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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 

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 
Stress Test (TSST) procedures
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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 

(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 (+ 0 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 

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 

Table 1   Sociodemographic and Clinical Characteristics at Baseline

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 
Δ9-tetrahydrocannabinol
a Independent t test
b Pearson chi-squared test
c Data for 1 CHR-placebo and 3 controls were missing
d No statistics necessary

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 = 0.87a p = 0.42a p = 0.33a

Sex, N (%) male 10 (62.5) 7 (41.2) 10 (52.6) p = 0.49b p = 0.22b p = 0.56b

Ethnicity, N (%)
 White 10 (62.5) 7 (41.2) 7 (36.8) p = 0.77b p = 0.43b p = 0.25b

 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)c 14.4 (2.71) 12.6 (2.76) 16.3 (2.47) p < 0.001a p = 0.06a p = 0.05a

CAARMS score, mean (SD)
 Positive symptoms 40.19 (20.80) 42.94 (29.47) NA NA p = 0.76a NA
 Negative symptoms 23.25 (16.49) 28.41 (20.49) NA NA p = 0.43a NA

STAI-S, mean (SD) 40.31 (9.07) 38.94 (10.18) NA NA p = 0.69a NA
Urine drug screen results, N (%)
 Clean 10 (63) 8 (47) 13 (68) p = 0.28b p = 0.45b p = 0.73b

 THC 2 (13) 5 (29) 2 (11)
 Morphine 1 (6) 0 (0) 0 (0)
 Benzodiazepines 0 (0) 1 (6) 0 (0)
 PCP 0 (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 = 0.64b p = 0.12b p = 0.25b

Current cannabis use, N (%) yes 7 (43.8) 7 (41.2) 4 (21.1) p = 0.19b p = 0.88b p = 0.15b

Handedness, N (%) right 14 (87.5) 17 (100) 19 (100) NAd p = 0.16b p = 0.11b
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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 

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, 

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 
showing the effect of group, 
right parahippocampal 
activation and their interaction 
on TSST-induced cortisol levels

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

Predictor Estimate Std. error t value p value

Group (HC) 80.53 62.28 1.293 0.2036
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

Fig. 3   Relationship between 
TSST-induced cortisol and fear-
related right parahippocampal 
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
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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 

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 

Table 3   Regression model 
showing the effect of group, 
right parahippocampal response 
and their interaction on TSST-
induced anxiety (STAI-state 
scores)

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

Predictor Estimate Std. error t value p value

Group (HC) − 10.761 5.855 − 1.838 0.0748
Group (CBD) 1.021 6.055 0.169 0.8671
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 − 1.413 0.1666

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

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 + 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.
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