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Abstract

Evidence suggests that people at Clinical High Risk for Psychosis (CHR) have a blunted cortisol response to stress and altered
mediotemporal activation during fear processing, which may be neuroendocrine—neuronal signatures of maladaptive threat
responses. However, whether these facets are associated with each other and how this relationship is affected by cannabidiol
treatment is unknown. We examined the relationship between cortisol response to social stress and mediotemporal function
during fear processing in healthy people and in CHR patients. In exploratory analyses, we investigated whether treatment
with cannabidiol in CHR individuals could normalise any putative alterations in cortisol-mediotemporal coupling. 33 CHR
patients were randomised to 600 mg cannabidiol or placebo treatment. Healthy controls (n=19) did not receive any drug.
Mediotemporal function was assessed using a fearful face-processing functional magnetic resonance imaging paradigm.
Serum cortisol and anxiety were measured immediately following the Trier Social Stress Test. The relationship between
cortisol and mediotemporal blood-oxygen-level-dependent haemodynamic response was investigated using linear regression.
In healthy controls, there was a significant negative relationship between cortisol and parahippocampal activation (p =0.023),
such that the higher the cortisol levels induced by social stress, the lower the parahippocampal activation (greater deactiva-
tion) during fear processing. This relationship differed significantly between the control and placebo groups (p=0.033),
but not between the placebo and cannabidiol groups (p =0.67). Our preliminary findings suggest that the parahippocampal
response to fear processing may be associated with the neuroendocrine (cortisol) response to experimentally induced social
stress, and that this relationship may be altered in patients at clinical high risk for psychosis.
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Introduction

Interactions between environmental stress and brain
pathophysiology are thought to drive the onset of psycho-
sis in people at Clinical High Risk (CHR), with hypotha-
lamic—pituitary—adrenal (HPA) axis dysfunction as a puta-
tive mediator [1, 2]. CHR individuals show increased basal
cortisol levels compared to healthy controls [2, 3] (akin to
tonic HPA hyperactivation [4]) but an attenuated cortisol
awakening response [2, 5]. Moreover, evidence suggests a
blunting of the normative cortisol response to acute stress
induction (phasic HPA blunting [4]) in CHR individuals
[6], which is thought to underlie their enhanced vulner-
ability to the deleterious effects of stress [7, 8].

The neural architecture that confers this enhanced vul-
nerability to the effects of (particularly social) stress is not
completely clear, but dysfunction within prefrontal and
mediotemporal cortex, as well as midbrain-striatal dopa-
mine signalling, have been implicated [9]. In animals,
stress (especially repeated or prolonged stress) increases
the responsivity of midbrain dopamine neurons leading
to striatal dopamine release [10], an effect that is normal-
ised by inhibiting the hippocampus [11] (for reviews see
[9, 12]) and which is translationally relevant given that
mesolimbic hyperdopaminergia is thought to be the final
common pathway to psychosis in humans [13]. Numerous
psychosocial stressors associated with increased risk for
psychosis [14], such as migration and childhood adversity,
have been shown to augment dopamine synthesis capac-
ity and/or release [15, 16] (although dampening has also
been observed [17]), and may sensitise the mesolimbic
dopamine system to future stress (for review see [18,
19]). Moreover, stress-induced striatal dopamine release
is highly correlated with stress-induced salivary cortisol
[20-22]. Relative to healthy individuals, CHR patients
show increased striatal dopamine release in response to
stress [22] which correlates with cortisol release, a rela-
tionship that appears to be decoupled in cannabis-using
CHR patients [23]. Conversely, the medial prefrontal
cortex and hippocampus play major regulatory roles in
inhibiting stress-related mesolimbic hyperdopaminergia
[9, 11, 24]. While CHR individuals appear to have nor-
mal stress-induced prefrontal dopamine release, combined
with a normative correlation with stress-induced salivary
cortisol [25], those CHR patients with greater stress
(chronic or life events) or anxiety had both lower prefron-
tal dopamine release as well as blunted cortisol responses
following stress [25].

However, accumulating evidence suggests that it is hip-
pocampal dysfunction that drives the downstream patho-
physiology and hyper-responsivity of the dopamine sys-
tem in psychosis and CHR states [26, 27]. Repeated stress
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exposure, a known risk factor for psychosis onset, impacts
the function and structural integrity of hippocampus [28],
which is rich in glucocorticoid receptors [29] and plays a
fundamental role in HPA axis regulation [30]. Mediotem-
poral dysfunction is also strongly implicated in established
models of psychosis pathogenesis [31, 32]. In healthy
people, stress-induced cortisol release has been associ-
ated with deactivation of limbic structures during fear-
and stress-related functional magnetic resonance imaging
(fMRI) tasks (for review see [33]), and this coupling has
been observed when the stress task is conducted simulta-
neously inside the scanner environment [34, 35] as well as
when fMRI and stress induction are performed separately
[36]. Models suggest that mediotemporal deactivation is a
necessary requirement for the HPA axis response to stress,
and that failure to deactivate the hippocampal formation in
particular (i.e., hippocampus proper and parahippocampal
gyri) may be a neural signature of maladaptive regulatory
response [34, 35, 37]. Failure to regain neural homeostasis
upon challenge (allostasis) [38] may lead to enhanced vul-
nerability to the negative effects of stress, due to prolonged
exposure and less adaptative behavioural/psychological
responses. In CHR individuals, this increased sensitivity
and/or lack of resilience to the effects of stress may then
worsen existing pathophysiology and contribute to the
onset of psychosis [2, 39].

In our previous report, we found that relative to healthy
controls, CHR individuals under placebo conditions had a
blunted cortisol response and exaggerated anxiety response
to the Trier Social Stress Test (TSST) [40]. Moreover, these
neuroendocrine and psychological alterations could be par-
tially attenuated by a 7-day course of cannabidiol (CBD)—a
non-intoxicating constituent of the cannabis plant with anxi-
olytic [41, 42] and antipsychotic properties [43—47]. We also
recently reported that CHR individuals show altered neural
response to fear processing compared to healthy controls
in mediotemporal limbic structures and the striatum [48]—
regions strongly implicated in psychosis pathogenesis [31,
32]. In addition, we found that a single dose of CBD (in a
parallel group of CHR individuals) attenuated the deviation
in neural responses in the same brain regions [48]. While
this and previous work points to (a) alterations in neuroen-
docrine and psychological response to stress and (b) altered
neural response during fear processing in CHR patients,
whether (and how) these facets are associated with each
other has not been tested before. In addition, whether CBD
affects the putative alterations in cortisol-mediotemporal
coupling in CHR individuals remains to be evaluated.

Conceptually, fear and stress responses are distinct—
but closely intertwined—biological processes that overlap
and interact on a neuronal as well as neuroendocrine level
[49]. On one hand, the HPA axis stress response includes a
range of behavioural and physiological phenomena (such
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as cortisol/stress-hormone secretion, autonomic arousal)
in response to threatening/arousing stimuli or homeostatic
challenge [50]. Fear processing, on the other hand, involves
the perception, assessment, learning and execution of appro-
priate responses to cues that signal danger and imminent
threat (or even potential/perceived threat, in the case of
fearful-face viewing) [51, 52], which may or may not pro-
voke an HPA-axis response depending on stimulus attributes
and contextual factors [53]. On a neuronal level, the neural
substrates of fear overlap with the neurocircuitry that orches-
trates the stress response (for review see [49]). For example,
outside of the hypothalamus, the hippocampus, amygdala
and prefrontal cortex are major regulatory nodes of the HPA
axis as well as core components of fear-processing circuitry
[30]. Fear and stress also appear to interact on a neuroen-
docrine level. Once the HPA axis is activated, its terminal
product, cortisol, is released and binds receptors throughout
the limbic system, including hippocampus, amygdala and
prefrontal cortex, where it facilitates negative feedback [30,
37, 53, 54]. Fear can activate the HPA-axis and thus corti-
sol release, while cortisol administration has been shown to
modulate fear processing, including return of fear follow-
ing extinction [55-57]—potentially via effects on (para)hip-
pocampal-amygdala function [55, 56]—as well enhancement
of extinction-based psychotherapy [58]. However, fear and
stress responses do not have to co-occur: a cortisol response
can occur without fear, and fear can be experienced without
a cortisol response [49, 59].

On the basis of previous literature, we predicted that
the neural (mediotemporal) response to fear processing as
indexed using fMRI would be coupled with the neuroen-
docrine (cortisol) and symptomatic (anxiety) response to
experimentally induced social stress, and that these rela-
tionships would be altered in CHR patients. In further
exploratory analyses for future hypothesis generation, we
also examined whether treatment with CBD in a separate
group of CHR patients would affect (i.e., ‘normalise’) any
CHR-related deviation in the aforementioned relationships.

Patients and methods
Participants

The study received Research Ethics approval and all partici-
pants provided written informed consent. Thirty-three antip-
sychotic-naive CHR individuals, aged 18-35, were recruited
from specialist early detection services in the United King-
dom. CHR status was determined using the Comprehensive
Assessment of At-Risk Mental States (CAARMS) crite-
ria [60]. Nineteen age (within 3 years), sex and ethnicity-
matched healthy controls were recruited locally by adver-
tisement. Exclusion criteria included history of psychotic
or manic episode, current DSM-IV diagnosis of substance
dependence (except cannabis), IQ <70, neurological disor-
der or severe intercurrent illness, and any contraindication
to MRI or treatment with CBD. Inclusion/exclusion criteria
were pre-specified. Participants were required to abstain
from cannabis for 96 h, other recreational substances for
2 weeks, alcohol for 24 h and caffeine and nicotine for 6 h
before attending. A urine sample prior to scanning was used
to screen for illicit drug use and pregnancy.

Design, materials, procedure

CHR participants were enrolled in a randomised, double-
blind, placebo-controlled, parallel-arm study [61]. Sixteen
CHR participants were randomised to 600 mg oral CBD
daily and 17 to identical placebo capsules (THC-Pharm).
On the first day of the study, psychopathology was meas-
ured at baseline (before any drug administration) using the
CAARMS (positive and negative symptoms) and State-Trait
Anxiety Inventory (STAI) State Subscale [62]. Following
a standard light breakfast, participants were administered
the first capsule (at~11 AM) and 180 min later, underwent
fMRI while performing a fearful-faces task (below). Plasma
CBD levels were sampled at baseline (before taking the
study drug) and at 120 and 300 min after drug administra-
tion. The CHR groups then received daily CBD or placebo
for 7 days. MRI data were collected in healthy controls under
identical conditions but they did not receive any drug.

On the eighth day of the study, CHR participants took
part in the Trier Social Stress Test (TSST; below). Healthy
participants came in for one study session only (including

Fig. 1 Timing of Trier Social TIME A TIME B TIME C TIME D
Stress Test (TSST) procedures Bloods Bloods Bloods Bloods
+ STAI + STAI + STAI + STAI
TSST TSST
, preparation delivery
-60 min Y -20 min -10 min +0 min +10 min +20 min
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TSST and MRI) and were not in any drug trial. After eat-
ing breakfast at approximately 8.30 am, all participants
started the TSST-day protocol (see Fig. 1) at approximately
10 am (— 60 min to TSST). As illustrated in Fig. 1, neu-
roendocrine response to stress was indexed by measuring
serum cortisol level in blood samples collected at four time
points: — 60 min (time A; baseline) and at+0 (time B),+ 10
(time C) and +20 min (time D) after the TSST. The STAI-
state was collected at each of the same time points. Specifi-
cally, participants were seated in a phlebotomy chair and a
cannula was inserted into the antecubital region of the non-
dominant arm. Baseline (— 60 min; time A) blood samples
(2 ml) were collected into serum-separating tubes and the
STAI was completed. At approximately 11 am (—20 min),
the participant took part in the TSST. Participants were
led back to the phlebotomy chair and blood samples were
obtained immediately (+0 min; time B) and the STAI was
completed. Blood samples and the STAI were also com-
pleted at+ 10 (time C) and + 20 min (time D). At the end of
the session, participants were debriefed and received reim-
bursement for their participation.

Trier social stress test

The TSST [63] is a well-validated stress induction paradigm
that has been shown to reliably induce stress as reflected by
changes in cortisol levels under experimental conditions (for
full TSST protocol see Supplementary Material). In brief,
participants were taken in front of a panel of two people and
told, via standardised instructions, that they will take part in
a public speaking exercise in front of the panel, with 10 min
to prepare. Once they had delivered the speech, they were
informed that they would take part in a mental arithmetic
task as per the TSST protocol.

Functional magnetic resonance imaging

Full details of image acquisition, fMRI task, preprocess-
ing and fMRI analyses are detailed in the Supplementary
Material and in our related publication [48]. In brief, par-
ticipants were studied in one 6-min fMRI experiment at 3 T
while performing a fearful face processing task. The blood-
oxygen-level-dependent (BOLD) haemodynamic response
was measured while subjects viewed fearful faces (mild fear,
intense fear), which were contrasted with faces with neutral
expressions. fMRI data were analysed with XBAM 4.1 soft-
ware, using a nonparametric (permutation-testing) approach
to minimise assumptions. Group (control, CBD, placebo)
activation maps for fearful vs neutral conditions were com-
pared using nonparametric analysis of variance (ANOVA)
[64] to examine linear relationships in brain activation
(placebo group > CBD group > control group; or placebo
group < CBD group < control group). A region-of-interest
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(ROI) approach was used after constructing a single ROI
mask of limbic structures within bilateral medial temporal
cortex (hippocampus, parahippocampal gyrus and amyg-
dala) and striatum, with striatal findings omitted from the
present study. These regions were selected a priori based
on our previous findings [48, 61]. The voxel-wise statistical
threshold was set at p=0.05, and the cluster-wise thresholds
were adjusted to ensure that the number of false-positive
clusters per brain would be less than 1; clusters that sur-
vived this critical statistical threshold and the corresponding
p values are reported. Statistical (SSQ) values (see Supple-
mentary Material) were extracted from significant limbic
clusters within the mediotemporal ROI network and used in
subsequent regression analyses with the cortisol and anxiety
data (below). For completeness, corresponding results from
wholebrain analyses are appended in the Supplementary
Material.

Statistical analyses

Our primary aim was to determine (a) how closely the
mediotemporal response to fear processing is coupled with
the neuroendocrine (cortisol; primary outcome) and symp-
tomatic (anxiety; secondary outcome) response to social
stress in healthy controls, and (b) whether CHR individuals
show alterations in this coupling. A further, exploratory aim,
with a view to generating future hypotheses, was to examine
whether any absence or deviation of such coupling relation-
ships in CHR individuals could be partially ‘restored’ by
treatment with CBD.

Normative relationships between TSST-induced cortisol/
anxiety levels (at time B) and mediotemporal activation dur-
ing fear processing (SSQ values) were examined using linear
regression in healthy controls. Time B data, which occurred
immediately following the TSST (40 min, but 20 min since
subjects were described the components of the public speak-
ing task in detail) was used to index the anticipatory and
immediate reactive response following stress exposure,
based on meta-analytic findings that cortisol levels peak
0-20 min following stressor onset in healthy individuals
[65]. Group differences in the relationship between TSST-
induced cortisol/anxiety (dependent variables) and medi-
otemporal response (SSQ values; predictors) were examined
using (group-by-SSQ) interaction terms in linear regression
analyses. Regressions were conducted separately for cortisol
and anxiety outcomes. In the case of missing cortisol data,
last observation carried forward was used to impute miss-
ing values. Analyses were conducted using RStudio 1.3.1
and statistical significance was set at p <0.05 (two-tailed).
We did not correct for multiple comparisons as this study
is exploratory in nature and has a limited sample size; our
findings and estimates should therefore be interpreted as
hypotheses-generating rather than confirmatory. Details of
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supplementary analyses are provided in the Supplementary
Material.

Results

Some of the data reported herein have been used previously
(to address different hypotheses) in our related publications
[40, 48] but whereas the two CHR groups are the same as
those we have previously reported on, the healthy control
group is only partially overlapping. In the present study,
there were no between-group differences in the majority of
demographic and baseline clinical characteristics, except for
fewer years of education in the placebo group relative to con-
trols (Table 1). In the CBD group, mean plasma CBD levels
were 126.4 nM (SD=221.8) and 823.0 nM (SD =881.5)
at 120 and 300 min after drug intake, respectively. Three

Table 1 Sociodemographic and Clinical Characteristics at Baseline

CHR individuals exited the scanner prior to the fMRI task
and 1 did not complete the TSST, leaving 15 subjects in the
placebo group and 14 in the CBD group with both TSST
and fMRI data. Three healthy controls either did not com-
plete the TSST or had insufficient cortisol/STAI data to be
included in any analyses, leaving 16 healthy controls.

fMRI results

While the fMRI results themselves were not the primary
aim of this study, for completeness and comparison (and to
show general agreement) with our related paper [48], we
report them briefly here (and in Supplementary Results).
We found three significant medial temporal lobe clusters.
A left parahippocampal gyrus cluster (peak Talairach
coordinate X=— 22, Y=-26,Z=—-17; k=6; p<0.001)
demonstrated a linear pattern of activation across the three

Characteristic CBD (n=16) PLB (n=17) HC (n=19) Pairwise comparison
HC vs PLB PLB vs CBD HC vs CBD

Age, years; mean (SD) 22.7 (5.08) 24.1 (4.48) 24.3 (4.73) p=0.87% p=0.42* p=0.33%
Sex, N (%) male 10 (62.5) 7 (41.2) 10 (52.6) p=0.49" p=0.22" p=0.56°
Ethnicity, N (%)

White 10 (62.5) 7 (41.2) 7 (36.8) p=0.77° p=0.43° p=0.25°

Black 2 (12.5) 5(29.4) 4(21.1)

Asian 0(0) 1(5.9) 3 (15.8)

Mixed 4 (25) 4 (23.5) 5(26.3)
Education, years; mean (SD)* 14.4 (2.71) 12.6 (2.76) 16.3 (2.47) p<0.001* p=0.06* p=0.05%
CAARMS score, mean (SD)

Positive symptoms 40.19 (20.80) 42.94 (29.47) NA NA p=0.76* NA

Negative symptoms 23.25 (16.49) 28.41 (20.49) NA NA p=0.43* NA
STAI-S, mean (SD) 40.31 (9.07) 38.94 (10.18) NA NA p=0.69* NA
Urine drug screen results, N (%)

Clean 10 (63) 8 (47) 13 (68) p=0.28" p=0.45° p=0.73°

THC 2 (13) 5(29) 2(11)

Morphine 1(6) 0 (0) 00

Benzodiazepines 0(0) 1(6) 00

PCP 0 () 1(6) 0(0)

Missing 3(19) 2(12) 4 (21)
Current nicotine use, N (%) yes 9 (56.3) 5(29.4) 7 (36.8) p=0.64" p=0.12" p=0.25°
Current cannabis use, N (%) yes 7 (43.8) 7(41.2) 4(21.1) p=0.19" p=0.88" p=0.15°
Handedness, N (%) right 14 (87.5) 17 (100) 19 (100) NA¢ p=0.16" p=0.11°

Significant differences are indicated in bold

CAARMS Comprehensive assessment of at-risk mental states, CBD cannabidiol, PLB placebo group, HC healthy control group, N num-
ber of subjects, NA not applicable, PCP phencyclidine, STAI-S State-Trait Anxiety Inventory-State Subscale (day 1, pre-drug), THC

A9-tetrahydrocannabinol

*Independent ¢ test

PPearson chi-squared test

“Data for 1 CHR-placebo and 3 controls were missing

94No statistics necessary
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groups, such that healthy controls showed the greatest
deactivation of this region in response to fear processing,
CHR participants receiving placebo had the least deactiva-
tion, and CHR participants in the CBD group showed an
intermediate level of (de)activation (Fig. 2a). In a second
cluster, in the right parahippocampal gyrus (peak Talairach
coordinate X=25, Y=—48, Z=- 3; k=26; p<0.001),
healthy controls showed deactivation in response to fear
processing, whereas both CHR groups showed augmented
activation, with the CBD group falling marginally (but
significantly) intermediate between the healthy controls
and CHR placebo group (Fig. 2b). A third cluster, with a
peak in the fusiform gyrus, was omitted from regression

analyses as it was not within our core limbic regions of
interest.

Cortisol and fMRI response

Cortisol data were imputed for three subjects in the CBD
group and two in the placebo group (Table S3 in Supplemen-
tary Material). In healthy controls, there was a significant
relationship between immediate post-TSST cortisol levels
and right parahippocampal activation during fear process-
ing (B=—4179.50, SE=1615.46, t=— 2.59, p=0.023),
such that the greater the acute neural response (right para-
hippocampal deactivation), the higher the cortisol levels

-d
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f

Median Left Parahippocampal Gyrus Activation (95% Cl)
8
T

T
HC CBD

|
PLB

2
Q

§

.

Median Right Parahippocampal Gyrus Activation (95% Cl)
5 K 5 5
?

-.060 T T T
HC CBD PLB
Fig.2 Brain activation during fear processing in CHR participants
and healthy controls and the effect of cannabidiol. Clusters where
activation differed across the three groups (HC controls, PLB pla-
cebo, CBD cannabidiol) in a linear relationship during fear process-
ing. Median activation in each group in a the left parahippocampal
gyrus, and b the right parahippocampal gyrus during fear processing,
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in arbitrary units as indexed using the median sum of squares ratio.
The sum of squares ratio statistic refers to the ratio of the sum of
squares of deviations from the mean image intensity due to the model
(over the whole time series) to the sum of squares of deviations due
to the residuals. The right side of the brain is shown on the left of the
images
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immediately following experimental social stress. No such
relationship was observed for the left parahippocampal gyral
cluster (B=— 167.63, SE=1279.53, t=— 0.13, p=0.90).
All subsequent analyses therefore included only the right
parahippocampal gyrus.

In the regression model including all groups, there was
a significant interaction between group (control vs placebo)
and right parahippocampal activation on cortisol levels
(»p=0.033; Table 2; Fig. 3), indicating that the relation-
ship between cortisol and parahippocampal response was
significantly different between these groups. Conversely,
the relationship did not differ between the CBD and pla-
cebo groups (p=0.67). For completeness, the mean cortisol
response for each group over the course of the TSST, as well
as supplemental analyses, are provided in the Supplementary
Material.

Anxiety and fMRI response

Three placebo subjects and two CBD subjects had missing
STAI data (Table S4 in Supplementary Material). In healthy
controls, the relationship between TSST-induced anxiety
(STAI-state scores) and right parahippocampal activation
during fear processing was not significant (B=— 213.92,
SE=119.00, t=— 1.80, p=0.094; simple linear regression).
In the regression model including all groups, the relation-
ship between right parahippocampal activation and TSST-
induced anxiety did not differ significantly between the con-
trol vs placebo group (p =0.054) nor between the placebo vs
CBD group (p=0.17) (Table 3; Fig. 4). For completeness,
mean group anxiety scores across the course of the TSST,
as well as supplemental analyses, are provided in the Sup-
plementary Material.

Table 2 Regression model

. Predictor Estimate Std. error t value p value
showing the effect of group,
right P?rahiPEOflafnPal . Group (HC) 80.53 62.28 1.293 0.2036
activation and their interaction
on TSST-induced cortisol levels Group (CBD) 54.82 61.68 0.889 0.3795
Parahippocampal SSQ 604.98 1702.03 0.355 0.7242
Group (HC): parahippocampal SSQ —4759.54 2146.70 —-2.217 0.0325
Group (CBD): parahippocampal SSQ 911.90 2146.33 0.425 0.6733

Results of linear regression analysis examining group differences in the relationship between cortisol lev-
els immediately following the TSST and right parahippocampal activation (SSQ values), with the placebo
group as the reference group. Significant effects are indicated in bold. p values are uncorrected for multiple

comparisons
Fig. 3 Relationship between
TSST-induced cortisol and fear- o°
related right parahippocampal 800 -

activation. Relationship between
TSST-induced cortisol and
fear-related parahippocampal
activation differed significantly
between the healthy control
(HC) and placebo (PLB) groups
(interaction p=0.033), but not
between the PLB and canna-
bidiol (CBD) groups

600 -

400~

Cortisol levels immediately post TSST

200~

-0.06 -0.03

Group
PLB

CBD

0.00 0.03 0.06

Right Parahippocampal activation during fear processing
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Table 3 Regression model

. Predictor Estimate Std. error t value p value
showing the effect of group,
right parahippocampal response  Group (HC) - 10.761 5.855 - 1.838 0.0748
and their interaction on TSST-
induced anxiety (STAI-state Group (CBD) 1.021 6.055 0.169 0.8671
scores) Parahippocampal SSQ 183.410 162.912 1.126 0.2681
Group (HC): parahippocampal SSQ —397.328 199.429 -1.992 0.0544
Group (CBD): parahippocampal SSQ — 286.649 202.798 - 1413 0.1666

Results of linear regression analysis examining group differences in the relationship between anxiety
(STAI-state scores) immediately following the TSST and right parahippocampal activation (SSQ values),
with the placebo group as the reference group. p values are uncorrected for multiple comparisons

Fig.4 Relationship between
TSST-induced anxiety and
fear-related parahippocampal
activation in the placebo (PLB),
cannabidiol (CBD) and healthy

control (HC) groups
60 -

40-

Anxiety levels immediately post TSST

20-

-0.06 -0.03

Group
PLB

CBD

0.00 0.03 0.06

Right Parahippocampal activation during fear processing

Discussion

Our key—albeit preliminary—findings are that in healthy
individuals, there exists a coupling between the mediotem-
poral response during fear processing and the neuroendo-
crine (cortisol) response to experimentally induced social
stress, and that this relationship may be altered in patients
at clinical high risk for psychosis (CHR). Specifically,
in healthy controls, we found that the parahippocampal
gyrus deactivates during fear processing and the degree of
deactivation was associated with levels of cortisol released
in response to social stress. In contrast, CHR individuals
under placebo conditions failed to deactivate the parahip-
pocampal gyrus in response to fear (or showed attenuated
deactivation) and the relationship with stress-induced cor-
tisol was absent.

Our finding of cortisol-neuronal coupling is in line
with the majority of studies that have assessed the relation
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between mediotemporal function and stress-induced cor-
tisol levels [37]. A recent systematic review concluded
that exogenous cortisol administration is associated with
changes in hippocampal activation during various (includ-
ing emotion/fear-processing) fMRI tasks [33]. Moreover,
higher levels of endogenous cortisol and greater stress-
induced cortisol release are associated with hippocampal
and amygdala function during/following psychological
stress, with some studies finding an increase in the BOLD
response and others a decrease [33].

Akin to the present findings, using both PET and fMRI
Pruessner and colleagues observed profound deactivation
of the limbic system (including hippocampus) in healthy
individuals during an acute psychosocial stress task, with
the degree of hippocampal deactivation correlating with
the amount of cortisol released in response to the task [34].
These findings were later replicated [35] and commensu-
rate results were recently found in a large sample of ado-
lescents (n=101) [66]. Similar patterns have also emerged
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in other niches of social stress research [67]. Based on this
and other evidence, a model has been proposed in which
the hippocampus is active during the default resting state,
continuously evaluating sensory stimuli for signs of threat
or danger [35, 68, 69]. Upon detection of salient threat
or stressor onset, hippocampal deactivation is triggered
as part of a core response, diverting hippocampal meta-
bolic resources to adaptive task-specific brain regions and
leading to disinhibition (i.e., initiation) of the HPA axis
cortisol response [34, 35]. Preclinical evidence supports
this idea and is consistent with an established function
of the hippocampus—in animals and man—as a critical
regulator/inhibitor of the HPA axis [30]. Activation of
limbic regions has also been associated with other mark-
ers of HPA axis function. In healthy individuals, those
with a greater amplitude of diurnal cortisol, indicative
of healthy/normative function, show less activation in
the hippocampus and amygdala during negative emo-
tion stress-related images [70]. Fear conditioning para-
digms provide complementary evidence: during early fear
extinction learning, administration of cortisol has been
associated with reduced activation in the amygdala—hip-
pocampal complex and enhanced functional connectivity
between the parahippocampal gyrus and prefrontal cortex
[55]. Experimental stress as well as cortisol administration
have also been found to attenuate amygdala—hippocampal
complex activation in males during fear acquisition and
reward anticipation [71-73]. However, despite our find-
ings of mediotemporal deactivation in response to fear,
numerous studies provide evidence of increased activation
to fear and stress-related conditions, sometimes correlat-
ing positively with cortisol release. One study found that
procaine hydrochloride—a pharmacological probe that
induces powerful emotional, autonomic and endocrine
responses—selectively activated the anterior limbic and
paralimbic network, increased serum cortisol and induced
subjective fear, anxiety and panic [74]. Direct electrode
stimulation of mediotemporal structures in patients with
epilepsy shows that fear is the most common phenom-
ena elicited by amygdala and parahippocampal activation
[75-77]. Using more similar methods to the current analy-
ses, one study found that greater cortisol response to stress
was associated with greater mediotemporal activation dur-
ing emotional face processing [78]. Greater cortisol reac-
tivity to fear-related emotional imagery has also been asso-
ciated with greater BOLD signal in the amygdala [79, 80]
and hippocampus and lower activation in the prefrontal
cortex [79]. Many other studies have found no association
between cortisol and mediotemporal BOLD signal during
psychosocial stress tasks [81-83] (for review see [33]).
Finally, while the current study focused on mediotemporal
structures, it is important to note that studies and neuro-
imaging meta-analysis have implicated further regions in

stress responses, such as the inferior frontal gyrus, insula
and striatum [84], and endogenous cortisol has been asso-
ciated with further regions including the anterior cingu-
late and inferior temporal gyrus [33]. Nevertheless, and
irrespective of the directionality, which may be influenced
by many task, sample and methodological factors, the pre-
sent findings add to this literature by showing that cortisol
response to social stress may be related to brain response
to fear processing, even when measured in separate experi-
mental paradigms.

It is worth noting that within studies of healthy people,
not all individuals respond in the same way [85]; hippocam-
pal deactivations and correlations with cortisol release have
sometimes been observed only in ‘stress-responsive’ indi-
viduals, i.e., those whose cortisol increases following a
stressor [34]. In healthy people, the factors and mechanisms
underlying interindividual differences in stress responsivity
are likely numerous [78, 86], and it is not clear whether they
overlap with—or are distinct from—the factors underlying
dysregulated stress responsivity in people at CHR. The nor-
mative cortisol response to acute stress is that of a peak fol-
lowing a stressor and a gradual diminution thereafter [86].
It could well be that in healthy individuals, attenuated or
relatively non-exaggerated stress responses (e.g., relatively
lower amplitude of TSST-induced cortisol release) are adap-
tive, in that external challenges to homeostasis are dealt with
swiftly and using the minimally sufficient resources, thereby
avoiding prolonged exposure to the effects of corticoster-
oids [86]. For example, one study found that better psycho-
logical resources and lower TSST-induced cortisol levels
were associated with dampening of amygdala response to
emotional faces in healthy individuals [36]. Conversely,
the mechanism(s) underlying altered stress responsivity in
patients at CHR may be pathological in nature rather than
efficient, arising through dysfunction or desensitisation of
the HPA axis, with an insufficient stress response causing
prolonged exposure to the negative effects of stress and less
effective behavioural/psychological responses [2, 6]. This
notion is supported by findings that cortisol levels during
the TSST are significantly lower in CHR patients compared
to controls, with lower cortisol levels associated with higher
self-ratings of stress in the past year, and chronic stress in
the past month associated with higher levels of psychiat-
ric symptoms, depression and lower self-esteem [6]. In the
present study, supplementary analyses revealed significantly
greater anxiety (measured using area under the curve using
all four timepoints, see Supplementary Material), against a
backdrop of significantly blunted cortisol response in the
CHR-placebo group compared to controls. Moreover, in
our previous publication using the same CHR sample, the
blunted cortisol response to the TSST in CHR individuals
was also associated with greater psychological response in
terms of anxiety and perception of public speaking as more
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stressful [40]. Together, these findings are consistent with
the notion that blunted TSST-induced cortisol responses in
CHR individuals are maladaptive and related to worse psy-
chological sequalae following stress.

The idea that limbic deactivation is perhaps essential for
initiation or proper functioning of the cortisol response to
stress is interesting in light of the differences we observed
between healthy individuals and those at CHR. In our pre-
vious but related paper (detailing the main effects of the
fMRI task used in the present study), we showed that fear
processing was associated with deactivation of the para-
hippocampal gyrus in healthy controls [48]. We then dem-
onstrated that CHR individuals have a significantly differ-
ent neural response to fear, showing increased activation
(rather than deactivation) in bilateral parahippocampal
gyri [48]. Together, the preliminary findings of the present
study extend our previous results to suggest that the nor-
mative relationship between stress-induced cortisol and the
neural response to fear processing may be altered in CHR
individuals.

Few, if any, previous studies have directly examined
altered neural responses and stress-induced cortisol func-
tion in CHR individuals, but various disparate strands of evi-
dence support the view that they may be related. In structural
MRI studies of CHR individuals, reduced post-awakening
cortisol response is associated with smaller grey matter vol-
umes in the parahippocampal gyri [87] and hippocampus
[88]. In siblings of patients with psychosis, smaller hip-
pocampal volumes are associated with increased emotional
and cortisol responses to daily life stress [89]. In functional
MRI studies, first-degree siblings showed abnormal brain
activation during an emotional processing fMRI task which
occurred 30 min following the TSST; whereas healthy con-
trols robustly deactivated core salience and default mode
network regions, there was no such deactivation in siblings
[90]. The ability to dynamically shift away from default
mode network function (where the hippocampal region is
a key node) following stress has been proposed as a neu-
ral signature of adaptive recovery, with the absence of this
neuronal resource reallocation potentially increasing vul-
nerability to stress, either through direct physiological or
psychological (i.e., increased rumination) mechanisms [90].
In the present study, the failure of CHR individuals to deacti-
vate the parahippocampal gyri is in keeping with established
models which propose that mediotemporal hyperactivation
is critical to psychosis onset [31, 32, 91-93], and is consist-
ent with previous evidence of elevated limbic response in
those with psychosis-spectrum features [94] and individuals
at genetic risk [95].

The precise mechanisms underlying the lack of coupling
between neural response to fear and cortisol response to
stress in CHR individuals are unclear. In line with previ-
ous findings, it is possible that both the failure to deactivate

@ Springer

parahippocampal regions during fear processing and the
failure to mount an adaptive cortisol response to social
stress share common underlying substrates, or arise through
similar generic deficits in responding optimally to arous-
ing/stressful stimuli. On the other hand, it is also possible,
although we think less likely, given the patterns observed in
previous literature, that the correlation in healthy controls
(that is absent in CHR individuals) may be driven by unre-
lated (third variable) factors. However, the present explora-
tory study was not designed to examine this, which may be
a focus in future research. Relatedly, it is possible that the
lack of correlation in CHR groups is due to range restriction
in the cortisol and/or parahippocampal activation values in
the CHR groups. While we cannot be completely sure that
this is not the case, examination of the data suggests that the
parahippocampal activation values are not range restricted
and variability does exist even within the cortisol values.
Finally, the fact that cortisol and fMRI data were collected
1 week apart in the CHR groups could have contributed to
the observed lack of association. Future studies could con-
sider fMRI paradigms that incorporate fear and/or stress
induction with concomitant cortisol sampling, which would
omit the need for the TSST and MRI to be conducted on
the same day, which may be burdensome for CHR patients.

We did not observe the expected coupling between TSST-
induced anxiety and mediotemporal response to fear pro-
cessing in healthy individuals, nor any significant group
differences in these relationships. While the control vs
placebo group interaction was non-significant (p =0.054),
CHR patients in the placebo group who deactivated limbic
circuitry less appeared to have higher TSST-induced anxiety,
which would be in keeping with the general consensus dis-
cussed above—that mediotemporal deactivation is a neural
signature of adaptive regulatory response/resilience to the
psychological effects of stress. However, given the lack of
significant differences and the relatively small sample sizes
available for the anxiety outcome (with only 12 patients with
complete data in each CHR group), it is possible that these
analyses were underpowered.

Contrary to our exploratory hypotheses, we did not
observe a recovery/normalisation of the cortisol-medi-
otemporal coupling by CBD in CHR patients. CBD attenu-
ates limbic activation in healthy individuals [96, 97] and
in patients with anxiety disorders [42], and has anxiolytic
effects [43, 98] in people with social anxiety disorder [41,
99] and in healthy people subjected to simulated public
speaking [43, 100-102]. In our previous papers in the same
patient sample, we demonstrated that 7-day treatment with
CBD partially attenuated the neuroendocrine and anxiety
response to stress in CHR individuals [40], and a single dose
of CBD was sufficient to alter brain activation in CHR indi-
viduals during the fear-processing task, in a direction indica-
tive of normalisation [48]. We therefore hypothesised that, if
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CHR individuals under placebo conditions displayed altered
neural-cortisol relationships, that CHR individuals treated
with CBD would show at least partial restoration of the
normative coupling. It must be noted, however, that indices
of brain function and cortisol release were measured under
different conditions; the CBD group had their MRI after
a single acute dose of CBD (on day 1), while cortisol was
measured 7 days later after 600 mg/day dosing. It therefore
remains possible that the brain response to fear, if collected
also after 7-day CBD treatment, would show the restoration
of coupling that we observed in the healthy control group.
A further limitation is that the dose of CBD may not have
been optimised for anxiolytic effects. While 600 mg, even as
a single acute dose, has demonstrable effects on symptoms
and brain function across numerous paradigms and clini-
cal populations [46, 48, 61, 103—105], previous work points
to an inverted U-shaped response for anxiolytic properties
[100, 101, 106]. Finally, with only 12 participants with com-
plete data in the CBD group, those analyses may have been
underpowered. For these reasons, our investigation of CBD
within this study should be treated as exploratory.

Our results should be considered in the context of certain
limitations. First, healthy controls took part in the TSST
and MRI scan on the same day, and thus it could be argued
that their fMRI data may be contaminated by the residual
effects of stress exposure. However, previous work shows
that cortisol returns to pre-stressor levels within 41-60 min
[65] and scanning was typically acquired about 3 h after the
TSST experiment. Second, the cortisol data were not col-
lected during the fMRI scan and the nature of our analyses
were correlational. It could, therefore, be argued that our
two experimental components (TSST and fear-processing
fMRI) were measuring different phenomena—response
to social stress vs fear/threat-related stimuli, respectively.
Although evidence suggests that fear/threat-related stimuli
(i.e., akin to challenges to physical self-preservation) may
trigger the HPA axis via activation of the amygdala, while
social stress (i.e., challenges to social self-preservation/
status) rather involves inhibition of the hippocampus [34,
37], both types of stressor can ultimately converge on the
HPA axis [65] and as discussed in the Introduction, fear and
HPA axis responses are intertwined on a neuronal as well
as neuroendocrine level. In addition, the main effect of our
fMRI fear task (exemplified by the task network in healthy
controls) was, in fact, parahippocampal deactivation. Nev-
ertheless, future studies employing an overt stress-induction
fMRI task (ideally selected so as to also robustly (dis)engage
the hippocampal region), along with concomitant cortisol
monitoring, would allow further and more direct exploration
of these relationships. Future studies could also use longer
fMRI paradigms with a greater number of events to fur-
ther improve signal-to-noise ratio. Another consideration is
that we did not evaluate the — 60, + 10 and + 20 min time

points, which index the baseline and recovery of the cortisol/
anxiety response. The 4+ 0 time point (time B; which occurs
20 min following the onset of the stressor) was selected for
our analyses as this represents the hypothetical peak of the
cortisol response [65], as well as the peak in anxiety (for all
groups) and cortisol (in healthy controls) that we observed in
our sample (Supplementary Results) as well as in our related
publication [40]. Relatedly, a further cortisol sample (e.g.,
at — 20 min) would have been advantageous for examining
immediate pre-to-post TSST cortisol levels, given that our
current baseline measure at — 60 min (time A) may have
been affected by “white-coat fear” associated with initial
venepuncture, which itself represents a potential stressor.
However, these time A measures were not used in the pre-
sent regression analyses. Nevertheless, we sought to mitigate
the overall effects of venepuncture by using an atraumatic
needle and an intravenous cannula, which avoided the need
for repeated venepuncture. While we cannot rule out the
possibility that venous blood sampling may have added to
the stress of participants, we believe such stress would have
acted across all participants rather than confounding by any
particular group. Future studies should follow the protocol
outlined by Engert and colleagues [85] and ensure that an
adequate number of samples are collected at optimum time-
points, giving consideration to the temporal dynamics of
anticipatory vs reactive cortisol release [85] and to the use
of alternative cortisol sampling methods, such as salivary
testing. Finally, given the exploratory nature of this study,
we did not perform multiplicity correction; as such, while
we hope that our findings may be useful for future hypoth-
esis generation, our results should be interpreted with cau-
tion and replicated in larger samples. Future highly powered
studies, particularly those designed to specifically test cor-
tisol responses (in optimum conditions), would also allow
for control of potential factors that may influence cortisol
response to the TSST, such as other (e.g., over-the-counter)
medications, night-shift work [107], body mass index [108],
menstrual cycle and the use of contraceptives [109].

Notwithstanding these limitations, our preliminary
findings suggest that the parahippocampal (deactivation)
response to fear processing may be associated with the neu-
roendocrine (cortisol) response to experimentally induced
social stress, and that this relationship may be altered in
patients at clinical high risk for psychosis. Given that envi-
ronmental stress is a significant but modifiable risk factor for
psychosis onset, further work to understand the mechanisms
underlying (and potential treatments for) stress intolerance,
maladaptive HPA axis responses and increased vulnerabil-
ity to environmental stress in these individuals is of critical
importance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00406-021-01318-z.

@ Springer


https://doi.org/10.1007/s00406-021-01318-z

472

European Archives of Psychiatry and Clinical Neuroscience (2022) 272:461-475

Funding This study was supported by Grant MR/J012149/1 from the
Medical Research Council (MRC). SB was supported by National
Institute for Health Research (NIHR) Clinician Scientist Award NIHR
CS-11-001 when this work was carried out. This study represents inde-
pendent research supported by the NIHR-Wellcome King’s Clinical
Research Facility and the NIHR Biomedical Research Centre at South
London and Maudsley NHS Foundation Trust and King’s College
London. EAK was supported by the NIHR Collaboration for Leader-
ship in Applied Health Research and Care South London at King’s
College Hospital NHS Foundation Trust when this work was carried
out. The views expressed are those of the authors and not necessar-
ily those of the NHS, NIHR or the Department of Health and Social
Care. MGB was supported by a Veni fellowship from the Netherlands
Organization for Scientific Research. RM has received honoraria from
giving lectures/seminars at meetings supported by Janssen, Sunovian,
Otsuka Pharmaceutical and Lundbeck. The funders had no role in the
design and conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or approval of the
manuscript; or decision to submit the manuscript for publication.

Declarations

Conflict of interest No other disclosures or any competing financial
interests were reported.

Ethical approval These procedures were approved by the National
Research Ethics Service Committee of London Camberwell St
Giles and NHS ethics (13/L0/0243) and the Psychiatry, Nursing and
Midwifery Research Ethics Committee at King’s College London
(Approval Number PNM/13/14-22).

Informed consent All participants gave written informed consent
before taking part in the study. This study has therefore been performed
in accordance with the ethical standards laid down in the 1964 Declara-
tion of Helsinki and its later amendments.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Walker EF, Diforio D (1997) Schizophrenia: a neural diathesis-
stress model. Psychol Rev 104:667-685

2. Pruessner M, Cullen AE, Aas M, Walker EF (2017) The neu-
ral diathesis-stress model of schizophrenia revisited: an update
on recent findings considering illness stage and neurobiologi-
cal and methodological complexities. Neurosci Biobehav Rev
73:191-218

3. Cullen AE, Addington J, Bearden CE, Stone WS, Seidman LJ,
Cadenhead KS et al (2020) Stressor-cortisol concordance among

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

individuals at clinical high-risk for psychosis: novel findings
from the NAPLS cohort. Psychoneuroendocrinology 115:104649

. Shah JL, Malla AK (2015) Much ado about much: stress,

dynamic biomarkers and HPA axis dysregulation along the tra-
jectory to psychosis. Schizophr Res 162:253-260

. Berger M, Kraeuter AK, Romanik D, Malouf P, Amminger GP,

Sarnyai Z (2016) Cortisol awakening response in patients with
psychosis: systematic review and meta-analysis. Neurosci Biobe-
hav Rev 68:157-166

. Pruessner M, Béchard-Evans L, Boekestyn L, Iyer SN, Pruess-

ner JC, Malla AK (2013) Attenuated cortisol response to acute
psychosocial stress in individuals at ultra-high risk for psychosis.
Schizophr Res 146:79-86

. Corcoran CM, Smith C, McLaughlin D, Auther A, Malaspina

D, Cornblatt B (2012) HPA axis function and symptoms in ado-
lescents at clinical high risk for schizophrenia. Schizophr Res
135:170-174

. Walker E, Mittal V, Tessner K (2008) Stress and the hypotha-

lamic pituitary adrenal axis in the developmental course of
schizophrenia. Annu Rev Clin Psychol 4:189-216

. Sonnenschein SF, Gomes FV, Grace AA (2020) Dysregulation of

midbrain dopamine system and the pathophysiology of schizo-
phrenia. Front Psychiatry 11:524-532

Rougé-Pont F, Piazza PV, Kharouby M, Le Moal M, Simon H
(1993) Higher and longer stress-induced increase in dopamine
concentrations in the nucleus accumbens of animals predisposed
to amphetamine self-administration. A microdialysis study. Brain
Res 602:169-174

Valenti O, Lodge DJ, Grace AA (2011) Aversive stimuli alter
ventral tegmental area dopamine neuron activity via a common
action in the ventral hippocampus. J Neurosci 31:4280-4289
Belujon P, Grace AA (2015) Regulation of dopamine system
responsivity and its adaptive and pathological response to stress.
Proc R Soc B Biol Sci 282:20142516

Howes OD, Kapur S (2009) The dopamine hypothesis of schizo-
phrenia: version III—the final common pathway. Schizophr Bull
35:549-562

Radua J, Ramella-Cravaro V, Ioannidis JPA, Reichenberg A, Phi-
phopthatsanee N, Amir T et al (2018) What causes psychosis? An
umbrella review of risk and protective factors. World Psychiatry
17:49-66

Egerton A, Howes OD, Houle S, McKenzie K, Valmaggia LR,
Bagby MR et al (2017) Elevated striatal dopamine function in
immigrants and their children: a risk mechanism for psychosis.
Schizophr Bull 43:sbw181

Egerton A, Valmaggia LR, Howes OD, Day F, Chaddock
CA, Allen P et al (2016) Adversity in childhood linked to ele-
vated striatal dopamine function in adulthood. Schizophr Res
176:171-176

Bloomfield MA, McCutcheon RA, Kempton M, Freeman TP,
Howes O (2019) The effects of psychosocial stress on dopamin-
ergic function and the acute stress response. Elife 8:1-22
Howes OD, Murray RM (2014) Schizophrenia: an integrated
sociodevelopmental-cognitive model. Lancet 383:1677-1687
Selten JP, Van Der Ven E, Rutten BPF, Cantor-Graae E (2013)
The social defeat hypothesis of schizophrenia: an update. Schizo-
phr Bull 39:1180-1186

Pruessner JC, Champagne F, Meaney MJ, Dagher A (2004)
Dopamine release in response to a psychological stress in
humans and its relationship to early life maternal care: a positron
emission tomography study using [11C] raclopride. J Neurosci
24:2825-2831

Mizrahi R (2015) Social stress and psychosis risk: common neu-
rochemical substrates? Neuropsychopharmacology 41:666-674


http://creativecommons.org/licenses/by/4.0/

European Archives of Psychiatry and Clinical Neuroscience (2022) 272:461-475

473

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mizrahi R, Addington J, Rusjan PM, Suridjan I, Ng A, Boileau
I et al (2012) Increased stress-induced dopamine release in psy-
chosis. Biol Psychiatry 71:561-567

Mizrahi R, Kenk M, Suridjan I, Boileau I, George TP, McKenzie
K et al (2014) Stress-induced dopamine response in subjects at
clinical high risk for schizophrenia with and without concurrent
cannabis use. Neuropsychopharmacology 39:1479-1489
Gomes FV, Grace AA (2016) Prefrontal cortex dysfunction
increases susceptibility to schizophrenia-like changes induced
by adolescent stress exposure. Schizophr Bull 43:sbw156
Schifani C, Tseng HH, Kenk M, Tagore A, Kiang M, Wil-
son AA et al (2018) Cortical stress regulation is disrupted in
schizophrenia but not in clinical high risk for psychosis. Brain
141:2213-2224

Grace AA, Gomes FV (2019) The circuitry of dopamine system
regulation and its disruption in schizophrenia: insights into treat-
ment and prevention. Schizophr Bull 45:148-157

Lodge DJ, Grace AA (2007) Aberrant hippocampal activity
underlies the dopamine dysregulation in an animal model of
schizophrenia. J Neurosci 27:11424-11430

McEwen BS, Nasca C, Gray JD (2016) Stress effects on neu-
ronal structure: hippocampus, amygdala, and prefrontal cortex.
Neuropsychopharmacology 41:3-23

Sapolsky RM (2000) Glucocorticoids and hippocampal
atrophy in neuropsychiatric disorders. Arch Gen Psychiatry
57:925-935

Herman JP, Ostrander MM, Mueller NK, Figueiredo H (2005)
Limbic system mechanisms of stress regulation: hypothalamo-
pituitary- adrenocortical axis. Prog Neuropsychopharmacol Biol
Psychiatry 29:1201-1213

Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers
S et al (2008) Circuit-based framework for understanding neu-
rotransmitter and risk gene interactions in schizophrenia. Trends
Neurosci 31:234-242

Lieberman JA, Girgis RR, Brucato G, Moore H, Proven-
zano F, Kegeles L et al (2018) Hippocampal dysfunction in
the pathophysiology of schizophrenia: a selective review and
hypothesis for early detection and intervention. Mol Psychiatry
23:1764-1772

Harrewijn A, Vidal-Ribas P, Clore-Gronenborn K, Jackson SM,
Pisano S, Pine DS et al (2020) Associations between brain activ-
ity and endogenous and exogenous cortisol—a systematic review.
Psychoneuroendocrinology 120:104775

Pruessner JC, Dedovic K, Khalili-Mahani N, Engert V, Pruessner
M, Buss C et al (2008) Deactivation of the limbic system dur-
ing acute psychosocial stress: evidence from positron emission
tomography and functional magnetic resonance imaging studies.
Biol Psychiatry 63:234-240

Khalili-Mahani N, Dedovic K, Engert V, Pruessner M, Pruess-
ner JC (2010) Hippocampal activation during a cognitive task
is associated with subsequent neuroendocrine and cognitive
responses to psychological stress. Hippocampus 20:323-334
Taylor SE, Burklund LJ, Eisenberger NI, Lehman BJ, Hilmert
CJ, Lieberman MD (2008) Neural bases of moderation of cortisol
stress responses by psychosocial resources. J Pers Soc Psychol
95:197-211

Dedovic K, Duchesne A, Andrews J, Engert V, Pruessner JC
(2009) The brain and the stress axis: the neural correlates of
cortisol regulation in response to stress. Neuroimage 47:864—-871
McEwen BS, Wingfield JC (2003) The concept of allostasis in
biology and biomedicine. Horm Behav 43:2-15

DeVylder JE, Ben-David S, Schobel SA, Kimhy D, Malaspina D,
Corcoran CM (2012) Temporal association of stress sensitivity
and symptoms in individuals at clinical high risk for psychosis.
Psychol Med 43:1-10

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Appiah-Kusi E, Petros N, Wilson R, Colizzi M, Bossong MG,
Valmaggia L et al (2020) Effects of short-term cannabidiol treat-
ment on response to social stress in subjects at clinical high risk
of developing psychosis. Psychopharmacology 237:1121-1130
Bergamaschi MM, Queiroz RHC, Chagas MHN, De Oliveira
DCG, De Martinis BS, Kapczinski F et al (2011) Cannabidiol
reduces the anxiety induced by simulated public speaking in
treatment-nave social phobia patients. Neuropsychopharmacol-
ogy 36:1219-1226

Crippa JAS, Derenusson GN, Ferrari TB, Wichert-Ana L, Duran
FLS, Martin-Santos R et al (2011) Neural basis of anxiolytic
effects of cannabidiol (CBD) in generalized social anxiety dis-
order: a preliminary report. J Psychopharmacol 25:121-130
Crippa JA, Guimaraes FS, Campos AC, Zuardi AW (2018) Trans-
lational investigation of the therapeutic potential of cannabidiol
(CBD): toward a new age. Front Immunol 9:1-16

Leweke FM, Piomelli D, Pahlisch F, Muhl D, Gerth CW, Hoyer
C et al (2012) Cannabidiol enhances anandamide signaling and
alleviates psychotic symptoms of schizophrenia. Transl Psychia-
try 2:¢94—e94

McGuire P, Robson P, Cubala WJ, Vasile D, Morrison PD, Bar-
ron R et al (2018) Cannabidiol (CBD) as an adjunctive therapy
in schizophrenia: a multicenter randomized controlled trial. Am
J Psychiatry 175:225-231

Davies C, Bhattacharyya S (2019) Cannabidiol as a potential
treatment for psychosis. Ther Adv Psychopharmacol 9:1-16
Englund A, Morrison PD, Nottage J, Hague D, Kane F, Bonac-
corso S et al (2013) Cannabidiol inhibits THC-elicited paranoid
symptoms and hippocampal-dependent memory impairment. J
Psychopharmacol 27:19-27

Davies C, Wilson R, Appiah-Kusi E, Blest-Hopley G, Brammer
M, Perez J et al (2020) A single dose of cannabidiol modulates
medial temporal and striatal function during fear processing
in people at clinical high risk for psychosis. Transl Psychiatry
10:311

Shin LM, Liberzon I (2010) The neurocircuitry of fear, stress,
and anxiety disorders. Neuropsychopharmacology 35:169-191
LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neu-
rosci 23:155-184

Davis M, Walker DL, Miles L, Grillon C (2010) Phasic vs sus-
tained fear in rats and humans: role of the extended amygdala in
fear vs anxiety. Neuropsychopharmacology 35:105-135

Rauch SL, Shin LM, Phelps EA (2006) Neurocircuitry models
of posttraumatic stress disorder and extinction: human neuro-
imaging research-past, present, and future. Biol Psychiatry
60:376-382

Herman JP, Cullinan WE (1997) Neurocircuitry of stress: Central
control of the hypothalamo-pituitary-adrenocortical axis. Trends
Neurosci 20:78-84

Feldman S, Weidenfeld J (1995) Neural mechanisms involved in
the corticosteroid feedback effects on the hypothalamo-pituitary-
adrenocortical axis. Prog Neurobiol 45:129-141

Merz CJ, Hamacher-Dang TC, Stark R, Wolf OT, Hermann A
(2018) Neural underpinnings of cortisol effects on fear extinc-
tion. Neuropsychopharmacology 43:384-392

Kinner VL, Wolf OT, Merz CJ (2018) Cortisol increases the
return of fear by strengthening amygdala signaling in men. Psy-
choneuroendocrinology 91:79-85

Brueckner AH, Lass-Hennemann J, Wilhelm FH, de Sa DSF,
Michael T (2019) Cortisol administration after extinction in a
fear-conditioning paradigm with traumatic film clips prevents
return of fear. Transl Psychiatry 9:128

De Quervain DJF, Bentz D, Michael T, Bolt OC, Wiederhold BK,
Margraf J et al (2011) Glucocorticoids enhance extinction-based
psychotherapy. Proc Natl Acad Sci USA 108:6621-6625

@ Springer



474

European Archives of Psychiatry and Clinical Neuroscience (2022) 272:461-475

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Mayer SE, Snodgrass M, Liberzon I, Briggs H, Curtis GC, Abel-
son JL (2017) The psychology of HPA axis activation: examining
subjective emotional distress and control in a phobic fear expo-
sure model. Psychoneuroendocrinology 82:189-198

Yung AR, Yuen HP, McGorry PD, Phillips LJ, Kelly D, Dell’olio
M et al (2005) Mapping the onset of psychosis: the comprehen-
sive assessment of at-risk mental states. Aust N Z J Psychiatry
39:964-971

Bhattacharyya S, Wilson R, Appiah-Kusi E, O’Neill A, Brammer
M, Perez J et al (2018) Effect of cannabidiol on medial tempo-
ral, midbrain, and striatal dysfunction in people at clinical high
risk of psychosis: a randomized clinical trial. JAMA Psychiat
75:1107-1117

Spielberger C (1983) Manual for the State-Trait Anxiety Inven-
tory (STAI). Consulting Psychologists Press, p 1983
Kirschbaum C, Pirke K-M, Hellhammer DH (1993) The ‘Trier
Social Stress Test’—a tool for investigating psychobiological
stress responses in a laboratory setting. Neuropsychobiology
28:76-81

Brammer MJ, Bullmore ET, Simmons A, Williams SCR, Grasby
PM, Howard RJ et al (1997) Generic brain activation mapping
in functional magnetic resonance imaging: a nonparametric
approach. Magn Reson Imaging 15:763-770

Dickerson SS, Kemeny ME (2004) Acute stressors and cortisol
responses: a theoretical integration and synthesis of laboratory
research. Psychol Bull 130:355-391

Corr R, Pelletier-Baldelli A, Glier S, Bizzell J, Campbell A, Bel-
ger A (2021) Neural mechanisms of acute stress and trait anxiety
in adolescents. Neurolmage Clin 29:102543

Lederbogen F, Kirsch P, Haddad L, Streit F, Tost H, Schuch P
et al (2012) City living and urban upbringing affect neural social
stress processing in humans. Nature 474:498-501

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard
DA, Shulman GL (2001) A default mode of brain function. Proc
Natl Acad Sci USA 98:676-682

McNaughton N (2006) The role of the subiculum within the
behavioural inhibition system. Behav Brain Res 174:232-250
Cunningham-Bussel AC, Root JC, Butler T, Tuescher O, Pan
H, Epstein J et al (2009) Diurnal cortisol amplitude and fronto-
limbic activity in response to stressful stimuli. Psychoneuroen-
docrinology 34:694-704

Kinner VL, Wolf OT, Merz CJ (2016) Cortisol alters reward
processing in the human brain. Horm Behav 84:75-83

Merz CJ, Tabbert K, Schweckendiek J, Klucken T, Vaitl D, Stark
R et al (2012) Oral contraceptive usage alters the effects of cor-
tisol on implicit fear learning. Horm Behav 62:531-538

Merz CJ, Wolf OT, Schweckendiek J, Klucken T, Vaitl D, Stark
R (2013) Stress differentially affects fear conditioning in men and
women. Psychoneuroendocrinology 38:2529-2541
Servan-Schreiber D, Perlstein WM, Cohen JD, Mintun M (1998)
Selective pharmacological activation of limbic structures in
human volunteers. J Neuropsychiatry Clin Neurosci 10:148-159
Meletti S, Tassi L, Mai R, Fini N, Tassinari CA, Lo RG (2006)
Emotions induced by intracerebral electrical stimulation of the
temporal lobe. Epilepsia 47:47-51

Gloor P, Olivier A, Quesney LF, Andermann F, Horowitz S
(1982) The role of the limbic system in experiential phenomena
of temporal lobe epilepsy. Ann Neurol 12:129-144

Halgren E, Walter RD, Cherlow DG, Crandall PH (1978) Mental
phenomena evoked by electrical stimulation of the human hip-
pocampal formation and amygdala. Brain 101:83-115
Henckens MJAG, Klumpers F, Everaerd D, Kooijman SC, van
Wingen GA, Fernandez G (2016) Interindividual differences in
stress sensitivity: basal and stress-induced cortisol levels dif-
ferentially predict neural vigilance processing under stress. Soc
Cogn Affect Neurosci 11:663-673

@ Springer

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Root JC, Tuescher O, Cunningham-Bussel A, Pan H, Epstein J,
Altemus M et al (2009) Frontolimbic function and cortisol reac-
tivity in response to emotional stimuli. NeuroReport 20:429-434
van Stegeren AH, Wolf OT, Everaerd W, Scheltens P, Barkhof
F, Rombouts SARB (2007) Endogenous cortisol level interacts
with noradrenergic activation in the human amygdala. Neurobiol
Learn Mem 87:57-66

Kogler L, Gur RC, Derntl B (2015) Sex differences in cognitive
regulation of psychosocial achievement stress: brain and behav-
ior. Hum Brain Mapp 36:1028-1042

Orem TR, Wheelock MD, Goodman AM, Harnett NG, Wood
KH, Gossett EW et al (2019) Differences in the emotional
response to psychosocial stress. Behav Neurosci 133:203-211
Dedovic K, Duchesne A, Engert V, Lue SD, Andrews J, Efanov
SI et al (2014) Psychological, endocrine and neural responses
to social evaluation in subclinical depression. Soc Cogn Affect
Neurosci 9:1632-1644

Kogler L, Miiller VI, Chang A, Eickhoff SB, Fox PT, Gur RC
et al (2015) Psychosocial versus physiological stress—meta-anal-
yses on deactivations and activations of the neural correlates of
stress reactions. Neuroimage 119:235-251

Engert V, Efanov SI, Duchesne A, Vogel S, Corbo V, Pruess-
ner JC (2013) Differentiating anticipatory from reactive cortisol
responses to psychosocial stress. Psychoneuroendocrinology
38:1328-1337

Herman JP, McKlveen JM, Ghosal S, Kopp B, Wulsin A, Mak-
inson R et al (2016) Regulation of the hypothalamic-pituitary-
adrenocortical stress response. Compr Physiol 6:603-621

Valli I, Crossley NA, Day F, Stone J, Tognin S, Mondelli V et al
(2016) HPA-axis function and grey matter volume reductions:
imaging the diathesis-stress model in individuals at ultra-high
risk of psychosis. Transl Psychiatry 6:¢797

Pruessner M, Bechard-Evans L, Pira S, Joober R, Collins DL,
Pruessner JC et al (2017) Interplay of hippocampal volume and
hypothalamus-pituitary-adrenal axis function as markers of stress
vulnerability in men at ultra-high risk for psychosis. Psychol Med
47:471-483

Collip D, Habets P, Marcelis M, Gronenschild E, Lataster T,
Lardinois M et al (2013) Hippocampal volume as marker of daily
life stress sensitivity in psychosis. Psychol Med 43:1377-1387
Van Leeuwen JMC, Vink M, Fernandez G, Hermans EJ, Joéls
M, Kahn RS et al (2018) At-risk individuals display altered
brain activity following stress. Neuropsychopharmacology
43:1954-1960

Allen P, Chaddock CA, Egerton A, Howes OD, Bonoldi I, Zelaya
F et al (2016) Resting hyperperfusion of the hippocampus, mid-
brain, and basal ganglia in people at high risk for psychosis. Am
J Psychiatry 173:392-399

Schobel SA, Chaudhury NH, Khan UA, Paniagua B, Styner
MA, Asllani I et al (2013) Imaging patients with psychosis and
a mouse model establishes a spreading pattern of hippocam-
pal dysfunction and implicates glutamate as a driver. Neuron
78:81-93

Allen P, Moore H, Corcoran CM, Gilleen J, Kozhuharova P,
Reichenberg A et al (2019) Emerging temporal lobe dysfunc-
tion in people at clinical high risk for psychosis. Front Psychiatry
10:1-12

Wolf DH, Satterthwaite TD, Calkins ME, Ruparel K, Elliott MA,
Hopson RD et al (2015) Functional neuroimaging abnormalities
in youth with psychosis spectrum symptoms. JAMA Psychiat
72:456-465

Van Buuren M, Vink M, Rapcencu AE, Kahn RS (2011) Exag-
gerated brain activation during emotion processing in unaffected
siblings of patients with schizophrenia. Biol Psychiatry 70:81-87
Crippa JADS, Zuardi AW, Garrido GEJ, Wichert-Ana L, Guarni-
eri R, Ferrari L et al (2004) Effects of cannabidiol (CBD) on



European Archives of Psychiatry and Clinical Neuroscience (2022) 272:461-475

475

97.

98.

99.

100.

101.

102.

103.

regional cerebral blood flow. Neuropsychopharmacology
29:417-426

Fusar-Poli P, Crippa JA, Bhattacharyya S, Borgwardt SJ,
Allen P, Martin-Santos R et al (2009) Distinct effects of
A9-tetrahydrocannabinol and cannabidiol on neural activation
during emotional processing. Arch Gen Psychiatry 66:95
Zuardi A, Crippa J, Hallak J, Bhattacharyya S, Atakan Z, Mar-
tin-Santos R et al (2012) A critical review of the antipsychotic
effects of cannabidiol: 30 years of a translational investigation.
Curr Pharm Des 18:5131-5140

Masataka N (2019) Anxiolytic effects of repeated cannabidiol
treatment in teenagers with social anxiety disorders. Front Psy-
chol 10:2466

Linares IM, Zuardi AW, Pereira LC, Queiroz RH, Mechoulam
R, Guimaraes FS et al (2019) Cannabidiol presents an inverted
U-shaped dose-response curve in a simulated public speaking
test. Braz J Psychiatry 41:9-14

Zuardi AW, Rodrigues NP, Silva AL, Bernardo SA, Hallak JEC,
Guimaries FS et al (2017) Inverted U-shaped dose-response
curve of the anxiolytic effect of cannabidiol during public speak-
ing in real life. Front Pharmacol 8:1-9

Zuardi AW, Cosme RA, Graeff FG, Guimariaes FS (1993) Effects
of ipsapirone and cannabidiol on human experimental anxiety. J
Psychopharmacol 7:82-88

Wilson R, Bossong MG, Appiah-Kusi E, Petros N, Brammer M,
Perez J et al (2019) Cannabidiol attenuates insular dysfunction

104.

105.

106.

107.

108.

109.

during motivational salience processing in subjects at clinical
high risk for psychosis. Transl Psychiatry 9:203

O’Neill A, Wilson R, Blest-Hopley G, Annibale L, Colizzi M,
Brammer M et al (2020) Normalization of mediotemporal and
prefrontal activity, and mediotemporal-striatal connectivity, may
underlie antipsychotic effects of cannabidiol in psychosis. Psy-
chol Med 51:596-606

Bhattacharyya S, Morrison PD, Fusar-Poli P, Martin-Santos R,
Borgwardt S, Winton-Brown T et al (2010) Opposite effects of
delta-9-tetrahydrocannabinol and cannabidiol on human brain
function and psychopathology. Neuropsychopharmacology
35:764-774

Guimaraes FS, Chiaretti TM, Graeff FG, Zuardi AW (1990)
Antianxiety effect of cannabidiol in the elevated plus-maze.
Psychopharmacology 100:558-559

Kudielka BM, Buchtal J, Uhde A, Wiist S (2007) Circadian
cortisol profiles and psychological self-reports in shift workers
with and without recent change in the shift rotation system. Biol
Psychol 74:92-103

Bose M, Olivan B, Laferrére B (2009) Stress and obesity: the role
of the hypothalamic-pituitary-adrenal axis in metabolic disease.
Curr Opin Endocrinol Diabetes Obes 16:340-346

Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, Hellham-
mer DH (1999) Impact of gender, menstrual cycle phase, and
oral contraceptives on the activity of the hypothalamus-pituitary-
adrenal axis. Psychosom Med 61:154-162

@ Springer



	Altered relationship between cortisol response to social stress and mediotemporal function during fear processing in people at clinical high risk for psychosis: a preliminary report
	Abstract
	Introduction
	Patients and methods
	Participants
	Design, materials, procedure
	Trier social stress test
	Functional magnetic resonance imaging
	Statistical analyses

	Results
	fMRI results
	Cortisol and fMRI response
	Anxiety and fMRI response

	Discussion
	References




