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ORIGINAL RESEARCH REPORT

The negative impact of single prolonged stress (SPS) on bone
development in mice

Hongrun Yu, Heather Watt, Chandrasekhar Kesavan, and Subburaman Mohan

Musculoskeletal Disease Center, Jerry L. Pettis Memorial VA Medical Center, Loma Linda, CA, USA

Abstract Keywords
Posttraumatic stress disorder (PTSD) disrupts hypothalamic-pituitary-adrenal (HPA) axis  Bone mineral content, electric shocks, forced
function. Given the established role of HPA axis hormones in regulating bone metabolism, swimming, freezing, PTSD, restraining

we tested the hypothesis that traumatic stress has a negative impact on bone development.
We employed a variant single prolonged stress (SPS) model in which several stressors were
applied to three week old C57BL/6J mice. Compared to the controls, the stressed mice showed
increased freezing behavior reminiscent of PTSD symptoms. At two weeks, bone mineral
content (BMC), bone area (B area) and bone mineral density (BMD) in total body based on
dual-energy X-ray absorptiometry (DXA) analysis were reduced by 10.2%, 7.0% and 3.6%,
respectively. Micro-CT analysis of the metaphyseal region of the excised tibia revealed that SPS
caused a deterioration of trabecular architecture with trabecular number (Tb.N), BV/TV,
connectivity density (Conn-Den) decreasing 12.0%, 18.9%, 23.3% and trabecular spacing
(Tb.Sp), structure model index (SMI) increasing 13.9%, 21.8%, respectively. Mechanical loading
increased the cross-sectional area in the mid-shaft region of the loaded right versus unloaded
left tibia by 7.6% in the controls, and 10.0% in the stressed mice. Therefore, SPS applied to
pre-pubertal young mice produced strong negative impact on both bone mass acquisition
and trabecular architecture. Mechanical loading can be employed to increase bone size, a
parameter related to bone strength, in normal as well as stressed conditions.
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Introduction (Skelton et al., 2012). Alterations of the HPA axis are one of
the most consistent neurobiological findings in PTSD (Mehta
& Binder, 2012). Serum levels of stress hormones, such as
glucocorticoids, are altered in patients with PTSD (Golier
et al., 2007; Miller et al., 2007; Morris et al., 2012; Yehuda,
2002; Yehuda et al., 2005; Young & Breslau, 2004). The
changes in glucocorticoid levels may predispose individuals
to PTSD (Aardal-Eriksson et al., 2001; Faravelli et al., 2012).
The activation of the HPA axis by traumatic stress can have
profound effect on bone metabolism (Morris et al., 2004).
In this regard, PTSD stressor-stimulated glucocorticoid
responses many have adverse effects on bone metabolism
(Canalis, 2005; Mazziotti et al., 2006). However, the specific
regulation patterns of individual stress hormones in PTSD and
their relative contribution to the overall negative effect on
bone metabolism are not clear. For example, cortisol is known
to reduce bone formation (Chyun et al., 1984; Pereira et al.,
2001). Yet most people with PTSD show a low secretion of
cortisol (Mason et al., 1988) except in the normative fight-or-
flight response, in which cortisol levels are elevated after
exposure to a stressor (Bohnen et al., 1991). The negative
effect of acute stress on bone formation appears to be
temporary in animal studies (Yu et al., 2012a). Therefore, the
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Post-traumatic stress disorder (PTSD) is a severe anxiety
disorder that can develop after exposure to life threatening
events that evoke intense fear, helplessness and horror (for
example, mortal peril, serious illness or natural disasters).
Most people experiencing traumatic events eventually
recover. However, a certain proportion of individuals,
approximately 20-40%, develop PTSD symptoms that persist
over a period of time (Kessler et al., 2005; Kuljic et al.,
2004). Animal studies show that similar proportions of the
animals exposed to traumatic stress develop PTSD-like
symptoms (Cohen & Zohar, 2004; Cohen et al., 2006;
Siegmund & Wotjak, 2007). PTSD can be a debilitating
disorder, negatively affecting a person’s mental and physical
health, work and relationships. People with PTSD are at
increased risk for developing other mental health and
physical health problems.

PTSD can affect bone health. One mechanism for induc-
tion of stress-related bone dysfunction involves activation of
the hypothalamic—pituitary—adrenal (HPA) axis, which is
responsible for coordinating hormonal response to stress
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in the HPA axis could also lead to blunted response of growth
hormone (Morris et al., 2004) and insulin-like growth factor 1
(IGF-1), both of which are well known contributors to peak
bone mass (Mohan et al., 2003; Mohan & Baylink, 2005).
Recently, we employed electric shocks with and without prior
injection of an anxiogenic drug as the stressors in a mouse
study, and documented direct evidence that traumatic stress
had a negative effect on bone mass acquisition (Yu et al.,
2012a).

PTSD can be studied with various animal models for
traumatic stress. Among these, single prolonged stress (SPS)
in rats (Liberzon et al., 1997, 1999) replicates some of the
specific neuroendocrinological abnormalities observed in
PTSD patients, such as enhanced glucocorticoid negative
feedback (Yamamoto et al., 2009). In SPS, animals go
through the following procedures in a single session: restraint
for 2 hours, 20 min forced swimming at 24 °C thereafter, and
following 15min recuperation, exposure to diethyl ether
vapor until they lose consciousness. Another version of SPS
includes delivery of footshock (Wang et al., 2008, 2010).

Although we found in a previous study that traumatic
stress had a negative effect on bone mass acquisition in young
mice (Yu et al., 2012a), we and others have not examined
other aspects of the impact of traumatic stress on postnatal
bone development. Since SPS models consist of a combin-
ation of stressors, it is generally believed that they would
produce a maximum stress with a stronger impact on the
bone. In the current study, we applied a variant SPS model
that included footshock in mice. Our objective was to evaluate
the impact of traumatic stress not only on bone mass
acquisition, but also on the size and density of cortical bone
and parameters of trabecular architecture. In addition, we also
intended to examine the expression of biochemical marker
genes related to bone formation, and determine whether
mechanical loading could mitigate the negative impact, if any,
induced by traumatic stress.

Materials and methods
Animals

The experiment was carried out in 3-week-old female C57BL/
6J mice. Young animals experience rapid growth, and were
thus used to maximize our ability to determine the impact of
traumatic stress on measures of bone health. Mice were
purchased from the Jackson Laboratory (Bar Harbor, Maine),
and shipped as pups with their mothers at 2 weeks of age, and
weaned onsite at 3 weeks. There were a total of 22 mice, with
13 undergoing stress treatment, and 9 as controls. The
experiment ended 5 weeks after the stress treatment (at 8
weeks of age). Euthanasia was carried out with 70% carbon
dioxide inhalation, followed by decapitation. Trunk blood was
collected at euthanasia, and centrifuged at 10 kg for 15 min at
4°C. The serum was stored at —70 °C for IGF-1 assay. Both
tibias were collected, fixed in 4 % formaldehyde for 48 h, and
preserved in 1x phosphate buffered saline for micro-CT. The
right femur was collected, and stored in liquid nitrogen for
RNA isolation for real time RT-PCR.

All animals were housed at the Veterinary Medical Unit of
the Jerry L. Pettis Memorial VA Medical Center under
standard conditions of lighting (14h light, 10h darkness),
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ambient temperature (20°C), and humidity (30-60%). All
experimental protocols were in compliance with pertinent
animal welfare regulations, and approved by the Institutional
Animal Care and Use Committee of the Medical Center.

Stress treatment

Our modified SPS model included restraining for 2 hours,
forced swimming for 20 min, and three electric shocks, which
were carried out in sequence within a 3 h period. We omitted
the ether exposure step that is common in SPS models due
to safety concerns regarding the use of diethyl ether vapor.
There were no restraining, no forced swimming, and no
footshock for control mice (although control mice were
exposed to the shock apparatus to control for novel chamber
placement). After the stress treatment, all mice were left
untouched for a week. To enforce the stress effect, we also
introduced singly housing after the stress treatment for the
SPS mice only (social isolation). All control mice were
housed three animals per cage after the mock shock
procedure.

The restraining was achieved in 50ml plastic test tubes
containing several holes for ventilation. Each mouse was
introduced into the tube with the head facing the bottom.
Sponge foam was inserted to prevent it from turning around or
backing up inside the tube. The tubes were laid horizontally
inside their cages for 2 h. Following restraining, the mice were
immediately placed for forced swimming in plastic cages (11
in. long, 7 in. wide and 5 in. high) filled to a height of 3 in.
with warm water, which was maintained at 24 °C in a water
bath. Each animal was forced to swim for 20 min. During this
period, if it was at risk of drowning, it was rescued and placed
in water again. After the forced swimming, the mice were
dried using a paper towel, and returned to their cages, which
were on heating pads, to recuperate for 20-30 min. Then, they
were placed in a Freeze Monitor (San Diego Instruments,
San Diego, CA) for electric shocks. Three foot shocks spaced
I min apart with an intensity of 3 mA and duration of 3 sec
were delivered in a 6 min session as described previously
(Yu et al., 2012a).

In vivo tests and measurements

Freezing behavior was determined in the freeze monitor by
three 10 s tests in a 6 min session. The three freeze tests were
associated with the three electric shocks in the stress
treatment through co-termination with acoustic cue presenta-
tions. The weekly freeze tests started at the end of the
incubation period. The detailed method of the tests was
described previously (Yu et al., 2012a). This test has been
validated with correlation coefficients (r) between computer
measures and hand scoring ranging from 0.87 for latency 1 to
0.94 for latency 3 (Valentinuzzi et al., 1998). We chose
latency 3 since it had the highest correlation with hand
scoring. The average percentage of latency 3 in the three 10s
test bins co-terminating with sound presentation was used as
the freezing time. Bone mass measurements were taken on
live mice using a PIXImus densitometer (LUNAR Corp.,
Madison, WI) based on dual-energy X-ray absorptiometry
(DXA) densitometry (Masinde et al., 2002). The mice were
anesthetized by inhalation of isoflurane before and during the



566 H. Yu et al.

procedure. The weekly DXA measurements started two weeks
after the stress treatment.

Mechanical loading

Mechanical loading was carried out in the form of four-point
bending on the Instron testing device (Instron, Canton, MA).
Four-point bending, designed to stimulate cortical bone
formation, was applied to the mid-diaphyseal region of
the tibia. Loading started 3 weeks after the stress treatment.
All mice, stressed and control, were loaded 5 days/week for
2 weeks. Then, the mice were subjected to one last loading
and sacrificed on the same day. We only loaded the right tibia
while the left tibia was used as the internal control for
unloaded bone. The loading protocol consisted of a 9N load
at a frequency of 2 Hz for 36 cycles. The detailed description
of the loading regimen was previously described (Kesavan
et al., 2005; Kesavan & Mohan, 2010). Mechanical loading
itself should not induce stress as the mice were under
isoflurane anesthesia during the procedure.

Micro-CT analyses

Two types of micro-CT analysis of the excised tibias were
carried out on the ‘‘vivaCT 40" microCT system (Scanco
Medical, Bassersdorf, Switzerland). In the cortical analysis,
we analyzed 50 slices with the thickness of 10.5 um at the
mid-diaphyseal region of both unloaded left and loaded right
tibia as previously described (Yu et al., 2012b). In the
trabecular analysis, we analyzed the same number of slices
that were 15 slices (157.5 um) below the growth plate in the
proximal metaphyseal region of the left tibia. The proximal
growth plate was identified by a cross-section at the distal end
that contained an apparent bridge-shaped thickening cartilage
tissue in the X-ray image. Other micro-CT parameters were
described previously (Yu et al., 2012b).

Real time RT-PCR

The frozen right femur was ground in liquid nitrogen in a
mortar and pestle, and RNA was extracted using Trizol
(Invitrogen, Carlsbad, CA). Total RNA was further purified by
RNeasy columns (Qiagen, Valencia, CA) and quantified by
Nanodrop (Agilent, Santa Clara, CA). An aliquot of 2 ug RNA
was reverse-transcribed into cDNA in a 20 pl reaction solution
by oligo(dT),_;g primer. Real-time RT-PCR contained 5 pl
template cDNA, 1x SYBR GREEN master mix (Qiagen,
Valencia, CA), and 100nM of specific forward and reverse
primers in a 20 ul reaction solution. Alkaline phosphatase
(ALP), insulin-like growth factor 1 (IGF-1, isoform 1, 2 and 3)
and one of the two osteocalcin isoforms (Desbois et al., 1994)
osteocalcin-2 (OC) were analyzed with the peptidylprolyl
isomerase A (PPIA) used as the internal reference. Delta CT
from the internal reference was calculated for each gene. The
differences in delta CT between the stressed mice and the
controls was calculated as fold change, which was then
converted to percentages of the controls in the final results.
Primer sequences for all genes are listed in Table 1.

Serum IGF-1 assay

IGF-1 levels in the serum were measured by radioimmuno-
assay (RIA) using our in-house assay, which was validated
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Table 1. Primers used in real time RT-PCR.

Gene Primer direction Primer sequence

PPIA Forward 5-CCATGGCAAATGCTGGACCA
Reverse 5. TCCTGGACCCAAAACGCTCC

ALP Forward 5'-ATGGTAACGGGCCTGGCTACA
Reverse 5-AGTTCTGCTCATGGACGCCGT

IGF-1 Forward 5-CAGGCATTGTGGATGAGTGTTG
Reverse 5 TCTTGTTTGTCGATAGGGACGG

oC Forward 5-CTCTCTCTGCTCACTCTGCT
Reverse 5 TTTGTAGGCGGTCTTCAAGC

with a correlation coefficient (r) of 0.9 with the established
gold standard method (Mohan & Baylink, 1995). We used
rabbit polyclonal antiserum and recombinant IGF-I (provided
by the National Hormone and Pituitary Program, Torrance,
CA) as standard and tracer, respectively. IGF binding proteins
were removed from the serum by acid gel filtration protocol
prior to RIA. The inter- and intra-assay coefficient of
variation was less than 10%.

Statistical analyses

Statistical analyses were performed using the Statistica
software (StatSoft, Inc., Tulsa, OK). For bone mineral content
(BMC), bone area (B area) and bone mineral density (BMD)
from DXA, r-test was first performed with raw parameter
values. With the exception of BMD at lumbar vertebrae, there
were no significant differences between the stressed mice and
the controls at all bone sites for week 4 and 5 in all three
parameters. Therefore, week 4 and 5 were excluded from
further analysis. Then, percentage reductions from the control
mean were calculated at each bone site for each time point.
The percentage values were used in two-way factorial
ANOVA (stress treatment X time points). Fisher’s LSD was
used to compare the percentage differences between the
stressed and control mice, and between weeks 2 and 3.

Results
Freezing behavior

Two-way ANOVA indicated significance for both stress
treatment and time points in the freezing behavior (stress
treatment: F[1,123]=15.7, p<0.01; time points:
F[4,123] =3.4, p<0.01). Out of the 10-sec test periods, the
control mice froze 1.4 to 2.2 s with an average of 1.7 s, which
were relatively constant throughout the experiment (Figure 1).
The stressed mice, on the other hand, froze longer, 4.9 and
5.0s for the first two weeks, which were significantly
different from the control values.

Bone mass acquisition

Two-way ANOVA using the percentage values indicated that
a significant effect of stress on DXA based bone mass
parameters at most bone sites. For example, F[1,40]=10.8,
p<0.01 for BMC, F[1,40]=8.7, p<0.01 for B area, and
F[1,40] =5.2, p<0.05 for BMD in total body. However, there
was no significant effect of time except for B area in the
femur. Two weeks after the stress treatment, BMC, B area
and BMD in total body were reduced by 10.2% (p<0.01)
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Figure 1. Effect of the SPS treatment on freezing behavior. Values are
means and SEM of the freezing time (% of 10sec test bin). The
significance (**p <0.01) of the stress treatment compared to the controls
based on Fisher’s LSD test is indicated below each time point.

(Figure 2A), 7.0% (p<0.05) (Figure 2B) and 3.6% (p <0.05)
(Figure 2C), respectively. Even higher reductions were
observed in lumbar vertebrae with 24.5% (p<0.01) for
BMC, 15.7% (p<0.05) for B area, and 11.2% for BMD
(»<0.05). Significant (p<=0.05) or near significant
(p<=0.08) reductions of BMC and B area were also
observed in total body and lumbar vertebrae at week 3, and
in femur and tibia at either week 2 or 3.

Cortical structure

Cross-sectional area at the mid-diaphysis of the unloaded left
tibia was reduced by 3.2% in the stressed mice, which was not
significant (Figure 3A). Surprisingly, there was a 4.4%
increase (p<0.05) in total density for the stressed mice.
However, there was no significant difference in material
density between the stressed and control mice.

Trabecular architecture

BV/TV at the proximal metaphysis of the left tibia was
decreased by 18.9% (p <0.01) in the stressed mice compared
to the controls (Figure 4A), which could be attributed to a
12.0% reduction (p<0.01) in trabecular number (Tb.N) and
a 13.9% increase (p<0.01) in trabecular spacing (Tb.S)
(Figure 4B). Similarly, connectivity density (Conn-Den) was
reduced by 23.3% (p<0.01), while structural model index
(SMI) was increased by 21.8% (p <0.05). However, there was
no change in trabecular thickness (Tb.Th) between the two
groups.

Expression of bone formation related markers

Real time RT-PCR showed that IGF-1 was up-regulated
25.4% (i.e. 1.25-fold) in the right femur for the stressed versus
control mice at the end of the experiment. However, this
difference was not significant. Likewise, there were no
significant difference between the stressed and control mice
in the femoral expression of ALP and OC. Serum IGF-1 levels
did not differ by group.

Mechanical loading of cortical bone

Comparison of the loaded right to unloaded left tibia in the
control mice indicates that four-point bending in the
diaphyseal region increased cross-sectional area and total
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Figure 2. Effect of the SPS treatment on bone mass acquisition in total
body as well as specific bones. Values are means and SEM of percentage
reductions from the control means, which are shown below the graph.
(A) Bone mineral content (BMC). (B) Bone area (B area). (C) Bone
mineral density (BMD). The significance (p value, *p<0.05, or
*¥p<0.01) of the stress treatment compared to the controls in each
bone at each time point based on Fisher’s LSD test is indicated inside the

corresponding bar. The significance between two time points is indicated
above the corresponding bars.

density by 7.6% and 4.8% (both ps<0.05), respectively
(Figure 3B). Similar changes with a 10.0% increase in cross-
sectional area and a 4.3% increase in total density (both
ps<0.01) were also seen in the stressed mice. However, there
were no loading-induced changes in material density for both
the stressed and control mice.

Discussion

SPS was initially developed for rats (Liberzon et al., 1997,
1999). This is the first study to apply this model to mice. In a
behavioral test, we found that the stressed mice had increased
freezing behavior compared to the control mice, significant
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Figure 3. Effect of the SPS treatment and mechanical loading on cortical
structure at the mid-diaphysis of the tibia. Values are means and SEM of
percentage changes from the control means or the unloaded means,
which are below the graph. (A) Effect of the SPS treatment as measured
on the unloaded left tibia. (B) Effect of mechanical loading by
comparing the loaded right versus unloaded left tibia. The significance
(*p<0.05 or **¥p <0.01) of the stressed mice compared to the controls or
the loaded right compared to the unloaded left tibia based on r-test is
indicated inside the corresponding bar for each parameter. The cross
sectional area, total density and material density were calculated or
obtained from VOX-TV, Meanl and Mean2 of the micro-CT data,
respectively.

for the first two weeks. The freezing behavior was a measure
of the contextual fear memory for electric shocks, a compo-
nent of the SPS treatment. Impaired contextual fear memory
is associated with PTSD symptoms. However, the freezing
response was not as strong as in a previous study, where we
used footshock with or without prior injection of the
anxiogenic drug FG-7142 (Yu et al., 2012a). In that study,
we found that the significantly increased freezing behavior
lasted as long as 7 weeks. The reduced freezing response
indicates that SPS is different from footshock alone. SPS has
restraint and forced swimming as additional components.
Like other traumatic events, these procedures may result in
reduced ability to encode the traumatic experience specific-
ally associated with footshock into memory (Bryant, 2011).
This may explain the reduced freezing behavior in this study.

Based on the DXA data and consistent with our previous
findings using footshock (Yu et al., 2012a), SPS significantly
reduced bone mass acquisition two and three weeks after
the treatment. The reduction varied in different bones at
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Figure 4. Effect of the SPS treatment on trabecular architecture at the
metaphysis of the unloaded left tibia. Values are means and SEM of
percentage reductions from the control means, which are shown below
the graph. (A) Trabecular parameters with decreasing values. (B)
Trabecular parameters with increasing values. The significance
(*p<0.05, or **p<0.01) of the stress treatment compared to the
controls based on r-test is indicated within the corresponding bar for each
parameter.

different time points, with the greatest impact on lumbar
vertebrae and the impact at two weeks greater than at three
weeks. As in the footshock model, these impacts disappeared
after three weeks, as the animals had recovered from the stress
treatment.

Micro-CT analysis of the metaphyseal region of the left
tibia showed that SPS had major impact on trabecular
architecture. It reduced trabecular number and increased
trabecular spacing, which caused decreased BV/TV and
connectivity density. Connectivity of the trabecular bone
increases bone strength (Odgaard & Gundersen, 1993), and
the decreased connectivity density indicates impaired tra-
becular functions. In addition, SPS also caused an increase in
SMI. SMI is the relative proportion of plate-like versus rod-
like trabeculae (Ryan & Shaw, 2012), a key measure of
trabeculae quality in terms of absorbing loads (Hildebrand &
Ruegsegger, 1997). Increased SMI is associated with the
reduced quality of trabecular bone. Consistent with our
results, a clinical study using iliac crest bone biopsies from
Gulf War veterans with many having traumatic experience
showed a decreased trabecular bone volume compared to the
age matched controls (Compston et al., 2002; Freemont,
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2002). An evaluation of Vietnam-era male repatriated pris-
oners also revealed that repatriates with a lifetime history of
PTSD had a significantly lower BMD at the hip relative to
both repatriates without a life long history of PTSD and the
control group of normal subjects (Hain et al., 2011).

Since we only used 3-week-old pre-pubertal young mice,
which experience rapid growth propelled by changes of sex
hormones, the observed effect on bone mass acquisition may
have been associated with the imposition of major stressors at
an age of rapid skeletal growth. We have previously reported
that while femur BMC only increased 25% between 8 and
13 weeks of age, it nearly doubled between 3 and 4 weeks
(Mohan et al., 2003), making this period ideal for detecting
any changes in bone mass acquisition. Indeed, our recent
experiment using 14-week-old mice did not show any
differences in bone mass parameters between stressed and
control mice. However, whether the observed effect on
trabecular architecture is age-specific or not remains to be
evaluated in future studies.

Since bone mass acquisition was reduced in the stressed
mice 2 and 3 weeks after the introduction of traumatic stress,
we anticipated a similar decrease in expression of bone
formation genes. However, there were no significant differ-
ences between the stressed and control mice in the expres-
sion of related marker genes. One potential explanation
may be related to the time and site of sampling. All samples
were collected five weeks after the SPS treatment. Any
biochemical changes that may have occurred early would have
been missed. In addition, we used the whole right femur in
real time RT-PCR. There may have been differences in
expression in the trabecular part, but not at the whole bone
level. Further studies are needed to evaluate these
possibilities.

Micro-CT analysis of the mid-diaphyseal region of the
unloaded left tibia showed that there was some decrease in
cortical bone size as expressed in the cross-sectional area for
the stressed mice. On the other hand, comparison of the
loaded right to unloaded left tibia showed that four-point
bending increased cortical bone size in both the stressed and
control mice. There were no significant differences in
material density between the two groups of mice in either
the left or right tibia, suggesting that both the stress treatment
and subsequent mechanical loading had no effect on this
cortical density measure. Thus, it can be inferred that four-
point bending is a good model of mechanical loading mainly
through increasing and maintaining bone size. Since bone size
is an important parameter of bone strength, and along with
density, contributes to 40% of the bone strength variation
(Wergedal et al.,, 2005), our results suggest that cortical
mechanical loading is important for maintaining bone
strength in healthy individuals as well as for reversing
possible bone strength weakening in stressed individuals.

In conclusion, a behavioral test showed that our variant
SPS model applied to pre-pubertal mice produced a context-
ual fear memory that is reminiscent of PTSD symptoms. SPS
also caused significant reductions of bone mass acquisition
shortly after the treatment. The negative impact of SPS on
bone quality was evident from changes in trabecular archi-
tecture. Mechanical loading increased cortical bone size in
both the stressed and control mice, implying that physical
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activity may be beneficial for maintaining bone strength as
well as reversing bone weakening associated with PTSD.
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