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Acetylcholine, a crucial neurotransmitter in both the central 
and peripheral nervous systems, acts through 2 major types of 
receptors: muscarinic and nicotinic. Muscarinic acetylcholine re-
ceptors are members of the superfamily of G protein-coupled 
receptors.17mRNA and protein for the type 2 muscarinic recep-
tor (M2) are present in many peripheral and central sites in the 
nervous system and peripheral target organs. M2R mediates a 
complex combination of postsynaptic and presynaptic events in 
noncholinergic and cholinergic neurons, respectively.9

The M2R is encoded by the gene Chrm2. The proline at position 
266 and surrounding residues of the Chrm2 gene are relatively 
conserved across several species, including human, rat, mouse, 
and swine (http://www.ncbi.nlm.nih.gov/). However, a nucleo
tide substitution (C797T) has been identified in several strains of 
inbred mice (Mouse Genome Informatics SNP query for Chrm2; 
http://www.informatics.jax.org/searches). This nucleotide 
substitution results in an amino acid substitution, P266L, in the 
protein. Proline is the only amino acid that contains a secondary 
amino group and forms tertiary peptide bonds. Because of this 
attribute, substitution of leucine for proline could cause alloste
ric alterations in proteins, with potential structural or functional 
consequences.

Allosteric modulation is a recognized regulatory mechanism 
of muscarinic receptors.17,21 For example, introduction of a point 
mutation (Asn to Tyr) at position 410 (the junction of trans-

membrane domain 6 and the 3rd intracellular loop) of the hu-
man M2R generated a constitutively active receptor with altered 
receptor–G-protein coupling in response to agonist administra-
tion.23 Single-nucleotide polymorphisms in the human Chrm2 
gene are implicated in responses to visual stimuli requiring atten-
tion, working memory, and response selection.8,15,16 In addition, a 
common Chrm2 polymorphism has been associated with major 
depression in women in some studies6,35 but not others.5 Further-
more, Chrm2 has been implicated in nicotine addiction; Chrm2 
single-nucleotide polymorphisms may be associated with the 
general possibility of becoming addicted, personality traits that 
predispose the person to becoming addicted, or altered regula-
tion of cholinergic systems that affect the smoker’s response to 
nicotine and its addictive properties.22

These reports suggest that mouse strains that bear the Chrm2 
mutation, as compared with strains that do not, potentially pro-
vide a unique model for exploring mechanisms by which Chrm2 
variants may affect cholinergic mechanisms and associated phys-
iologic processes in both brain and the periphery. We report here 
on studies conducted to determine whether the C797T Chrm2 mu-
tation confers a detectable phenotypic difference in M2R-related 
processes in mice.

Materials and Methods
Approval of animal use. All animal experimentation presented 

here was approved in advance by the Laboratory Animal Care 
and Use Committee of the Southern Illinois University School of 
Medicine.

Mice. Adult male C57BL/6J, BALB/cByJ, and CXB recombi-
nant inbred (RI) mice were obtained from the Jackson Laboratory 
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Physiologic responses to oxotremorine (OXO). Mice were in-
jected with the muscarinic agonist OXO and then tested for the 
following: heart rate, body temperature, tremor, salivation, and 
response to painful stimuli. For quantification of body temper-
ature, mice were implanted with a subcutaneous transponder 
(BioMedic Data Systems, Seaford, DE) that permitted rapid and 
noninvasive measurement of temperature by use of a wand-type 
scanner. Transponders were implanted by use of a trochar and 
isoflurane anesthesia a minimum of 7 d prior to experimental 
use. All testing was conducted during the light phase between 
approximately 1000 and 1400. On the day of testing, basal tem-
peratures were measured by using the wand scanner. Mice then 
were injected intraperitoneally with vehicle (pyrogen-free saline) 
or 1 of 3 doses (0.1, 0.2, or 0.3 mg/kg) of OXO (Sigma, St Louis, 
MO). Physiologic variables (tremor, salivation, core temperature, 
and response to pain) were assessed at 30 min after injection. 
First, temperature was measured by using the wand scanner. 
Next, mice were placed individually on the plate of a balance, 
and tremor was assessed according to the following scale: 0, no 
tremor; 1, intermittent head and body tremor; or 2, nearly contin-
uous whole-body tremor. At this time, mice also were assessed 
for visible salivation as follows: 0, none; 1, mild; 2, moderate; and 
3, severe. Mice then were placed in a plastic restrainer with the 
tail exposed. The tail was immersed in a 55 °C water bath, and 
withdrawal latency was measured, with a 15-s maximal with-
drawal time permitted to avoid tissue damage. Increased latency 
to withdrawal indicates OXO-induced analgesia, which is absent 
in mice that lack M2R.36 Finally, mice were placed on a 55 °C hot 
plate. Response latency to lick the fore or hind paws was mea-
sured, again with a 15-s maximal response time permitted. Mice 
received only 1 dose of OXO or vehicle and were euthanized after 
the evaluation was completed.

A second series of mice that included several CXB RI strains 
was used to evaluate the effects of OXO (0.1 mg/kg) on tempera-
ture, heart rate, salivation, and tremor. Baseline temperatures and 
heart rates were measured immediately after light onset approxi-
mately 1 wk before OXO administration. Basal temperatures were 
measured by using the wand scanner, as described earlier. Heart 
rates were measured under methoxyflurane-induced anesthesia 
sufficient to prevent spontaneous movement. Electrocardiograms 
were obtained by positioning microalligator clip leads on the skin 
along both sides of the rib cage. The electrocardiogram signals 
were differentially amplified, bandpass-filtered (0.1 to 100 Hz), 
and displayed by using a Grass polygraph recorder (model 7, 
Astromed, West Warwick, RI). Samples of heart rate were ob-
tained for a minimum of 10 s for each mouse. These procedures 
produced records with distinct QRS waveforms, which then were 
counted manually to determine heart rate. OXO injections were 
made immediately after light onset, with temperature and heart 
rate measured 30 min thereafter. Mice also were assessed for 
tremor and salivation at that time, as described earlier.

RT-PCR analysis in hypothalamus and basal forebrain. Chrm2 
transcription was measured in basal forebrain and hypothalamus 
of healthy mice and mice infected with influenza virus. Influ-
enza inoculation of mice under light methoxyflurane anesthe-
sia was performed immediately after light onset and comprised 
intranasal application of 25 or 50 µL allantoic fluid containing 
approximately 1,000 hemagglutinating units of strain A/HKx31 
influenza virus.32,33

(Bar Harbor, ME). All mice were free of known infections with 
common rodent viral, bacterial and parasitic agents, as monitored 
using monthly testing of sentinel mice housed in the same room. 
Mice used in these experiments were housed in groups of 5 on 
hardwood bedding, with food (Purina Laboratory Chow, PMI 
Nutrition International, St Louis, MO) and water available ad 
libitum. The animal holding room was maintained on a 12:12-h 
light:dark cycle at 22 ± 1 °C with 35% to 50% relative humidity. 
Routine noise exposure, as occurs in association with standard 
husbandry practices, was not controlled. All mice used in this 
study were euthanized by cervical dislocation under isoflurane 
anesthesia.

Acoustic startle, acoustic gap detection, and prepulse inhibition 
(PPI) of startle. Assessment of acoustic startle, acoustic gap detec-
tion, and PPI of startle was conducted by using startle reflex hard-
ware and software (Kinder Scientific, Poway, CA) customized for 
this application by the manufacturer. Testing was conducted with 
background noise and startle stimuli presented through a speak-
er located in the ceiling of the testing chamber, 15 cm above the 
mouse’s head. The floor of the chamber was attached to a piezo 
transducer and provided a measure of startle force (calibrated 
in Newtons) applied to the floor. A clear polycarbonate mouse 
holder, with holes to permit sound passage, was suspended 
above the floor, allowing the mouse to turn around freely while 
minimizing excessive movement. An adjustable-height roof was 
set to a level that prevented rearing, to minimize variability in 
the startle response. Test stimuli were calibrated by using a cloth 
model mouse and a 1/2-in. free-field microphone (model 41941A, 
Bruel and Kjaer, Nærum, Denmark) connected to a conditioning 
amplifier (Nexus type 2690, Bruel & Kjaer, Nærum, Denmark) 
and an analog-to-digital board (USB6251, National Instruments, 
Austin, TX). Custom sound analysis software (written in LabView 
[National Instruments]) was used to visualize and calibrate the 
acoustic signals.

Behavioral testing sessions consisted of placing a mouse in the 
test chamber, followed by a 2-min acclimation period to allow 
adjustment to the novel environment. At that point, 2 exposures 
to an abrupt startle-eliciting noise burst (110 dB SPL, 20 ms in du-
ration) were presented to habituate the mouse’s startle response 
and improve the stability of baseline measurements. Data from 
these 2 initial trials were not used in the analysis. The remainder 
of the 20- to 25-min session consisted of stimulus trials presented 
at a rate of 4 stimuli per minute (the intertrial interval varied and 
averaged 15 s between trials). During the session, C57BL/6J and 
BALB/cByJ mice were exposed to intermixed startle-only trials 
and trials in which the startle stimulus was preceded by either a 
silent period in the otherwise continuous 60-dB SPL background 
sound (gap detection testing) or a prepulse stimulus of either 5 or 
10 dB SPL above the 60-dB background (PPI testing). PPI testing 
for the RI strains was conducted by using prepulse stimuli of 30, 
45, and 60 dB SPL with a quiet background (instead of 5 or 10 dB 
above background), to detect deficits in PPI due to hearing loss 
rather than sensory gating deficits. The beginning of the gap and 
prepulse stimuli always occurred 100 ms before the startle stimu-
lus, and the stimuli were 50 ms in duration and shaped with a 0.1-
ms rise–fall gate. These procedures provided sensitive measures 
of hearing function and sensory gating processes in rodents. Pre-
vious work indicates that such testing does not cause temporary 
or permanent elevations in hearing thresholds in mice.29,37,38,40
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C57BL/6J and BALB/cByJ mice by using GeneRunner software 
(Hastings Software; www.generunner.net).

For genotyping, genomic DNA was extracted from the livers 
of C57BL/6J and BALB/cByJ mice. Chrm2 primer pairs were de-
signed according to the sequence of murine Chrm2 (XM_145245). 
The sense primer was 5′ ACA AAA ATG GCA GGC ATG AT 3′ 
(nucleotides 880 to 899), and the antisense primer was 5′ TGG 
AGT CGT TGG AGC TTT CT 3′ (nucleotides 1311 to 1330). PCR 
was performed as described earlier. PCR products were digested 
by using Sac II (New England Biolabs, Ipswich, MA) in reaction 
buffer IV. Reaction mixtures were separated by electrophoresis 
on 2.5% agarose gel and visualized with ethidium bromide under 
UV illumination.

Receptor binding. Competition curves for OXO were per-
formed by using heart homogenates, with [3H]-N-methylscopol-
amine (NMS) as the radioligand. Muscarine and OXO are both 
full muscarinic receptor agonists, with affinity for both M1 and 
M2 subtypes. OXO was used as the primary agonist to permit 
comparison with the in vivo studies of agonist effects. In heart, 
M2 is the major muscarinic receptor.31 Therefore, [3H]NMS should 
compete preferentially against M2-bound ligands in that tissue.

Mouse heart was homogenized on ice in 50 mM Na+/K+ phos-
phate buffer (pH 7.3) for 30 s. The homogenates were centrifuged 
at 5000 × g for 15 min, and the resulting supernatant was centri-
fuged at 30,000 × g for 30 min. The final pellet was suspended in 
50 mM Na+/K+ phosphate buffer (pH 7.3)at a working concen-
tration (w/v) of 5%. Supernatant (0.15 mg protein) was incubat-
ed in duplicate for 90 min at room temperature with 1 nM [3H]
NMS in 1 mL 50 mM Na+/K+ phosphate buffer (pH 7.3). Assays 
were terminated by vacuum filtration by using a cell harvester 
(Brandel, Gaithersburg, MD). Filters (Whatman GF/B, Brandel, 
Gaithersburg, MD) were washed 3 times with ice-cold isotonic 
saline. The radioactivity on each filter was quantified by using a 
liquid scintillation counter (model LS5801, Beckman Instruments, 
Fullerton, CA).

To test the ability of oxotremorine to compete for [3H]NMS 
binding sites, tissue was incubated without or with 10 µM GTPγS 
prior to performing oxotremorine competition curves. Competi-
tion curves were analyzed by using Graph Pad Prism 4.0 software 
(GraphPad Software, San Diego, CA) with a one-site fit.

Statistical analysis. Data files generated during the experiments 
were imported to Excel spreadsheets (Microsoft, Redmond, WA) 
and assessed for integrity and distributional characteristics. De-
scriptive statistics and graphic depictions were used to determine 
whether transformations were necessary to meet the assumptions 
of the inferential statistical procedures used. Statistical procedures 
were implemented with SPSS 14.0 (SPSS, Chicago, IL) and NCSS 
2007 (NCSS, Kaysville, UT).

ANOVA was the primary method for examining the relation-
ship between means related to treatment conditions. The analyses 
included main effects and all interactions. Factorial and one-way 
ANOVA and estimation of simple effects were used for measure-
ments made at a single point in time. Longitudinal measurements 
used mixed ANOVA with repeated measurements. If data did not 
meet assumptions concerning sphericity, the Greehouse–Geisser 
correction was used. When an independent variable had more 
than 2 levels, or if an interaction was detected between 2 or more 
variables, tests were conducted subsequent to the overall ANOVA 
to determine specifically which pairs of means differed from each 
other. Comparisons were limited to those specified in advance. 

Mice were euthanized for tissue collection at 30 h after inocu-
lation. This postinoculation time point is associated with differ-
ences in sleep that have been linked to the quantitative trait locus 
Srilp, which incorporates Chrm2.34 Hypothalamus was removed 
based on visual localization from the ventral surface of the brain. 
The brain then was sectioned by using 2 coronal cuts, one at the 
level of the optic chiasm, and the other about 1 mm rostral to the 
optic chiasm (approximately 0.014 mm anterior to and 0.34 mm 
posterior to bregma, respectively).24 Basal forebrain was removed 
from the slice according to the visual landmarks of the anterior 
commissure, third ventricle, striatum, and olfactory tubercle. For 
PCR experiments, tissues from 2 to 5 mice were pooled for analy-
sis, and 4 to 5 independent replications were performed.

Infection was verified for all mice by measuring pulmonary vi-
ral titers using a plaque formation assay in which monolayers of 
Madin–Darby canine kidney fibroblasts were incubated with seri-
al 10-fold dilutions of lung homogenate. The tissue samples used 
in this study had been assessed previously for expression of vari-
ous genes (Temt/Imnt, Ptgds, and Lcn2). Influenza titers measured 
in lung at 30 h after infection were 29 ± 5 pfu for BALB/cByJ mice 
(n = 44) and 29 ± 7 pfu for C57BL/6J mice (n = 36; the high numbers 
of samples are due to individual measurements of titers in lungs 
of all mice included in pooled samples).

When collected for RT-PCR, tissues were placed in RNALater 
(Ambion, Austin, TX) immediately after dissection. Total RNA 
was extracted by using TRIzol (Invitrogen, Carlsbad, CA) and 
was digested with DNase I (Invitrogen). cDNA was synthesized 
from total RNA by using Superscript (Invitrogen). Expression of 
Chrm2 was estimated by RT-PCR by using a primer pair designed 
according to the sequence of murine Chrm2 (NCBI sequence 
XM_145245). The sense primer was 5′ CAC TGG GAG AAG TGG 
AGG AG 3′ (nucleotides 137 to 156), and the antisense primer 
was 5′ CCC AGA GGA TGA AGG AAA GA 3′ (nucleotides 918 
to 937). The glyceraldehyde-3-phosphate dehydrogenase gene 
(Gapdh, BC083149) was used as reference or ‘housekeeping’ gene; 
the sense primer was 5′ AAC GAC CCC TTC ATT GAC 3′ (nu-
cleotides 130 to 147), and the antisense primer was 5′ GAA GAC 
ACC AGT AGA CTC CAC 3′ (nucleotides 316 to 336). The PCR 
mix (10 μL) consisted of 1 μL cDNA, 1 μL each 10-pmol primer, 
reaction buffer, 200 μM each dNTP, 2.5 mM MgCl2, and 0.5 U Taq 
polymerase (Invitrogen). Reactions were carried out in a thermo-
cycler (5 min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 1 
min at 58 °C, and 2 min at 72 °C). PCR products were separated 
electrophoretically on agarose gels and visualized with ethidium 
bromide under UV illumination.

Chrm2 sequence and genotype analysis. cDNA was synthe-
sized from the lungs of C57BL/6J and BALB/cByJ mice. Three 
primer pairs were designed according to the sequence of murine 
Chrm2 gene (XM_145245). The PCR mix (10 μL) consisted of 1 μL 
of DNA, 1 μL of each 10-pmol primer, reaction buffer, 200 μM 
each dNTP, 2.5 mM MgCl2, and 0.5 U Taq polymerase (Invitro-
gen). Reactions were carried out in a thermocycler (5 min at 94 °C, 
followed by 35 cycles of 1 min at 94 °C, 1 min at 58 °C, and 2 
min at 72 °C). PCR products were purified from the agarose gel 
by using a GeneClean II Kit (Q.BIO Gene, Carlsbad, CA). The 
University of Iowa DNA Core Facility (Iowa City, IA) performed 
sequence analysis by using the BigDye Terminator version 3.1 
Cycle Sequencing Kit (ABI Applied Biosystems, Foster City, CA) 
and an Prism 3100 Genetic Analyzer (ABI Applied Biosystems). 
Polymorphisms were identified by comparing sequences from 
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At 30 min after injection, OXO induced significant dose-related 
hypothermia (P = 0.015), prolongation of reaction time in the hot 
water withdrawal and hot plate reaction tests (P < 0.001), and an 
increase in the proportion of mice showing tremor and salivation 
(P < 0.001). However, these effects were not significantly influ-
enced by mouse strain (Figure 2).

A second study evaluated heart rate, core temperature, and the 
severity of tremor and salivation at 30 min after administration of 
0.1 mg/mg OXO to C57BL/6J, BALB/cByJ, and select strains of 
CXB RI mice (Figure 3). OXO administration induced significant 
strain-dependent variation in bradycardia (P = 0.002), hypother-
mia (P = 0.006), tremor severity (P < 0.0001), and salivation sever-
ity (P = 0.003). However, these variations were not correlated with 
the presence or absence of the Chrm2 mutation (Table 1).

Startle response and PPI of startle. Two studies were performed 
to evaluate behavioral responses to acoustic stimuli: startle re-
sponse and PPI of startle. The first study compared C57BL/6J 
and BALB/cByJ mice. Basal activity levels (that is, force applied 
to the sensing plate with no startle stimulus presented) of the 2 
strains were similar, suggesting similar levels of ambulation and 
grooming. In the presence of constant background noise, startle 
amplitudes (measured in terms of force) were significantly larger 
in BALB/cByJ mice (1.37 ± 0.22 Newtons) than in C57BL/6J mice 
(0.66 ± 0.11 Newtons; n = 10 per strain; P = 0.009). In terms of gap 
detection, neither strain reliably detected gaps of 10 ms or lower, 
C57BL6/J mice detected 15-ms gaps, and both strains detected 
50-ms gaps, although C57BL/6J were more reliable (Figure 4).
 Collapsing data over all gap durations revealed no significant 
difference in overall gap detection between the 2 strains, given 
that the 2-way ANOVA (gap duration × strain) was not significant 
(P = 0.943). However, the main effect for strain revealed a trend 
(P = 0.092) for better gap detection in C57BL/6J mice. Follow-up t 
tests revealed significant differences in gap detection in C57BL/6J 
and BALB/cByJ mice at gaps of both 15 ms (P = 0.047) and 50 ms 
(P = 0.006). Both strains showed similar, modest PPI in response 
to a 5-dB prepulse over background, with no difference between 
strains (P = 0.939; Figure 4). However, C57BL/6J mice had a more 
robust PPI to a 10-dB prepulse above background; this response 
was significantly (P = 0.002) greater than that of BALB/cByJ mice 
(Figure 4).

The second study compared the responses of 4 strains of CXB 
RI mice in a quiet background. Startle amplitude was signifi-
cantly (P = 0.002) different across RI strains (Figure 5). Follow-up 
Scheffe tests for multiple comparisons revealed significant differ-
ences between CXB3 and CXB6 (P = 0.019) and CXB6 and CXB9 
(P = 0.018) mice. Trends suggestive of differences emerged when 
CXB3 and CXB12 (P = 0.084) and CXB9 and CXB12 (P = 0.080) 
mice were compared.

In addition, RI strains were tested for PPI by using stimuli of 
30, 45, and 60 dB in a quiet background, rather than the 5 or 10 dB 
above a 60-dB background that was used when testing C57BL/6J 
and BALB/cByJ mice. This modification allows more sensitive 
determination of whether differences in PPI were due to hearing 
loss or general deficits in sensory gating. PPI varied across the 
RI strains (significant main effect for strain, P = 0.05; Figure 5). 
Follow-up Scheffe tests performed across strains revealed a mar-
ginally significant (P = 0.054) difference when comparing CXB6 
and CXB9 mice. In addition, the significant (P = 0.002) strain × PPI 
intensity interaction suggested that the differences across strains 

For planned comparisons in which the numbers of comparisons 
did not exceed the degrees of freedom, the omnibus test was not 
conducted, and planned comparisons were performed without 
adjustment of the α level. If the number of planned comparisons 
exceeded the available degrees of freedom, Bonferroni adjust-
ments were made. The Dunnett test was used to compare the 
mean of a single control group with means of the other groups. 
The Scheffé procedure was used for post hoc comparisons. A val-
ue of P < 0.05 was considered to indicate a statistically significant 
effect.

Measures of association between 2 discrete variables were ana-
lyzed by using the χ2 test. If expected frequencies were too small 
for a valid χ2 test, the Fisher exact test was used.

Results
Identification and expression of Chrm2 mutation. Chrm2 se-

quence analysis was performed by using cDNA synthesized from 
the lungs of C57BL/6J and BALB/cByJ mice. A C→T single nu-
cleotide substitution was found at nucleotide 797 from the start 
codon in the Chrm2 gene of BALB/cByJ mice. This substitution, 
C797T, results in an amino acid change from proline to leucine 
at position 266 (P266L) of the protein CHRM2. The P266L mis-
sense mutation is located in the third intracellular loop of the 
CHRM2 protein, between 2 M2R-binding regions.11 P266 and the 
surrounding residues of CHRM2 are relatively conserved across 
species, including human, rat, mouse, and swine (Figure 1 A).

This point mutation was confirmed by using the restriction 
enzyme Sac II to digest the 451-bp PCR product that incorporates 
the substitution. The C797T nucleotide substitution in the Chrm2 
gene caused loss of a recognition site for the restriction enzyme 
SacII, such that the BALB/cByJ cDNA was resistant to SacII and 
remained as a 451-bp unit. In contrast, the PCR product from 
C7BL/6J mice was cleaved into the 2 expected fragments of 392 
and 59 bp.

The C797T nucleotide substitution was used as a marker to ge-
notype several inbred strains of mice, including the 13-strain CXB 
RI set (Figure 1 B). The resultant strain distribution pattern shows 
that the mutation is also present in A/J and DBA/2J mice and in 
some lines of the CXB RI set but not in C3H/HeJ mice. In addi-
tion, the mutation is present in mouse strains BALB/cJ, BALB/
cAnNHsd, BALB/c01aHsd, BALB/cAnNCrl, BALB/cAnNTac, 
and AKR/J (data not shown).

To determine whether the mutation influenced gene expression 
in brain, hypothalamus and basal forebrain collected from unin-
fected and influenza-infected C57BL/6J and BALB/cByJ mice un-
derwent RT-PCR analysis. The PCR product for Chrm2 cDNA was 
clearly visible in both structures of uninfected and infected mice 
(Figure 1 C). Densitometry and normalization to Gadph product 
did not reveal significant differences in expression as a function 
of either mouse strain or health status.

Effect of the P266L Chrm2 mutation on M2R-related physiology 
and behavior. Responses to the muscarinic agonist OXO. Adminis-
tration of the muscarinic agonist OXO causes hypothermia, trem-
or, and analgesia in genetically intact mice but not in mice that 
lack Chrm2.36 To test whether M2R-related responses differ be-
tween strains that do or do not have a P266L mutation of Chrm2, 
C57BL/6J and BALB/cByJ mice were treated with various doses 
of OXO, and physiologic signs of M2R activation (tremor, saliva-
tion, pain perception, and core temperature) were evaluated.
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Discussion
Extensive characterization of mice with genetic deletion of 

each of the 5 muscarinic receptor subtypes has revealed that 
some physiologic and pharmacologic effects are elicited specifi-
cally by M2R stimulation in mice, as opposed to other muscarinic 
receptor subtypes.36 Our data confirm the presence of a single-
nucleotide polymorphism and an associated amino acid substitu-
tion in A/J and DBA/2J mice as compared with C57BL/6J mice 
(Mouse Genome Informatics SNP query for Chrm2; http://www.
informatics.jax.org/searches) and further report the presence of 
this mutation in BALB/c-based strains, AKR/J and some CXB 
RI strains of mice, but not in C3H/HeJ mice and other CXB RI 
strains. The polymorphism that we detected potentially could 
influence various measures of receptor function, including af-
finity for agonists or antagonists, regulation of acetylcholine 
release in structures that receive cholinergic input, and efficacy 

were dependent on the intensity of the prepulse stimulus used 
(Figure 5).

Receptor binding and signal transduction. The inhibitory po-
tencies (IC50) of OXO for competing at [3H]NMS binding sites 
were statistically similar for C57BL/6J and BALB/cByJ mice (0.44 
± 0.18 and 0.47 ± 0.05 µM, respectively; n = 4; data not shown).

A characteristic of G-protein–coupled receptors is the ability of 
GTPγS to shift competition curves.4 Incubation of heart homoge-
nates from BALB/cByJ mice with 10 µM GTPγS shifted the OXO 
competition curve from IC50 values of 0.39 ± 0.04 µM to 0.58 ± 0.25 
µM (n = 3; Figure 6). Homogenates from C57BL/6J mice showed 
a shift in IC50 values in the presence of GTPγS from 0.44 ± 0.23 to 
1.59 ± 0.75 µM (n = 3; Figure 6). These effects were not significant-
ly different between the 2 strains.

Figure 1. Chrm2 genotype and expression in inbred mouse strains. (A) Species and mouse strain comparisons of the amino acids surrounding P266L in 
CHRM2 (from http://www.ncbi.nlm.nih.gov/). An ID number is not available for BALB/cByJ mice, as this is the first identification of this sequence 
and it is not yet in the NCBI database. (B) The Sac II restriction enzyme and cDNA products of PCR amplification were used to create a marker for 
genotyping. The first lane on each gel represents a molecular weight ladder. The BALB/cByJ allele, which is resistant to the enzyme, is visible as a 451-
bp band. The C57BL/6J allele is cleaved by the enzyme, resulting in a 392-bp fragment and a 59-base pair fragment that, due to its low weight, is not 
visible on the gel. Numbers 1 through 13 denote CXB recombinant inbred strains. The C57BL/6J allele is shared by strains C3H/HeJ and CXB strains 1, 
2, 4, 11, 12, and 13. The BALB/cByJ allele is shared by strains A/J, DBA/2J, and CXB strains 3, 5, 6, 7, 8, 9, and 10. (C) Hypothalamus and basal forebrain 
were collected at 30 h after inoculation of mice with either uninfected allantoic fluid or allantoic fluid that contained influenza virus for measurement 
of Chrm2 mRNA. U, uninfected; I, influenza-infected, B6, C57BL/6J; C, BALB/cByJ.
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cause basal forebrain and hypothalamus are acetylcholine-rich 
regions that high levels of M2R and are associated with sleep, 
arousal, and temperature control during states of both health and 
illness.9,19,28

In addition, C57BL/6J and BALB/cByJ mice differ in their som-
nogenic and immunologic responses to influenza infection,7,33 
leading us to speculate that the Chrm2 polymorphism could have 
greater physiologic effect during illness. Third, the 2 strains of 
mice responded similarly in terms of hypothermia, tremor, sali-
vation, and analgesia to in vivo administration of OXO. Although 
these responses to OXO are impaired in mice that lack Chrm2 but 
not in mice that lack genes for other muscarinic receptors,36 we 
found no evidence that the Chrm2 mutation was associated with 
modification of these effects.

We were also unable to demonstrate a relationship between the 
Chrm2 mutation and acoustic startle and PPI. Startle and PPI are 
dissociable traits. For example, muscarinic agonists can inhibit 
startle without affecting PPI.14 The neuronal circuits that mediate 
startle and PPI share anatomic components, although the PPI 

of signal transduction in mouse strains that bear the mutation. 
For example, BALB/c mice recently were reported to lack M2R-
mediated cholinergic airway tone,18 and airway smooth muscle 
tone is heavily modulated by M2R.13,27,39 In humans, a common 
Chrm2 polymorphism has been associated with poor response to 
bronchodilators in asthmatic patients30 and poor outcomes after 
acute myocardial infarction.10

However, despite these relationships, we detected no differ-
ence between C57BL/6J and BALB/cByJ mice in several types of 
assessments that are relevant to M2R function. First, these strains 
showed no differences in competition of OXO at [3H]NMS bind-
ing sites in heart homogenate or in a shift in the OXO competition 
curve in the presence of GTPγS. Second, Chrm2 transcription in 
basal forebrain and hypothalamus of these strains was not in-
fluenced by genotype and/or health status (that is, influenza in-
fection). However, measuring expression of Chrm2 at the cDNA 
level by using 35 cycles, as we did, is not quantitative and only 
confirms presence or absence of the transcript. The assessment 
of these brain areas and influenza infection was undertaken be-

Figure 2. Physiologic and behavioral responses to oxotremorine in C57BL/6J and BALB/cByJ mice. Body temperature, salivation, tremor, and reactions 
to painful stimuli were assessed 30 min after intraperitoneal injection of vehicle (pyrogen-free saline) or 1 of 3 doses of OXO (0.1, 0.2, or 0.3 mg/kg; 
n = 8 per strain at each dose). Tremor was assessed as: 0, no tremor; 1, intermittent head and body tremor; or 2, nearly continuous whole-body tremor. 
Salivation was assessed as: 0, none; 1, mild; 2, moderate; or 3, severe. For all panels, data are presented as mean ± SEM (bars).
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plitude in BALB/cByJ mice as compared with C57BL/6J mice. 
These characteristics could reflect a higher basal state of arousal 
in BALB/cByJ mice. However, BALB/c mice also experience 
significant age-related hearing loss that develops earlier than in 
C57BL/6 mice,38 and hearing loss has been associated with great-
er startle amplitude as long as the frequency characteristics of the 
startle stimulus are in the still-audible range of hearing.12 In ad-
dition, the greater gap detection and PPI of C57BL/6J compared 
with BALB/cByJ mice potentially are related to poor hearing in 
the latter strain. The greater PPI of the CXB6 strain suggests better 
hearing or sensory gating in that strain as compared with the oth-
ers. Similarly, less and greater startle, as seen in CXB6 and CXB12 
compared with CXB3 and CXB9 strains, suggests less and greater 
tonic inhibition of the startle reflex, respectively. Therefore, these 
strain differences could be related to differences in either baseline 
arousal or hearing, with relatively lower inhibitory muscarinic 
tone associated with relatively greater startle. However, we were 
unable to demonstrate association between these responses and 
the Chrm2 mutation. The significant strain × PPI intensity interac-
tion appeared to be driven by the inverse pattern of responding as 
a function of prepulse intensity in CXB3 and CXB6 strains.

circuit contains additional structural elements.20,38 With regard to 
startle, auditory signals pass through the cochlear nucleus and the 
giant neurons of the pontine reticular nucleus before impacting 
the motor neurons.20 In contrast, auditory signals responsible for 
PPI pass to the pontine reticular nucleus through the inferior col-
liculus, the forebrain, and other structures. The pontine reticular 
nucleus, which contains abundant inhibitory muscarinic recep-
tors, is widely viewed as the sensorimotor interface for startle and 
PPI. Therefore, within the pontine reticular nucleus, information 
about prepulse stimuli and other relevant cues converges with 
the startle stimulus; the output of the pontine reticular nucleus is 
then directed to the spinal motor neurons to produce the startle 
reflex.3 The muscarinic receptors in the pontine reticular nucleus 
have a prominent role in modulating startle and its inhibition 
by prepulse stimuli.2 Acetylcholine acts on M1R and M2R in the 
principal sensory trigeminal nucleus of rats and mice to contrib-
ute to selective gating of ascending sensory transmission.16

Various strains of inbred mice differ substantially in sensorimo-
tor gating, as behaviorally identified by measuring PPI.38 Con-
sistent with a previous report,1 we observed less PPI in BALB/
cByJ mice than in C57BL/6J mice, as well as greater startle am-

Figure 3. Physiologic and behavioral responses to oxotremorine in C57BL/6J, BALB/cByJ, and CXB recombinant inbred mice. Body temperature, 
heart rate, tremor, and salivation were assessed at 30 min after intraperitoneal injection of 0.1 mg/kg oxotremorine (C57BL/6J, n = 6; BALB/cByJ, 
n = 6; CXB2, n = 5; CXB3, n = 6; CXB5, n = 5; CXB6, n = 10; CXB9, n = 10; CXB12, n = 7). Tremor was assessed as: 0, no tremor; 1, intermittent head and 
body tremor; or 2, nearly continuous whole-body tremor. Salivation was assessed as: 0, none; 1, mild; 2, moderate; or 3, severe. For all panels, data are 
presented as mean ± SEM (bars).
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Among the phenotypic differences examined here, none cor-
responds reliably with the specific Chrm2 genotype across several 
strains of CXB RI mice (Table 1). This lack of association indi-
cates that the Chrm2 genotype is not a major factor in mediat-
ing expression of these phenotypes. However, several caveats 
prevent the broad conclusion that this mutation does not encode 
a phenotype. First, our primary comparisons were of 2 inbred 
strains that differ widely according to analysis of single-nucleo-
tide polymorphisms,26 and numerous differences between these 
2 strains are well established.25 These major and fundamental 
strain differences may have masked or precluded detection of the 
phenotypic effect of a single point mutation. Second, the expres-
sion of a phenotype depends on the genetic background; some 
backgrounds may be permissive for expression of a phenotype, 
whereas others are not. More definitive demonstration of lack 
of a phenotype associated with Chrm2 polymorphisms would 
require creating congenic strains of mice such that the C57BL/6J 
allele for Chrm2 was present on the BALB/cByJ background, and 
vice versa. However, even this approach is not conclusive because 
congenic mice retain a genomic segment from the donor strain 
that encompasses the gene of interest and because the genomic 
backgrounds of either strain could mask phenotypes that might 
be apparent in other (that is, permissive) strains. Third, various 
physiologic and environmental factors can influence expression 
and detection of a phenotypic difference between mouse strains. 
Fourth, the phenotypes tested here represent only a subset of pro-
cesses that are influenced by M2R. A different approach to testing 
the phenotypes we selected here or testing additional different 
CHRM2-associated processes (for example, using electrophysi-
ologic patch-clamp approaches) potentially could reveal a dis-
cernable effect of the mutation. Such considerations reduce the 
likelihood of ever being able to entirely rule out the possibility 
that a genotype–phenotype relationship associated with a point 
mutation does not exist for any given process under some combi-
nation of genetic background, polymorphisms, physiologic state, 
and environment. Furthermore, our study reinforces the reality 
that despite the controlled environment and genetics of labora-
tory mice, associating complex phenotypes with a single gene is 
difficult. This complexity suggests caution in the interpretation 
of similar human studies seeking to identify single-gene effects 
on complex phenotypes, given that human studies generally are 
associated with far more genetic and environmental variability 

Table 1. Chrm2 genotype and phenotype strain distribution patterns

Strain Chrm2 genotypea Startle amplitudeb PPIc

Responses at 30 min after injection of 0.1 mg.kg oxotremorine

Hypothermia (°C) Tremord Salivationd Bradycardia (bpm)d

BALB/cByJ BALB/cByJ high impaired −4.4 ± 0.4 1.5 ± 0.2 1.5 ± 0.2 −98 ± 22
C57BL/6J C57BL/6J low normal −4.0 ± 0.6 1.8 ± 0.2 1.2 ± 0.3 −151 ± 39
CXB2 C57BL/6J not tested not tested −6.3 ± 0.5 1.8 ± 0.2 1.8 ± 0.2 −86 ± 69
CXB3 BALB/cByJ low impaired −5.1 ± 0.6 2.0 ± 04 0.8 ± 0.2 −190 ± 22
CXB5 BALB/cByJ not tested not tested −3.7 ± 0.6 2.0 ± 0.3 1,4 ± 0.4 −157 ± 21
CXB6 BALB/cByJ high normal −4.5 ± 0.4 1.9 ± 0.1 1.3 ± 0.2 −221 ± 44
CXB9 BALB/cByJ low impaired −6.5 ± 0.5 0.7 ± 0.2 0.6 ± 0.2 −38 ± 23
CXB12 C57BL/6J high impaired −4.9 ± 0.7 1.8 ± 0.2 0.3 ± 0.2 −81 ± 15
aData from Figure 1
bData from Figures 4,5; relative amplitudes
cData from Figures 4,5 (10 dB)
dData from Figures 2,3

Figure 4. Gap detection and prepulse inhibition in C57BL/6J and BALB/
cByJ mice. In the top panel, baseline and startle amplitudes were collect-
ed in the presence of a 60-dB SPL broadband background noise. Baseline 
values provide an estimate of the force applied to the testing plate when 
the mouse is ambulating, grooming, and so forth (that is, not during the 
startle stimulus). Startle stimuli consisted of 110-dB SPL, 20-ms noise 
bursts. The responses to gaps were measured by comparing trials with 
a startle-only stimulus and trials consisting of the same startle stimulus 
preceded by a silent gap in the background noise. During the gap, the 
60-dB background noise was turned off. Gap duration varied from 0 ms 
(startle-only trials) to 50 ms, and the beginning of the gap was always 
100 ms before the presentation of the startle stimulus. Overall gap detec-
tion was not significantly different between C57BL/6J and BALB/cByJ 
mice (n = 10 per strain). In the bottom panel, prepulse inhibition (PPI) 
was determined by using stimuli of either 5 or 10 dB above the back-
ground noise (65 or 70 dB). Stimuli were 50 ms in duration and always 
began 100 ms before the presentation of the startle stimulus. PPI differed 
significantly (P = 0.002) between strains at 10 dB above background. For 
both panels, data are presented as mean ± SEM (bars).
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