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Fragile X Syndrome (FXS) is characterised by features including anxiety and autistic-like behaviour, which led to
early hypotheses that aberrant physiological arousal may underlie the behavioural phenotype. In line with this,
several lines of evidence suggest that the hypothalamic-pituitary-adrenal (HPA) axis may be altered in the syn-
drome. This review collates evidence to determine the nature of HPA axis baseline activity and reactivity (asmea-
sured by glucocorticoid levels) differences in FXS, and its relationship to behaviour.
Through a search of electronic databases, 15 papers were identifiedwhich provided data on humans with FXS or
the FMR1 knockout mouse model. The findings across studies are mixed, though trends in the findings can be
seen, including elevations in cortisol levels, particularly inmales. Preliminary findings also highlight associations
between cortisol levels and key behaviours associated with the syndrome, such as gaze avoidance. Areas for fu-
ture research are discussed.

© 2016 Elsevier Inc. All rights reserved.
Keywords:
Fragile X Syndrome
FMR1
FMRP
Autism
Hypothalamic-pituitary-adrenal axis
Cortisol
Corticosterone
Glucocorticoid
Systematic review
KOmouse
HPA
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
2. Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

2.1. Selection criteria for studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
2.1.1. Types of studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

2.2. Search methods for identification of studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
2.2.1. Electronic search. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
2.2.2. Search terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
2.2.3. Searching other resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

2.3. Search results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

3.1. Baseline HPA activity and circadian rhythm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
3.1.1. Animal literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343

http://crossmark.crossref.org/dialog/?doi=10.1016/j.physbeh.2016.09.030&domain=pdf
http://dx.doi.org/10.1016/j.physbeh.2016.09.030
mailto:rh432@kent.ac.uk
Journal logo
http://dx.doi.org/10.1016/j.physbeh.2016.09.030
http://www.sciencedirect.com/science/journal/00319384
www.elsevier.com/locate/phb


342 R.L. Hardiman, A. Bratt / Physiology & Behavior 167 (2016) 341–353
3.1.2. Human literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
3.1.3. HPA reactivity to challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345

3.2. Is there a relationship between cortisol levels and behaviour within Fragile X Syndrome? . . . . . . . . . . . . . . . . . . . . . . . . 348
3.2.1. Animal literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.2.2. Human literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
3.2.3. Other characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

3.3. Synthesis and future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
4. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
1. Introduction

Fragile X Syndrome (FXS) is the most common known cause of
inherited intellectual disability and the leading monogenetic cause
of autism [60,85], affecting approximately 1:4000 males and
1:8000 females [77]. Verkerk et al. [87] categorized the genetic
locus of the disorder as being an expanded CGG repeat on the
long arm of the X chromosome, in the 5′ untranslated region of
the FMR1 gene, occurring during maternal transmission. An expan-
sion of 200 or more repeats typically causes the FMR1 gene to be-
come abnormally hypermethylated, silencing the production of
the Fragile X Mental Retardation Protein (FMRP; [22]). FMRP is a
ubiquitous transporter protein which carries target messenger ri-
bonucleic acids (mRNAs; which contain genetic information) from
the cell nuclei to ribosomes, where the information is decoded to
produce specific amino acid chains for protein synthesis [21,39,
45]. The mRNAs served by FRMP have a broad range of purposes,
though are largely involved in dendritic structure and function
[21,88].

The severity of the manifestation of the syndrome is variable, but
individuals with FXS typically showmarked behavioural features in-
cluding deficits in attention, language and IQ; hyperactivity; anxiety;
self-injury (particularly hand-biting); aggression; hyperarousal; ste-
reotypies; and social difficulties, including gaze avoidance [4,50,82].
The presentation of the FXS is quantitatively gender dimorphic, due
to the X-linked nature of the syndrome, with males typically (though
not always) being more clearly affected than females. Crucially,
anxiety plays a central role in many of the characteristic behaviours
of the syndrome, including avoidance and confrontational behav-
iours [79] as well as autistic-like behaviour [83]. It has long been
hypothesised that aberrant or exaggerated physiological arousal,
particularly stimulus-bound, may underlie these traits. Due to
these tendencies for individuals with the condition to exhibit exag-
gerated behavioural responses to stressors, researchers have begun
to investigate arousal and stress-related circuits and their relevance
for individuals with FXS.

The hypothalamic-pituitary adrenal (HPA) axis is one of the body's
main stress effector systems and is a circuit of interest in Fragile X re-
search. Activation of the HPA axis triggers the release of glucocorticoids
(such as cortisol in humans), which can be measured through blood or
saliva sampling [42]. Baseline release of cortisol follows a pronounced
circadian rhythm marked by a peak after awakening, followed by a
gradual decrease through the day, reaching a quiescent period during
sleep [86]: corresponding to the rest-activity cycle. Superimposed on
this pattern, in response to physical or psychological stressors, is further
pulsatile release of glucocorticoids, which is a normal, adaptive compo-
nent of coping [27]. In the short term the physiological changes associ-
ated with this are adaptive in that they help to provide resources for
successful coping, though enduringly high cortisol levels may have
harmful effects [54]. Multiple negative feedback loops in the HPA axis
exist to maintain adaptive levels of cortisol [34]. In addition, when
stressors are chronic, the HPA system may reach a stage of exhaustion
[75] resulting in blunted cortisol levels and responses or even develop-
ment of a pattern of decreases in response to stressors as a result of ha-
bituation [26,56].
Individual differences in HPA activity may also be important corre-
lates ormodifiers of social behaviour and behavioural and psychological
responding to stressors. For instance, it has been noted that individuals
with Cushing's syndrome (a condition characterised by chronically ele-
vated baseline levels of cortisol) are more likely to experience negative
psychological states, such as depression and anxiety [44], suggesting
that HPA hyper-activation may modify affect. In addition, research
into shyness with participants of various ages suggests a complex func-
tional interplay between cortisol and the regulation of social behaviour
(for instance: [7,43,73]). Furthermore, there is a growing body of litera-
ture suggesting that individuals on the autism spectrum (which is
characterised by atypical social behaviour) experience stress-related
cortisol responses of increased magnitude and/or duration (for in-
stance: [16,78]), which may be driven by impaired negative feedback
[38]. Given the close association between FXS and autism spectrum dis-
order (ASD, for instance: [3]), it will be important to consider autism
symptomatology in the interpretation of FXS research.

In light of these associations between cortisol and behaviour, it is in-
teresting that researchers investigating the FMRP target mRNAs have
discovered an association between FXS and the HPA axis. FMR1 knock-
out mice (an animal model of FXS) have been found to have fewer glu-
cocorticoid receptors (GR-α) within neuronal dendrites, which would
decrease homeostatic feedback regarding levels of cortisol [40,58]. Fur-
thermore, in human subjects with FXS (but not typically developing or
intellectually disabled controls), Annexin 1, a phospholipid-binding
protein which mediates the inhibition by glucocorticoids on the HPA
axis [41], was synthesised and expressed abnormally [80]. The level of
dysregulation was closely associated with participants' level of FMRP,
suggesting a direct regulatory relationship. Thus, it appears that lack
of FMRP may result in excessive activation of the HPA axis, through
impairing the negative feedback loop [35]. This highlights a pathway
whereby cortisol regulation may be altered in FXS, which could play a
direct or indirect relationship in the manifestation of the behavioural
phenotype. Interestingly, broader studies of endocrine function in FXS,
such as atypical negative feedback regulation of the thyroid [10] and
cases of precocious puberty [13,47,59], support the presence of distur-
bances of the function of the hypothalamus and/or pituitary, which
highlights another avenue to atypical cortisol regulation in the syn-
drome [36].

There are also further features of FXS which may have relevance
for the function of the HPA axis, a number of which we will review.
Firstly, brain changes related to FXS may influence the emotional
evaluation of events. Activation of the stress-effector systems relies
on the evaluation of a stimulus or event by the limbic system: the
“emotional centre” of the brain. One of the key components of this
system, the amygdala, appears to be changed in FXS [81]. Broader ex-
citatory and inhibitory imbalances in the FXS brain may also influ-
ence responding, in particular, a key glutamate receptor (MGluR5)
which is affected in FXS plays an important role in fear memory for-
mation in the amygdala [6,69]. In turn, functional neuroimaging
(fMRI) research has highlighted resultant atypical fear-specific func-
tioning of the amygdala and a possible association between these
brain changes and socioemotional deficits in individuals with FXS
[46]. These emotional-evaluative changes may clearly have down-
stream implications for cortisol release. Additionally, the gamma
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amino butyric acid neurotransmitter system appears to be common-
ly disordered in many neurodevelopmental disorders, including FXS
[9]. Preclinically, FMRP has been shown to regulate GABA-ergic syn-
aptic vesicle dynamics within the hippocampus of the Fmr1 KO
mouse model, [12]. Such genetically induced changes in the relative
tonus of excitatory/inhibitory neurotransmitters within key limbic
brain structures could potentially predispose to changes in stress
responding. Finally, circadian rhythmicity (in terms of behaviour
and biological clock component mRNAs in the liver) has also been
shown to be deficient in mice lacking FMRP [91]; this broader distur-
bance of the biological clock may affect the pattern of activity in the
baseline secretion of glucocorticoids via the HPA axis. The previous
discussion highlights multiple ways in which HPA activity (as
expressed in glucocorticoid levels) may be altered in FXS. In turn, ac-
tivity in this system may directly modify and/or be indirectly associ-
ated with clinically significant behaviours in the syndrome [35]. As a
consequence, research into the secretion of glucocorticoids has
begun to emerge within the FXS literature. The aim of this review is
to collate findings relating to HPA functioning in animal models of
and humans with FXS. The inclusion of preclinical literature has
been made in order to be able to conduct an in-depth analysis of
the potential relationship between FXS and HPA function. The re-
view addresses several questions:

a) Do individuals or animals with FXS exhibit atypical levels of gluco-
corticoids at baseline, or differences in the duration or magnitude
of responses to stressors, compared to controls?

b) Given the X-linked nature of the condition, are there gender differ-
ences in the different aspects of HPA activity, in FXS?

c) Do measures of HPA activity relate to behaviour, in individuals with
FXS?

2. Method

2.1. Selection criteria for studies

2.1.1. Types of studies
We considered relevant empirical or observational studies, written

in English, which assessed measures of HPA output (cortisol in humans
or corticosterone in mice, collected via salivary or haematological
methods) in humans with full-mutation FXS or an animal model of
the human full-mutation, such as the FMR1 knock-out (KO) mouse.
Papers were included if they contained either a group comparison
of corticosterone levels or an analysis investigating the relationship
between HPA activity and behaviour in individuals or animals with
FXS. Case studies were considered when the individual's results
were compared to normative data or matched with an individual
without FXS.

2.2. Search methods for identification of studies

2.2.1. Electronic search
The following databases were searched: Web of Science, SCOPUS,

PubMed, and Academic Search Complete. The search was completed
in June 2016.

2.2.2. Search terms
The search terms used for the HPA axis searchwere: ((“fragile x”OR

FMR1) AND (glucocorticoid* OR cortisol OR corticosterone)). The fields
‘title’, ‘abstract’ and ‘keywords’ were searched (or closest available op-
tion within the database).

2.2.3. Searching other resources
Bibliographies of relevant articleswere scrutinised. Furthermore, the

titles of studies published in the following journalswere searched, using
the same terms, to ensure that no papers had been missed in the data-
base search: Psychoneuroendocrinology; American Journal of Medical
Genetics; and Journal of Intellectual Disability Research. These searches
yielded no additional papers.

2.3. Search results

The search is depicted in Fig. 1. In total, 79 unique paperswere iden-
tified in the initial search, of which 17 met the inclusion criteria for this
systematic review.

3. Results and discussion

Do individuals or animals with FXS exhibit atypical levels of gluco-
corticoids at baseline, or differences in the duration or magnitude
of responses to stressors, compared to controls?

3.1. Baseline HPA activity and circadian rhythm

3.1.1. Animal literature
Several studies (Table 1, includes summary of methodology and an-

imal characteristics) have investigated the non-stressed corticosterone



Table 1
Studies investigating corticosterone secretion in FMR1 knockout mice.

Study
Cort.
measure

Method
sacrificed

Gender
(M/F)

Mice
per
group Strain

Age of
mice

Basal
measure

Stress
condition(s) Recovery time

Time
tested Cort. findings

Ghilan et al.
[23]

Blood
serum
from
trunk

Decapitation
following
anaesthetisation
by isoflurane

M 7–18 C57Bl/6 55–65
d

/ Restraint
(conditions: 15
m/30 m/1 h) or
control

None: quick
sacrifice after
restraint

9 am–11
am

WT mice showed
significant elevations only
after 30 m or 1 h of
restraint. KO mice showed
increases after all restraint
periods. After 15 m
restraint, KO mice
significantly higher
corticosterone than WT.
Suggests even short stress
exposures trigger response
in KO mice

de
Diego-Otero
et al. [18]

Blood
plasma

Retro-orbital
puncture

M 8–12 FVB-129 60–180
d

/ Social stress
(15 m) or acute
immobilisation
stress (15 m)
or control

None:
immediate
sacrifice
following
behavioural.
Test battery

– KO in control and social
stress conditions lower
corticosterone than WT.
Acute stress KO higher
corticosterone than WT.

Lauterborn
[51]

Blood
plasma
from
right
ventricle

Overdose with
euthansol

M – FVB* – / Restraint (30
m/2 h) control.

– 10 am–2
pm

Following 2 h restraint KO
higher corticosterone than
WT, similar ns trend
following 30 m restraint

Markham et
al. [53]

Blood
serum
from
trunk

Rapid
decapitation

M & F 8–12 C57/Bl6 40–45
d

Cagemate
sham
comparisons
(no
restraint,
just moved
to test
room)

Restraint (30
m) or control

Conditions:
0/15/60 m

10
am−12.30

pm

Male KO protracted return
to unstressed baseline
(still elevated at 60 m).
Female mice show
protracted rise compared
to WT. Peak secretion does
not differ between
genotypes.

Nielsen et al.
[61]

Blood
plasma
from
trunk

Rapid
decapitation

M 5–12 FVB/NJ
×

C57/Bl6
(F1
hybrid)

11–12
w

/ Swim stress (3
m) or open
field (10 m) or
restraint
(unspecified
length). Each
condition with
control.

Swim: 17 m.
Open field: 10
m. Restraint
conditions:
0/30/60/90/120
m

7 am–9 am No genotype difference in
magnitude or duration of
corticosterone response to
any stressor.

Qin et al. [65] Blood
plasma
from
trunk

Rapid
decapitation

M 19–24 FVB/NJ 96 ± 1
d

/ Prior stress:
chronic stress
(2 h/d restraint
×10) or
control. Acute
stressor:
spatial novelty
(EPM)

– – No interaction between
genotype and chronic
stress condition. Main
effect genotype:
corticosterone higher in
KO.

Qin and Smith
[64]

Blood
plasma
from
trunk

Rapid
decapitation

M 10–12 FVB/NJ 100 ±
10 d

2 am, 6 am,
10 am, 2
pm, 6 pm,
10 pm

Acute restraint
stress (30/120
m) or spatial
novelty (EPM 5
m) or control

Conditions:
30/120 m

Before 11
am

WT and KO no circadian
rhythm differences (basal
measures). Following
stressors, no genotype
difference in any condition

Eadie et al.
[20]

Blood
plasma
from
trunk.

Rapid
decapitation

M 4 C57BL/6 – Acute restraint
stress (3 h) or
control

Immediate
sacrifice
following
stressor

9 am–1
pm

No difference in control
condition but following
stressor NO showed
significantly lower
corticosterone.

Romero-Zerbo
et al. [70]

Blood
serum

Cervical
dislocation

M 10–11 FVB-129 90–120
d

Open field Immediate
sacrifice
following
stressor

– At baseline, KO
significantly lower
corticosterone than WT
but after acute stressor
significantly higher.
Chronic 10 mg/kg
melatonin normalised
serum corticosterone
levels (not seen with
vehicle or tianeptine)

* = Information obtained from contact with author. – = data not available. / = not tested. w = weeks, d = days, m = minutes, h = hours. EPM = elevated plus maze. ns = non-
significant.
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secretion ofmale KOmice compared towild-type (WT) control animals,
in order to identify whether changes exist in the baseline activity of the
HPA axis in FXS animal models. The majority of studies found no geno-
type effect in their comparisons at single time-points, with male ani-
mals [20,23,51,53,61]. Furthermore, in a more detailed analysis, Qin
and Smith [64] assessed the baseline circadian rhythm of both geno-
types and found no difference at any of the six time-points tested [64].
However, two studies did identify genotype differences, though the na-
ture of the difference contrasted: de Diego-Otero et al. [18] found that
KO mice had lower corticosterone levels at baseline than WT controls;
in contrast, Qin et al. [65] found a main effect whereby KO mice gener-
ally had higher corticosterone thanWT controls. As such, there is no ev-
idence to suggest that baselineHPA activity is altered inmaleswith FXS,
based on the preclinical evidence.
3.1.1.1. Gender differences. No studies of this nature have utilised female
animals, as such it is unclear whether any gender differences exist in
this area (gender comparisons summarised in Table 4).
3.1.2. Human literature
Research investigating baseline HPA activity in humans has fo-

cussed upon profiling the diurnal rhythm of cortisol levels in this
group (Table 3). Namely, two studies investigated cortisol levels
through routine days (without unusual or exciting events). Wisbeck
et al. [89] conducted a pilot study involving 7 females and 8 males
(between the ages of 6–25 years) with FXS, comparing to a norma-
tive sample, Hessl et al. [35] later built upon this with a larger study
of 39 females and 70 males with FXS (age 6–17 years) compared to
siblings without FXS (58 females, 51 males; age 6–17 years). In both
studies, boys with FXS exhibited higher levels of cortisol, resulting
from reduced diurnal decline, than their unaffected siblings. These
findings may be consistent with the hypothesis, from preclinical lit-
erature on mRNA targets, of disordered HPA negative feedback.
However, the only way to separate the direct influences of HPA
feedback regulation and the influence of broader differences origi-
nating from, for instance, atypical emotional evaluation of the envi-
ronment, would be to directly challenge the HPA axis, for instance
with a dexamethasone suppression test (as used by Hoshino et al.
[38] with individuals with autism). As mentioned previously, het-
erogeneity in the preclinical literature in terms of both methodology
and results means that it is challenging to draw conclusions about
any potential results between the findings in mice and these sugges-
tive findings of blunting of circadian glucocorticoid release in
humans with FXS. Further investigations of circadian rhythmicity
in the HPA axis in FMR1 KO mice may help to establish further evi-
dence to understand these observed differences better.
3.1.2.1. Gender differences. Of note, there are suggestive gender-differ-
ences apparent in the observations. Though no differences were ob-
served in the initial smaller study [89], in a later study, with larger
numbers of participants [35], visual analysis of the data revealed that
the cortisol profiles of the females with FXS closely corresponded with
those of their unaffected siblings:whereas themales showedmore pro-
nounced differences in cortisol levels. Of note, however, the statistical
significance of these differences was not evaluated (gender compari-
sons summarised in Table 4).
3.1.3. HPA reactivity to challenges
Early hypotheses suggested that stimulus-bound arousal differ-

ences [15] may play a significant role in the behavioural phenotype
of FXS. Evidence to evaluate this claim has been collected across a
small number of studies, involving both human and non-human an-
imal participants.
3.1.3.1. Animal literature. Exposing animals to acute stress paradigms al-
lows for investigation of the magnitude and/or duration of HPA axis re-
actions, and whether these differ in the FMR1 KO model of FXS,
compared to their WT counterparts. A commonly used trigger for
acute stress with mice is to restrain the animal (for instance, in a small
tube) for a period of time. A summary of this research is included in
Table 1.

3.1.3.1.1. Magnitude of response. Seven studies were identified which
had compared the magnitude of responses of male KO and WT mice to
this procedure (implemented for between 15 min and 3 h; Table 1).
Three of these studies found that KOmice exhibited higher levels of cor-
ticosterone compared to WT controls, following the stressor. de Diego-
Otero et al. [18] observed this difference following 15 min of restraint
stress. In contrast, Lauterborn [51] found a significant difference in cor-
ticosterone responses only aftermore prolonged restraint (2 h), howev-
er only a trend towards a difference was observed with a shorter
stressor (30 min). Ghilan et al. [23] observed higher corticosterone
levels after a short period of restraint (15 min) in the KO mice, com-
pared to the WT mice. However, following more prolonged periods of
restraint (30 and 60 min) both KO and WT mice showed responses
which did not significantly differ in magnitude. Increased stress-related
elevations were also seen in response to a different stressor (spatial
novelty) by Romero-Zerbo et al. [70], who found that, despite initially
lower baseline corticosterone levels in the KOmice, following stressors
the KO mice exhibited higher levels of corticosterone than their WT
counterparts.

In contrast to the four studies finding elevations in KO mice re-
sponses, Eadie et al. [20] found that KO mice had significantly
lower corticosterone than WT, following 3 h of restraint stress, sug-
gesting a smaller hormonal response to the paradigm. Furthermore,
there were no genotype differences observed in seven studies:
three studies did not observe any genotype difference in the magni-
tude of corticosterone responses to restraint stress [53,61,64] and
further four studies also observed no difference using other acute
stress paradigms, including exposure to spatial novelty [61,64,65]
and swim stress [61].

Of interest, given the atypical social profile associated with
Fragile X, de Diego-Otero et al. [18] investigated the mice's reac-
tions to both physical (restraint) and social stressors (housing
with between 9 and 11 other animals for 15 min), to investigate
whether there may be differences in the nature of corticosterone
responses. They found that KO mice showed lower levels of corti-
costerone following the social stressor than WT mice, which dif-
fers from the trend for elevations in response to restraint stress
in other studies. This preliminarily suggests that the nature of
the stressor (social verses physical) may be of importance when
investigating stress-related physiology in the FXS mouse model.
Finally, another interesting manipulation was included in a study
by Qin et al. [65] who exposed both WT and KO animals to chronic
restraint stress, before exposure to an acute stressor in the form of
a novel environment [65]. However, no interaction was found be-
tween the genotype and chronic stress, on the corticosterone
responses.

In summary, given the high numbers of null findings no firm con-
clusions can be drawn about the magnitude of responses in FXS
mouse models. Where differences were observed, however, the
trend was for male animals to exhibit higher levels of corticosterone.
A possible reason for this variation in results between studies may be
related to the genetic background of the mice used. Mouse strain dif-
ferences have been previously found to influence both the magni-
tude and duration of corticosterone responses to stressors [76] and
have been hypothesised to be associated with conflicting results
more broadly, when using the FMR1 KO [63]. Interestingly, Markham
et al. [53] found that male KO mice had protracted responses to
30 min of restraint when compared to WT mice, using mice of a
C57/Bl6 background; however, Qin and Smith [64] did not find any
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genotype differences after the same stressor when using FVB/NJ
male mice. However, clearly, there may have been other methodo-
logical differences between the studies which caused the differences
in the results (see Table 1 for summary of key study methodology).
For instance, the timings of the testing of the animals (when speci-
fied) varied between 7 am and 2 pm. The active phase of mice is typ-
ically during the night time, inverse to humans, with a peak at
approximately 8 pm [25], though of course housing and lighting con-
ditions may cause this to vary. The timewidows for testing across the
reviewed studies overlapped substantially making comparisons
challenging. However, this possible influence should be considered
in future research and there is a need to establish better evidence
on the link between sample timings, circadian rhythmicity and
stress-related corticosterone release in FMR1 KOmice, in order to fa-
cilitate the interpretation of the literature.

3.1.3.1.2. Duration of response. Next, several studies have investi-
gated the duration of corticosterone responses. This was achieved
by conducting time course studies involving sacrificing groups of
mice at differing lengths of time following a restraint stressor. In-
terestingly, Markham et al. [53] observed that the male KO ani-
mals showed a slower return to unstressed baseline than WT; a
pattern which is consistent with the prediction of reduced HPA
negative feedback. Though, two other studies did not find any ge-
notype differences between male animals in response duration
[61,64].

3.1.3.1.3. Gender differences. One study was identified which
included female mice ([53]; gender comparisons summarised in
Table 4). In this research, no difference was found in peak
responding between male and female KO mice, following physical
restraint for 30 min. However, female KO mice showed a different
pattern of response and recovery to their male counterparts, but
also atypical compared to the WT mice: the female KO mice ap-
peared to show a protracted rise, as their peak corticosterone
level was at the final 60 m sample, where levels would be expected
to be falling (there were no gender differences in the WT animals).
This suggests that animal gender may play an important role in the
outcomes of research into HPA output in FXS. However, further re-
search is needed.
Table 2
Participant characteristics in studies investigating cortisol secretion in humans with Fragile X S

Study

FXS participants

N (M/F) Age Number with autism

Bricout et al. [11] 1 M 24 y N/A
Hessl et al. [35] 39 (F),

70 (M)⁎
6–17 y (mean: 10.8 y) N/A

Hessl et al. [37] 32 (F)
58 (M)⁎

6–17 y (mean 10.89) N/A

Hall, DeBernadis
& Reiss [91]

40 (F) 74
(M)⁎

6–17 y (male mean: 11.06 y,
female mean 10.42 y)

N/A

Hall et al. [29] 29 (F) 31
(M)

5–20 y (M mean: 13.21, F
mean, 13.06)

16 M and 6 F autism (23 M
13 F autism spectrum)

Roberts et al. [68] 51 (M) FXS-only− mean 3.99 y; FXS
+ ASD+ mean 3.55 y

18 with autism

Scherr et al. [72] 31
(M)⁎⁎

9.67–14.58 y (mean 12.4, SD
1.29)

N/A

Wisbeck et al.
[89]

7 (F)
8(M)

6–25 y (M mean 13.5 y, F
mean 13.9 y)

N/A

ns = non-significant; m = minutes; y = years; M = male; F = female.
⁎ Note: same group of participants in three studies.
⁎⁎ Sub-set of total study participants for whom cortisol data was available.
+ Fragile X Syndrome and high levels of autism symptomatology (as indicated by a score on th
− Fragile X Syndrome and low levels of autism symptomatology (as indicated by a score be
3.1.3.2. Human literature. Four studies to date have investigated group
differences in the release of cortisol in response to cognitive, behaviour-
al or physical testing (see Table 2 for details of study participant charac-
teristics and Table 3 for details of between-group comparisons).
Preliminary evidence for atypical regulation is provided by a case
study of an adult male (age 24 years) with FXSwho showed an atypical
pattern of adaptation in response to physical exercise: an early increase
in cortisol followed by a large decrease, opposite to the pattern of adap-
tation seen in the healthy controls (15 males; [11]). Larger studies have
also evaluated differences in the magnitude of cortisol reactions, focus-
sing particularly on the response to social stressors (due to the atypical
social behaviour associated with the syndrome). The findings of these
studies are mixed. Firstly, Hessl et al. [35] observed that males with
FXS (70, age 6–17 years) showed reduced diurnal decline in the period
after meeting unfamiliar researchers, compared to the siblings (58 fe-
males, 51 males, age 6–17 years), which the authors suggested may
have resulted from an increased response to this social challenge. In ad-
dition, Scherr et al. [72] found that, in the first year of the longitudinal
study, boys with FXS (31, age 9–14 years) showed higher levels of reac-
tant cortisol following an assessment battery, when compared to TD
controls (49, matched on non-verbal mental age, 4–9 years). These dif-
ferences were not observed in the following two assessment years, in
which fewer individuals participated [71]. In addition, levels of baseline
cortisol were higher in the FXS group than the comparison group,
though this difference did not reach a level of statistical significance.
In addition, the authors noted differences in the changes of cortisol
levels over the longitudinal assessment. Firstly, the degree of change
in cortisol levels over the years of the longitudinal assessment (reactant
minus baseline levels) increased in the FXS group, as compared to the
TD controls. Visual analysis suggested that the baseline levels of cortisol
increased over the years of assessment in the FXS group, but not the TD
group. As such, the evidence from these two studies, as well as the
aforementioned case study, suggests possible differences in the re-
sponses of boys with FXS, as well as differences in the development of
this regulation over time.

However, group differenceswere not observed in all studies. Further
analysis of the data collected in the study byHessl et al. [35], did notfind
any differences between the children with FXS and unaffected siblings
in cortisol levels in response to, or following, a structured social chal-
lenge ([37]. FXS group: 58 males, 32 females, age 6–17 years. Sibling
yndrome.

Control participants

N (M/F) Age Characteristics

15 (M) – “Healthy”
58 (F)
51 (M)

6–17 y (mean
11.26)

Unaffected siblings. Confirmed absence
of FXS or pre-mutation using southern blot.

53 (F)
37(M)⁎

6–17 y (mean
11.13)

Unaffected siblings. (Confirmed absence
of FXS or pre-mutation using southern blot.)

– – –

and – – –

21 (M) Mean: 4.05 y Gender-matched typically developing (TD).
No test FMR1 status.

49
(M)⁎⁎

4.92–9.5 y (mean
7.0 y, SD 1.04 y)

TD, matched on non-verbal mental age at
beginning of longitudinal study.

41 (F)
43 (M)

Mean 7.5 y Non-matched normative sample. Data
analysed in same laboratory.

e Child Autism Rating Scale (CARS; [74]) above the cut-off for an autism spectrumdisorder).
low the cut-off for an autism spectrum disorder on the CARS).



Table 3
Comparisons of cortisol levels between groups of individuals with Fragile X Syndrome or comparison groups.

Study Stressor Cortisol test Cortisol findings

Method Sample timings Group comparisons
Bricout et al.
[11]

Sub-maximal incremental physical exercise
treadmill test

Blood (venous
catheter)

At rest (8.30 am), start of test, exercise + 10
m, exercise + 20 m, exercise + 40 m,
recovery + 30 m, recovery + 60 m.

FXS cortisol elevated during the first 20 min
of the test (start inclusive) compared to
controls and showed a decrease at exercise
+ 40 m, opposite to controls who showed an
increase

Hessl et al.
[35]

– Saliva (Salivette
roll soaked 1–2 m).
No citrus b30 m,
no dairy b60 m

Evaluation day. 30 m after waking, during
testing (11 am), prior to social challenge
(3.30 pm), 30 m after social challenge, 90 m
after social challenge, bedtime. Cortisol
levels for each sample were standardised by
z-score transformation and averaged across
the evaluation day to create composite
score.
2 consecutive typical non-school days. Within
30 m waking, before breakfast, 1 h before
lunch, 1 h prior to dinner, bedtime. Cortisol
levels for each sample were standardised by
z-score transformation and averaged across
the typical days to create composite score.

-
Typical day. Male FXS cortisol elevated
compared to siblings on typical days (as
indicated by reduced diurnal decline) but
not females.
Experimental day. Females did not differ from
siblings. Males showed higher levels
between pre-breakfast and pre-lunch
samples.

Hessl et al.
[37]

Social challenge (in home) modified from
protocol used by Herbert et al. [33].
Counterbalanced presentation of one 15–20
m session of including the following
conditions: child interview, silent reading,
oral reading, singing.

Saliva (Salivette
cotton roll soaked
1–2 m). No citrus
b30 m, no dairy
b60 m

2 samples: prior to social challenge (~3 pm)
and 30 m after beginning social challenge

FXS showed higher pre-challenge levels than
siblings. No differences in degree of change
or post-challenge levels. FXS participants
showed increased cortisol through whole
home assessment period (reported in [35])

Hall,
DeBernadis
& Reiss
[92]

Social challenge. Conducted in-home at
approximately 3 pm. Fixed order
presentation of one 15–20 m session of each
of the following conditions: child interview,
silent reading, oral reading, singing.

Saliva (Salivette
cotton roll 1–2 m)

One pre-challenge sample 3 pm –

Hall et al.
[29]

In home assessment including intelligence
and autism testing.

Saliva (Salivette
cotton roll 1–2 m)

Evaluation day pre-breakfast (8 am),
pre-ADOS-G (3 pm), pre-dinner (5 pm), and
pre-bedtime (9 pm).

–

Roberts et al.
[68]

Naturalistic interactions with experimenter Saliva (Salivette
cotton roll soaked
1–2 m). No citrus
or dairy b60 m

Pre-assessment and post-social approach
assessment. Time of day not specified.

FXS + ASD higher baseline and
post-assessment than FXS-only. No group
difference in magnitude of response.
FXS + ASD higher post assessment and
baseline than TD. No differences FXS-only
and TD. No differences in magnitude of
response.

Scherr et al.
[72]

Neurocognitive assessment battery Saliva (Salivette,
1–2 m)

Baseline 15 m (pre-assessment: 9 am) and
conclusion of assessment (12 pm). Taken in
Years 1, 2 and 3 of longitudinal assessment

Visual trend for increase in baseline cortisol
over time (each year of longitudinal study).
Not seen in TD.
Both groups showed lower reactant cortisol
than baseline. Year 1: FXS had significantly
higher reactant than TD. Not significant at
other time points. Non-significant trend for
FXS to show greater change in time of
cortisol (reactant-baseline) than TD.

Wisbeck et
al. [89]

Social challenge modified from Herbert et al.
[33]. Two 2-min interpersonal role-play
tasks: speech/song and reading aloud.

Saliva (Salivette
cotton roll soaked
1–2 m). No citrus
b30 m or dairy
b60 m

Day 1: evaluation day. Pre-breakfast, 30 m
post-stress, 90 m post-stress, pre-dinner,
bedtime.
Days 2 & 3: routine days. Pre-breakfast,
pre-lunch, pre-dinner (no data for
normative sample), bedtime. Average taken
at each time-point across 2 days.

Routine days. Compared to normative, FXS
higher at lunch and bedtime (no pre-dinner
sample to compare)
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group: 53 females, 37 males, age 6–17 years). Finally, Roberts et al. [68]
conducted an evaluation of 51males with FXS (mean age 3 years) com-
pared to 21 male TD controls (mean age 4 years) and investigated the
magnitude of cortisol responses to a social interaction between children
with FXS and their siblings without FXS, though divided the FXS group
according to degree of autism symptomatology in their analysis. It was
found that, although there were no differences between young boys
with FXS and low levels of autism symptomatology (who did not
meet the criteria for a dual diagnosis of autism spectrum disorder on
the CARS) and their siblings, childrenwith FXS and high levels of autism
symptomatology had higher levels of cortisol both prior to and follow-
ing social interactions with an unfamiliar experimenter (though there
were no differences in the magnitude of the response). This suggests
that there may be differences in cortisol profiles within the population
of people with FXS, relating to the degree of autistic symptomatology.
The relationship between cortisol and autism symptomatology is
discussed in further detail later in this review.

Thus, as with the findings in the preclinical literature, the findings of
the studies in humans are heterogeneous. However, where differences
were observed between the ‘typical’ or baseline cortisol levels of indi-
viduals with and without FXS, they were manifested as relative in-
creases, rather than decreases, in cortisol secretion. This corresponds
to the preclinical observations of comparatively higher corticosterone
responses to stressors in FMR1 KO mice in four studies; though, as



Table 4
Gender comparisons of cortisol levels in individuals with Fragile X Syndrome.

Study
Participant
type N Aspect of HPA activity measured Gender comparison findings

Hessl et al. [35] Human 39 (F), 70
(M)

Typical day circadian rhythm (average 2 days) Males and females both exhibited a normal diurnal decline.
Males showed slower decline (higher cortisol) post-lunch
until bedtime than females.

Experimental day circadian rhythm (involves novelty
and social challenges)

Males had greater response to visit than females: less decline
(higher levels) between pre-breakfast and pre-lunch. Possibly
related
to meeting novel experimenter.

Hessl et al. [37] Human 32 (F) 58
(M)

Reaction to social challenge (pre- and post-measures) No gender differences in FXS participants.

Hall et al. [29] Human 29 (F) 31
(M)

Collection at four time points during evaluation day No main effect of gender

Wisbeck et al.
[89]

Human 7 (F) 8(M) Typical day circadian rhythm (average 2 days) No male and female difference.

Experimental day circadian rhythm (involves novelty and
social challenges)

Males significantly higher than females 30 m post-stressor and
before bedtime.

Markham et al.
[53]

Mouse 8–12 per
group

Response to acute stressor (restraint) Different patterns of response and recovery to 30 m of restraint
stress.
Males show protracted return to unstressed baseline; females
show protracted rise.
Peak secretion does not differ.
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mentioned above, seven studies found no genotype difference in these
animals. However, this potential trend in the findings highlights an av-
enue for future investigation.

3.1.3.2.1. Gender differences. Given the broad gender differences in
themanifestation of FXS, researchers have chosen to investigatewheth-
er there are differences in cortisol responses between males and fe-
males with FXS, in four studies. In two studies, it was observed that
males showed higher levels of cortisol following social challenges (a
brief social stressor: [89]; interaction with an unfamiliar experimenter:
[35]) than females. This suggests that atypical respondingmay be limit-
ed to, or at least exaggerated, in males with FXS, compared to females
with the condition, mirroring the observations in the preclinical litera-
ture on the topic. Of note, however, the differences in both studies
were based on visual observances and were not statistically evaluated.
In contrast, both Hessl et al. [37] and Hall et al. ([29]: 29 females and
31 males, age 5–20 years) found no gender differences in their studies,
where statistical comparisons were conducted. Namely, Hessl et al. [37]
found no differences in the magnitude of response to a social challenge
and Hall et al. [29] saw no differences in diurnal decline across a day
which involved unfamiliar social interactions in the form of evaluations
by the experimenters.

Therefore, the results between studies are mixed, which may, in
part, reflect the higher variability in the presentation of FXS in females,
resulting from processes such as X-inactivation. Though, in the wider
literature, there is evidence of gender-related differences in HPA in
adulthood, though it is unclear whether robust differences exist in
younger individuals [42], such as those included in the studies in FXS.
It is possible that there are also FXS-independent differenceswhich con-
tribute to this gender dimorphism. More detailed exploration of the re-
lationship between other biomarkers (such as FMRP), cortisol and
behaviour in males and females with FXSmay help to clarify the origins
of this variability and verify whether differences do exist.

3.2. Is there a relationship between cortisol levels and behaviour within
Fragile X Syndrome?

3.2.1. Animal literature
To date, there has been no research investigatingwhether individual

differences in corticosterone responses relate to differences in behav-
iour. Though, it is unclear how such research may translate to under-
standing of human behaviour as the behavioural phenotype of the
mouse model does not correspond closely to that of the human
phenotype. Namely, in comparison to the increased levels of anxiety as-
sociated with FXS in humans (for instance; [17]), all studies which
utilised a behavioural assay to assess anxiety (elevated plus maze;
[62]) observed that FMR1 KO mice exhibit decreased behavioural indi-
cators of anxiety relative to their WT counterparts [18,20,64,65]. No re-
search has been conducted to identify which mouse behaviours
correspond to clinically significant behaviours in FXS. However, should
these be identified, animal models may help to highlight relationships
between HPA axis function and behaviour in FXS.

3.2.2. Human literature
Five studies conducted within-group comparisons to investigate the

relationship between salivary cortisol and measures of behaviour in in-
dividuals with FXS (see Table 2 for participant details and Table 5 for
study details).

3.2.2.1. Social and autistic behaviours. Many people with FXS display au-
tistic-like characteristics including: gaze-avoidance, repetitive behav-
iour and shyness. However, not all individuals with FXS display levels
of autistic symptomatology which mean that they meet the diagnostic
criteria for an autism spectrumdisorder [83]. As such, a number of stud-
ies have investigated possible factors associated with the degree of au-
tism symptomatology, including salivary cortisol.

Three studies which have utilised observational measures of behav-
iours exhibited by individuals with FXS, during various types of social
interaction. Two of these studies, utilising the same group of partici-
pants, observed the behaviour of individuals with FXS during a struc-
tured social challenge, which involved asking the child to read, answer
questions and sing in front of others [30,37]. Many of the measured be-
haviours were not found to have relationships with cortisol levels in-
cluding: vocal quality (including mumbling or intrusive tones: [37]),
discomfort (participant appears in crisis, demonstrating behaviours
such as self-injury, crying, aggression: [37]. Hand-biting was also
assessed separately in: [30]), non-verbal task avoidance (physically
leaving the situation or covering eyes; [30,37]), and verbal refusals
[30]. Though, a positive correlation was observed with fidgeting [30].
Most interestingly, however, gaze avoidance, one of the characteristic
features of the FXS phenotype, was found to relate to levels of cortisol
in both studies, though the direction of the associations differed. Hessl
et al. [37] found that (across males and females with FXS), after control-
ling for other potential influences on cortisol levels, increased gaze aver-
sion was associated with lower post-challenge levels, to the social



Table 5
Studies assessing associations between cortisol and behaviour in individuals with Fragile X Syndrome.

Study

Behavioural measure Association of behaviour with cortisol?

Topic Method Typical day

Experimental day

OtherPre-challenge Reactivity Post-challenge

Hessl
et al.
[35]

Problem
behaviour

Child Behaviour
Checklist (CBCL; [1]).
Total and sub-scale
scores. Controlled for
other factors
associated with
behaviour problems
(see full text)

Female.
Typical day
composite
significantly
positively
correlated
with
attention
problems.

– – – Males. Composite cortisol
level (unspecified)
accounted for 8% of
variance in total behaviour
problems. Higher levels
were associated with
increased behaviour
problems, especially
withdrawn behaviour.
Female. Cortisol levels
account for 14% of variance
in behaviour problems.
Evaluation composite
significantly positively
correlated with social and
attention problems.

Hessl
et al.
[37]

Social escape Measurement of gaze,
vocal quality,
discomfort and
non-verbal task
avoidance during
social challenge.

– – Higher cortisol reactivity
controlling for
pre-challenge levels
associated with more gaze
avoidance in siblings but
opposite pattern in FXS
(blunted response
associated with increased
gaze avoidance) for both
males and females. No
other associations found.

– –

Problem
behaviour

Aberrant behaviour
checklist (ABC; [2]);
CBCL and Autism
Behaviour Checklist
[48]

– – Increased cortisol
reactivity associated with
increased sensory and
social relation problems in
FXS (no other
associations). No
associations in sibling
group.

– –

Hall et
al.
[30]

Social escape Measurement of gaze,
refusals, face-hiding,
eye-rubbing,
hand-biting,
fidgeting, leaving
chair during social
challenge.

– In males, increased cortisol
associated with decreased
eye contact and increased
fidgeting. No association
with other social escape
behaviours or number of
problem behaviours seen.

– – –

Hall et
al.
[29]

Autistic
behaviour

Autism Diagnostic
Observation
Schedule-General
(ADOS-G; [52]).

In males only, more
autistic behaviour
associated with lower
cortisol.

– – –

Compulsions Compulsive
Behaviour Checklist
[8]

– No association cortisol and
prevalence of
compulsions.

– – –

Self-injurious
behaviour
(SIB)

Self-injury checklist
(SIB-C; [8])

– No association between
cortisol and prevalence or
number of forms of SIB.

– – –

Roberts
et al.
[68]

Autistic
behaviour
(AB)

Scores on Childhood
Autism Rating Scale
(CARS; [74])

– No associations Decreased cortisol change
associated with increased
autistic behaviour in FXS
+ ASD (only)

No associations –

Social
approach

Social Approach
Scale-modified
[24,67]: Initial and
familiar approach
(physical movement,
facial expression &
eye contact)

– No associations in FXS
group. In TD group
increased cortisol
associated with increased
facial and eye contact
during familiar social
approach.

No association in FXS
group. In TD group
increased cortisol change
associated with increased
facial and eye initial social
approach (no other
associations)

FXS + ASD higher
post-challenge
cortisol associated
with decreased initial
physical approach.

–

Scherr
et al.
[72]

Verbal
working
memory

Score on Memory for
Words Sub-test of
Woodcock–Johnson
Tests of Cognitive
Abilities, Third Edition
(WJ-III, [90])

– Higher baseline cortisol
was associated with
poorer performance on
memory for words
working memory test, for
both groups.

No significant association. No significant
association.

–

Verbal
working

Auditory working
memory sub-test of

– Increased baseline cortisol
associated with decreased

No significant association. Overall fixed effects
for auditory working

–

(continued on next page)
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Table 5 (continued)

Study

Behavioural measure Association of behaviour with cortisol?

Topic Method Typical day

Experimental day

OtherPre-challenge Reactivity Post-challenge

memory Woodcock–Johnson
Tests of Cognitive
Abilities, Third Edition
(WJ-III, [90])

performance in the FXS
group, only.

memory and cortisol
change were
significant, there were
no significant effects
of cortisol change or
group

350 R.L. Hardiman, A. Bratt / Physiology & Behavior 167 (2016) 341–353
challenge. In fact, it was noted that the most gaze aversive children ex-
hibited decreases in eye contact in response to the challenge. In con-
trast, Hall and colleagues [91] found that increased mean levels of
cortisol were associated with decreased eye contact. However, these
findings raise two hypotheses as to whether the primary influence on
gaze avoidance relates to autistic-like characteristics (i.e. a lack of re-
sponse to social stimuli) or social anxiety (i.e. an excessive response to
social stimuli; [37]). Both hypotheses are interesting and warrant fur-
ther investigation.

Furthermore, the relationship between salivary cortisol and social
approach behaviour during naturalistic social interactions has been ex-
plored in one study [68]. The method involved investigating social ap-
proach behaviour (physical approach, facial expressions and eye
contact) with an experimenter when they were both unfamiliar (first
minute of interaction) and familiar (during last hour of day-long assess-
ment) to the child. Typically, as also seen in the controls in this study,
children who approach an unfamiliar person more show an increased
reaction and those who later approach the experimenter more (when
familiar) initially had higher baseline levels of cortisol. However, the
children with FXS showed a different pattern of association in this
study. Firstly, the participants with FXS and low levels of autism symp-
tomatology showed no significant association between cortisol and be-
haviour at all. Whereas, within the group of children with FXS and high
levels of autism symptomatology, boys with higher cortisol levels (fol-
lowing the interaction) showed fewer physical approaches to the unfa-
miliar experimenter: the opposite pattern to in the control group. As
such, this study suggests a possible association between heightened
physiological reactions to social situations, and increased social
avoidance.

Further evidence on the association between cortisol and autistic be-
haviour in FXS comes from studies which have utilised broader autism
screening or diagnostic measures. Hall et al. [29] utilised a direct obser-
vational assessment measure (ADOS-G; [52]) with their participants.
The results of the study indicated that lower baseline levels of cortisol
were associated with higher levels of autistic behaviour. Hessl et al.
[37] also found a relationship between cortisol and some types of autis-
tic behaviour: increased sensory and social relation problemswere pos-
itively associatedwith cortisol reactivity to a social challenge. Roberts et
al. [68], in contrast, found that reduced cortisol reactivity (which the au-
thors suggest could be related to elevated basal levels) to a social inter-
action was associated with increased autistic behaviour (as measured
on a behaviour rating scale: CARS; [74]), only within the group of indi-
viduals with FXS and high levels of autism symptomatology; in the
group of children with FXS and low levels of autism symptomatology,
there was no relationship between cortisol and levels of autistic
behaviour.

As such, a number of studies highlight associations between HPA ac-
tivity and this key part of the FXS behavioural phenotype. However, the
nature and direction of this association vary, with some finding increased
levels of cortisol to be associatedwith increased autism symptomatology,
both other with decreased cortisol levels. The heterogeneity of measures
of behaviour (direct observation as compared to informant rating scales)
and cortisol may underlie such differences. In addition, the findings of
Roberts et al. [68] raise the possibility that levels of cortisolmore strongly
relate to behaviour in individuals with FXS and high autism symptom-
atology, as compared to those with lower symptomatology. In fact, the
authors suggest that HPA dysregulation may serve as a biomarker of
ASD in FXS. This highlights that individuals' levels of autistic behaviour
may be important to consider when interpreting the results of studies
of the relationship between cortisol and behaviour in FXS. Though, varia-
tions in the assessment of autistic behaviour across the other reviewed
studies make it challenging to evaluate this further based on the existing
evidence. Future research to study the gradation of ASD in FXS would be
valuable to delineate phenotypic boundaries and evaluate the signifi-
cance of HPA function as a biomarker of ASD in FXS.

There is a growing body of literature relating to idiopathic autism
which is also of relevance to this discussion. A review of this literature,
revealed differences in both HPA rhythm and responsiveness in individ-
uals with autism [84]. Typically, in response to social situations, individ-
uals with autism exhibit blunted responsiveness, which corresponds to
thepatterns seen by bothHall et al. [29] andHessl et al. [37]. Interesting-
ly, however, the differences observed in those with idiopathic autism
seem to be moderated by levels of functioning: there is not conclusive
evidence that HPA dysregulation observed in lower functioning individ-
uals also applies to individuals with high functioning autism. In Roberts
and colleagues' study, the participants with both FXS and high levels of
autism symptomatology had lower levels of adaptive behaviour than
those with low levels of autism symptomatology (though the signifi-
cance of the difference was not evaluated), highlighting a potential con-
found. Future research should examine this potential relationship in the
FXS population.

A broader question relating to the question of the association be-
tween autistic behaviour in FXS is the debate as to whether autistic-
like behaviours in individuals with FXS meaningfully correspond to
the characteristics seen with idiopathic autism [31]. It is possible that
autistic-like behaviours in FXS have different causal mechanisms and,
as such, the relationships between cortisol and behaviour may differ
in those with syndromic and non-syndromic autistic characteristics. Fu-
ture research might help to address these issues. For instance, compar-
ison of the relationships between cortisol and behaviour in those with
autism, including those with non-syndromic autism and those with
FXS who meet the criteria for autism, may help to elucidate whether
cortisol and behaviour relations differ in their nature or development,
dependent upon genetic status.

3.2.2.2. Behaviour problems. Behavioural problems and challenging be-
haviours are a key issue of concern for many caregivers of people with
FXS. Such behavioural issues are often anecdotally reported to be related
to ‘hyperarousal’, meaning that objective investigations between these
behaviours and physiological responses are warranted. In order to ex-
plore this issue, two studies have utilised the Child Behaviour Checklist
(CBCL; [1]) as a broad measure of behaviour problems, and explored re-
lations between scores and cortisol levels. Hessl et al. [35] found that a
composite score of cortisol significantly predicted 14% of the variance in
total behaviour problem scores for femaleswith FXS. Further analyses in-
dicated that increased cortisol levels were specifically associated with
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increased social and attention problems. Furthermore, a composite score
representing cortisol secretion on typical days significantly positively cor-
related with attention problems and approached significance for somatic
complaints and social problems. There were no other relationships be-
tween cortisol and other of themeasured behaviour problems, including:
withdrawn behaviour, anxious or depressed behaviour, thought prob-
lems, and aggressive behaviour or delinquent behaviour. In the same
study cortisol levels accounted for 8% of variance in total behaviour prob-
lems in themaleswith FXS,which approached significance. The strongest
associationwith a subscale scorewaswithwithdrawnbehaviour. In com-
parison, in a later study with the same participants [37], no relationship
was found between CBCL scores and any cortisol measures (baseline,
post-challenge cortisol or magnitude of change) taken in relation to a so-
cial challenge.

3.2.3. Other characteristics
Scherr et al. [72] found that increased baseline levels of cortisol were

associated with lower verbal working memory performance in boys
with FXS, suggesting a possible link between arousal levels and academ-
ic-related performance.

3.3. Synthesis and future research

There are some interesting preliminary findings in this existing re-
search. Though the findings are heterogeneous, there are some interest-
ing observations and trends within the relatively few studies that have
addressed the issue of HPA function in FXS, to date. In mice, no robust
differences in baseline cortisol levels were seen, though there was
some evidence of elevated stress-related reactivity. In human studies,
baseline differences were observed in several studies [35,37,68], as
well as some indications of reactivity differences, compared to TD chil-
dren [35,68,72], though such differences may be mediated by gender
and degree of autism symptomatology. At present, specific conclusions
about the role of cortisol levels in behaviour associatedwith FXS are dif-
ficult to draw due to the high levels of variability and lack of correspon-
dence between studies. However, there are suggestions of associations
between cortisol levels and autistic behaviour, behaviour problems
and key cognitive processes (working memory). Future research will
undoubtedly help to clarify some of these uncertainties and strengthen
the evidence to clarify the robustness of the observed themes.

In addition to the suggestions discussed through the previous sec-
tions, there are several other considerations for future projects. The
wider information on theHPA systemhighlights its complexity, with in-
dividual differences relating to multiple factors, including: medication,
pubertal stage, gender, temperament, chronic stress, compliance with
the sampling protocol, nature of stressors, familial genetics and BMI
[19,28,42,49]. As well as the variation in study methodology, many of
these potential influences have not been explored or accounted for in
the research andmay relate to the observed variability in studyfindings.
Furthermore, the research to date has provided important but limited
snapshots of the activity of the HPA axis, with the exception of Scherr
et al.'s [72] longitudinal study, in small groups of individuals. Prospec-
tive or longitudinal studies including further information about an
individual's characteristics, behaviour, environment and biology
would help to provide amore detailed picture of the role of HPA activity
in this population.

In addition, research involving humans has utilised TD comparison
groups. However, an important step in future research will be to inves-
tigate the specificity of any group differences to individuals with FXS. It
is possible that, rather than being directly FXS-related, the differences
observed could relate to having an intellectual disability or autistic be-
haviour, and may be seen in others without FXS, but with similar char-
acteristics. For instance, earlier research with people with autism has
highlighted that level of cognitive functioning relates to the findings:
with differences being observed predominantly in those described as
“low functioning” [16,38,66,84]. In addition, given the aforementioned
potential link also between levels of autism symptomatology and corti-
sol levels in those without FXS, and the high levels of autistic behaviour
seen in people with FXS [14], this clearly may be a confound in the dif-
ferences seen. This is particularly pertinent given the findings of Roberts
et al. [68], who found that cortisol differences in FXS, compared to TD
controls, were dependent upon levels of autism symptomatology.
Thus, future research should employ control groups to help address
these potential confounds, including those with non-syndromic autism
and those with idiopathic intellectual disabilities.

In addition, in the human literature discussed above, much of the
focus has been upon investigating HPA responses relating to social in-
teractions or demands, in individuals with FXS. Given that individuals
with FXS are prone to experiencing exaggerated behavioural responses,
anxiety or phobias relating to many, varied situations [17], it is possible
that idiosyncratic circumstances (outside of the examined social chal-
lenges or interactions) may also trigger cortisol responses that differ
in magnitude or duration, compared to the general population. For in-
stance, individuals with FXS are known to experience atypical sensory
processing [93] and have been shown to show elevated startle re-
sponses to sensory stimuli [55]. Of note, research with individuals
with autism has highlighted differential patterns of reactions to social-
evaluative and non-social (such as unpleasant sensations) stimuli [84].
Therefore, future research should address cortisol responses to a
wider variety of situations which may be challenging for individuals
with FXS, in order to gain a broader picture of HPA activity in this pop-
ulation, and it's potential applicability to day-to-day challenges.

Finally, given the possible significance of arousal differences, as evi-
denced by potential links with cognition and behaviour, researchers
should also evaluate potential strategies for managing levels of arousal
and systematically assess for any resultant improvements more widely.
Scherr et al. [72] highlight that individuals with FXS may benefit from
targeted arousal-reducing interventions, such as the teaching of coping
skills or relaxation techniques. This could include, for instance, the use
of mindfulness-based techniques, which have been shown to reduce
levels of arousal in individuals with Williams Syndrome [57]. There
has been a paucity of systematic evaluations of potential interventions
for arousal issues in individuals with FXS, which include physiological
measures, such as assessment of cortisol. However, Hall et al. [32]
piloted intranasal oxytocin as an intervention for social anxiety in a
small group of boys with FXS and found both increases in eye contact
and decreases in cortisol levels after administration. This suggests that
theremay be avenues for both pharmacotherapy and behavioural inter-
ventions when seeking ways to support individuals with FXS in this
area.

4. Conclusion

In summary, there is emerging evidence that cortisol levels differ in
individuals with FXS compared to TD controls and relate to socially sig-
nificant behaviours, thus highlighting a number of important avenues
for future exploration. Delineating the significance and role of HPA ac-
tivity in the syndrome will help to further our understanding of the
mechanisms of the condition and may lead to provision of more effec-
tive support.
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