. 4), with no differences between L-DOPA groups.

CS reactivation of US representations during day 2 fear
reinstatement and impact of L-DOPA

There was no impact of L-DOPA on US decoder output following
fear reinstatement for any network.
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Figure 4. Scatterplots depicting the relationships between skin conductance responses (SCRs) and US decoder output (i.e. hyperplane distances) for the insula/
STG network for day 1 (a), for the whole-brain GM mask (b), and for the insula/STG network during the initial fear recall test on day 2 (c).
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positively predicted trial-by-trial SCRs for the placebo group, but not L-DOPA group.

CS reactivation of US representations during day 2 fear
reinstatement, skin conductance responses, and impact of
L-DOPA

L-DOPA decreased SCRs following fear reinstatement compared
to placebo, #(3184)=-2.23, p=0.026 (online Supplementary
Fig. S4). US decoder output for the insula/STG network was
again significantly related to trial-by-trial SCRs following
reinstatement, £(986) =2.79, p =0.005, with no significant differ-
ences between groups controlling for multiple comparisons, ¢
(986) =—2.26, p=0.024. There was a reinstatement x SCR x
L-DOPA v. placebo interaction for the dACC network, £(986) =
—3.17, p=0.002 (Fig. 5), such that following reinstatement,
SCRs were only predictive of dACC US decoder output among
the placebo group, #(203) =2.68, p =0.008, but not the L-DOPA
group, #(274) = —1.12, p=0.26. SCRs were not predictive of US
decoder output following reinstatement in any other network.

Discussion

The purpose of the present study was to translate a novel measure
of fear memory strength recently demonstrated in animal models
to a human neuroimaging context as a test of the impact of dopa-
minergic manipulations on extinction consolidation among
women with PTSD. With respect to translating the hypothesis
that, during fear learning, the CS reactivates neural representa-
tions of the US (Grewe et al,, 2017; Herry & Jercog, 2022; Luo
et al,, 2018), results among these neuroimaging data were consist-
ent with predictions. We used MVPA to define a US representa-
tion, then tested whether the CS+ reactivates this US
representation during fear learning and ceases to reactivate the
US representation during fear extinction. We found support for
the predicted US reactivations on day 1 in networks consisting
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of dorsal anterior cingulate and lateral PFC, and insular cortex
and superior temporal gyrus. Meta-analyses of pain processing
generally corroborate the importance of these regions for process-
ing painful US (Biggs et al., 2020; Palermo et al., 2015; Xu et al.,
2020). While these meta-analyses further demonstrate that pain
processing is widely spatially distributed across the brain, and
indeed classifier accuracy was above chance for all networks tested
here and substantially highest for the whole-brain GM mask, the
CS only reactivated US representations in these two networks.
This suggests a dissociation in the brain networks processing
the delivery of the US and the networks in which the CS is able
to elicit reactivations of US representations during associative
learning. That is, the CS does not appear to reactivate the brain-
wide US representation; rather, the CS appears to reactive the US
representation selectively within specific networks.

An additional network consisting of anterior insula and
inferior frontal and middle frontal gyri, as well as the whole-
brain GM mask, demonstrated delayed reactivation of US repre-
sentations, with US representations more likely to reactive in the
predicted pattern during later blocks of the task. Further inves-
tigation of the temporal dynamics in which US reactivation
occurs at various points during fear acquisition and extinction
across differing networks is warranted. Suggesting validity of
the US representations in response to the CS in the insula/
STG network, US decoder output was positively correlated
with trial-by-trial SCRs on day 1 and day 2 as well as with
expectancy ratings in the acquisition context on day 1 (online
Supplementary Fig. S5). The lack of amygdala involvement in
this study echoes the broader human fear conditioning and
extinction literature (Fullana et al., 2016, 2018; Morriss, Hoare,
& van Reekum, 2018). Alternatively, the lack of amygdala
involvement observed here could be due to subtle timing issues
or specific subnuclei of the amygdala that are difficult to resolve
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with the spatial and temporal resolution generally available in
standard fMRI methodology (Wen et al., 2022).

We observed that women who received L-DOPA following day
1 context learning demonstrated decreased US reactivation in the
insula/STG network relative woman who received placebo
uniquely in the extinction context (i.e. during the test of extinc-
tion retrieval). No differences in US reactivation were observed
between groups following initial context renewal (i.e. return to
the fear acquisition context); however, only the placebo group
demonstrated significantly greater US reactivation in the extinc-
tion relative to acquisition context. Suggesting validity of US
decoder output on day 2, this MVPA measure of CS reactivation
of US representations was again correlated with trial-by-trial
SCRs, further supporting the interpretation of heightened fear
memory strength in the extinction context among the placebo
group and lack thereof in the L-DOPA group.

On the one hand, the temporal ordering of the experiment was
such that the extinction retrieval test occurred first, followed by
the context renewal test. As such, the L-DOPA group may have
demonstrated increased extinction memory strength relative to
fear memory strength in the extinction context, as indexed by
US reactivation, due to the hypothesized role of increased dopa-
mine signaling during consolidation (Gerlicher et al., 2018;
Haaker et al.,, 2013; Kalisch et al., 2019; Luo et al., 2018). The
lack of differences following context renewal could simply be
due to the fact that context renewal occurred following the extinc-
tion retrieval test, which essentially functioned as another extinc-
tion training block and led to less fear memory strength relative to
extinction memory strength in the acquisition context in both
groups.

On the other hand, the pattern of findings could be related to
dysfunctional context processing in PTSD and suggest that
L-DOPA and the associated increased dopamine signaling during
consolidation of context-dependent fear and extinction memories
rescues this dysfunctional context processing. Recent models posit
altered processing of context as a core mechanism underlying
PTSD (Liberzon & Abelson, 2016). As an example, a prior
study among adults with PTSD using a contextual fear condition-
ing and extinction paradigm demonstrated greater fear reinstate-
ment 24 h later in the fear extinction context compared to the fear
acquisition context (Garfinkel et al., 2014). Possibly consistent
with this hypothesis of altered context processing in PTSD, results
demonstrated greater US decoder output for the insula/STG net-
work in the extinction context relative to the acquisition context
among women who received the placebo, an effect which was
absent in the L-DOPA groups. Additional research is necessary
to disentangle the unique impacts of L-DOPA on extinction
retrieval (Gerlicher et al, 2018) v. context renewal (Haaker
et al, 2013) v. altered context processing in PTSD (Liberzon &
Abelson, 2016).

Following fear reinstatement, while we observed decreased
SCRs, relative to before reinstatement, among the L-DOPA
group (as we previously reported, Cisler et al. [2020]), we did
not observe differences in US decoder output for any network
between groups. However, we did observe altered relationships
with SCRs between groups, such that US decoder output in the
dACC and lateral PFC network was only related to trial-by-trial
SCRs in the placebo group, and not L-DOPA group. This might
suggest that US decoder output in the placebo group in this net-
work was tracking fear memory strength following the fear
reinstatement procedure, consistent with an increase in fear mem-
ory strength following reinstatement. By contrast, in the L-DOPA
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groups, a lack of reinstated fear memory did not result in the
absence of US decoder output; rather, the US decoder output
may have no longer been tracking fear memory strength. That
is, trial-by-trial changes in voxel activity within this network
would necessarily result in trial-by-trial changes in US decoder
output; however, those trial-by-trial US decoder outputs do not
necessarily have to reflect fear memory strength. One possible
explanation is that there is a floor effect, such that below some
degree of true fear memory strength, and hence valid US decoder
output, the trial-by-trial changes in decoder output reflect noise
or other sources of variance in the network’s voxelwise activity
patterns. Here, the placebo group’s fear memory strength may
have been low (e.g. due to the repeated extinction on day 2),
but sufficient to still produce US decoder output that meaning-
fully tracks fear memory strength, whereas the L-DOPA group’s
fear memory strength may have been below a requisite magnitude
to produce US decoder output that meaningfully tracks fear mem-
ory strength. This interpretation is speculative and further testing
of this novel MVPA method for tracking fear memory strength is
needed, particularly with testing convergent relationships with
other fear memory strength measures (e.g. pupillometry).

Data from this study support the hypothesis that a fear CS
reactivates neural representations of an aversive US and provides
additional evidence for the emerging literature suggesting that
increased dopaminergic signaling during consolidation enhances
fear extinction memory strength, thereby leading to decreased
fear memory strength (Bouchet et al., 2017; Gerlicher et al.,
2018; Haaker et al., 2013; Kalisch et al., 2019; Luo et al., 2018).
Nonetheless, this study is not without limitations. First, this is a
reanalysis of our prior RCT data and therefore should be consid-
ered a post-hoc analysis; interpretations regarding the impact of
L-DOPA on inhibiting fear memory retrieval in the extinction
context should be tempered accordingly. Second, the sample was
limited to adult women with PTSD, and comparisons of CS reacti-
vation of US neural representations in healthy samples are needed.
For example, it is plausible, given differences in PTSD in fear acqui-
sition and extinction learning (Suarez-Jimenez et al, 2020), that
different networks represent the US in PTSD v. healthy samples.
Third, we adopted the context conditioning task used in a prior
L-DOPA trial (Haaker et al., 2013) that conducted both fear acqui-
sition and extinction on day 1, then fear and extinction retrieval on
day 2. Further testing of US decoder output is needed using 3-day
designs to isolate better the fear acquisition, extinction, and
retrieval phases. Fourth, as noted, further testing of US decoder
output as a measure of fear memory strength is needed with add-
itional measures of fear responding (Ojala & Bach, 2020). Fifth, the
aversive US here was a painful electric shock, and it remains to be
seen the degree to which US reactivation occurs for other types of
aversive US. Finally, while our results support US reactivation as a
measure of fear memory strength, it is relevant to note that this
measure is agnostic with respect to understanding or quantifying
whether an extinction procedure erases/decays the fear memory
v. the formation of the extinction memory inhibits retrieval of
the fear memory.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S0033291723002891.
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