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Abstract
Thermal nociception involves the transmission of temperature-related noxious information from the periphery to the CNS and
is a heritable trait that could predict transition to persistent pain. Rodent forward genetics complement human studies by
controlling genetic complexity and environmental factors, analysis of end point tissue, and validation of variants on appropriate
genetic backgrounds. Reduced complexity crosses between nearly identical inbred substrains with robust trait differences can
greatly facilitate unbiased discovery of novel genes and variants. We found BALB/cByJ mice showed enhanced sensitivity on the
53.5°C hot plate and mechanical stimulation in the von Frey test compared to BALB/cJ mice and replicated decreased gross
brain weight in BALB/cByJ versus BALB/cJ. We then identified a quantitative trait locus (QTL) on chromosome 13 for hot plate
sensitivity (LOD = 10.7; p < 0.001; peak = 56 Mb) and a QTL for brain weight on chromosome 5 (LOD = 8.7; p < 0.001).
Expression QTL mapping of brain tissues identified H2afy (56.07 Mb) as the top transcript with the strongest association at the
hot plate locus (FDR = 0.0002) and spliceome analysis identified differential exon usage within H2afy associated with the same
locus. Whole brain proteomics further supported decreased H2AFY expression could underlie enhanced hot plate sensitivity,
and identified ACADS as a candidate for reduced brain weight. To summarize, a BALB/c reduced complexity cross combined
with multiple-omics approaches facilitated identification of candidate genes underlying thermal nociception and brain weight.
These substrains provide a powerful, reciprocal platform for future validation of candidate variants.
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Introduction

Pain management poses large challenges for physicians globally
and 11.2% of Americans report suffering from daily pain.1 Pain is
a known risk factor for several medical conditions including
mood disorders,2 suicidal behaviors,3 and opioid misuse.4 It is
therefore vital to understand the genetic and neurobiological basis
of pain traits to improve patient comfort and long-term health
outcomes. Human familial studies of chronic pain have dem-
onstrated heritability,5 and twin studies have revealed shared
genetic factors underlying several pain phenotypes.6 Furthermore,
human genome-wide association studies (GWAS) have identified
loci associated with several modalities of chronic pain.7–10

Acute nociception is the transmission of nociceptive signals
from peripheral nociceptors to the CNS that transmits the
presence, type (chemical, mechanical, thermal), localization,
and magnitude of the nociceptive stimulus.11–13 Acute noci-
ception is critical for survival, as it alerts us to potential tissue
damage and promotes avoidance.14 Understanding the genetics
and neurobiology of acute nociception is also important because
its severity can often predict the transition to chronic pain.15,16

Thermal nociception refers to transmission of noxious
information from the periphery to the CNS in response to
heat- or cold-related stimuli and is highly heritable in mice (h2

= 0.59).17 TRPV1, an important gene for thermal nociception,
codes for transient receptor potential cation channel subfamily V
member 1 (a.k.a., the capsaicin receptor)18–20 and has also has
been implicated in inflammatory and neuropathic pain.21 Fur-
thermore, in humans single polymorphisms can reduce sensitivity
to acute thermal pain and the severity of chronic pain, as is the
case for the calcium channel CACNA2D3.22 These examples
demonstrate potential overlap in the genetic basis of acute and
chronic pain. Given that increased acute pain sensitivity has been
considered a risk factor for chronic pain,16,23–26 it is important to
understand the genetics mediating the biology of thermal noci-
ceptive sensitivity as it could provide insight into initiating factors
underlying chronic pain progression.

Mice are an excellent model for discovery genetics of
pain-related traits and offer several complementary advan-
tages to human genetic studies. Most notably, mice allow for
rigorous control of the experimental environment, detailed
genetic knowledge of the subjects, the ability to control allelic
frequency, the ability to sample the appropriate end point
tissue, and the ability to identify and validate candidate causal
variants within the same species on the most appropriate genetic
backgrounds. Inbred mouse strains vary across several pain-
associated phenotypes,17,27–29 genes underlying differences in
pain-related phenotypes have been successfully mapped and
validated in mouse populations, including Hydin,30 Mc1r,31 and
in the case of Cacng2 have led to the identification of genetic risk
factors in humans for post-surgical pain.32

Individuals within an inbred strain are, for most intents and
purposes, genetically identical. However, separation of founders
and the establishment of new colonies can quickly lead to genetic
drift and the independent fixation of spontaneous mutations that

can significantly alter traits. Genetic drift leads to new genetic
variation and presents unique opportunities to exploit the
emergence phenotypic variance in the face of minimal genetic
variance.33 Rodent inbred substrains have nearly identical whole
genome sequences and are muchmore closely related genetically
than any two given classical inbred strains. For instance, C57BL/
6J and C57BL/6NJ have approximately 30,000 SNPs + indels
that distinguish them whereas most other classical inbred strains
contain over five million SNPs + indels compared to the C57BL/
6J reference genome.34 This reduced genetic complexity can
facilitate the identification of causal genes and variants influ-
encing complex traits by reducing the density of genetic poly-
morphisms within a chromosomal interval and minimizing
variant-variant interactions, given that a single major locus is
typically identified for a given trait on an already nearly isogenic,
segregating genetic background.35–37

We have had repeated success in using Reduced Com-
plexity Crosses (RCC) between C57BL/6 substrains to map
the genetic basis of complex traits ranging from binge-like
eating38 to thermal nociception as measured via hot plate no-
ciceptive sensitivity39 to methamphetamine stimulant sensitiv-
ity,40 to name a few. Combining behavioral QTL with tissue-
specific gene expression QTL analysis can facilitate identifi-
cation of plausible candidate genes (e.g., Ryr1 for hot plate;
Bryant et al., 2019) and even sometimes directly validate causal
variants via CRISPR/Cas9 (e.g., Gabra2 for methamphetamine
stimulant sensitivity).40

As another example of substrains that can be used in a RCC,36

the BALB/cJ (J) and BALB/cByJ (By) substrains of mice were
separated in 1935 after the completion of backcrossing at generation
F37 and have been maintained since then as separate inbred
substrains. Over time, the fixation of spontaneous mutations and
residually heterozygous loci, yielded approximately 8500 SNPs,
insertions, and deletions that distinguish the substrains, comprising
approximately a 500-fold reduction in genetic complexity compared
to C57BL/6J versus most classical inbred strains.34,41 BALB/c
substrains differ in several phenotypes that are of interest to neu-
robehavioral geneticists, including anxiety, social aggression, brain
morphology, brain weight, immune response, reward and extinction
learning, and gene expression27–29,42–46 (reviewed inBryant et al.).36

Thus, BALB/c substrains likely harbor a pool of readily identifiable
causal variants underlying several behavioral traits relevant to a
multitude of brain disorders.

In this study, we identified a robust difference between
BALB/c substrains in thermal nociceptive sensitivity on the
hot plate in the Bryant Lab at Boston University School of
Medicine. We then expanded our assessment of pain-related
phenotypes to include von Frey, cold plate, and Hargreaves
assays which were conducted in the Young Lab at University
of Kansas Medical Center. We also replicated the reduced
brain weight in the BALB/cByJ substrain relative to BALB/
cJ,28 a phenotype that could potentially be associated with
any number of neurobehavioral traits that differ between
these substrains,36. Upon identifying robust trait differences
between BALB/c substrains, we then generated an RCC
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between them to map QTLs underlying variable hot plate
sensitivity and brain weight and triangulated on candidate gene
identification using expression QTL mapping in multiple his-
torically collected brain regions (striatum, hippocampus). Be-
cause there are more relevant CNS tissues involved in
nociceptive transmission, we also performed transcriptome
analysis via RNA-seq in spinal cord tissue and whole brain
proteomic analysis between the parental substrains that allowed
us to confirm differentially expressed genes identified from
eQTL analysis at the protein level and provide further evidence
for the candidacy of potential causal genetic factors.

Methods

Mice

All experiments were conducted in accordancewith theNational
Institutes of Health Guidelines for the Use of Laboratory An-
imals (8th Ed.)47 and were approved by the Institutional Animal
Care and Use Committee at Boston University (BUSM) and
University of Kansas Medical Center (KUMC). BALB/cJ and
BALB/cByJ mice (7 weeks old) were purchased from The
Jackson Laboratory (Bar Harbor, ME; #000651, #001026),
housed 4/cage, and allowed 6 days to acclimate before testing.
BALB/cJ x BALB/cByJ-F1 and -F2 mice were bred in house as
described below and were tested between the ages of 60 and
130 days old. All mice were maintained on Teklad 18% protein
diet (Envigo, Indiana; #2018) and a 12 h light/dark cycle.

Hot plate assay of thermal nociception (BUSM)

BALB/c substrains were originally phenotyped in a larger effort
to characterize oxycodone responses in a large panel of inbred
mouse strains, and therefore, one-half of the mice have prior
exposure to a dosing regimen of oxycodone and related be-
havioral testing. Specifically, prior to hotplate testing, 64 BALB/
cJ and 47 BALB/cByJ mice were tested for conditioned place
preference using 1.25 mg/kg OXY (i.p.) as previously de-
scribed.48 Over the next 4 days, mice were administered once daily
injections of 40 mg/kg (i.p.) OXYor SAL (10 mL/kg). On day 5 at
0700h (1hprior to testing),miceweremoved into the testing room to
acclimate, andwaterwas removed fromhome cages.Micewere then
placed on a 53.5°Chot plate (IITCLifeScience Inc.,WoodlandHills,
CAUSA) within a 15 cm diameter × 33 cm tall plastic cylinder. The
latency to lick the hind paw or jumpwas recorded as a pain response
and the mouse was returned to its home cage. Mice that did not
respond in 60 s were removed, and a 60 s latency recorded. Two
measureswere taken, separated by 30min and the average of the two
baseline latencies was used for QTLmapping analysis. Water bottles
were returned immediately after completion of testing.

von Frey test of mechanical sensation (KUMC)

Mice were placed in individual containment units resting on a
mesh-floor testing table for a 15–20 min acclimation period.
Following the acclimation, mechanical threshold testing was

performed using graded monofilaments. Beginning with the
3.22 filament (0.16 g force), individual monofilaments were
applied to the plantar surface of the hind paw and presence
(lifting or flicking of the paw or vocalization in response to
stimulus application) or absence of a withdrawal response
was noted. Stimuli were presented using the Up-Down
method. Mechanical Withdrawal Threshold (MWT) was
defined as the force required to elicit a withdrawal response.

Hargreaves thermal analgesiometry (KUMC)

Thermal nociceptive thresholds were measured using a Paw
Thermal Stimulator (University of California, San Diego).
The heated glass floor was maintained at 30.0°C, corre-
sponding to the latent paw temperature of a mouse. Mice
were brought to the testing room and allowed to acclimate
for 20 min before each experiment. Following the accli-
mation period, mice were placed in individual Plexiglas
open-topped chambers on top of the Analgesiometer. The
high-intensity light beam was directed at a hindpaw, and the
latency to withdraw the hind paw was recorded with an
automatic timer. Each mouse underwent three trials with a
3 min intertrial interval; values were averaged to determine
the thermal withdrawal latency (TWL). A maximum
stimulus latency of 20 s was used to prevent potential tissue
damage.

Cold plate (KUMC)

Mice were brought to the testing facility and allowed to
acclimate to the room for 30 min prior to testing. Mice were
enclosed in a 4” × 8” clear, Plexiglas arena which allowed for
free movement, resting atop a metal platform with digitally
controlled temperature. The plate temperature began at am-
bient temperature and ramped down (24°C–0°C) at a rate of
10°C/min until the mouse exhibited a response. Once a re-
sponse was observed, the experimenter discontinued the
stimulus returning the plate to ambient temperature. Positive
responses to unpleasant cold were recorded for rearing or
lifting of paws off the surface of the plate in a coordinated
fashion. Limits on maximum and minimum temperature
settings were used to prevent tissue damage to the mouse. All
mice exhibited a response within 5 min from trial initiation.

Whole brain weight dissections (BUSM)

Twenty four BALB/cJ and 24 BALB/cByJ mice (12 females
and 12 males for each substrain) were trained and tested for
drug-free and state-dependent CPP using 1.25 mg/kg OXY
(i.p.) and procedures previously described.48 Immediately
after testing for Day 9 CPP, mice were sacrificed by rapid
decapitation after the final day of testing. Brains were dis-
sected from the skull (mice were 63 days old at the time of
harvesting), olfactory bulbs trimmed, and brainstem was
trimmed at the clearly demarcated pons-medulla boundary for
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consistency. Whole brains were collected and flash frozen
while sitting in an aluminum foil boat placed into a bath of
100% ethanol cooled with dry ice, then placed in pre-weighed
tubes, massed, and stored at �80°C for later proteomic
analysis.

Statistical assessment of normality, data
normalization, and QTL model selection

Raw parental strain and F2 data were analyzed through
ANOVA models to determine whether the residuals were
distributed normally via Shapiro-Wilks test. To ensure the
residuals are appropriately modeled to test normality we
used an ANOVA to test for main effects of Sex, Prior
Treatment, and Genotype in parental strain mice, and Sex,
Prior Treatment, and Age for F2 mice. Factors with
significant main effects were included in the untrans-
formed ANOVA models and the residuals tested for
normality with a Shapiro-Wilks test. When necessary,
data were quantile-normalized using the orderNorm
function from the BestNormalize R package.49 In the case
of F2 mice, normalized data were again tested for main
effects of Sex, Prior Treatment, and Age and factors
achieving significance were included in the QTL model as
additive covariates.

F2 breeding and genotyping

BALB/cJ and BALB/cByJ mice (7 weeks old) were pur-
chased from JAX and were first crossed to generate an F1
generation (J female x By male or By female x J male). F1
mice were then intercrossed, pairing mice so that each F2
offspring had a BALB/cJ and BALB/cByJ granddam and
grandsire. F2 offspring were weaned at 21 days old, tails were
collected for genotyping, and mice were housed 2–4 mice/
cage. The first day of experimental testing began between 56
and 132 days old. The age range was larger than what we
typically employ (50 days old to 100 days old) due to the
COVID-19 shutdown. Breeder pairs were fed Teklad breeder
diet (Envigo, Indiana; #7004), and F2 mice were fed Teklad
18% protein diet (Envigo, Indiana; #2018). Tails were har-
vested at the time of weaning and were shipped for DNA
extraction and genotyping (Neogen GeneSeek Operations,
Lincoln, NE, USA) using the miniMUGA array.50 304
polymorphic markers on the miniMUGA array distinguished
the BALB/cJ and BALB/cByJ progenitor strains (see QC
below).

BALB/cJ x BALB/cByJ F2 hot plate and brain
weight phenotyping

The 283 BALB/cJ x BALB/cByJ F2 mice that were
phenotyped in this study were part of a larger F2 mapping
project, and approximately one-half (152 mice) had

previous exposure to oxycodone from the 9 day CPP
paradigm described above, but were not administered the
four 40 mg/kg OXY injections preceding hot plate as
described for the parental substrains. Instead, F2 mice
were tested for conditioned place preference over 9
days,48 with OXY mice receiving 3 boluses of 1.25 mg/
kg OXYon days 2, 4, and 9. On day 11, 2 days later, mice
were tested in a red lit room on the elevated plus maze for
5 min. On day 12, mice were tested for baseline hot plate
responses as described above. Three hour following hot
plate testing, mice were sacrificed, and brains were
dissected and weighed as described above.

QTL mapping

Quantitative trait locus mapping in the F2 cross was con-
ducted using the R/qtl package.51 Prior to mapping, QC
measures were employed to ensure accurate genotypes.
Markers with greater than a 5% no call rate were removed.
Markers with allele frequencies that differed significantly
fromMendellian inheritance in their ratios of homozygotes to
homozygotes (J v By) and in heterozygotes to all homozy-
gotes as determined by chi squared test were also removed.
Using the countXO function within R/qtl, mice with aberrant
crossover counts (>45 or <10) were also removed from
analysis. Marker positions were transformed from Mb to sex-
averaged cM using JAX Mouse Map Converter (http://cgd.
jax.org/mousemapconverter/) prior to mapping. After QC
there were 283 F2 animals and 216 polymorphic markers
within the panel to conduct QTL mapping. The scanone
function was used to compute Haley-Knott regression at each
marker, and 1000 permutations were run to assign signifi-
cance thresholds (p < 0.05), considering Sex and Prior
Treatment (oxycodone, saline) as additive covariates. For
significant QTLs, the bayesint function was used to calculate
the Bayes credible interval and was conservatively expanded
to the nearest genotyping markers and the percent phenotypic
variance explained using the function fitqtl.

Whole genome sequencing and genotype calling of
BALB/c substrains

We took advantage of data generated for other studies
(BALB/c sequence:41; M. Ferris, manuscript in prep) to
access whole genome sequence of BALB/cJ and BALB/cByJ
substrains. The BALB/cByJ sample was sequenced as paired-
end (PE) 2 × 150 on an Illumina HiSeq. Reads were aligned to
mouse reference (mm10) using BWA-MEM. We used GATK
(v4.0.3.0) to identify variants segregating between BALB/cJ
and BALB/cByJ within our QTL intervals. We further filtered
these results based on GATK quality calls and to be consistent
with expectations of inbred mouse strains (variants should be
homozygous and not heterozygous). SNPs in our region were
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further annotated with SNPEff (v4.3t) to identify the func-
tional consequences of these variants.

Parental strain spinal cord tissue collection (KUMC)

Eight BALB/cJ and 8 BALB/cByJ mice (4 males and 4
females per substrain) were euthanized with an overdose of
isoflurane gas anesthesia, USP (Southmedic Inc, Ontario,
Canada) in the Young Lab at University of Kansas Medical
Center followed by transcardiac perfusion with ice cold
Hanks Balance Salt Solution (1X HBSS) (Life Technologies
Corporation, New York, USA). Spinal cords (L1–L5) were
collected and submerged in RNA Stabilization Solution
RNAlaterTM Solution (Thermofisher) and stored at 4°C.
RNAlaterTM Solution was then removed, and tissue samples
were stored at �80°C. Samples were subsequently shipped
overnight on dry ice to the Bryant Lab where RNA was
extracted.

RNA extractions, sequencing libraries, and
read alignment

RNAwas extracted in RNAlater-preserved tissue using Trizol
(Qiagen), ethanol precipitation, filtering columns (Qiagen),
DNAse digestion (Qiagen), and elution with RNAse and
nucleotide free water52 and diluted to 100 ng/uL. RNA library
preparation (poly-A selection) and RNA-seq were conducted
at the University of Chicago Genomics Facility on an Illu-
mina NovaSEQ6000 using a NovaSEQ SP-100 bp flowcell/
reagent cassette. We used the R/Bioconductor package
“scruff” to conduct demultiplexing, read alignment, read
counting, quality checking and data visualization (Wang
et al., 2019). Reads were trimmed for quality using Trim-
momatic.53 Trimmed reads were then aligned to the mm10
mouse reference genome (Ensembl) to generate BAM files
for alignment using STAR.54 For differential gene analysis in
the spinal cord, the featureCounts read summarization pro-
gram was used to count reads mapping to the “exon” feature
in a GTF file obtained from Ensembl (GRCm38). Genes
without 10 reads per million in at least three samples were
excluded from analysis using EdgeR,55 and differential gene
expression analysis of normalized counts was conducted
using an appropriate design matrix, and reported using the
topTable function.

BALB/cJ x BALB/cByJ F2 RNA expression QTL mapping

A subset of 64 BALB/cJ x BALB/cByJ F2 mice that were not
tested on the hot plate were used for eQTL mapping and were
78–127 days old on day 1 of testing. Mice were trained in the
CPP protocol with either saline (i.p.) or 1.25 mg/kg OXY
(i.p.)48 as described above and were sacrificed by rapid de-
capitation on the final day of experimental testing, 30 min
after receiving either saline (i.p.) or OXY (1.25 mg/kg, i.p.).

Using a brain matrix, striatal and hippocampal tissues were
dissected. Striatal punches were harvested at bregma 1.5 to
�0.5 mm and sampled with a 2 mm punch. Hippocampal
tissues were dissected from bregma �0.5 to –2.5 using a
sterile metal spatula to peel away the cortical layer. Samples
were stored, extracted, sequenced, and prepared for analysis
as described above. Count files were analyzed using R/
MatrixEQTL56 using the “linear cross”model and considered
Sex, RNA extraction Batch (RNA extraction), and Prior
Treatment (saline, oxycodone) as additive covariates.

Parental strain spinal cord alternative splicing analysis
and exon-level expression QTL mapping

For analysis of F2 samples (striatum, hippocampus) and
parental strains (spinal cord), spliceome analysis was con-
ducted within the package R/ASpli.57 For F2 striatum and
hippocampus, the function gbcounts was used to extract to
summarize reads from aligned BAMs to features. Features
less than 50 bp and with fewer than 10 counts were excluded
from analysis. These intron/exon counts were then analyzed
using R/MatrixEQTL as described above. In parental strain
spinal cord samples, the gbcounts function was used to
summarize reads from aligned BAMs to features, and the
gbDUreport and jDUreport functions were used to calculated
differential feature and junction usage respectfully. Both
functions evaluated the effect of Substrain with the inclusion
of Sex as an additive covariate. Results were generated using
splicingReport

Whole brain harvesting and tissue processing
for proteomics

Eight BALB/cJ (4 females, 4 males) and 8 BALB/cByJ (4
females, 4 males) mouse brains were flash frozen and used for
whole brain mass spectrometry analysis. Whole brains were
homogenized in 5 mL of protein extraction buffer (100 mM
Tris pH 8.5, 8 M Urea, 1 mM CaCl2, 10 mM TCEP, 40 mM
Chloroacetamide) using a Polytron® PT 3100 tissue ho-
mogenizer at 20,000 r/min for 1 min. Protein extracts were
sonicated with a Branson probe sonicator and were then
quantified via Bradford assay. 300 μg of protein from each
sample was diluted with 100 mM Tris, pH 8.5 buffer to lower
the urea concentration to 1 M. Lysate proteins were then
digested by the addition of trypsin (Pierce) at a 1:50 ratio
(enzyme: protein, w/w) and incubated overnight at 37°C with
shaking. Trypsin digestion was terminated with the addition
of TFA to below pH 3 and the peptide digests were desalted
via reversed-phase C18 columns (Sep-Pak, Waters) with a
wash buffer of 0.1% TFA and elution buffer of 60% aceto-
nitrile. The desalted peptides were then quantified with a
Quantitative Colorimetric Peptide Assay (Pierce). Each
sample comprising 100 μg peptides was TMT-labeled with
TMTPro 16plex reagents (ThermoFisher, cat. # A44520)
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according to the manufacturer’s protocol. Labeled samples
were combined and desalted on a C18 column prior to basic
reversed-phase fractionation.

TMT-labeled peptides were fractionated via basic
reversed-phase chromatography on the Agilent 1100 series
HPLC instrument equipped with the XBridge Peptide BEHC18
column (130 Å, 3.5 μm, 4.6 mm × 250 mm, Waters Corpo-
ration). Prior to loading peptides, the C18 column was washed
with 100% methanol and equilibrated with Buffer A (0.1%
NH4OH and 2% acetonitrile). Peptides were injected via the
autosampler and eluted from the column using a gradient of
mobile phase A (2% acetonitrile, 0.1% NH4OH) to mobile
phase B (98% acetonitrile, 0.1% NH4OH) over 48 min at a flow
rate of 0.4mL/min. The 48 fractions collectedwere orthogonally
concatenated into 12 pooled fractions.

Mass spectrometry analysis

Approximately 2 μg of each multiplexed peptide fraction
was resuspended in mobile phase A solvent (2% aceto-
nitrile and 0.1% formic acid) to be analyzed on the Ex-
ploris 480 mass spectrometer equipped with FAIMS
(ThermoFisher Scientific). The mass spectrometer was
interfaced to the Easy-nLC 1200 HPLC system (Ther-
moFisher Scientific). Briefly, the peptides were first
loaded onto a reversed-phase nanotrap column (Acclaim
PepMap100 C18, 100 Å, 3 μm, 75 μm × 2 cm, Ther-
moScientific) in mobile phase A, and separated over an
EASY-Spray column, (ES803 A, Thermo Scientific) using
a gradient (6%–19% over 58 min, then 19%–36% over
34 min) of mobile phase B (0.1% formic acid, 80%
acetonitrile) at a flow rate of 250 nL/min. The mass
spectrometer was operated in positive ion mode with a
capillary temperature of 275°C and a spray voltage of
2500 V. All data were acquired with the mass spec-
trometer operating in data dependent acquisition (DDA)
mode, with FAIMS cycling through one of three com-
pensation voltages (�50V, �57V, �64V) at each full
scan. Precursor scans were acquired at a resolution of
60,000 FWHM with a maximum injection time of 120
milliseconds in the Orbitrap analyzer. The following 0.8 s
were dedicated to fragmenting the most abundant ions at
the same FAIMS compensation voltage, with charge
states between 2 and 5, via HCD (NCE 33%) before

analysis at a resolution of 45,000 FWHM with a maxi-
mum injection time of 60 ms.

All acquired MS/MS spectra were searched against the
complete SwissProt mouse proteome (downloaded on 2020-
10-20) using MaxQuant (Version 1.6.7.0), which integrates
the Andromeda search engine. TMT reporter ion quantifi-
cation was performed using MaxQuant with default settings.
Briefly, enzyme specificity was set to trypsin and up to two
missed cleavages were allowed. Cysteine carbamidomethylation
was specified as fixed modification whereas oxidation of me-
thionine and N-terminal protein acetylation were set as variable
modifications. Precursor ions were searched with a maximum
mass deviation of 4.5 ppm and fragment ions with a maximum
mass deviation of 20 ppm. Peptide and protein identifications
were filtered at 1% FDR using the target-decoy database search
strategy.58 Proteins that could not be differentiated based onMS/
MS spectra alone were grouped to protein groups (default
MaxQuant settings). The MaxQuant output file designated
“proteinGroups” was used for data normalization and other
statistical analysis using the Omics Notebook analysis pipeline.59

Results

BALB/cByJ mice are more sensitive compared to BALB/
cJ in thermal nociception on the hot plate test and in
mechanical stimulation on the von Frey test

The distribution of the residuals for hot plate latencies deviated
significantly from normality (W = 0.94, p = 5.98e�5). To fa-
cilitate interpretation, we plotted the raw latencies in the main
results. Three-way ANOVA of normalized latencies indicated
that therewas no effect of prior Treatment (saline, oxycodone) or
interaction of Treatment with Substrain or Sex on hot plate
latencies (p’s > 0.30). Therefore, we removed Treatment from
the ANOVA model (a breakdown of the hot plate data by
treatment is provided in Supplementary Figure 1(a)). Two-way
ANOVA (Substrain, Sex) indicated a decreased hot plate
threshold in the By substrain (Substrain effect: F (1, 107) =
54.45, p =3.61e-11; Figure 1(a)). There was also a main effect of
Sex [F (1, 107) = 13.1, p = 4.53e�4], with females showing
higher latencies (Figure 1(b)) but no Substrain x Sex interaction
F (1,107) = 0.78; p = 0.38, Figure 1(b)). For the Von Frey
threshold, By also showed a lower latency (Substrain effect: F
(1, 31) = 8.19, p < 0.008; Figure 1(c)), but not in the Hargreaves

Table 1. Spinal cord intron/exon usage analysis in parental strains identified differential feature usage of H2afy Significant associations
between genetic feature usage in the spinal cord of parental strain mice and substrain, considering sex as an additive covariate (FDR <0.05).

Gene Location (bp) start length Element Feature logFC p value FDR

Dnah17 11:118021723–118130634 118023498 1096 I Intron 80 1.020851 2.19E-82 4.59E-77
H2afy 13:56073619–56136361 56084196 90 E Exon 7 0.373669 8.27E-10 8.65E-05
Glp1r 17:30901817–30940791 30936265 222 E Exon 13 0.858303 2.68E-07 0.014034
Glp1r 17:30901817–30940791 30936487 169 E Exon 13 0.891179 2.68E-07 0.014034
H2afy 13:56073619–56136361 56074393 8727 I Intron 8 0.368271 7.93E-07 0.033166
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Figure 1. BALB/cByJ mice are more sensitive to thermal nociception and mechanical stimulation compared to BALB/cJ mice. (a): By mice
showed increased hot plate (53.5°C) sensitivity as indicated via a significant reduction in hind paw lick latencies compared to J
(p = 3.61e�11). (b): Female mice showed increased hot plate latencies (p = 4.53e�4). There was no significant Sex x Strain interaction (p =
0.38). (c): By mice were more sensitive to mechanical stimulation than J mice as indicated via a reduced force threshold (g) to initiate a
withdrawal response (p = 0.008). (d,e): There was no effect of Substrain in the Hargreaves test (p = 0.173) or cold plate (p = 0.82).
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test (Substrain Effect: F (1, 31) = 1.95, p <0.173; Figure 1(d)) or
cold plate test (F (1, 31) = 0.05, p <0.82; Figure 1(e)).

BALB/cByJ mice show decreased brain weight
compared to BALB/cJ

Residuals for brain weight deviated significantly from nor-
mality (W = 0.81, p = 2.6e�6). To facilitate interpretation, we
plotted the raw brain weight (g) in the main results. Three-
way ANOVA of the normalized brain weight data indicated
no effect of prior Treatment (saline, oxycodone) or interaction
of Treatment with Substrain or Sex on hot plate latencies (p’s
> 0.22). Furthermore, there was no effect of Sex or inter-
actions of Sex with Substrain (p’s > 0.22). Therefore, we
removed Treatment and Sex from the statistical model
(Supplementary Figure 1(b) shows brain weight broken down
by prior Treatment). A follow-up simple main effect test

revealed that By brains weighed less than J brains (p <
0.0001; Figure 2).

Normalization of F2 data and ANOVA analysis of F2
mouse hot plate latencies (s) and brain weight (g) to
identify covariates for QTL analysis

The breeding scheme for generating F2 mice is shown in
Figure 3(a). BALB/cJ and BALB/cByJ mice were recipro-
cally crossed (J females x By males; J males x By females)
generate F1 mice and then intercrossed so that each F2
offspring had both a BALB/cJ and BALB/cByJ granddam
and grandsire. A total of 216 polymorphic markers were
included in QTL analysis (Figure 3(b)). Neither primary
outcome measure was normally distributed (hot plate latency:
W = 0.92, p = 8.87e�11; brain weight: W = 0.94, p =
5.98e�5); thus, these phenotypes were quantile normalized.
We then ran a 3-way ANOVA (Sex, Prior Treatment, and
Age) to inform QTL model selection. Regarding hot plate,
there was a significant effect of prior OXY treatment (Prior
Treatment effect: F (1, 275) = 8.08, p = 0.003), and Sex (F (1,
275) = 5.59, p = 0.015), but not of Age (F (1, 275)=1.45, p =
0.23). For this reason, both Sex and Treatment were included
as covariates in the QTL model for hot plate latencies. In
examining normalized brain weight, a three-way ANOVA
indicated a main effect of prior OXY treatment (Treatment
effect: F (1, 247) = 36.27, p = 6.18e�9), an effect of Age (Age
effect: F (1, 247) = 18.23, p = 2.79e�5), and a nearly sig-
nificant effect of Sex (Sex effect: F (1, 247) = 3.476, p =
0.063). Therefore, these three covariates were included in the
QTL model for normalized brain weight.

A BALB/c reduced complexity cross identifies a
genome-wide significant QTL on chromosome 13 for
baseline thermal nociceptive sensitivity on the hot
plate test

We identified a genome-wide significant QTL on chromo-
some 13 for normalized baseline hot plate latency (s) that
peaked at 31.1 cM (58.7 Mb) and explained 15.7% of the
phenotypic variance (LOD= 10.7; p < 0.001; Bayes: 53–

Figure 2. BALB/cByJ brains weigh less than BALB/cJ brains. Simple
main effect test: p < 0.0001.

Figure 3. Breeding scheme and genotyping marker panel for the BALB/c reduced complexity cross. (a): Breeding scheme used to produce F2
mice. Each F2 mouse has a grandsire and granddame of each parental strain. Created with BioRender.com (b): Genetic map of the 216
miniMUGA markers passing QC and used for QTL mapping.
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73 Mb; Table 1, Figures 4(a) and (b)). The effect plot of the
peak-associated marker (SBR132392332; 59.81 Mb), in
particular when stratified by Sex, recapitulated the latencies
of the parental substrains Figures 4(c) and (d)). We also
stratified by Prior Treatment and illustrate qualitatively
similar effects of Genotype on hot plate latency but with the
also small, additive effect of prior Treatment (Supplementary
Figures 2(a) and (b)). Note we still obtained genome-wide
significant results even if we just ran the mice with prior SAL
treatment and remove the mice with a prior history of oxy-
codone treatment from the analysis (Supplementary Figure

2(c)). Thus, prior Treatment had no effect on our ability to
detect this hot plate QTL. Table 2 summarizes the results for
the chromosome 13 QTL. We identified 42 protein coding
genes with assigned polymorphisms that were contained in
the Bayes interval. A complete list of all variants contained
within the QTL interval can be found in Supplementary Table
1. Table 3 documents three candidate genes that we high-
lighted based on potentially highly disruptive mutations (i.e.,
mutations within the gene region, but not annotated as
downstream, upstream, intronic, or intergenic) within the
Bayesian interval.

Table 2. Summary of QTLs for thermal nociceptive sensitivity on the hot plate and brain weight in a BALB/c reduced complexity cross.

N Phenotype Model Chr
Peak
(cM)

Peak
(Mb) LOD p val

Bayesian
interval (cM)

Bayesian
interval (Mb)

1.5 LOD
Drop (cM)

1.5 LOD
Drop (Mb)

% Var
explained

283 Norm HP
BL

Sex, Tx
Add

13 31.1 58.7 10.71 <0.001 27–39 53–73 24–42 45–81 15.68

256 Norm Br
Wt

Sex, Tx,
Age
Add

5 58.6 118.36 8.73 <0.001 54–61 110–120 51–61 104–120 12.37

Figure 4. A BALB/c reduced complexity cross identifies a genome-wide significant QTL on chromosome 13 for thermal nociceptive
sensitivity on the hot plate. (a): We identified a single genome-wide significant peak on chromosome 13 (LOD = 10.71, p < 0.001; Bayes:
53–73Mb) that explained 16% of the phenotypic variance. (b): Chromosome 13QTL plot, with a peak association at 31 cM (59Mb). (c): Effect
plot of hot plate latencies at the peak-associated marker (sex-combined, females-only, males-only) recapitulates both the degree and
magnitude of the original parental substrain difference shown in Figure 1. (d): Effect plot of normalized hot plate latencies at the peak-
associated marker (sex-combined, females-only, males-only).
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A BALB/c reduced complexity cross identifies a
genome-wide significant QTL on chromosome 5 for
brain weight

We identified a single genome-wide significant peak for
normalized whole brain weight on chromosome 5 that peaked

at 58.6 cM and explained 12% of the phenotypic variance
(118.36 Mb, LOD = 8.73; p < 0.001; Bayes = 111 mB – End
of Chromosome; Figures 5(a) and (b)). The effect plot of the
peak-associated marker (SBJ054695332; 117.38 Mb) pre-
cisely recapitulated the results of the parental substrains
(Figures 5(c) and (d)). The same chromosome 5 QTL for

Table 3. Positional candidate genes for thermal nociceptive sensitivity on the hot plate and brain weight. Salient mutations annotated to genes
within the QTLs on chromosomes 13 (hot plate) and 5 (brain weight). Mutations were selected if they were annotated to splice regions,
missense mutations, 50UTR, 30UTR, disruptive in-frame insertions, and frameshift mutations. Positions based on GRCm38/mm10 assembly of
mouse genome. Functional annotation of genes derived from GO function terms.

QTL
Loc
(cM) Loc (Mb) Gene Mutations GO biological processes terms

Ch13: HP 29.14 54.79 Eif4e1b 3’UTR No entries found
30.07 56.08 H2afy Intergenic, Splice region (2),

downstream
Chromatin silencing, negative regulation of gene
expression

34.67 67.47 Zfp874b 3’UTR Regulation of transcription by RNA polymerase II
34.76 67.67 Zfp738 3’ UTR, downstream, intron (3) Regulation of transcription by RNA polymerase II

Chr 5:
BrWt

56.08 115.55 Pxn 3’UTR Cytoskeleton organization, regulation of cell shape
62.60 122.80 Anapc5 3’UTR Anaphase promoting complex, cell cycle, cell division
63.00 123.45 Mlxip 3’UTR Regulation of transcription by RNA polymerase II
63.02 123.49 Il31 Disruptive inframe insertion Acute inflammatory response to antigenic stimulus
68.30 129.86 Sumf2 3’UTR No entries found
83.22 144.21 Tecpr1 Missense Autophagosome maturation

Figure 5. A BALB/c reduced complexity cross identifies a genome-wide significant QTL on chromosome 5 for brain weight (a): Genome-
wide significant QTLs were identified on chromosome 5 (LOD = 8.73, p < 0.001; 12% of the variance explained). (b): QTL plot for the
chromosome 5 QTL that peaks at 59 cM (118 Mb). (c): Chromosome 5 effect plot at the peak-associated marker recapitulates both the
direction and magnitude of the original parental substrain difference shown in Figure 2. (d): Chromosome 5 effect plot at the peak-associated
marker for normalized brain weight recapitulates observed trend in non-normalized data.
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brain weight was also identified for the unnormalized brain
weight (Supplementary Table 3). There are 70 polymorphic
protein-coding genes within the QTL interval
(Supplementary Table 2). Six of these genes are highlighted
in Table 4 as candidate genes based on the presence of po-
tentially highly disruptive mutations as defined above. A
complete list of variants within the chromosome 5 QTL is
provided in Supplementary Table 2.

Cis-eQTL analysis of the hot plate QTL on
chromosome 13 identifies H2afy as a positional and
functional candidate gene underlying thermal
nociceptive sensitivity

The RNA-seq data have been uploaded to the NCBI Gene
Expression Omnibus (GEO) and are publicly available (GSE

#196302, GSE #196334, and GSE #196352). Table 4 shows a
comprehensive list of transcripts with significant cis-eQTLs on
chromosome 13 within the striatum and hippocampus with an
unadjusted cut-off of p < 0.001. For striatal tissue, we identified
six protein coding genes with cis-eQTLs. Of these six genes, only
H2afy contains any known polymorphisms, including two splice
region variants. Only two genes were associated with the peak
marker for the hot plate QTL, including H2afy (p = 4.53e�6,
FDR = 0.06) and Msh3 (p = 1.88e�4, FDR = 0.84). For hip-
pocampal tissue, we identified three protein coding cis-eQTL
transcripts: Msh3, H2afy, and Ccl28. Of these, only Msh3 and
H2afy are located within the Bayesian interval of the HP QTL,
and onlyH2afy contains an assigned polymorphism. Thus, H2afy
is a high-priority positional and functional candidate gene un-
derlying thermal nociceptive sensitivity on the hot plate assay.
Complete lists of cis-eQTLs with p < 0.001 within the striatum
and hippocampus are provided in Supplementary Tables 3 and 4.

Table 5. Striatal and hippocampal intron/exon-level eQTLs at peak behavioral markers for chromosome 13 and 5 candidate genes. Significant
associations between feature usage of candidate genes and top associated behavioral markers (FDR <0.05).

QTL Region SNP Name Location (bp) Element Feature Start (Mb)
Length
(bp) p value FDR

Chr 13
Hotplate

Hippocampus SBR132392332 H2afy 13:56073619–
56136361

I Intron 5 56090059 5497 1.21E-
09

0.0003

SBR132392332 H2afy 13:56073619–
56136361

I Intron 6 56088343 1415 3.20E-
09

0.00072

SBR132392332 H2afy 13:56073619–
56136361

I Intron 6 56084522 3730 5.28E-
09

0.00112

SBR132392332 H2afy 13:56073619–
56136361

I Intron 7 56083295 901 1.86E-
08

0.00317

SBR132392332 H2afy 13:56073619–
56136361

E Exon 6 56089858 201 1.15E-
07

0.0148

Striatum SBR132392332 H2afy 13:56073619–
56136361

I Intron 7 56083295 901 1.95E-
16

9.46E-
11

SBR132392332 H2afy 13:56073619–
56136361

I Intron 6 56088343 1415 3.88E-
15

1.69E-
09

SBR132392332 H2afy 13:56073619–
56136361

I Intron 6 56084522 3730 1.11E-
14

3.89E-
09

SBR132392332 H2afy 13:56073619–
56136361

E Exon 6 56088252 91 2.31E-
12

3.72E-
07

SBR132392332 H2afy 13:56073619–
56136361

I Intron 5 56090059 5497 9.55E-
12

1.42E-
06

SBR132392332 H2afy 13:56073619–
56136361

I Intron 5 56095642 482 2.44E-
10

2.35E-
05

SBR132392332 H2afy 13:56073619–
56136361

E Exon 6 56089858 201 1.57E-
09

0.00013

Chr 5 Brain
Weight

Hipp SBJ054695332 Acads 5:115110299–
115119346

I Intron 8 115111151 168 1.92E-
10

5.74E-
05

SBJ054695332 Acads 5:115110299–
115119346

I Intron 7 115111415 222 2.27E-
08

0.00376

Striatum SBJ054695332 Acads 5:115110299–
115119346

E Exon 9 115111094 57 1.46E-
09

0.00012

SBJ054695332 Acads 5:115110299–
115119346

I Intron 8 115111151 168 5.10E-
09

0.00038

SBJ054695332 Acads 5:115110299–
115119346

I Intron 7 115111415 222 1.22E-
07

0.00675
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Cis-eQTL analysis of the brain weight QTL on
chromosome 5

Table 4 shows a comprehensive list of chromosome 5 eQTL
transcripts within the striatum and hippocampus with p <
0.001. For the striatum, we identified two transcripts with cis-
eQTLs, only one of which, Ankrd61, was associated with the
peak marker for the brain weight QTL. For the hippocampus,
7 transcripts with cis-eQTLs were identified, 3 of which were
associated with the peak marker for the brain weight QTL,
including Hopx, Pus1, and Dnah10. Interestingly, for this
chromosome 5 locus, there was no overlap in cis-eQTLs
between the striatum and hippocampus (Table 4).

Exon/Intron-level eQTL analysis of hot plate and brain
weight QTLs

With regard to the hot plate QTL, we observed significant
intron/exon level cis-eQTLs for the candidate gene H2afy at
the peak marker for the hot plate QTL (SBR132392332) in
both the hippocampus and striatum. These associations (FDR
<0.05) are shown in Table 5. In both regions, we detected
differential usage of introns 5, 6, and 7, as well as exon 6.
With regard to the brain weight QTL, we observed significant
intron/exon level cis-eQTLs for the candidate gene Acads at
the peak brain weight marker (SBJ054695332) in both the
hippocampus and striatum. For the hippocampus, we detected
differential usage of introns 7 and 8, and for the striatum, we
detected differential usage of introns 7 and 8 as well as exon
9. A complete list of intron/exon level cis-eQTL analysis is
provided in Supplementary Tables 5 and 6.

Transcriptome analysis of spinal cord between BALB/
c substrains

RNA-seq in hippocampus and striatum were historical
datasets and are not the most relevant brain regions for pain-

related traits such as thermal nociception. Therefore, we
turned to differential gene expression analysis of the spinal
cord between the parental substrains. Spinal cord tissue was
collected from parental substrains at KUMC following pain
testing as previously described above. The results are shown
as a volcano plot in Figure 6. In considering genes with an
absolute log2 fold change greater than 0.32 (absolute fold-
change > 1.25), we observe a total of 109 differentially
expressed genes at an unadjusted p < 0.05 and 245 genes at
an unadjusted p < 0.1 (Supplementary Table 7). Of these 245
genes, none were located within our Chr 13 hot plate QTL.
Interestingly, we found a larger number of differentially
expressed genes in the males-only analysis (1366 genes,
unadjusted p < 0.05; Supplementary Table 8) compared to
females (375 genes, unadjusted p < 0.05; Supplementary
Table 9). Notably, H2afy was differentially expressed in the
spinal cord of male mice (logF = 0.5, adjP = 0.008) but not
female mice (logFC = �0.2, adjP = 0.995). Of these same
245 genes, five genes are located within the chromosome 5
brain weight QTL, including Dao (114.1 Mb; 55.9 cM),
Oas2 (120.9 Mb; 60.6 cM), Hcar2 (124 Mb, 63.2 cM),
Piwil1 (128.8 Mb, 67.9 cM), and Wbscr25 (135 Mb;
74.9 cM).

Spinal cord alternative splicing analysis

To deepen our RNA-seq analysis we considered intron and exon
usage in the spinal cord of BALB/c substrains to understand
differential splicing occurring between substrains. Aspli analysis
revealed three genes with differentially used features (FDR
<0.05), Dnah17, H2afy, and Glpr1. Within H2afy, exon 7 and
intron 8 were differentially used between strains, with exon 7
reaching the highest significance (FDR = 8.63e�5). We did not
detect differential exon usage for any genes within our chro-
mosome 5 brain weight QTL. All differentially used features can
be found in Supplementary Table 10.

Figure 6. Spinal cord transcriptome analysis of differential expression in BALB/c substrains (a): Volcano plot shows the distribution of p
values versus log2 fold changes in gene expression, controlling for Sex.
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Whole brain proteomic results

Analysis of BALB/c substrain whole brain homogenates of saline
and oxycodone pretreated parental substrains via mass spec-
trometry revealed 1375 differentially expressed genes across
strain with an unadjusted p < 0.05. These genes are listed in
Supplementary Table 6. There were only nine genes that were
differentially expressed at the protein level within our chromo-
some 13 hot plate QTL interval (Bayesian), including Drd1,
Arl10, Nop16, Cltb, Gprin1, H2afy, Tgfbi, Spock1, and Adcy2
(Figure 7). Of these genes Drd1, H2afy, Spock1, and Adcy2
contain at least one annotated variant. Forty genes within the
chromosome 5 brain weight QTL interval were found on this list,
with eight of these genes containing at least one annotated
polymorphism (Rnft2, Aldh2, P2rx7, Anapc5, Smuf2, Dnaaf5,
Cyth3, Tecpr1). Notably, Acads was identified as the gene with
both the third largest change in protein expression, and second
highest p value (logFC = 1.91, adjP = 5.7e�12). All differentially
expressed proteins (unadjusted p < 0.05) are included in
Supplementary Table 11.

Discussion

We identified robust differences in baseline hot plate thermal
nociception and mechanical stimulation between BALB/c

substrains (Figure 1). In both cases, By mice were more sensitive
to stimulation than J mice. We did not observe substrain differ-
ences in behavioral sensitivity in the related Hargreaves thermal
nociceptive assay nor in the cold plate test, suggesting the genetic
factor(s) influencing hot plate and von Frey sensitivity are distinct
from these other measures but perhaps could share a common
genetic influencewithin this genetic cross. Alternatively, enhanced
sensitivity on the hot plate and von Frey in By mice could be
explained by separate genetic variants. We identified a major
genome-wide significant QTL for hot plate latency on chromo-
some 13 spanning ∼20 Mb that explained 15% of the phenotypic
variance and recapitulated the BALB/c substrain phenotypic
difference (Figure 4, Table 1). Cis-eQTL analysis of two histor-
ically processed brain regions (striatum and hippocampus) iden-
tified 6 cis-eQTL transcripts within the chromosome 13 interval,
including two overlapping genes, Msh3 and H2afy (Table 4 and
Table 5). We also replicated in the decrease in brain weight in By
versus J28,60 andmapped this trait to a single locus on chromosome
5 that recapitulated the parental substrain difference (Figure 5,
Table 1). and identified a differentially expressed protein as a
plausible candidate gene within this region (Acads).

H2afy is clearly the most salient positional and functional
candidate gene underlying the chromosome 13 QTL for hot
plate sensitivity. In whole brain homogenate, H2AFYprotein
showed the greatest fold-change in expression and was the

Figure 7. Whole brain proteomic analysis of differential gene expression between BALB/c substrains. (a): A volcano plot showing the distribution of
differentially expressed proteins in whole brain homogenate (J-By expression), controlling for Sex. H2afy is located in the upper right hand corner. (b):
Normalized intensity for H2AFY, a protein coded by the candidate gene H2afy for hot plate sensitivity, in J versus By mice (adjusted p = 7.79e�16). (c):
Normalized intensity for ACADS, a protein coded by the candidate gene Acads for brain weight, in J versus By mice (adjusted p = 5.7e�12).
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most significant differentially expressed protein out of all
detectable proteins. In striatal and hippocampal eQTL
analysis, the most significant associated marker for H2afy
expression is one of the three annotated polymorphisms
within the gene itself, suggesting that one or more of these
H2afy variants could cause decreased mRNA and protein
expression. In support, two of these H2afy variants are lo-
cated within a predicted splice site at the boundary of intron 6
and exon 7 and are separated by only 4 bp. Differential usage
of intron 6 in both striatum and hippocampus and differential
usage of exon 7 in spinal cord further supported these variants
as causal for changes in gene expression.

Surprisingly, we found ∼3.5-fold fewer genes to be dif-
ferentially expressed in the spinal cord of females versus
males (p < 0.05) and notably H2afy was not differentially
expressed in the female spinal cord, despite this gene being
differentially expressed in both sexes at the mRNA level in
multiple brain tissues and at the protein level in whole brain
tissue. RNA quality and abundance and similar overall read
counts were similar females compared to males, which fails to
support technical explanations for these results. Thus, we
hypothesize that if H2afy is the causal gene underlying hot
plate sensitivity, it is likely working through additional
components of the so-called “pain matrix” (e.g., the brain-
stem, thalamus, anterior cingulate cortex, insula). In support,
H2afy is ubiquitously expressed throughout the mouse
brain.61 H2afy, aka Macroh2a1, is a histone involved in
transcriptional suppression and X chromosome inactivation62

that is depleted in actively transcribing chromatin63 and binds
to autosomal chromatin.64 Chronic pain is associated with
global changes in chromatin accessibility.65 Furthermore,
changes in histone acetylation can alter pain phenotypes66

and inhibition of histone deacetylase genes can reduce
neuropathic67 and inflammatory hyperalgesia.68

A recent study using a mouse knockout model of H2afy
did not find any significant difference in hotplate latencies.69

However, this study was conducted on a C57BL/6 genetic
background, and genetic background is known to influence
the detection and direction of behavioral phenotypes in
knockout mice.70 Interestingly, the H2AFY knockout study
found increased forced swim mobility, increased social in-
teraction and investigation, and increased reaction to acoustic
startle amplitude in H2afy knockout mice.69 When com-
paring the By substrain (hypoexpression of H2afy), to the J
substrain studies have observed increased forced swim mo-
bility, decreased social aggression, and increased acoustic
startle amplitude.29 These set of observations raise the in-
teresting possibility that the chromosome 13 QTL containing
H2afy alters stress responsivity and emotional/affective-like
neurobehavioral processes that in turn influence acute no-
ciception and that all these behaviors are mediated by a shared
genetic factor—H2afy. We therefore hypothesize that dis-
ruption of H2afy transcription through inappropriate splicing
and subsequently reduced H2AFYprotein in the By substrain
perturbs normal transcriptional repression/chromosome

accessibility at the genomic level, leading to an transcriptome
profile influencing nociceptive neurotransmission and
behavior.

BALB/cJ and BALB/cByJ mice differ in gross brain
morphology, including corpus colossi length71,72 and brain
weight.28,60 In agreement with these studies, we observed
decreased whole brain weight in By mice and by extension,
we discovered an important contribution to this literature by
identifying a genome-wide significant QTL on chromosome
5 explaining 12% of the trait variance. Acads is a strong
candidate gene within this region and codes for acyl-CoA-
dehydrogenase short chain, a mitochondrial associated pro-
tein essential for fatty acid oxidation. This protein was the
second most differentially expressed of all the detected
proteins within our proteomic data set, with By mice showing
reduced expression (pAdj = 5.7e�15, logFC = 1.91). Im-
portantly, By mice harbor a private 278 bp deletion within
Acads, resulting in deletion of exon 2 and intron 2 and a
partial deletion of, intron 1 and exon 3.73 This mutation
creates two abnormal RNA transcripts harboring early stop
codons, and a subsequent lack of ACADS protein.73 The lack
of a significant cis-eQTL for Acads could potentially be
explained by a tissue-specific transcriptional difference or by
overall transcript levels not being as robustly affected by this
deletion compared to protein. In support, exon-level ex-
pression QTL analysis shows significantly different intron/
exon usage associated with our peak brain weight QTL
marker, suggesting that aberrant transcripts are leading to an
abundance of non-functional ACADS mRNA.

In baseline cardiac tissues, By mice showed a ∼65%
decrease in Acads transcripts compared to J mice,73 but
comparisons between mutant BALB/cByJ and non-mutant
substrain BALB/cBy (Jackson Laboratory, #000650) did not
reveal differences in Acads whole brain RNA expression.74

Previous QTLmapping in NZB and NZWmice identified this
same region of chromosome 5 underlying variation in plasma
HDL quantity, and a coding mutation within a conserved
region of Acads was proposed to comprise the mechanism.75

BALB/cByJ mice showed increased plasma HDL compared
to J and this phenotype segregates with the 278 bp deletion
within Acads (MGI:3029768) that results in loss of function
in By mice. In humans, mutations in ACADS that cause a loss
of function lead to short-chain acyl-CoA dehydrogenase
deficiency (SCADD) and are associated with microcephaly,
developmental delays, epilepsy, and behavioral
disorders.76,77 We therefore hypothesize that interruption of
mitochondrial fatty acid metabolism through a loss of
function mutation in Acads could lead to reduced brain
weight. A comparison of NZWand NZO brain weights would
provide corroborating evidence that reduced Acads protein
underlies differences in brain weight. Whichever the causal
gene(s)/variants(s) for reduced brain weight, the chromosome
5 QTL that we identified is likely to contribute to multiple
neurobehavioral phenotypes previously reported in BALB/c
substrains.
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Our study has several limitations. Firstly, our QTL
analysis of hot plate sensitivity does not address the question
of whether or not the chromosome 13 QTL contributes to
other pain-associated phenotypes, including mechanical
sensitivity on the von Frey test. Furthermore, our eQTL
analysis was not conducted in the most pain-relevant tissues.
Given tissue-specific transcriptional and translational dif-
ferences, especially within the CNS, this raises the possibility
that tissue-specific eQTLs or DEGs in pain-relevant regions
were missed. In the case of H2afy, confirmation of differential
whole brain protein expression helps to mitigate this concern.
When considering brain weight, we do not yet understand
whether the observed differences are due to localized or
global morphological, structural, and neurochemical changes.
There is a body of literature demonstrating specific brain
regions are disrupted between J and By substrains (i.e.,
corpus callosum morphology; Fairless et al.78 ), and a more
comprehensive understanding of these phenotypes could help
facilitate candidate gene selection for future validation.

These findings leverage a systems genetics approach to
identify the genetic loci and candidate genetic factors
influencing pain-associated phenotypes and brain mor-
phology. By leveraging the reduced genetic complexity of
substrains with large phenotypic differences and com-
bining eQTL, transcriptomic, and proteomic differential
gene expression analysis, we identified a small set of
candidate genes for these phenotypes. In considering the
possibility that H2afy is a causal gene underlying variance
in thermal nociception, changes in chromatin accessibility
could lead to a widespread transcriptomic profile in no-
ciceptors and/or various neuronal levels of nociceptive
transmission (spinal cord, brainstem, thalamus, cortex)
that affects multiple pain phenotypes. Layering epi-
genomic measurements on top of bulk RNA-seq and single
cell RNA-seq assessment as it relates to chromatin in J and
By mice could shed light on what genes lie downstream of
H2afy that could contribute to the quantitative trait
mechanism(s) underlying difference in nociceptive sen-
sitivity. It is also interesting to note that exon-level eQTL
analysis suggests that variants within H2afy cause the
decrease in RNA abundance, and if H2afy and that the two
closely localized splice site variants mutations could
comprise the quantitative trait variants underlying H2afy
expression and possibly hot plate sensitivity. Ultimately,
causal gene validation via in vivo editing to both induce
and “correct” the candidate variants will be necessary to
provide causal validation.40
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