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Inbred and Outbred Mice Have Equivalent
Variability in a Cockroach Allergen-Induced
Model of Asthma

Louis J Vaickus, Jacqueline Bouchard, Jiyoun Kim, Sudha Natarajan, and Daniel G Remick’

Outbred mice traditionally are considered to display high variability, thereby limiting their use in some studies. Researchers
frequently are encouraged to use inbred strains of mice because of the greater homogeneity of these experimental animals. We
compared the pulmonary inflammatory response of inbred BALB/c] mice to that of outbred HSD-ICR mice by measuring multiple
variables, including cytokines, chemokines, number of pulmonary inflammatory cells, and respiratory parameters. Cockroach al-
lergens induced significant pulmonary inflammation in both BALB and ICR mice. Our comparisons of the coefficients of variance
for 148 discrete data sets for each strain or stock indicated that BALB and ICR mice have roughly equivalent intrastrain or -stock
variability in our model of asthma-like pulmonary inflammation. The average coefficient of variance, calculated as the ratio of the
SD to the mean of a data set, was 0.35 + 0.34 for BALB mice compared with 0.31 + 0.32 for ICR mice. In conclusion, inbred BALB
and outbred ICR mice have roughly equivalent intrastrain or -stock variability in a murine model of asthma-like pulmonary in-

flammation.

Abbreviations: BAL, bronchoalveolar lavage; CRA, cockroach allergen; MV, minute ventilation.

Mouse models of human disease have been invaluable for the
advancement of medical science. These experimental animals
have been characterized extensively and are relatively similar
to humans in their inflammatory reactions. Hundreds of inbred
strains and outbred stocks have been developed from the largely
wildtype stocks that were originally available to scientists.?**
Since the introduction of inbred strains, researchers have faced
the question of which mice to use to optimally conduct their re-
search. Inbred strains offer a defined genetic background, where-
as outbred stocks offer a diverse gene pool, which is closer to the
situation in most human studies, and a lower cost per animal.

Originally, inbred strains were considered to be more variable
than their outbred counterparts because their homogeneous ge-
netic background was thought to provide them with a limited
repertoire of responses.>* A 1976 study® questioned these early
results and became widely cited by researchers favoring inbred
strains. Now, most investigators believe that inbred mice are su-
perior models because phenotypic variability might be lessened
by a consistent genetic background. This characteristic was be-
lieved to increase the power of any given study so that it would
be less time-intensive and consume fewer experimental animals.”®
Because of the wide variety of inbred animals that are available,
mice with well-defined response characteristics can be selected
to meet a researcher’s specific needs. In addition, this uniform
genetic background allows for tissue transplantation, adoptive
transfer, and genetic and transgenic manipulations.”>
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Conversely, outbred mice have unpredictable genotypes and
therefore are expected to have a diverse population of pheno-
types.>® The use of outbred stocks has been advocated by those
seeking to uncover universal effects in a genetically diverse co-
hort of mice, because this situation is expected to produce results
more applicable to the human population.®*® Critics hold that the
wide variability present in outbred mice is detrimental to statisti-
cal power and that a genetically diverse background could be
obtained by using multiple, well-characterized inbred strains.>%*
Therefore, current opinion holds that outbred stocks are suitable
for designing new models, toxicology research, and identifying
quantitative trace loci and that they are unsuitable for more tar-
geted studies.

Interestingly, despite this common assertion that outbred mice
are ‘too variable’ for use in most research, few publications ac-
tually have investigated the degree of variability in a common
outbred stock compared with a common inbred strain.>*# In fact,
the presumption that outbred mice are highly heterogeneous is
largely based on studies of phenotypes that are highly dependent
on genetic background, such as mandible shape.>'*

To evaluate the suitability of using outbred mice for targeted
studies using modern investigative techniques, we decided to
compare a commonly used inbred mouse strain (BALB/cJ) with
a commonly used outbred mouse stock (HSD-ICR[CD1]) in our
mouse model of cockroach allergen (CRA)-induced inflammatory
airways disease. To accomplish this aim, we collected data relat-
ing to numerous facets of the inflammatory response. We used
these data to compare the coefficient of variance for each of the
data parameters between the BALB and ICR mice to determine
whether the outbred stock was indeed more variable than the
inbred strain in our model.



Materials and Methods

Animals. All experiments were performed with prior approval
from our IACUC and the Boston University Laboratory Animal
Science Center. Mice were housed 4 to a cage in a positive-pres-
sure environment to minimize exposure to untreated air. Humid-
ity and temperature were controlled rigorously, and the mice
experienced a 12:12-h light:dark cycle. Mice received daily well-
being checks (observed activity levels, weights), biweekly cage
changes, and weekly animal checks. All handlers wore gloves,
smock, shoe covers, face mask, and eye shields. Experimental
animals were fed irradiated mouse diet (Harlan Laboratories,
Indianapolis, IN).

Allergen sensitization. CRA was purchased (Greer Laboratories,
Lenoir, NC) as a lyophilized whole body extract of the German
cockroach, Blattella germanica. CRA was reconstituted in sterile
PBS, and the concentrations of the components Blagl and Blag2
were assayed by ELISA. The concentration of the solution was
adjusted so that 50 pL contained 8 pig combined Blagl and Blag?.
The immunization dose (day 0) and 2 challenge doses (days 14
and 21) were delivered intratracheally by direct pharyngeal de-
livery; the dose subsequently was inhaled.’ Briefly, each mouse
was suspended by its front incisors on an incline board, its tongue
was pulled gently forward, and the CRA solution was placed
at the back of the pharynx in two 25-uL aliquots for aspiration.
The immunization dose was a 1:2 dilution of the stock solution,
and the challenge doses each was a 1:4 dilution containing 4 ug
Blagl and 2 pg Blag2. Naive control mice received no CRA chal-
lenges. The 0-h mice received 2 intratracheal challenges of CRA
and subsequently were assayed and euthanized when they were
scheduled to receive their final allergen challenge, that is, they did
not receive the third challenge. The 1.5- and 24-h mice received
the full set of 3 challenges and were assayed and euthanized at
1.5 and 24 h after final challenge, respectively.

Respiratory measurements. All 4 groups of mice were placed
in unrestrained whole-body plethysmograph chambers at the
same time of day and exposed to a 2-min aerosolization of PBS
or 25 mg/mL or 50 mg/mL methacholine, followed by a 5-min
recording period.'**' The mice first were allowed to explore the
chambers, with normal grooming behavior indicating that the
mice had become acclimated.

Euthanasia and data collection. The mice were anesthetized
with intraperitoneal injection of ketamine—xylazine and then eu-
thanized by exsanguination and cervical dislocation. The trachea
was opened and cannulated with a length of flexible tube, and the
lungs were lavaged with 2 mL warm HBSS in 250-uL aliquots. The
left lung was removed and fixed in 70% ethanol for histology. The
right lung was placed into ice-cold Complete Protease Inhibitor
Cocktail (Roche Chemicals, Basel, Switzerland). The right lungs
then were homogenized, the homogenate centrifuged at 10,000 x
g for 15 min, and the supernatant removed for cytokine analysis.
Bronchoalveolar lavage fluid (BAL) was centrifuged at 600 x g
for 5 min, and the supernatant was removed. The cell pellet was
resuspended in 200 uL RPMI, the RBC lysed, and remaining cells
counted on an automated hematology machine (Particle Counter,
Beckman Coulter, Fullerton, CA). The cells were adhered to a
slide and counted at x1000 magnification. The absolute cell counts
per BAL sample were calculated for total WBC, neutrophils, mac-
rophages, eosinophils, and lymphocytes.

Cytokine and chemokine analysis. Cytokines and chemok-
ines were measured by using ‘sandwich’ ELISA.% Briefly, plates
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(Nunc, Rochester, NY) were coated with anticytokine antibodies
overnight at 4 °C, plates were blocked, samples were incubated on
plates for 2 h at room temperature, and a biotinylated secondary
antibody was used to detect captured cytokines and chemokines
after incubation with strepavidin-conjugated horseradish peroxi-
dase and a colorimetric reaction. BAL samples were diluted 1:2,
lung homogenate samples were diluted 1:5, and standards con-
tained an equal concentration of pooled naive lung homogenate.
Plates were read in an automated plate reader (PowerWaveX,
BioTek Instruments, Hopkinton, MA).

Microarray software analysis. Microarray analysis was per-
formed by using freeware TM4-MEV software (MultiExperiment
Viewer, Dan-Farber Cancer Institute, Boston, MA). Data under-
went Z-score normalization so that parameters with vastly dif-
ferent ranges could be compared directly. Briefly the average and
SD of the data for each parameter were calculated across groups.
The Z-score was calculated as the average for each data group
subtracted from each data point and the difference divided by the
SD for each data group:

X —average / SD

The normalized data then were averaged across groups and a
heat map constructed (http:/ /www.tm4.org/mev.html). Hierar-
chal clustering (average linkage clustering by using Pearson cor-
relation as the distance metric) was performed within parameters
(Figure 1).

Statistics. Statistical comparisons were performed by 2-way
ANOVA (Prism 4.0, GraphPad Software, La Jolla, CA). Power
analysis was performed by using freeware tools (http://www.
biomath.info/). The coefficient of variance was calculated as the
ratio of the SD and the mean of each data set:

Coefficient of variance = SD / mean

The average coefficient of variance for each strain or stock was

displayed with its SD.

Results

Several data parameters were chosen to demonstrate that the
cockroach allergens would induce pulmonary inflammation in
both inbred BALB/cJ and outbred HSD-ICR(CD1) mice. The
intent of the study was not to demonstrate equivalent levels of
pulmonary inflammation but rather the variability in response
to allergen.

We used a heat map to concisely display all the inflammatory
response data. We compared the levels of cytokines and chemok-
ines in BAL fluid and lung homogenates, numbers of inflamma-
tory cells in BAL fluid, and respiratory parameters in response to
50 mg/mL methacholine. Briefly, each data point underwent Z-
score normalization with respect to the population mean and SD
for a given parameter (for example, the mean and SD of the BALB
and ICR eotaxin 1 levels). This transformation was necessary to
prevent the parameters with the highest values from overwhelm-
ing the gradient of the heat map and obscuring changes within
the smaller values. The normalized data then were averaged for
each parameter within each strain or stock to simplify the presen-
tation. The resulting heat map revealed differences in the levels
of numerous parameters, indicating that BALB and ICR mice re-
sponded distinctly to pulmonary inflammation induced by CRA
sensitization and challenge (Figure 1).

The data revealed interesting differences in the inflammatory
profiles of BALB and ICR mice, namely that these strains or stocks
had relative differences in various inflammatory parameters and

421



Vol 60, No 6
Comparative Medicine
December 2010

BALB ICR

0.0 0.003784745 0.51120424

Figure 1. Heat map of Z-score data parameters including cytokines and
chemokines in BAL and lung homogenate; inflammatory cells in BAL
and respiratory parameters in response to 50 mg/mL methacholine at
4 time points (naive, 0 h, 1.5 h, and 24 h). The values for each strain or
stock at each of the time points were converted to Z scores (value — aver-
age for parameter / SD for parameter) so that they could be displayed
on a single heat map without the large values overwhelming the small
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respiratory responses. However, both groups showed a sharp,
early inflammatory response followed by partial recovery at the
end of the experimental time frame.

The first parameters we examined individually were those we
expected to be elevated during asthma-like pulmonary inflam-
mation. BAL fluid levels of eotaxin 1 were roughly equivalent
between BALB and ICR mice at each of the time points. Amounts
of this chemokine increased from below the limit of detection
(naive and 0 h) to a peak at 1.5 h after the final challenge dose.
Levels dropped markedly by 24 h but were still elevated com-
pared with those at earlier time points (Figure 2 A). Eosinophils
were undetectable in the BAL fluids of naive mice (Figure 2 B).
These cells were increased at 0 h (when the mice had received 2
pulmonary challenge doses and were euthanized at the time they
would have received their final challenge dose), dropped sharply
1.5 h after the final challenge dose, and then increased slightly by
the final measurement at 24 h. The general shape of the curves
were similar, and the size of the standard error bars in the graphs
were also approximately equivalent.

The BAL levels of the neutrophil chemoattractants KC and
MIP2 were elevated from baseline at 1.5 h after final challenge in
both the BALB and ICR mice (Figure 3 A, B). MIP-2 levels were
significantly (P = 0.024) higher at 1.5 h in the BALB mice as com-
pared with the ICR mice, and the levels of these mediators had
returned to naive levels by 24 h. Neutrophils were rare in the BAL
fluid of naive mice and at 0 h after final challenge (Figure 3 C). At
1.5 h, the levels of these inflammatory cells rose to coincide with
the peak of the chemoattractant levels. At this early time point,
the number of neutrophils present in the ICR lungs spaces was
higher (P = 0.025) than those in the BALB. At 24 h, neutrophil
levels remained elevated in both ICR and BALB mice.

Respiratory parameters were recorded after 2-min exposure to
PBS or 25 or 50 mg/mL methacholine. For the purpose of clarity,
only the data from the 50-mg/mL dose of methacholine is dis-
played for the following pulmonary parameters. Minute ventila-
tion (MV) was elevated from naive levels at 0 h, dropped at 1.5 h
at the point of peak neutrophil accumulation, and began to return
to naive levels by 24 h after final challenge (Figure 4). The MV of
outbred ICR mice was significantlys (P = 0.018) elevated at 24 h
after final challenge as compared with that of the BALB group.

Respiratory rate ranged from 300 to 400 breaths per minute in
naive BALB and ICR mice in our experiments. Respiratory rate
was diminished from naive levels at 0 h, in concordance with the
suppressed minute ventilation. Respiratory rate declined further
at 1.5 h at the peak of neutrophil infiltration. At 24 h after final
challenge, respiratory rate had begun to return to normal levels
(Figure 5).

Substantial amounts of data were accumulated for each mouse
at each time point, resulting in 37 discrete data points per mouse
per time point (a total of 592 data points per strain or stock).
A complete listing of the parameters measured in this study
is shown in Figure 6. The data collected included spanned cell
counts, cytokines, and chemokines from the BAL and lung ho-
mogenate and a number of respiratory parameters measured at

values. The Z-score data then were averaged for each parameter at each
time point for each strain or stock and subjected to hierarchal clustering
within data parameters. Clear differences in the inflammatory profile
are evident in the heat map, although this figure does not contain any
information concerning the intrastrain variability of each group.
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Figure 2. (A) Eotaxin 1 and (B) eosinophils in BAL fluid were measured
in Balb/cJ and HSD-ICR(CD1) mice at 4 time points: naive, acclimated
mice that had not been exposed to CRA; 0 h, mice that underwent AHR
measurement and euthanized when they would have received the final
challenge dose; and 1.5 and 24 h after receiving the final challenge dose.
Data are given as mean = SEM (n = 4).

each time point. A primary goal of this study was to determine
the degree of variation between the outbred and inbred mice. To
succinctly present all data concerning variation, the coefficients of
variance for each data set within the strain or stock were graphed
as a scatter plot displaying 148 discrete points per strain or stock
(Figure 7). A visual inspection of the graphs showed that the vari-
ability between the 2 groups of mice was nearly equivalent. In
addition, the 2 groups of mice had only 3 outliers out of 148 data
points.

To apply this finding, we performed a power analysis on sev-
eral of the data sets. We chose an experiment design in which
the goal was to detect a 50% difference in the parameter being
measured at a biologically relevant time point. We examined BAL
fluid for numbers of eosinophils and neutrophils and the amount
of a chemotactic agent for each cell type (Table 1). The calcula-
tions revealed that more BALB mice would be needed to detect
a difference in eosinophils. Conversely, more ICR mice would
be needed to detect a difference in neutrophils and KC levels.
The total number of mice needed to detect a 50% difference for 3
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Figure 3. (A) KC, (B) MIP2, and (C) neutrophils in BAL fluids were
measured in naive mice and immunized mice at 0, 1.5, and 24 h. Data
are given as mean + SEM (1 = 4). ¥, Significant (P < 0.05) between values
for BALB and ICR mice.
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Figure 4. Minute ventilation (volume of airflow per minute) was meas-
ured in naive mice, in mice just before they would have received their
final challenge dose (0 h), and at 1.5 and 24 h after final challenge. The
displayed data is the MV change in response to exposure to 50 mg/
mL of methacholine since the largest effects were observed at this dose.
Data are given as mean * SEM (n = 4). *, Significant (P < 0.05) between
values for BALB and ICR mice.
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Figure 5. Respiratory rate (no. of breaths per minute) was measured in
naive mice, in mice before they would have received their final chal-
lenge dose (0 h), and at 1.5 and 24 h after final challenge dose. The dis-
played data are the changes in respiratory rate in response to exposure
to 50 mg/mL methacholine, because the largest effects were observed at
this dose. Data are given as mean = SEM (n = 4).

parameters at 1.5 h and 1 parameter at 24 h is approximately 19
for the BALB mice and approximately 14 for the ICR mice. This
difference in numbers would shrink considerably if more data
sets were examined.

Discussion
Our detailed analysis of pulmonary inflammatory parameters
in BALB and ICR mice revealed 3 key factors regarding this in-
bred strain and outbred stock. First, comparison of the coefficient
of variance from each of the 148 data sets between the BALB and
ICR mice revealed no significant difference in the overall variance
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Figure 6. Data collected during the current study. These parameters
were measured in naive mice and at 3 time points for each strain and
stock, for a total of 37 data points per mouse per time point (592 data
points per strain or stock).
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Figure 7. The total set of 148 coefficient of variance data points from
each strain (1 = 16) or stock (1 = 16) were combined into a single scatter
plot to display the overall pattern of variance.

of the 2 groups. Second, both groups of mice developed signifi-
cant pulmonary inflammation that led to respiratory impairment.
Third, although BALB and ICR mice had significant lung inflam-
mation, the profile of elevated cytokines and chemokines differed
between the 2 groups.

Analysis of the coefficient of variance of all of the 148 sepa-
rate data groups within the BALB and ICR mice revealed that



Table 1. Sample size calculation to detect 50% difference in eosinophils,
neutrophils, and their chemotactic agents in BAL fluid

BALB ICR
Eosinophils at 24 h 13 <6
Neutrophils at 1.5 h <6 7
Eotaxinlat1.5h <6 <6
KCat15h <6 8

The time point for each parameter was chosen to be biologically relevant.
We chose a 50% difference because previous experiments showed at
least a 50% change during treatment or manipulation.

BALB and ICR mice have roughly equivalent overall variance.
This outcome was surprising, because of the widely held belief
that outbred stocks of mice are more variable than their inbred
counterparts.>** We realize that a comparison of a single strain
with a single stock does not comprise an overarching trend, but
we believe that the data detailed in our studies clearly demon-
strate that in our model of asthma-like pulmonary inflammation,
outbred mice are no more variable than are inbred strains. One
of the principal arguments against the use of outbred mice for all
but certain select experiments is that the number of genetically
heterogeneous mice needed to perform a given experiment will
greatly exceed the number of inbred mice required to achieve the
same results.® Therefore both logistical (caring for and perform-
ing the experiment on more mice) and ethical (euthanizing more
mice than is necessary) arguments would favor the use of inbred
mice. However, our experiments showed that a common outbred
stock was no more variable than was an inbred strain. Therefore,
at least in studies of pulmonary inflammation, we propose an
economic incentive to using outbred mice. Specifically, the same
results can be achieved with roughly equivalent numbers of mice
while spending much less money to obtain outbred rather than
inbred mice, which are generally more expensive. We in no way
advocate the prioritizing of expenses over the euthanasia of labo-
ratory animals. Rather, we suggest that outbred stocks can be
used efficiently in certain disease models without an undue in-
crease in the number of mice euthanized and that doing so hap-
pens to result in a cost benefit.

Next, we sought to demonstrate that both groups of mice de-
veloped significant pulmonary inflammation in response to CRA
sensitization and challenge. We found that both BALB and ICR
mice develop robust pulmonary inflammation in response to in-
tratracheal immunization and subsequent challenge with CRA.
This response was confirmed by analysis of inflammatory cells
and cytokines (Figures 2 and 3) and respiratory parameters (Fig-
ures 4 and 5) and by previous studies.'®?'* Eotaxin 1 is produced
by macrophages and epithelial cells and is a potent eosinophil
chemotactic agent.'>***! The production of this chemokine spikes
soon after allergen challenge and decreases somewhat over time
as the early inflammatory response begins to resolve. Interesting-
ly, the peak of eosinophil presence in the lung space occurs at 0 h,
with a sharp drop after allergen challenge. We have observed this
pattern in many experiments and believe that after the second
allergen exposure (the first challenge after immunization), eo-
sinophils accumulate in the lung and persist over a long period of
time (in this case, 1 wk; unpublished data).*® After the final chal-
lenge, these persistent eosinophils may begin to undergo apop-
tosis and steadily are replaced by fresh circulating eosinophils
over the course of the experiment. KC and MIP2 are involved in
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the recruitment of circulating neutrophils to the site of inflam-
mation."”"® Neutrophils in the BAL fluid accumulated rapidly in
response to the sharp spikes in KC and MIP2 production, which
occurred very shortly after the final allergen challenge. Lung eo-
sinophilia'**? and neutrophilia’®® are indicative of a strong inflam-
matory response, because neither of these immune cells or their
chemotactic agents are present in naive lung.

The respiratory parameters of our mice were also suggestive
of robust pulmonary inflammation. MV is a measure of the
total air exchanged per minute and is an indicator of respira-
tory health.3#1° In mice,*" decreases in minute ventilation are
reflective of decreasing ventilatory fitness, and in humans,** a
low baseline MV is considered to be an indicator of pulmonary
derangement in asthma. In our experiments, ICR and BALB
mice both showed decreases in MV at 1.5 h. By 24 h, the MV ca-
pacity of both groups of mice had improved with the ICR mice
showing significantly greater improvement. ICR mice tend
to be larger than BALB, however, the mice displayed nearly
equivalent naive MV, so this difference in MV at 24 h likely
represents a more rapid return to relatively normal respiratory
function in the ICR mice (or a greater degree of respiratory
compensation).

Furthermore, decreases in respiratory rate are indicative of pul-
monary derangement in murine models of asthma. The BALB
and ICR mice had diminished respiratory rate at 0, 1.5, and 24 h
as compared with naive levels. In concordance with the pattern
seen in MV, respiratory rate improved relative to its nadir by 24
h. These respiratory factors indicate that inflammation was es-
tablished in the lung and that it gradually resolved over the time
course of the experiments.

Finally, although both groups of mice developed significant
pulmonary inflammation, the degree to which various param-
eters were altered differed between the BALB and ICR mice
(Figure 1). This difference is expected for 2 different strains or
stocks of mice.’*** BALB mice produced higher levels of Th2 cy-
tokines and eotaxin 1 (Figure 1) and recruited elevated numbers
of lymphocytes to the BAL fluid. Alternatively, ICR mice secreted
relatively higher levels of eotaxin 2, had greater numbers of eo-
sinophils in the BAL fluid, and exhibited larger exacerbations in
respiratory parameters in response to methacholine. Although the
2 groups of mice differed in the character of their inflammatory
responses, these differences were relative. Namely, both groups
of mice had elevated cytokine and chemokine levels, both groups
had large changes in respiratory parameters, and both groups
showed strong recruitment of inflammatory cells to the BAL. That
ICR and BALB differed does not affect the conclusions reached
through the main research aim, which was to determine whether
the intrastock variability of ICR mice was appreciably higher than
was the intrastrain variability of BALB mice. However, differ-
ences in the inflammatory profile provide useful insight into the
strain- and stock-specific responses to pulmonary allergen sensi-
tization and challenge.

In conclusion, we have shown that in a robust model of CRA-
induced pulmonary inflammation, inbred BALB and outbred
ICR mice display roughly equivalent levels of overall, intrastrain
variability. We believe that, at least in the case of pulmonary in-
flammation, BALB and ICR mice are equally suitable for targeted
studies and that the use of the outbred stock provides consider-
able financial advantage without increasing the number of mice
needed.
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