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Summary
Reports in the clinical literature and studies of fmr1 knockout mice have led to the
hypothesis that, in addition to mental retardation, fragile X syndrome is characterized by a

hormone; dysregulation of hypothalamic—pituitary-adrenal axis function. We have systematically
Circadian rhythm; examined this hypothesis by studying the effects of stress on adrenocorticotrophic
Fragile X; hormone and corticosterone levels in adult, male fmr1 knockout mice. Initially we
Restraint; determined the circadian rhythms of the plasma hormone levels in both wild-type and

fmr1 knockout mice and established the optimal time to impose the stress. We found no
genotypic differences in the circadian rhythms of either hormone. We studied two types of
stressors, immobilization and spatial novelty; spatial novelty was 5 min in an elevated plus-
maze. We varied the duration of immobilization and followed the time course of recovery
of hormones to their pre-stress levels. Despite the lower anxiety exhibited by fmr1
knockout mice in the elevated plus-maze, hormonal responses to and recovery from this
spatial novelty were similar in both genotypes. Further, we found no genotypic differences
in hormonal responses to immobilization stress. The results of our study indicate that, in
FVB/NJ mice, the hormonal response to and recovery from acute stress is unaltered by the
lack of fragile X mental retardation protein.

Published by Elsevier Ltd.

Elevated plus-maze

1. Introduction

Fragile X syndrome (FraX), the most common inherited form
of mental retardation, is caused by silencing of a single
gene, FMR1, resulting in the absence of the gene product,
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fragile X mental retardation protein (FMRP). FraX phenotype
includes cognitive impairments (Rousseau et al., 1994);
behavioral dysfunction such as hyperactivity, social anxiety,
attention problems and autistic-like behavior (Miller et al.,
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1999); and some physical abnormalities including macro-
orchidism in males (Hagerman, 2002). It has also been
suggested that boys with FraX have dysregulation of
hypothalamic—pituitary—adrenal (HPA) axis function. Two
clinical reports show higher salivary cortisol concentrations
in boys with FraX under both normal and stressful conditions
(Wisbeck et al., 2000; Hessl et al., 2002), and some data
suggest that higher levels of cortisol may be associated with
greater severity of behavioral problems (Hessl et al., 2002).

In the fmr1 knockout (KO) mouse model of FraX (Bakker et
al., 1994), effects on the HPA axis have also been reported.
Immobilization stress affected changes in c-fos expression
that varied with duration of stressor, brain region, and
genotype (Lauterborn, 2004). In paraventricular nucleus
(PVN) c-fos expression was increased similarly in both WT
and KO immediately following 30 min of immobilization.
After 2h of immobilization, c-fos was close to pre-stress
levels in WT, but remained elevated in KO mice. Serum
corticosterone (CORT) levels were elevated after either
30min or 2h of immobilization in both genotypes, but
effects were greater in KOs after 2h of stress. Following
immobilization stress, serum CORT concentrations recovered
more slowly in KO mice (Markham et al., 2006). In addition,
one of the mRNAs bound by FMRP is a glucocorticoid
receptor mRNA (Miyashiro et al., 2003). Although total
glucocorticoid receptor levels appear to be normal in KOs,
there is a reduced immunoreactivity in stratum radiatum of
the hippocampus (Miyashiro et al., 2003). Normally, circu-
lating glucocorticoids acting on glucocorticoid receptors
suppress HPA axis responses through a negative feedback
loop. The hippocampus, rich in glucocorticoid receptors,
likely plays a major role in the negative feedback. Taken
together with results of the clinical studies, these findings
suggested a dysregulation of the HPA axis in FraX.

Our previous finding that in vivo rates of regional cerebral
protein synthesis are increased in selective brain regions in
adult fmr1 KO mice (Qin et al., 2005) sparked our interest in
a possible dysregulation of HPA axis function. Affected
regions in our study included the PVN of the hypothalamus,
hippocampus, and the basolateral amygdala, all regions
known to be involved in mediating the response to stress.
The present study was undertaken to further examine
possible dysregulation of HPA axis function in FraX. We have
studied the effects of two types of stressors (immobilization
and spatial novelty) on stress hormone levels in adult, male
fmr1 KO mice. We have varied the duration of the
immobilization and followed the time course of recovery
of hormones to their pre-stress levels.

2. Material and methods
2.1. Animals

All procedures were carried out in accordance with the
National Institutes of Health Guidelines on the Care and Use
of Animals and an animal study protocol approved by the
National Institute of Mental Health Animal Care and Use
Committee. FVB/NJ-Fmr1*™¢" preeding pairs (heterozy-
gous females and hemizygous males) were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). All mice were
housed in a central facility and maintained under controlled

conditions of normal humidity and temperature with
standard alternating 12-h periods of light (7am-7 pm) and
darkness (7 pm-7am). Mice were housed 2-4/cage. Food
(NIH-31 rodent chow) and water were provided ad libitum.
Breeding pairs of heterozygous female and WT males
provided offspring in two experimental groups: hemizygous
and WT males. Mature mice at 100+ 10 days of age were
studied.

2.2. Genotyping

At the time of weaning, we analyzed genomic DNA extracted
(Puregene, Gentra Systems, Inc, Minneapolis, MN, USA) from
a small section of tail to test for the presence or absence of
the KO allele as previously described (Qin et al., 2002).
Primers to screen for the presence or absence of the mutant
allele were 5-ATCTAGTCATGCTATGGATATCAGC-3' and
5-GTGGGCTCTATGGCTTCTGAGG-3'. The DNA, a polymerase
chain reaction (PCR) buffer, and TagDNA polymerase
(AmpliTag Gold, Applied Biosystems, Foster City, CA, USA)
were combined and subjected to 35 cycles at 95, 62, and
72°C. After amplification, the products were separated by
electrophoresis on a 2.0% agarose gel at 100V for 15min.
The PCR product at ~800 bp indicated the presence of the
null allele.

2.3. Hormone assays

At the outset of the study we determined the optimum
conditions for collection of blood for hormone assays. We
measured cort levels in blood samples collected from tail or
trunk under different conditions which included with or
without light halothane anesthesia, guillotine decapitation
versus decapitation with scissors and tapered plastic film
tube restraint (DecapiCone, Disposable rodent restrainers,
Braintree Scientific INC., MA). We found that rapid decap-
itation using momentary tapered plastic film tube restraint
without any anesthesia is the best way to sample blood (data
not shown). This method subjected animals to minimal
stress and provided stable cort measurements.

Following rapid decapitation, core blood was collected
into heparinized tubes containing EDTA. Blood was centri-
fuged to separate the plasma, and plasma samples were
stored at —70°C until assayed. Concentrations of ACTH
(200 ul) and cort (5ul) in plasma samples were determined
by radioimmunoassay (CORT '2| RIA kit and hACTH '?°| RIA
kit, MP Biomedicals, LLC, Orangeburg, NY, USA). Samples
were counted in a Wallac Wizard Gamma Counter 1480
(PerkinElmer, Waltham, MA, USA). Inter- and intra-assay
variability was monitored by the use of a standard. For the
CORT assay the coefficient of variation within assays ranged
from 4% to 8% and between assays was 11%. For the ACTH
assay the coefficient of variation within assays ranged from
1% to 10% and between assays was 15%. For a given
experiment, hormone levels were assayed in a single batch.

2.4. Circadian fluctuations in HPA hormones

Before embarking on studies in which we perturbed the HPA
system, we analyzed the daily rhythms of these hormones in
the fmr1 KO and WT mice to test for differences between
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the two genotypes in circadian fluctuations. We measured
baseline plasma concentrations of cort and ACTH over a 24-h
period in adult male WT and KO mice. Animals were
acclimated to handling over a period of 4 days. On the fifth
day animals were rapidly decapitated, six mice of each
genotype per time point, with time points at 2, 6, 10am,
and 2, 6, and 10pm.

2.5. Acute stress

Mice that had no previous exposure to these or any other
stressful conditions were subjected to one of two stress
stimuli:

(1) Restraint stress: Mice were placed in a plastic cylinder
(Mouse Restrainer, model 500M, Braintree Scientific,
Inc., Braintree, MA, USA) for 30 or 120 min. Plastic
cylinders are configured so that forward, backward, and
rotational movement are prevented.

(2) Exposure to spatial novelty: Mice were place in an
elevated plus-maze and allowed to explore for 5min.
The apparatus consists of two dark arms (30 x5 x 15
cm®) and two open arms elevated 50cm from the
surface. Initially animals were placed at the center
facing an open arm. The time spent in the dark and open
arms and the numbers of entrances into dark or open
arms were recorded.

Each stress study consisted of four groups of mice of each
genotype (10-12 mice per group) studied under the
following conditions: (1) unstressed, (2) 30 or 120min of
restraint stress or 5min plus-maze, (3) 30min of recovery
from the stress, and (4) 120 min of recovery from the stress.
Mice were studied at the nadir of the cort fluctuation. After
the stress, mice were either rapidly decapitated or returned
to the home cage for the recovery interval before
decapitation. All sampling was done before 11 am.

2.6. Statistical analysis

The effects of genotype and time of day and the effects of
genotype and condition following a stressor on CORT and
ACTH concentrations were assessed by means of two-way
ANOVA with post hoc Bonferroni t-tests to assess differences
between genotypes at each time point in the case of a
statistically significant interaction. The effect of genotype
on behavior in the elevated plus-maze was assessed by
means of Student’s t-test.

3. Results
3.1. Circadian fluctuations in HPA hormones

Plasma ACTH and CORT concentrations showed dramatic
changes across the 24-h period (Figure 1). ACTH concentra-
tion appears to increase between 6am and 2pm, and is
lowest at 2 and 6 am in both genotypes. The highest mean
values occurred at 2 pm in WT and at 10 pm in KO. Values of
CORT in both WT and KO mice were low between 10 pm and
10am. The highest measured value occurred at 2 pm in both
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Figure 1 Effects of time of day on basal concentrations of
plasma ACTH (A) and CORT (B) in WT (filled symbols) and KO
(open symbols) mice. Values are the means+SEMs for the
following number of animals: (A) 6 WT and 6 KO at 6 and 10am,
7 WTand 6 KO at 2, 6, and 10pm, 7 WT and 5 KO at 2am; (B) 6
WTand 6 KO at 6 and 10am, 7 WT and 5 KO at 2pm, 4 WT and 4
KO at 6 pm, 7 WT and 4 KO at 10pm, 7 WT and 9 KO at 2am.
Shaded areas represent times when the lights in the facility
were turned off. Results were analyzed by means of a two-way
ANOVA with genotype and time of day as factors. There were no
statistically significant interactions and no effects of genotype
for either hormone. The only statistically significant effect was
the effect of time of day on CORT concentrations
(F(5,63) = 1202, P<OOOO1).

genotypes and was over 3 times the baseline value. Between
2 and 6 pm, CORT declined by 20-30%. Results were analyzed
by means of a two-way ANOVA with genotype and time of
day as factors. There were no statistically significant
interactions and no effects of genotype for either hormone.
The only statistically significant effect was the effect of
time of day on CORT concentration (Fse3 = 12.02;
P<0.0001). Based on these results, we studied mice
between 7 and 10 am at the nadir of the CORT rhythm when
the HPA axis is most responsive to the effects of stress.

3.2. Restraint stress for 30 min

Mean plasma ACTH concentration increased 6-fold in KO
mice and more than 9-fold in WT mice immediately
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Figure 2 Recovery from 30 min of restraint stress in WT (filled
bars) and KO (open bars) mice: effects on plasma ACTH (A) and
CORT (B). Values are the means + SEMs for the following number
of animals: (A) Control, 6 WT and 6 KO; 30 min restraint, 14 WT
and 13 KO; 30 min recovery, 12 WT and 12 KO; 120 min recovery,
13 WT and 13 KO; (B) Control, 6 WT and 6 KO; 30 min restraint,
13 WT and 12 KO; 30 min recovery, 12 WT and 12 KO; 120 min
recovery, 14 WT and 13 KO. Results were analyzed by means of a
two-way ANOVA with genotype and condition as factors. There
were no statistically significant interactions and no effects of
genotype for either hormone. Effects of condition were
statistically significant for both ACTH (F3s1) = 61.37;
P<0.0001) and CORT (F3,81) = 80.44; P<0.0001)
concentrations.

following 30min of restraint (Figure 2A). With 30min of
recovery in the home cage, ACTH concentrations were
almost returned to baseline and after 120 min were clearly
at baseline levels. Mean plasma CORT concentration
increased 10-11 times baseline values in both genotypes
immediately after 30min of restraint stress (Figure 2B).
With 30min of recovery in the home cage, elevations in
plasma CORT concentration were reduced to about 3-4
times baseline in both genotypes. After 120 min recovery,
plasma CORT concentrations were restored close to base-
line. Results were analyzed by means of a two-way ANOVA
with genotype and stress condition as factors. There were no
statistically significant interactions and no effects of
genotype for either hormone. The effects of stress condition
were statistically significant for both ACTH (F(3 g0) = 61.37;
P<0.0001) and CORT (F(3,31) = 80.44; P<0.0001).

3.3. Restraint stress for 120 min

Mean plasma ACTH concentration increased 5-7-fold in both
genotypes immediately following 120min of restraint
(Figure 3A). Within 30min of recovery in the home cage,
ACTH concentrations were restored to baseline. Mean
plasma CORT concentration increased 25-31 times baseline
values in both genotypes immediately after 120min of
restraint stress (Figure 3B). With 30 min of recovery in the
home cage, elevations in plasma CORT concentration were
reduced to about 5-10 times baseline in both genotypes.
After 120 min recovery, plasma CORT concentrations were
restored very close to baseline. Results were analyzed by
means of a two-way ANOVA with genotype and stress
condition as factors. There were no statistically significant
interactions and no effects of genotype for either hormone.
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Figure 3 Recovery from 120min of restraint stress in WT
(filled bars) and KO (open bars) mice: effects on plasma ACTH
(A) and CORT (B). Values are the means +SEMs for the following
number of animals: (A) Control, 10 WT and 11 KO; 120min
restraint, 10 WT and 11 KO; 30 min recovery, 10 WT and 11 KO;
120 min recovery, 10 WTand 11 KO; (B) Control, 9 WTand 10 KO;
120 min restraint, 9 WT and 11 KO; 30 min recovery, 8 WT and 8
KO; 120 min recovery, 5 WT and 10 KO. Results were analyzed by
means of a two-way ANOVA with genotype and condition as
factors. There were no statistically significant interactions and
no effects of genotype for either hormone. Effects of condition
were statistically significant for both ACTH (F3,62) = 34.13;
P<0.0001) and CORT  (F3,7¢) = 183.17;  P<0.0001)
concentrations.



HPA axis response to stress in fragile X mouse

887

The effects of stress condition were statistically significant
for both ACTH (F3,62) = 34.13; P<0.0001) and CORT
(F(3,76) = 18317, P<0.0001).

3.4. Spatial novelty

Immediately following 5 min in an elevated plus-maze, mean
ACTH concentrations were about twice baseline in both
genotypes, but returned to near baseline with 30 and
120min home cage recovery (Figure 4A). Plasma CORT
concentrations increased 2-3 times baseline in both geno-
types after 5min of plus-maze exposure (Figure 4B). Plasma
CORT remained elevated even after 30 min of home cage
recovery, but returned to baseline levels by 120 min. Results
were analyzed by means of a two-way ANOVA with genotype
and stress condition as factors. There were no statistically
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Figure 4 Recovery from spatial novelty of 5min in an elevated
plus-maze in WT (filled bars) and KO (open bars) mice: effects
on plasma ACTH (A) and CORT (B). Values are the means+ SEMs
for the following number of animals: (A) Control, 8 WT and 4 KO;
5 min spatial novelty, 12 WT and 13 KO; 30 min recovery, 10 WT
and 12 KO; 120 min recovery, 10 WT and 10 KO; (B) Control, 8
WT and 5 KO; 5min spatial novelty, 12 WT and 13 KO; 30 min
recovery, 10 WT and 12 KO; 120 min recovery, 9 WT and 10 KO.
Results were analyzed by means of a two-way ANOVA with
genotype and condition as factors. There were no statistically
significant interactions and no effects of genotype for either
hormone. Effects of condition were statistically significant for
both ACTH (F(3,70) = 1007, P<0.0001 ) and CORT (F(3’70) = 795,
P<0.0001) concentrations.

significant interactions and no effects of genotype for either
hormone. The effects of stress condition were statistically
significant for both ACTH (F3,71) = 10.07; P<0.0001) and
CORT (F(3,7O) = 7.95; P= 0.0001).

We also monitored the behavior of the mice during the
5-min period of spatial novelty in the elevated plus-maze.
Despite the similar plasma stress hormone responses in both
genotypes we found differences in their behavior in the
novel environment. The mean percent time spent in the
open arms was 24% greater in KO mice (WT: 49+ 3%, n = 31;
KO: 61+3%, n=35; P<0.01, Student’s t-test) suggesting
that KO mice responded to the novel environment with less
anxiety than WT mice.

4. Discussion

The results of our study indicate that, in FYN/NJ mice, the
hormonal response to and recovery from acute stress is
unaltered by the lack of FMRP. We found similar hormonal
responses in KO and WT mice following 30 or 120 min of
restraint or 5 min of spatial novelty. Patterns of recovery for
2 h following any of these stressors were also similar in both
genotypes.

4.1. Measurements

Collection of blood samples for measurement of plasma
concentrations of stress hormones is fraught with potentially
confounding factors. We carefully controlled for effects due
to the method of blood collection, the handling of animals,
environmental stress, and time of day. Initially, we
determined that rapid decapitation without anesthesia gave
the lowest and most consistent plasma CORT concentrations.
We acclimated animals to handling over a period of 4 days
before each study, and we were careful to use completely
separate rooms for housing, behavior and decapitation.

We were also careful to consider circadian fluctuations in
HPA hormones in both genotypes. Not only do levels of
hormones vary over the 24h period, but responsiveness of
the HPA axis also varies. It is at the nadir of the rhythm that
the axis is most responsive to stress. The rhythm for ACTH
was not clearly defined, and variability in the measurement
of ACTH was greater than that of CORT. We found a clear
rhythm of CORT concentration that was similar in both
genotypes. At the nadir (between 2 and 10am) of the
rhythm for CORT, concentrations of CORT were about one
third of those at the zenith (2 pm). Interestingly, the zenith
of plasma CORT in our mice on an FVB/NJ background
relative to the onset of the dark phase of the light:dark
cycle was earlier than reported in other strains of mice. In
C57BL/6J and Swiss mice, the peak plasma CORT concentra-
tion occurred at the beginning of the dark phase (Dalm
et al., 2005; Lechner et al., 2000). For the purposes of our
study the important finding was that the circadian pattern of
CORT secretion was similar in both genotypes (WT and KO).
In light of these findings, mice were always subjected to
stressors between 7 and 10am.

Our results differ from reports in the literature in which
fmr1 KO mice were similarly stressed (Lauterborn, 2004;
Markham et al., 2006). Baseline levels of CORT in our mice
tended to be lower and effects of restraint greater than
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those reported in either study. The likely explanation is that
all of our mice were studied at the nadir of the hormonal
cycle when hormone values are lowest and responsiveness
greatest. In our study, recovery from restraint was partial
after 30 min and complete after 120 min in the home cage,
whereas in the study reported by Markham et al. (2006)
recovery appears to be slower and possibly different
between the genotypes. One possible explanation is that
in the study of Markham et al. (2006) mice recovered in “an
empty cage” rather than the home cage. The ‘“empty cage”
may have been an additional stressor, a spatial novelty. In
our study, “spatial novelty” in an elevated plus-maze
produced a more prolonged elevation in CORT, i.e., after
30 min of recovery, concentrations in plasma were similar to
those measured immediately following exposure to the plus-
maze. Another factor to consider is that of genetic
background. Our animals were on an FVB/NJ background,
whereas those in the study of Markham et al. (2006) were on
a C57/Bl6 background. The background of the animals
studied by Lauterborn (2004) was not specified. Genetic
background can clearly have effects on behavior (Crawley
et al., 1997) and can influence the effects of the fmr1 KO on
behavioral phenotype (Paradee et al., 1999; Dobkin et al.,
2000).

4.2. Intensity and duration of stressors

Whereas the magnitude of the increases in CORT in response
to stress appeared to vary with the intensity of the stressor,
the time course of recovery was not a function of either the
intensity or duration of the stress. For example the greatest
effects on CORT were seen with 120 min of restraint stress
and the smallest effects with exposure to 5min of spatial
novelty, but effects on CORT were most prolonged with
exposure to spatial novelty. Recovery from the effects of
stress was generally faster for ACTH compared with CORT,
consistent with the shorter half-life of ACTH. Following any
of the three acute stressors studied, ACTH concentrations
returned to baseline after 30 min in the home cage, whereas
CORT concentrations remained above baseline until the 2h
recovery time point.

4.3. Anxiety

Behavior in the elevated plus-maze indicates that fmr1 KO
mice are less anxious than WT mice. This is in agreement
with results of behavior of KO mice in the open field and the
light-dark exploration test. Normally rodents seek cover and
avoid open spaces, behaviors thought to be associated with
anxiety (Crawley, 1989). Rodents also prefer a dark
environment, and given a choice between going into a
lighted chamber and remaining in a darkened chamber, tend
to make few transitions into the lighted chamber. In this test
KO mice exhibited a greater number of light-dark transitions
than WT indicating a lower level of anxiety (Peier et al.,
2000). In the open field KO mice spent more time in the
center of the field, made more entrances into the center,
and moved less distance in the margins (%) compared with
WT (Qin et al., 2002, 2005). These behaviors are all
consistent with reduced anxiety in the KO.

One of the symptoms associated with FraX is heightened
social anxiety (Hagerman, 2002). To our knowledge there is
no documentation of heightened non-social anxiety as a
symptom of FraX. Social anxiety and non-social anxiety can
be dissociated. In macaque monkeys, neonatal lesion of the
amygdala resulted in increased social fear and decreased
fear of inanimate objects (Prather et al., 2001). Further, in
children with Williams-Beuren syndrome hypersociability is
a major characteristic (Bellugi et al., 1999), but this is
coupled with heightened non-social anxiety (Dykens, 2003).
In this respect, FraX may be a mirror image of Williams—
Beuren syndrome. In the mouse model of FraX, behavior in
the elevated plus-maze, light-dark exploration test, and the
open field do not address the issue of social anxiety. These
behavioral phenotypes in the mouse demonstrate reduced
non-social anxiety in the KO. Results of the mirrored
chamber test provide some indication that KO mice may
have increased social anxiety (Spencer et al., 2005). Further
assessment of social anxiety will require tests specifically
designed to monitor social interactions in mice.
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