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Substrain-Specific Differences in Survival and
Osteonecrosis Incidence in a Mouse Model

Jitesh D Kawedia,'® Laura Janke,> Amy ] Funk,® Laura B Ramsey,' Chengcheng Liu,'
David Jenkins,' Kelli L Boyd,* and Mary V Relling'”

We previously reported strain-specific susceptibility to dexamethasone-induced osteonecrosis in mice. Here we report that
BALB/cJ and BALB/cAnNHsd mice display substrain-specific differences in dexamethasone-induced adverse effects. As compared
with BALB/cJ mice, BALB/cAnNHsd weighed more (16.6 g compared with 13.7 g) at the beginning of dexamethasone administra-
tion on postnatal day 28 and fewer died during the dexamethasone regimen (10% compared with 50%). Although the 2 substrains
had similar plasma concentrations of dexamethasone, BALB/c] mice were more susceptible to developing dexamethasone-induced
osteonecrosis. A higher dose of dexamethasone (8 mg/L) throughout the treatment period compared with a lower dose (8 mg/L
loading dose during week 1 followed by 4 mg/L for the remainder of the treatment period) and earlier start of treatment (postnatal
day 24 compared with postnatal day 28) was required to induce osteonecrosis with a similar frequency in BALB/cAnNHsd mice
as in BALB/c] mice. Our results show, for the first time, substrain-specific differences in the development of osteonecrosis in mice.

Abbreviation: P, postnatal day.

Osteonecrosis is a severe and relatively common dexametha-
sone-induced dose-limiting toxicity.* We previously screened 14
mouse strains and found that only BALB/cJ and C57BL/6] de-
veloped dexamethasone-induced osteonecrosis.’ Strain-specific
differences in drug disposition and development of phenotypes
are well documented and attributed to the different genetic back-
grounds of these strains.'»”? Furthermore, substrains, which dif-
fer by only minor genetic differences,?>*#!"1? and even identical
strains from different vendors, can also differ significantly with
respect to some phenotypes.® Because we observed unexpectedly
high mortality due to steroid-induced toxicity in the BALB/cJ
substrain, we tested for dexamethasone tolerance and osteone-
crosis in the BALB/cAnNHsd substrain. The 2 substrains showed
striking differences; the BALB/cAnNHsd substrain had lower
toxicity and better survival and was more resistant to developing
glucocorticoid-induced osteonecrosis.

Materials and Methods
Diet and reagents. Because folate insufficiency can contribute
to glucocorticoid-induced osteonecrosis,'® we continued to use an
irradiated folic-acid—deficient diet that contained less than 0.05
ppm folic acid (TestDiet, Richmond, IN). Dexamethasone sodium
phosphate solution was obtained from American Pharmaceuti-
cal Partners (Schaumburg, IL). Sulfamethoxazole (200 mg) and
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trimethoprim (40 mg) per 5 mL oral suspension was obtained
from Hi-Tech Pharmacal, (Amityville, NY) and tetracycline was
purchased from Sigma (St Louis, MO).

Animals. BALB/cJ mice (Mus musculus) were obtained from
the maximum barrier facility of Jackson Laboratories (age, 24 d;
stock number 000651, Sacramento, CA), and BALB/cAnNHsd
were obtained from Harlan Laboratories (age, 21 and 24 d; catalog
number 4704M BALB/cAnNHsd, Houston, TX). Mice that were
21 d old were shipped with foster mothers during transport due
to the young age of the mice. Because male mice were observed to
be more susceptible to development of dexamethasone-induced
osteonecrosis than were female mice," only male mice were in-
cluded in the current study. All experiments were conducted in
accordance with a protocol approved by the IACUC of St Jude
Children’s Research Hospital (Memphis, TN). Mice were checked
for health daily initially and twice daily after they started show-
ing any early possible symptoms of toxicity. Mice that became
moribund were immediately euthanized according to IACUC-
approved procedures.

Mice were SPF in our facility for fur mites, pinworms, mouse
parvovirus type 1, mouse parvovirus type 2, minute virus of mice,
parvovirus generic assay, mouse hepatitis virus, Theiler murine
encephalomyelitis virus, epizootic diarrhea of infant mice, Sendai
virus, pneumonia virus of mice, reovirus, Mycoplasma pulmonis,
lymphocytic choriomeningitis virus, mouse adenovirus, and ec-
tromelia virus. Indirect health surveillance was accomplished
with the use of traditional outbred (ICR) sentinels and dirty-bed-
ding exchange. The sentinels were tested quarterly for the organ-
isms listed earlier. Mice were housed 3 to 5 mice per cage (Micro
Vent System 75 JAG, Allentown, Allentown, NJ) with corncob
bedding (Andersons Bed-O’cobs, Pharmaserv, Framingham, MA).



Relative humidity was maintained on average at 50%, and the
animal room had a 12:12-h light:dark cycle in an AAALAC-ac-
credited facility. Folic-acid—deficient diet (Test Diet) and water
were provided ad libitum. Medications (dexamethasone, tetra-
cycline, and sulfamethoxazole-trimethoprim oral suspension)
were added to drinking water, which was changed twice weekly.
Mice were observed daily and weighed weekly, and all animal
handling was performed in biosafety cabinets.

Treatment regimens. Treatment generally started at postnatal
day 28 (P28), except where indicated that treatment started at
P24. Mice in control groups were treated only with prophylac-
tic antibiotics, while mice in dexamethasone treatment groups
were treated with low- or high-dose dexamethasone regimen and
prophylactic antibiotics. The low-dose dexamethasone treatment
regimen consisted of an initial loading dose of 8 mg/L during the
first week of therapy and a maintenance dose of 4 mg/L for the
remaining weeks, whereas the high-dose dexamethasone treat-
ment regimen consisted of 8 mg/L of dexamethasone throughout
the treatment period. All BALB/cJ and most BALB/cAnNHsd
mice were treated with dexamethasone for 6 wk; some cohorts of
BALB/cAnNHsd mice were treated for 8.5 to 9 wk in an effort to
increase the frequency of osteonecrosis in these mice. Prophylac-
tic antibiotics to prevent dexamethasone-induced opportunistic
infections included tetracycline (1 g/L) constantly and sulfame-
thoxazole (600 mg/L) and trimethoprim (120 mg/L) given 3.5 d
of every week; where noted, mice were treated with amoxicillin (4
mg/L) instead of tetracycline (1 g/L), and these antibiotics have
no effect on the development of osteonecrosis.” In a few cases,
amoxicillin was used instead of tetracycline to prevent terminal
loss of mice due to opportunistic infections caused by dexam-
ethasone treatment, but it had no effect on overall survival or the
development of osteonecrosis.

Mice were treated with dexamethasone in the drinking wa-
ter because it is palatable and can easily be administered in that
manner for the long time periods (6 to 9 wk) needed to induce
the phenotype of glucocorticoid-induced osteonecrosis.”* More-
over, intermouse pharmacokinetic variability is low,"” and the
low trauma and convenience of administration in drinking water
(compared with oral gavage or intraperitoneal injection) avoids
the possibility of loss of mice due to trauma that would be in-
curred by thrice-daily dosing (to mimic dexamethasone dosage
in pediatric patients®). At dexamethasone concentrations in the
drinking water of 4 to 8 mg/L, dosing is equivalent to 1.33 to
2.66 mg/kg daily, assuming that the average weight of a mouse
is 15 g and that the water consumption rate is 5 mL daily. Daily
consumption of 5 mL/day of drinking water was confirmed in
preliminary experiments.

Estimation of plasma concentrations of dexamethasone and cor-
ticosterone. At the end of dexamethasone treatment (6 or 9 wk)
between 0900 and 1200, mice were anesthetized with 2% isoflu-
rane, and blood (500 to 1000 uL) was collected via cardiocentesis.
Plasma was stored at —80 °C until further analysis. Dexametha-
sone and corticosterone were extracted from plasma and quanti-
fied by HPLC, as described previously.®*?

Aerobic enteric cultures. Fecal pellets from a single mouse per
cage were placed in tryptic soy broth and incubated at 37 °C for
24 h, after which the broth culture was used to inoculate a blood
agar plate and a MacConkey agar plate by using a sterile cotton
swab; these plates were incubated at 37 °C for 24 h. When no
growth was observed, the plates were incubated for an additional
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48 h to confirm lack of growth. No growth from fecal pellets
at the midpoint or end of treatment might reflect a decreased
microbial load in the gastrointestinal tract or feces due to pro-
phylactic antibiotic treatment. All bacterial colonies observed
on the blood agar or MacConkey agar plates were transferred
to fresh blood agar plates to obtain pure cultures. Gram staining
and analysis (Vitek II Compact System, BioMerieux, Durham,
NC) were used to identify the organisms. Antibiotic sensitivity
of bacterial isolates was determined by using the zone of inhibi-
tion assay.

Detection of osteonecrosis. Osteonecrosis was detected by
histologic examination, as described earlier.”® Briefly, bone sam-
ples were fixed in 10% formalin overnight, followed by decal-
cification in TBD2 (Thermo Fisher Scientific, Waltham, MA).
Specimens were processed routinely, paraffin-embedded, cut
at 4 um, stained with hematoxylin and eosin, and analyzed by
light microcopy. The analysis focused on the distal femur based
on the results of preliminary screening of multiple appendag-
es.’® Bone samples were analyzed by one of the authors (KB),
who was blinded to the treatment arm. Osteonecrotic lesions
were defined by the presence of all of the following criteria:
empty lacunae, pyknotic nuclei of ghost osteocytes in the bone
trabeculae, and necrosis of the neighboring marrow and stromal
elements. Mice having an osteonecrotic lesion in at least one
stifle joint (distal femur or proximal tibia) were considered posi-
tive for osteonecrosis.

Statistical analysis. The log-rank test was used to evaluate the
difference in survival between different substrains of BALB/c
mice and treatment groups. Comparisons of body weight be-
tween substrains were performed by using the Kruskal-Wallis
test and repeated-measures ANOVA. Differences in the frequen-
cy of osteonecrosis were evaluated using a  test. All statistical
analyses were performed by using Statistica software (version 10;
StatSoft, Tulsa, OK). A P value of less than 0.05 was used to define
statistical significance.

Results

On P28, BALB/cAnNHsd mice were about 2.5 g (21%) heavi-
er (P =0.001) than BALB/cJ mice (Figure 1 A). The untreated
BALB/c] mice gained weight and reached weights similar (P =
0.15) to those of untreated BALB/cAnNHsd mice within 1 wk.
Body weight was lower (P = 1 x 107°) in dexamethasone-treat-
ed mice than in saline-treated mice. Dexamethasone-treated
BALB/c] mice required about 4 wk to achieve body weights
similar to those of dexamethasone-treated BALB/cAnNHsd
mice (Figure 1 B).

BALB/c] mice on P28 treated with the low-dose dexametha-
sone regimen (8 mg/L during week 1 and 4 mg/L thereafter)
had 50% survival at the end of 6 wk of therapy compared with
95% survival (P = 1 x 107%) in BALB/cAnNHsd mice treated
with either the low-dose or high-dose (8 mg/L throughout the
experiment) dexamethasone regimen that began treatment on
either P24 or P28 (Figure 2). Death of mice in the dexametha-
sone-treated group was attributed to sepsis, because blood cul-
tures tested positive for pathogens (Enterococcus gallinarum in 5
BALB/c] mice and E. faecalis in 1 BALB/cAnNHsd mouse) in
all 6 of the moribund mice from which blood cultures could be
obtained.

To investigate whether aerobic gastrointestinal flora differed
between BALB/cAnNHsd and BALB/¢J substrains and whether
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Figure 1. (A) Body weight (g) of BALB/cJ and BALB/cAnNHsd at the start of treatment (postnatal day 28). (B) Body weight (g) in dexamethasone-
treated (DEX; low dose: 8 mg/L during week 1 followed by 4 mg/L thereafter) and untreated (Control) mice throughout the experiment.
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Figure 2. Kaplan-Meier survival curves of dexamethosone-treated
(DEX) or untreated (Control) BALB/cJ and BALB/cAnNHsd (A) from 4
experiments combined in which BALB/cAnNHsd were treated begin-
ning on postnatal day (PD) 24 or 28 with either the low- or high-dose
dexamethasone regimen, and BALB/c] mice were treated with the low-
dose dexamethasone regimen starting on PD28. Censoring at 42 d (6 wk)
indicates the euthanasia of a cohort of mice that had completed therapy
and their analysis for osteonecrosis. Survival differed significantly (P =1
% 1075; log-rank test) between BALB/cJ] DEX and BALB/cAnNHsd DEX
groups. Note that subsets of BALB/cJ (n = 22) and BALB/cAnNHsd (1
= 20) mice received amoxicillin for antimicrobial prophylaxis and that
this treatment did not affect survival.

changes in microbial sensitivity (according to the zone of inhibi-
tion assay) to prophylactic antibiotics might explain the differ-
ence in the frequency of death of mice due to sepsis between the 2
substrains, we characterized enteric (fecal) aerobic culture isolates
at the start of therapy, at the midpoint (3 wk after the start of ther-
apy), and at the end of treatment (6 wk after the start of therapy).
BALB/cAnNHsd mice had more types of microbial isolates at
the start, midpoint, and end of treatment than did BALB/cJ mice
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(Table 1). Furthermore, more of the isolates cultured before treat-
ment of BALB/cAnNHsd mice were sensitive to the prophylac-
tic antibiotics compared with those from BALB/cJ mice. Isolates
from both BALB/cAnNHsd and BALB/cJ mice developed anti-
biotic-resistant Enterococcus faecalis after exposure to prophylactic
antibiotics and dexamethasone; however, both substrains of mice
also displayed new resistant microbes at the end of therapy that
had not been present prior to therapy (Table 1).

When BALB/cAnNHsd mice started treatment with the low-
dose dexamethasone regimen at P28, they did not develop signifi-
cant osteonecrosis (one positive for osteonecrosis among a total
of 20 mice), whereas this regimen induced osteonecrosis in P28
BALB/cJ mice (9 positive for osteonecrosis among a total of 34
mice; P = 0.027). Therefore, we tested whether starting treatment
earlier (P24 compared with P28) and at a higher dose (8 mg/L
throughout the 6-wk treatment period) increased the frequency
of osteonecrosis in BALB/cAnNHsd mice. Whereas 50% of P24
BALB/cAnNHsd mice treated with the 8-mg/L dexamethasone
regimen for 6 wk (3 of 6) or 8.5 wk (2 of 4) developed osteone-
crosis, none (n = 14) of the P24 BALB/cAnNHsd mice treated
with the low-dose regimen (8 mg/L during week 1 followed by
4 mg/L thereafter) developed osteonecrosis, regardless of treat-
ment duration (P = 0.01). Representative osteonecrotic lesions are
shown in Figure 3. The high-dose dexamethasone regimen tend-
ed to be more toxic, with 95% probability of survival for P24 low-
dose BALB/cAnNHsd mice at the end of 8.5 wk compared with
55% for high-dose mice (P = 0.08, log-rank test). Among mice that
developed osteonecrosis, the extent of lesions was similar in the 2
substrains, usually involving greater than 50% of the area through
the femoral condyles in each slide.

To investigate whether the substrain differences in frequency
of osteonecrosis and toxicity were due to different plasma lev-
els of dexamethasone, we measured plasma concentrations of
dexamethasone and corticosterone (a marker of dexamethasone
pharmacodynamic effect) at the end of the experiment (Figure 4
A). Dexamethasone levels did not differ significantly between
BALB/cAnNHsd and BALB/cJ] mice and tended to be higher
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Table 1. Results of enteric culture isolates from BALB/cAnNHsd and BALB/cJ mice

BALB/cAnNHsd BALB/cJ
Tetracycline  Trimethoprim Tetracycline  Trimethoprim
Isolate sensitivity sensitivity Isolate sensitivity sensitivity
Before the start of treatment
Enterococcus faecalis sensitive sensitive Enterococcus faecalis resistant sensitive
Escherichia coli sensitive sensitive Staphylococcus xylosus sensitive sensitive
Enterococcus durans sensitive sensitive Staphylococcus epidermidis sensitive resistant
Lactobacillus spp. sensitive sensitive
Staphylococcus sciuri sensitive intermediate
Midpoint
(3 wk after the start of treatment)
Enterococcus faecalis resistant sensitive Enterococcus faecalis resistant resistant
Staphylococcus aureus resistant resistant Enterococcus gallinarum resistant sensitive
Staphylococcus epidermidis sensitive resistant
End of treatment
(6 wk after the start of treatment)
Enterococcus faecalis resistant resistant Enterococcus faecalis resistant resistant
Staphylococcus aureus resistant resistant Enterococcus gallinarum resistant sensitive
Enterococcus avium resistant sensitive
Bacillus spp. sensitive sensitive

in BALB/cAnNHsd mice (P = 0.07). As expected, corticosterone
levels inversely reflected dexamethasone exposure, with lower
levels in BALB/cAnNHsd compared with BALB/cJ] mice in con-
trol (P = 0.025) and in dexamethasone-treated (P = 0.003, Figure
4 B) groups.

Discussion

Strain-specific differences in phenotypes due to variation in
genetic background are well documented.*”® We previously re-
ported that only 2 (BALB/cJ and C57BL/6]) of 14 murine strains
tested were susceptible to developing dexamethasone-induced
osteonecrosis, with the BALB/ ] strain having the higher frequen-
cy of osteonecrosis."® Over time, we observed an unacceptable
increase in loss of mice due to sepsis among dexamethasone-
treated BALB/cJ mice. Because substrains can show significant
differences in phenotype,***12 we investigated whether the
BALB/cAnNHsd substrain would have acceptable toxicity and
still be susceptible to dexamethasone-induced osteonecrosis.
We found that, compared with BALB/c] mice, the BALB/cAn-
NHsd substrain had less toxicity and better survival in response
to dexamethasone treatment, but they also were less susceptible
to developing dexamethasone-induced osteonecrosis. By starting
treatment at a younger age (P24 compared with P28) and increas-
ing the dexamethasone dose, we were able to induce osteone-
crosis in BALB/cAnNHsd mice at a frequency similar to that in
BALB/cJ mice.

At P28, BALB/cAnNHsd mice weighed more than did BALB/
cJ mice (Figure 1). The difference in body weight could be due
to differences in the diet used in each vendor facility or to fast-
er pubertal development in BALB/cAnNHsd mice. However,
starting dexamethasone treatment earlier (P24) in the BALB/
cAnNHsd substrain did not overcome their relative resistance
to dexamethasone-induced osteonecrosis, but doubling the dose

combined with earlier treatment (P24) resulted in osteonecrosis
in these mice.

Because blood cultures revealed that aerobic bacteria were re-
sponsible for sepsis in some of the treated mice, we cultured aero-
bic bacteria of the gastrointestinal tract. The antibiotic sensitivity
and composition of aerobic bacteria differed among the various
groups of mice prior to treatment. By 3 wk after the start of treat-
ment, E. faecalis isolated from BALB/c] mice developed resistance
to both tetracycline and trimethoprim, but the isolate from BALB/
cAnNHsd mice was susceptible to trimethoprim. However, aero-
bic enteric cultures at the end of the experiment indicated that
the E. faecalis isolates from both BALB/cAnNHsd and BALB/
¢J mice were resistant to trimethoprim. In addition, E. gallinarum
was isolated only from enteric cultures of moribund BALB/c]J
mice. Overall, the differences in aerobic gastrointestinal flora and
sensitivity to prophylactic antibiotics may explain why BALB/
cAnNHsd mice had better survival in response to dexamethasone
treatment than did BALB/cJ mice. The composition of anaerobic
microflora may affect body weight and overall susceptibility to
infection in the substrains of mice. Obligate anaerobes comprise
most of the colonic microbiota, with facultative anaerobes being
about approximately 1000-fold fewer.’* Additional analysis of the
gastrointestinal microflora in these mice may provide insight into
the underlying causes of these differences; however, this evalua-
tion was beyond the scope of the current study.

The lower frequency of osteonecrosis and toxicity in BALB/
cAnNHsd mice compared with BALB/cJ mice was not due to
higher dexamethasone plasma clearance; in fact, dexamethasone
plasma levels tended to be higher in BALB/cAnNHsd than in
BALB/c] mice (Figure 4 A). Corticosterone levels were higher in
untreated and dexamethasone-treated BALB/c] mice compared
with BALB/cAnNHsd mice (Figure 4 B), indicating physiologic
and pharmacodynamic differences between these substrains.

469



Vol 62, No 6
Comparative Medicine
December 2012

Figure 3. Histology of stifle joints in untreated control BALB/cJ mice on postnatal day 28 (P28) at magnifications of (A) 4x and (B) 20x, in
untreated P24 BALB/cAnNHsd mice at magnifications of (C) 4x and (D) 20x; in P24 BALB/cAnNHsd mice treated with the low-dose dexam-
ethasone regimen (8 mg/L during week 1 and then 4 mg/L throughout weeks 2 through 6 wk) at magnifications of (E) 4x and (F) 20x; and in
dexamethasone-treated P24 BALB/cAnNHsd (8 mg/L during week 1 and 4 mg/L for weeks 2 through 9) at magnifications of (G) 4x and (H) 20x.
Osteonecrotic lesions are evident in P24 BALB/cAnNHsd mice treated with the high-dose dexamethasone regimen (8 mg/L for 6 wk) at magni-
fications of (I) 4x and (J) 20x; in P24 BALB/cAnNHsd treated with dexamethasone (8 mg/L for 8.5 wk) at magnifications of (K) 4x and (L) 20x;
and in P28 BALB/cJ mice on the low-dose dexamethasone regimen (8 mg/L during week 1 and 4 mg/L for weeks 2 through 6) at magnifications
of (M) 4x and (N) 20x.

In summary, we report significant differences between BALB/cJ necrosis after dexamethasone treatment. Considerable modification
and BALB/cAnNHsd mice with regard to their initial body weight, of the dexamethasone dose and age of mice at start of therapy was
aerobic gastrointestinal flora, and survival and incidence of osteo- required to induce similar frequencies of osteonecrosis in the 2 sub-

strains.
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