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Abstract

In an attempt to identify new genes responsible for variability in pain sensitivity, we tested three congenic mouse strains — in
which a small portion of the genome of the MOLF/Ei strain has been placed on a C57BL/6 genetic background — on a battery
of nine nociceptive assays, chosen to reflect those assays in most common use in the pain literature. Mice of both sexes were eval-
uated by two different testers at different points in time, allowing us to examine the relative importance of genotype, sex, tester and
cohort effects on data from these assays. We find strong evidence for the existence of two quantitative trait loci (i.e., genomic regions
containing variability-causing genes), one for thermal nociception on mouse chromosome (Chr) 17 (Chr 17; Tpnr3) and one for for-
malin test nociception on mouse Chr 12 (Nocig3). We note, however, that the nociceptive assays in this battery feature strong main
effects and interactions of sex, tester, and cohort, which if not controlled or covaried can seriously confound interpretation of genetic

experiments, including the comparison of transgenic knockout mice to their wild-type controls.
© 2006 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Pain in humans and nociception in animals both dis-
play robust interindividual variability, which is now
widely appreciated to have a significant genetic compo-
nent (Mogil, 2004). The involvement of causal genetic
variants in pain-related variability cannot be demon-
strated with popular transgenic knockout models or
microarray studies, but rather requires the application
of genetic linkage mapping or association studies (Mogil
and McCarson, 2000). Although many human associa-
tion studies of pain are now being performed, they are
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still largely being performed one-gene-at-a-time, with
only the most obvious candidate genes being investigat-
ed (Belfer et al., 2004). Truly novel genetic discoveries
will require a more systematic, blinded approach (Risch,
2000), but for the time being these remain prohibitively
expensive. In the meantime, the mouse genome will be
intensively scrutinized for a potentially large number
of nociception variability genes, which when found can
be “translated” to humans (Mogil et al., 2003, 2005c;
Fillingim et al., 2005).

An attractive strategy for identifying trait-relevant
genes is the phenotypic characterization of congenic
mouse strains (Bailey, 1981). Congenic strains are
derived by repeated backcrossing over multiple genera-
tions while preserving (in the modern approach, via
the DNA marker-assisted choice of breeder males) a
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differential genomic segment (Bennett, 2000). One even-
tually produces an inbred strain genetically identical to
the “‘recipient” strain that was backcrossed to, with
the exception of a small genomic region from the
“donor” strain. This technique is commonly used to
reduce the genetic interval containing a quantitative
trait locus (QTL) — a genomic region containing a trait
variability gene or genes — but presents certain advanta-
ges for the initial detection of QTLs as well, since no
molecular genotyping is required, and simple, robust
statistical methods are appropriately applied.

One of us (A.K.N.) recently generated three congenic
strains in which genetic segments (representing ~1-2%
of the genome each) from Chr 2, 12 and 17 from the
MOLF/Ei strain had been placed on a C57BL/6 genetic
background. The MOLF/Ei strain is derived from a dif-
ferent subspecies (Mus musculus molossinus) than
C57BL/6, and is therefore likely to be phenotypically dis-
tinct (see Koide et al., 2000), although standard inbred
strains are now known to be genomic mosaics including
M. m. molossinus contributions (Wade et al., 2002). We
tested these congenic strains systematically for nocicep-
tive sensitivity, as compared to C57BL/6, using a battery
of nociceptive tests that we had developed for use in test-
ing transgenic knockout mice (Mogil et al., 2005a). Such
test batteries are increasingly popular for phenotypic
characterization of genetically altered mice (Crawley
and Paylor, 1997), but to our knowledge no pain-specific
battery has thus far been explicitly proposed. During the
testing of these congenic strains, one of the experimenters
left the laboratory and the remainder of the data was col-
lected by another. Given that we have shown previously
that tester is the largest source of tail-withdrawal test var-
iability (Chesler et al., 2002a,b), we used the opportunity
to evaluate the effect of tester on all nine assays of nocicep-
tion considered. We also examined the influence of subject
sex and cohort in these assays.

2. Materials and methods
2.1. Subjects

Subjects in these experiments were naive, young adult (6-14
weeks old) C57BL/6J mice (The Jackson Laboratory, Bar Har-
bor, ME), and three congenic strains (see next section). In
every assay, approximately equal numbers of male and female
mice were tested simultaneously (Mogil and Chanda, 2005).
All mice were weaned at 18-21 days, and housed in standard
shoebox cages of 2-4 with same-sex littermates in a tempera-
ture-controlled (20 #+ 1 °C) environment (14 h:10 h light/dark
cycle; lights on at 07:00 h), and with ad lib access to food (Har-
lan Teklad 8604) and tap water.

Although not formally necessary, it would have been useful
to test MOLF/Ei mice simultaneously to C57BL/6 and the
MOLF-derived congenics. However, these mice were not avail-
able for purchase at the time these studies were conducted, due
to very poor fecundity.

2.2. Generation of congenic strains

To generate congenic strains, (C57BL/6 x MOLF/Ei) F,
hybrid mice were backcrossed to C57BL/6 mice for 10 gener-
ations. In each consecutive generation, the heterozygous mice
carrying the desired chromosomal region from the wild-de-
rived (M. m. molossinus) MOLF/Ei strain were selected and
backcrossed to C57BL/6. In the case of the B6.MOLF?2 strain,
breeder mice were selected for heterozygosity at the agouti
locus and microsatellite marker, D2Mit213. To generate the
B6.MOLF17 strain, breeders were selected for heterozygosity
at D17Mit57. The B6.MOLF12 strain was generated by select-
ing breeders for the imprinted gene, DI/kI (Croteau et al.,
2005). The sizes of the donor MOLF/Ei segments were deter-
mined by genotyping microsatellite markers, and represent
~30cM from Chr 2 (B6.MOLF2), ~13cM from Chr 12
(B6.MOLF12), and ~20cM from Chr 17 (B6.MOLF17).
The mouse genome is approximately 1400 cM, so these seg-
ments represent 0.9-2.1% of the total. Fig. 1 illustrates the
approximate extent of the MOLF/Ei donor segments in each
congenic strain. Congenic strains used in these experiments
were bred in the first author’s vivarium alongside C57BL/6
counterparts.

2.3. Testers

Two testers, both full-time, professional Research Associ-
ates in the first author’s laboratory, collected all behavioral
data (including all scoring of associated digital videos; see
below): J.R. and S.G.S. J.R. has substantial experience testing
rodents on standard nociceptive assays, including more than 3
years of experience with these assays in mice at the start of the
study. She tested all of the B6.MOLF17 mice and half of the
B6.MOLF12 mice, and then left the laboratory. S.G.S. was
trained on these assays directly by J.R., and tested all of the
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Fig. 1. Differential genomic segments of congenic strains B6.MOLF2,
B6.MOLF12 and B6.MOLF17 on mouse chromosomes 2, 12 and 17,
respectively. C57BL/6 (B6)-derived genome is shown in black; MOLF/
Ei genome is shown in cross-hatching. On the right, the markers used
to determine the boundaries of the congenic regions are shown;
their position in ¢M is on the left. Exact starting and ending positions
of the markers in Mb can be found at http://www.ensembl.org/Mus_
musculus/index.html.
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B6.MOLF2 mice and half of the B6. MOLF12 mice (the latter
approximately 1 year after J.R. had tested a separate cohort of
them).

In all experiments, C57BL/6 mice were tested concurrently
to congenic mice (and in approximately equal numbers), and
thus were tested by both J.R. and S.G.S. on two separate occa-
sions each.

One potential source of variability among testers in chemi-
cal/inflammatory assays is a varying ““definition” of an abdom-
inal constriction/writhe or a hindpaw lick/bite (see Sections
2.4.1 and 2.4.3). We have investigated this issue in our labora-
tory (unpublished observations), and found moderate-to-high
inter-rater reliability of abdominal constriction/writhing count
and formalin test licking duration data (r’s =0.6-0.8). The
inter-rater reliability is greatly improved by using sampling
strategies in both tests (s > 0.9). A subset of the abdominal
constriction data reported herein were rescored using sampling
by a third observer, and genotypes were found still not to differ
in any case.

2.4. Algesiometric assays

Nine of the 10 most common (see Section 4.3 and
Fig. 5a) algesiometric assays were chosen in an attempt to
cover most of the pain “domain” as defined by previous
work in our laboratory (Mogil et al., 1999b; Lariviere
et al., 2002). Given the very high genetic correlations
between strain-dependent hypersensitivity induced by inflam-
matory vs. neuropathic injury (Mogil et al., 1999b; S.E.
Crager, S.G. Sotocinal and J.S. Mogil, unpublished data),
for our present purposes it was not necessary to include a
neuropathic hypersensitivity model.

All assays have been fully described on a number of
occasions (Mogil et al.,, 1999a, 2005a; Lariviere et al.,
2002), and are described only briefly here (in alphabetical
order by abbreviation), below. Note that the same mice were
tested on all acute nociceptive assays (hot-plate test, paw-
withdrawal test, tail clip test, tail-withdrawal test, von Frey
test; in random order across experiments), for reasons of
practicality and ethics. At least 48 h separated successive
tests. Our experience suggests that previous exposure to
any of these acute assays does not greatly affect responses
on any other, although we do not have systematic data
proving this fact. It has been shown that mice tested on a
battery of behavioral assays before being tested on the
hot-plate test show reduced latencies compared to naive
mice (Mcllwain et al., 2001; Voikar et al., 2004), but the rel-
evance of this finding is unclear since in those studies the
hot-plate test was the only algesiometric assay. For the tonic
assays (abdominal constriction test, formalin test, and zymo-
san hypersensitivity tests), naive mice were used in one test
only. All testing occurred between 08:00 and 16:00 h, in
the animals resting phase.

2.4.1. Abdominal constriction test (AC)

Mice were habituated for at least 30 min to four individual
Plexiglas observation chambers (15cm diameter; 22.5 cm
high), placed atop a glass surface suspended over four black/
white, high-resolution video cameras. Mice were injected intra-
peritoneally (10 ml/kg) with 0.9% acetic acid, and videotaped
digitally for 30 min after the injection. The videotapes were

later viewed by the same experimenter who gave the injections,
and the number of lengthwise constrictions of the abdominal
musculature (“‘writhes””) was counted. Sample sizes were 7-8/
genotype.

2.4.2. Hot-plate test (HP)

Mice were placed within a transparent Plexiglas cylinder
(15 cm diameter; 22.5 cm high) on a metal surface (Colum-
bus Instruments Hotplate Analgesia Meter) maintained at
50.0 or 53.0°C (40.2°C) (HPso and HPs3, respectively).
The latency to respond with a hindpaw lick or shake/flutter,
whichever came first, was measured to the nearest 0.1 s with
a stopwatch. This test was only performed once, since
repeated testing leads to systematic latency alterations
(Wilson and Mogil, 2001). Sample sizes were 12-16/genotype/
temperature.

2.4.3. Formalin test (F)

Mice were habituated for at least 30 min to four individual
Plexiglas cylinders (as above) placed atop a glass surface sus-
pended over four black/white, high-resolution video cameras.
All subjects were then given a subcutaneous injection of 5%
formalin into the plantar right hindpaw (20 pl volume), and
videotaped digitally for 60 min following the formalin injec-
tion. Videotape observations were later sampled for 5s at 1-
min intervals by the same experimenter who gave the
injections, and the presence or absence of right hindpaw lick-
ing/biting in that 5-s period was scored. The early/acute phase
of the formalin test (Fea1y) was defined as 0—10 min post-injec-
tion, and the tonic/late phase (Fj) as 10-60 min post-injec-
tion. Data are presented as the percentage of samples in each
phase in which licking/biting was detected. Sample sizes were
8-12/genotype.

2.4.4. Paw-withdrawal test (PW)

Mice were placed on a 3/16th-in. thick glass floor within
small (9x5x5cm high) Plexiglas cubicles, and a focused
high-intensity projector lamp beam was shone from below
onto the mid-plantar surface of the hindpaw (Hargreaves
et al.,, 1988). The commercial device (IITC Model 336)
was set to either 15% active intensity (PW;s) or 20% active
intensity (PW,). Latency to withdraw from the stimulus was
measured to the nearest 0.1 s. Mice were tested at four time
points separated by at least 30 min; at each time point, each
hindpaw was tested twice, separated by at least 30 s. Data
presented are means of the 16 separate latency determina-
tions, since no repeated measures effects were found with
repeated measures ANOVA (data not shown). Sample sizes
were 12-16/genotype/intensity.

2.4.5. Tail clip test (TC)

All mice were lightly restrained in a cloth/cardboard holder,
and an alligator clip with rubber cuffs around the teeth of each
jaw (exerting =730 g of force) was applied to the tail 1 cm from
the base. The mouse was immediately removed from the holder
and the latency to lick, bite, or grab the clip was measured with
a stopwatch to the nearest 0.1 s, after which the clip was imme-
diately removed. This test was only performed once, since
repeated testing leads to systematic latency alterations (S.B.
Smith and J.S. Mogil, unpublished data). Sample sizes were
12-16/genotype.
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2.4.6. Tail-withdrawal test (TW)

While lightly restrained in a cloth/cardboard holder, the dis-
tal half of the mouse’s tail was dipped into a bath of water ther-
mostatically controlled at 47.0 or 49.0 °C (0.1 °C) (TW4; and
TW,, respectively). Latency to respond to the heat stimulus
by vigorous flexion of the tail was measured. Mice were tested
at four time points separated by 30 min; at each time point,
two latency determinations (separated by ~20s) were made
and averaged. Data presented are means of the eight separate
latency determinations, since no repeated measures effects were
noted. Sample sizes were 12-16/genotype/temperature.

2.4.7. von Frey test (VF)

Mice were tested on the von Frey test using the up-down
staircase method of Dixon (Chaplan et al., 1994). Mice were
placed on a metal mesh floor within small Plexiglas cubicles
(9 x 5x 5 cm high), and a set of eight calibrated von Frey fibers
(ranging from 0.007 to 1.40 g of force) were applied to the
plantar surface of the hindpaw until they bowed. The thresh-
old force required to elicit withdrawal of the paw (median
50% paw withdrawal) was determined on two separate days.
Data presented are from both left and right hindpaws averaged
together since no laterality effects were noted, and from both
days averaged together since no repeated measures effects were
noted. Sample sizes were 12—16/genotype.

2.4.8. Zymosan thermal hypersensitivity (ZYMpy)

Immediately following determination of baseline thermal
sensitivity using the radiant heat paw-withdrawal test (active
intensity setting = 15%; four baselines on each hindpaw separat-
ed by 15 min; see Section 2.4.4), all mice were injected, subcuta-
neously into the right hindpaw, with a 0.25 mg/ml solution of
zymosan (20 pl injection volume) (Meller and Gebhart, 1997).
Mice were retested for thermal sensitivity of both hindpaws
(two determinations per hindpaw at each time point) at 60,
120, 180, 240, 300 and 360 min post-injection. Data presented
are percentages of the maximum possible thermal hypersensitiv-
ity over the 6-h testing period calculated with respect to area over
the time—effect curve (using the trapezoidal rule). No genotype
differences were noted in the time course of zymosan’s effects
on thermal sensitivity. Sample sizes were 6-10/genotype.

2.4.9. Zymosan mechanical hypersensitivity (ZYM yr)

Immediately following determination of baseline mechanical
sensitivity using von Frey fibers as described in Section 2.4.7, all
mice were injected, subcutaneously into the right hindpaw, with
a0.25 mg/ml solution of zymosan (20 pl injection volume). Mice
were retested for mechanical sensitivity of both hindpaws at 60,
120, 180, 240, 300 and 360 min post-injection. Data presented
are percentages of the maximum possible mechanical hypersen-
sitivity (i.e., allodynia) over the 6-h testing period calculated
with respect to area over the time—effect curve (using the trape-
zoidal rule). No genotype differences were noted in the time
course of zymosan’s effects on mechanical sensitivity. Sample
sizes were 9-12/genotype.

2.5. Data analysis
Data from 10 mice were excluded after they were identified as

statistical outliers (Studentized residual > 3.0). In all assays,
genotype differences were evaluated using Student’s #-test

(two-way). The interacting influence of sex, tester, genotype
and cohort (i.e., the same strain tested on separate occasions,
>6 months apart) was examined in two ways. First, data from
C57BL/6 mice — tested on two separate occasions by both testers
— were analyzed by three-way ANOVA (sex X tester X cohort).
Second, data from the B6. MOLF12 experiment — in which con-
genics and associated controls were tested separately by both tes-
ters — were analyzed by three-way ANOVA (sex X tester X
genotype). For all statistical analyses, a criterion of o = 0.05
was adopted. To correct for multiple testing the false discovery
rate (FDR) method was used (Benjamini and Hochberg, 1995).

From the three-way ANOVAs, we also calculated partial
nf), a measure of effect size (strength of association) of each
main effect and interaction. It is calculated simply as:
11123 = SSefrect/ (SSeftect + SSerror). We used this statistic to calcu-
late the average effect size of sex, tester, cohort and genotype
(B6.MOLF12 vs. C57BL/6) across the 13 dependent measures
evaluated (see Tables 1 and 2).

3. Results
3.1. Sex differences

As can be seen in Table 1, a main effect of sex was
observed in the sensitivity of C57BL/6 mice on the
PWy, TWy49 and VF assays. Strong trends towards sig-
nificance were seen in the Fy,, and PW,s assays, and a
weaker trend in the AC test. In every case except for
Fl.e, female mice were more sensitive than male mice
of this strain, in broad agreement with previous findings
from our laboratory using this strain (Mogil, 2003). In
three assays (HPs;, TW,4; and VF), sex interacted signif-
icantly with tester, such that sex differences were seen
when S.G.S. tested but not when J.R. did. One highly
significant three-way interaction involving sex was seen
in the PW, assay, but in this case the interaction was
caused simply by the sex difference being larger in one
study than the others.

Similar sex differences were seen when analyzing
C57BL/6 vs. congenic strain data sets (see, e.g., Table
2 for B6.MOLF12). Of greater importance, though,
are potential sex X genotype interactions, since they
would suggest the existence of sex-specific genetic link-
ages (Mogil, 2003). As can be seen in Table 2, only
one such interaction achieved significance in the
B6.MOLF12 data set, for HPs3, reflecting a much larger
difference due to genotype in male vs. female mice. In
the B6.MOLF2 data set, three significant (all p = 0.01—
0.03) sex x genotype interactions were observed, for
HPs;, TWy49 and VF; in all cases the genotype difference
was larger in males. In the B6.MOLF17 data set, no
sex X genotype interactions were significant.

We note that with respect to the major genetic find-
ings of this study - altered Fj,, sensitivity in
B6.MOLF12 mice and altered thermal sensitivity in
B6.MOLF17 mice (see Section 3.2) — sex appears not
to be an important factor.
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Table 1
Effects of subject sex, tester and cohort across nociceptive assays using C57BL/6 mice*
Assay® n° Sex Tester Cohort SxT SxC TxC SxTxC

P mn P moop moop moop nﬁ » n p n
AC 23 015 0.13 049 0.03 098 000 025 009 072 0.0l 0.78 0.01 0.85 0.00
Fearly 44 0.49 0.01 0.85 0.00 085 0.00 0.78 0.00 0.89 0.00 0.52 0.01 0.17 0.05
Flae 44 0.08 0.08 0.50 0.01 0.56 0.01 0.38 0.02 0.32 0.03 0.80 0.00 0.96 0.00
HPs, 43 0.95 0.00 0.32 0.03 021 004 087 0.00 028 0.03 0.77 0.00 0.38 0.02
HPs;3 43 0.40 0.02 0.02 0.14 020 005 003 0.13 0.11 0.07 0.01 0.16 0.89 0.00
PWis 43 0.08 0.09 0.43 002 093 0.00 0.13 0.07 056 0.01 0.26 0.04 0.49 0.02
PW,, 43 <0.001 0.31 0.69 0.01 0.10 0.07 0.60 0.01 0.90 0.00 <0.001 0.31 <0.001 0.40
TC 41 0.52 0.01 0.91 0.00 027 0.04 0.19 0.05 0.83 0.00 0.25 0.04 0.68 0.01
TWy, 43 0.29 0.03 <0.001 0.54  0.68 0.01 0.05 0.11 0.99  0.00 0.69 0.01 0.51 0.01
TWyo 43 0.05 0.11 0.11 0.07 0.03 0.13 065 0.01 0.02 0.15 0.003 0.22 0.93 0.00
VF 43 0.05 0.11 0.06 0.10  0.04 0.11 0.04 0.12 0.92 0.00 0.001 0.28 0.92 0.00
ZYMpy 21 0.30 0.08 0.21 0.12 005 026 043 0.05 008 021 0.08 0.22 0.06 0.24
ZYMyg 32 0.86 0.00 0.02 0.21 0.56 0.01 0.98 0.00 0.54 0.02 0.22 0.06 0.29 0.05
Average 39 0.08 0.10 0.06 0.05 0.04 0.10 0.06

% Values represent p-values and 11% (partial eta-squared) values from a three-way ANOVA (sex X tester X cohort) performed on data from C57BL/6
mice in all studies. Significant (uncorrected) p-values are in bold; p-values less than or equal to 0.10 but greater than 0.05 are italicized. Cohort levels
were the B6.MOLF12 and nor B6. MOLF12 studies (i.e., B6. MOLF2 study for S.G.S., B6. MOLF17 study for J.R.).

® AC, abdominal constriction test; Fearly, formalin test, early/acute phase; Fi,., formalin test, late/tonic phase; HPsg, 50 °C hot-plate test; HPs3,
53 °C hot-plate test; PW,s, paw-withdrawal test, 15% maximum intensity; PW,,, paw-withdrawal test, 20% maximum intensity; TC, tail clip test;
TW,7, 47 °C tail-withdrawal test; TWyo, 49 °C tail-withdrawal test; VF, von Frey test; ZY Mpw, zymosan-induced thermal hypersensitivity (measured
on PW;5 test); ZYMyp, zymosan-induced mechanical hypersensitivity (measured on VF test).

¢ Total C57BL/6 sample size, including roughly equal numbers of males and females combined.

3.2. Genotype effects

Genotype effects were assessed via two-way Student’s
t-test in data collapsed by sex (and, for B6.MOLF12,

collapsed by tester); this is statistically warranted since
the data set is balanced with respect to both sex and
tester. Significant differences between C57BL/6 and a
congenic strain were revealed in the following assays:

Table 2
Effects of subject sex, tester (and/or cohort) and genotype across nociceptive assays: comparison of C57BL/6 and B6. MOLF12 strains®
Assay® n°  Sex Tester/cohort Genotype SxT/C SxG T/CxG SXT/CxG

P mo P 1y P P my P mo P 1y P 1y
AC 16 0.47 0.07  0.35 0.11 0.89 0.00 071 0.02 0.86 0.00 0.54 0.05 0.47 0. 07
Fearty 46 0.93 0.00 0.78 0.00 0.06 009 08 0.00 0.60 0.01 0.81 0.00 0.28 0.03
Flate 46 0.58 0.01  0.68 0.00 <0.001 031 080 0.00 0.75 0.00 0.58 0.01 0.54 0.01
HPs, 32 0.70 0.01  0.002 0.33 0.05 0.15 098 0.00 0.51 0.02 0.05 0.15 0.30 0.04
HPs; 32 0.11 0.10  0.40 0.03 0.002 033 022 0.06 0.02 0.19 048 0.02 0.35 0.04
PWi5s 32 0.02 021  0.39 0.03 0.12 0.10 021 0.06 0.51 0.02 0.25 0.06 0.005 0.28
PW, 31 <0.001 045  0.01 0.24 0.38 0.03 023 0.06 0.85 0.00 0.65 0.01 0.42 0.03
TC 32 0.55 0.02  0.003 0.30 0.06 0.14 036 0.03 030 0.05 0.04 0.16 0.96 0.00
TWy; 32 0.25 0.05 0.002 0.34 0.47 002 034 0.04 091 0.00 0.007 0.27 0.12 0.10
TWyo 32 0.003 031  0.03 0.18 0.54 0.02 011 0.10 0.38 0.03 0.04 0.16 0.20 0.07
VF 32 0.54 0.02 0.81 0.00 0.03 018 002 022 005 015 0.19 0.07 <0.001 0.41
ZYMpy 16 0.25 0.16  0.01 0.59 0.27 0.15 038 0.10 039 0.09 0.83 0.01 0.40 0.09
ZYMvyg 22 0.88 0.00  0.05 0.25 0.99 0.00 052 0.03 0.54 0.03 093 0.00 0.99 0.00
Average 31 0.11 0.18 0.12 0.06 0.05 0.07 0.09

# Values represent p-values and 1112) (partial eta-squared) values from a three-way ANOVA (sex X tester X genotype) performed on data from the
B6.MOLF12 study only. Significant (uncorrected) p-values are in bold; p-values less than or equal to 0.10 but greater than 0.05 are italicized.

> AC, abdominal constriction test; Fearly, formalin test, early/acute phase; Fi,., formalin test, late/tonic phase; HPsg, 50 °C hot-plate test; HPs3,
53 °C hot-plate test; PW,s, paw-withdrawal test, 15% maximum intensity; PW,,, paw-withdrawal test, 20% maximum intensity; TC, tail clip test;
TW,7, 47 °C tail-withdrawal test; TWyo, 49 °C tail-withdrawal test; VF, von Frey test; ZY Mpw, zymosan-induced thermal hypersensitivity (measured
on PW ;s test); ZYMyp, zymosan-induced mechanical hypersensitivity (measured on VF test).

¢ Total sample size (both genotypes combined and both sexes combined).
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Fig. 2. Sensitivity of C57BL/6 (B6) and B6.MOLF2 mice on nine algesiometric assays. Symbols and bars represent mean &= SEM. Thermal assays
(and a test of thermal hypersensitivity) are shown on the top level, mechanical assays (and a test of mechanical hypersensitivity) on the middle level,
and chemical/inflammatory assays on the bottom level. All mice were tested concurrently by S.G.S. ***p < 0.001 compared to B6.

C57BL/6 vs. B6.MOLF2 (see Fig. 2): HPs3, PWs,
PWy

C57BL/6 vs. B6. MOLF12 (see Fig. 3): HPs3, Fiaee
C57BL/6 vs. B6. MOLF17 (see Fig. 4): HPs,), HPs3,
PWyg, TWy7, TWy

Differences that survived FDR correction at p < 0.05 are
noted above in regular type; those that do not are shown
in italics.

3.3. Tester effects

Previous work from our laboratory revealed tester
as the largest source of trait variability in the TWy
assay (Chesler et al., 2002a,b). Inspection of both
tables reveals that TWy is hardly unique in this
respect, with main effects of tester and tester X geno-
type interactions observed in multiple assays. In fact,
tester featured the largest nf, statistic of any main
effect or interaction in both tables. However, the mul-
tiple instances of tester X cohort interactions in Table
1 suggest that main effects of tester in Table 2 may

at least partially represent cohort effects. With the
present design we cannot separate these two
possibilities.

3.4. Higher-order interactions

Tables 1 and 2 reveal a number of two-way and even
three-way interactions not specifically mentioned above.
Their existence is intriguing, but such higher-order inter-
actions should be treated with great caution and are gen-
erally non-interpretable.

4. Discussion
4.1. Identification of novel QTLs using congenic strains

The finding of a significant difference in a phenotypic
mean between C57BL/6 and a congenic strain formed
on a C57BL/6 background, assuming all mice are bred
and tested concurrently and identically, represents prima
facie evidence of the donor genomic region as a QTL for
the phenotype in question. This, in turn, implies the
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Fig. 3. Sensitivity of C57BL/6 (B6) and B6.MOLF12 mice on nine algesiometric assays. Symbols and bars represent mean 4+ SEM. Thermal assays
(and a test of thermal hypersensitivity) are shown on the top level, mechanical assays (and a test of mechanical hypersensitivity) on the middle level,
and chemical/inflammatory assays on the bottom level. Data shown are combined means of mice tested in separate cohorts by J.R. and S.G.S. (see
Table 2). **p <0.01 compared to B6 (not significant after FDR correction). ***p < 0.001 compared to B6.

existence of a gene or genes within this genomic region
whose allelic DNA sequence variants are causal to the
strain difference. The congenic strategy offers analytical
transparency, since significance can be evaluated by
t-test instead of complex interval mapping methodolo-
gies. Also, with this strategy the influence of epistasis
(i.e., gene—gene interactions) is minimized or abolished,
and the size of the genetic effect is obvious. Finally,
the congenic strains themselves serve as the first step
towards positional cloning of the responsible gene(s).
We have herein identified at least two new and robust
QTLs, one for thermal nociception on Chr 17 (dubbed
Tpnr3, since two other “thermal pain response” QTLs
have been described; Mogil et al., 1997; Mogil et al.,
2005b) and one for formalin test sensitivity on Chr 12
(dubbed Nocig3, again the third “nociception, inflamma-
tory QTL” so described; Wilson et al., 2002). We are less
sure of the existence of a QTL for thermal nociception
on Chr 2, as discussed below. Efforts are well underway
towards the positional cloning of Tpnr3 and Nocig3. We
have constructed subcongenic mice, in which the con-

genic regions of B6. MOLF17 and B6.MOLF12, respec-
tively, have been further reduced by the detection and
breeding of appropriate recombinant individuals. This
effort has allowed the genomic region containing the
responsible gene(s) to be reduced to only several million
basepairs (data not shown), containing as few as 17
known or predicted genes. Currently, we are using
sequencing, microarray and quantitative RT-PCR
approaches to decide among the remaining candidates.
We note, though, that in both cases there are no genes
in the linked region that have ever been proposed as
being relevant to pain processing or modulation. This
fact bolsters our contention that “blind” linkage map-
ping is an excellent heuristic strategy for pain research.
Furthermore, it suggests there may be many more “pain
genes” in the genome than those already suspected by
virtue of their protein’s known involvement in pain
processing.

In theory, this type of analysis could be performed all
over the genome using existing, commercially available
congenic strains and transgenic knockout mice, which
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Fig. 4. Sensitivity of C57BL/6 (B6) and B6.MOLF17 mice on nine algesiometric assays. Symbols and bars represent mean & SEM. Thermal assays
(and a test of thermal hypersensitivity) are shown on the top level, mechanical assays (and a test of mechanical hypersensitivity) on the middle level,
and chemical/inflammatory assays on the bottom level. All mice were tested concurrently by J.R. *p < 0.05 compared to B6 (not significant after
FDR correction). **p < 0.01 compared to B6 (not significant after FDR correction). ***p < 0.001 compared to B6.

are virtually all de facto congenic strains with a 129-de-
rived donor segment surrounding the null mutation
placed on a C57BL/6 background (Bolivar et al.,
2001). Bolivar and colleagues (2001) have described a
simple method for distinguishing whether phenotypic
differences between knockout mice and their wild-type
controls are due to the targeted gene or nearby “hitch-
hiking” genes.

4.2. The tester/cohort effect in basic pain research

The present study provides evidence for robust and
widespread tester and/or cohort effects on algesiometric
assays, in a manner similar to that we described previ-
ously for the TWy test (Chesler et al., 2002a,b). These
effects are perhaps an instantiation of the phenomenon
demonstrated by Crabbe and colleagues (1999), who
after going to heroic lengths to standardize mouse
acquisition, husbandry, testing equipment and testing
procedures still observed considerable genotype X labo-
ratory environment interactions on a range of behavior-

al tests. In our case, however, the variability is entirely
within-lab.

Although a main effect of tester or cohort is not nec-
essarily worrisome as long as appropriate controls are
included in experimental designs, tester/cohort x geno-
type interactions present a more serious problem.
Whether or not a genotype “effect” is uncovered (e.g.,
wild-type vs. knockout) may depend on particularities
of the tester and/or laboratory environment at the time
of testing (e.g., season/humidity, personnel changes,
noise levels). In the present study, the marginally signif-
icant genotypic differences between B6.MOLFI12 and
C57BL/6 in the HP5y, TC and even VF assays (see Table
2 and Fig. 3) were likely confounded by interactions
with tester, and thus cannot be considered particularly
robust. Since rather low numbers of subjects are typical-
ly tested (see below), and these subjects may derive from
one or two breeding pairs at most, the cohort effect may
actually represent a so-called litter effect (Blizard, 1992),
in which variation in maternal care, for example, could
influence adult anxiety levels (Francis et al., 1999). The
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only real solution to the problem is to increase sample
sizes and test more extensively, but one must trade off
sample size within-test with the number of different tests
performed. A partial solution, as we have used here, is
the concurrent testing of a ‘“‘standard strain” (in this
case, C57BL/6) (Blizard et al., 2005). More generally,
the obvious solution to tester/cohort confounds is to
have a large number of mice, from many different litters,
tested at one time by a single person. Given that this will
often be practically impossible, we recommend strongly
the analysis of these sorts of data sets using tester and
cohort as statistical covariates.

What might explain the large effect of tester on alge-
siometric data collected presently? One obvious possibil-
ity is tester experience: J.R. had far more experience
using these assays than S.G.S. However, an examination
of the coefficients of variation (CVs) of the C57BL/6 vs.
B6.MOLF12 data sets collected by both testers revealed
that S.G.S. actually produced “tighter” data (i.e., with
lower CVs) than J.R. in eight of 13 measures. It is inter-
esting to note that tester effects and interactions were not
limited to those assays involving direct handling of mice
during or immediately prior to data collection itself (HP,
TC, and TW).

4.3. Composition and power of nociceptive test batteries

The present data make obvious the value of a system-
atic approach to phenotyping mice for pain. Although
congenic strains were evaluated here, we expect that
these protocols will be mostly utilized for the testing
of transgenic knockout mice vis-a-vis wild-type controls.
The assays in the test battery used here represent nine of
the top 10 assays by frequency in transgenic studies of
pain (see Fig. 5a). We believe the full battery is useful
in that each of three fundamental nociceptive modalities
(thermal, mechanical, and chemical/inflammatory) is
represented by at least two assays (HP/PW/TW, TC/
VF, AC/F, respectively). Although for our purposes
the use of an inflammatory stimulus to induce mechan-
ical and thermal hypersensitivity (i.e., allodynia or
hyperalgesia) was appropriate, a neuropathic injury
could replace or supplement our use of zymosan. The
use of inflammatory assays features the advantage that
the degree of hindpaw edema can be quantified and used
as a covariate and to identify “bad” injections.

The redundancy built into the battery can be useful
for interpreting findings. The consistently reduced sensi-
tivity of B6.MOLF17 across three thermal assays and
multiple stimulus intensities gives us very high confi-
dence that a gene (or genes) in the MOLF-derived
region of mouse Chr 17 play an important role in ther-
mal nociception generally. By contrast, consider the
data obtained in thermal assays in the B6.MOLF2 con-
genic strain. If only PW was used, it would be confident-
ly concluded that B6.MOLF2 mice had reduced
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Fig. 5. Assay and sample size choices in the transgenic knockout
mouse pain literature. Data were obtained by careful inspection of the
Methods and results sections of 225 published papers (1996-2005) in
which awake, behaving transgenic knockout mice were compared (at
least) to wild-type controls on an algesiometric assay. Papers, the titles
of which are provided in an Appendix on-line, were part of the
hardcopy collection of the first author (as of August 4, 2005), and
likely represent a large majority of available papers on this topic at
that date. Graph (a) illustrates the frequency with which each assay
was utilized (total: 516, an average of 2.4 assays/paper). Graph (b)
illustrates the median sample size (n) per genotype in each assay,
averaged across genotype. Assay abbreviations are as follows, from left
to right in graph (a): HP, hot-plate test; TW, tail-withdrawal test (from
radiant heat or hot water); VF, von Frey test; PW, paw-withdrawal
test from radiant heat; F, formalin test; M-Hyp., mechanical hyper-
sensitivity (i.e., allodynia, induced by neuropathy or inflammation,
typically measured on the VF test); T-Hyp., thermal hypersensitivity
(i.e., hyperalgesia, induced by neuropathy or inflammation, typically
measured on the PW test); AC, abdominal constriction test (to any
intraperitoneal irritant); Press., threshold to withdrawal of foot or tail
from pressure (Randall-Selitto test); TC, tail-clip/pinch test (i.e.,
latency to respond to a suprathreshold mechanical stimulus); CAP,
capsaicin-induced licking; Cold, response to cold stimulus (acetone,
cold water or cold plate); Shock, threshold response (vocalization,
flinch or jump) from electric footshock; AUT, autotomy behavior;
SBL, scratching-biting-licking to intrathecally injected algogen.

sensitivity. However, no significant differences were
observed on the TWy;, TW49 and HPs, assays, and in
the HPs; assay this congenic strain was significantly
more sensitive. Either genes exist in the MOLF-derived
region of mouse Chr 2 that play a complex role in ther-
mal nociception — perhaps only in supraspinal pathways
or at higher stimulus intensities — or these significant dif-
ferences were obtained by chance. The single significant
phenotypic difference of B6.MOLF12 congenics from
C57BL/6 in the thermal assays, in HPs3, might similarly
be disregarded.
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Especially in the ‘“‘single test” assays (AC, HP, F,
TC, ZYMpw, an ZYMyg), one might wonder whether
sufficient statistical power exists to detect differences
between genotypes when they exist. We restricted our-
selves presently to sample sizes that are reflective of
those actually used in the current transgenic mouse lit-
erature, n = 6-16/ genotype (see Fig. 5b). The median
sample size in most of these assays (except for supra-
threshold mechanical assays, which feature higher var-
iability) appears to be n = 9/genotype. Given the large
number of barely significant genotypic differences and
trends towards differences observed in these studies,
we wonder whether such sample sizes are high
enough.

5. Conclusions

There is no doubt that transgenic knockout and
genetic linkage mapping studies are of considerable util-
ity to the furthering of knowledge of the basic science of
pain; hopefully, they will be of value clinically at some
point in the near future. This particular study pointed
to the existence and genomic location of at least two
more genes affecting variable nociceptive sensitivity in
mice. It is also clear, however, that the usefulness of
mouse molecular genetics depends critically on the
strength of the behavioral testing, a topic that has been
given far less attention in pain research than it deserves.
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