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Tapper AR, McKinney SL, Marks MJ, Lester HA. Nicotine
responses in hypersensitive and knockout a4 mice account for toler-
ance to both hypothermia and locomotor suppression in wild-type
mice. Physiol Genomics 31: 422-428, 2007. First published August
21, 2007; doi:10.1152/physiolgenomics.00063.2007.—Nicotinic re-
ceptors containing the a4 subunit (a4* nAChRs) have high sensitivity
and are widely expressed in the central nervous system, yet their
contributions to behavioral tolerance, a hallmark of nicotine depen-
dence, are unclear. To evaluate the contribution of a4* and non-a4
nAChRs in the development of tolerance to hypothermia and loco-
motor suppression, a4 knockout (KO), hypersensitive Leu9’'Ala a4
knock-in, and wild-type (WT) mice received daily nicotine injections,
and their behaviors were compared. Repeated selective activation of
a4* nAChRs in Leu9’Ala mice produced profound tolerance to
hypothermia over 7 days, whereas no tolerance was observed in a4
KO animals. The summed time course and temperature response (after
appropriate normalizations) from these two mutant mouse strains
resembled the time course of WT tolerance. In addition, daily selec-
tive activation of o4* nAChRs elicited locomotor activation in
Leu9’Ala mice, but nicotine suppressed activity in a4 KO mice and
this did not change with daily drug exposure. Again, appropriately
combined responses from the two mutant strains resembled the
biphasic nicotine-induced activity in WT animals. Thus, by analyzing
nicotinic responses in two complementary mouse lines, one lacking
a4* nAChRs, the other expressing hypersensitive a4* nAChRs, one
can accurately separate non-a4 nAChR responses from a4 nAChR
responses, and one can also account for WT tolerance to both
hypothermia and locomotor suppression. Our study suggests a new
paradigm for bridging the gap between genetic manipulation of a
single receptor and whole animal behavioral studies and shows that
activation of a4* nAChRs is both necessary and sufficient for the
expression of tolerance.
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NEURONAL nAChRs are cation-selective ligand-gated ion chan-
nels that are activated by the endogenous ligand, acetylcholine,
as well as the naturally occurring alkaloid found in tobacco,
nicotine. At present, 12 neuronal nicotinic acetylcholine recep-
tor subunits have been identified («2—-10 and B2-4)(12). The
majority of subunits form functional heteromeric pentamers,
while a subset may form homomeric receptors. Thus, a myriad
of nAChR subtypes may exist. Identification of nAChR sub-
types specifically involved in dependence-related behaviors
will give insights into the mechanism of nicotine dependence
and will help to identify specific neural circuits that participate
in addiction (17).
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Previously, we have engineered and characterized a mouse
line expressing a single point mutation in the M2 domain of the
a4 nAChR subunit (3, 7, 16). This mutation, Leu9’Ala, renders
o4* nAChRs hypersensitive to nicotine by ~50-fold compared
with wild-type (WT) mice. In the absence of specific agonists,
this “knock-in” Leu9’Ala mouse line allows for the selective
activation of a4* receptors with small doses of nicotine that do
not activate other nAChR subtypes. Leu9’Ala mice exhibit
dependence-related behaviors including tolerance and sensiti-
zation when challenged with daily injections of nicotine at
doses that have little effect in WT animals. However, locomo-
tor and hypothermia tolerance profiles in Leu9’Ala mice differ
from those of WT mice tested at 50-fold higher nicotine doses,
indicating that a4* nAChR-mediated responses in WT mice
are likely confounded by responses due to activation of other
non-a4* nAChR subtypes. Indeed, nicotine doses required to
elicit physiological responses in WT mice, and those doses that
occur in smokers, activate multiple receptor subtypes (6, 19).

Mouse strains have also been developed that lack o4
nAChRs (9, 15). In this report, we utilize these two comple-
mentary mouse models to evaluate the role of a4* nAChRs in
the response to nicotine. The Leu9’Ala line can be used to
selectively activate a4* nAChRs with low doses of nicotine.
The a4-null or knockout line (a4KO) allows us to determine
the response to nicotine that is mediated by non-a4* nAChRs.
We ask whether experimental data can be subjected to simple
algorithms that account for the WT nicotine effects based on
responses from these two mutant strains. A comparison of
nicotine-mediated effects in these two lines does implicate a4*
nAChRs in a hallmark of dependence: tolerance.

METHODS
Mice

All experiments were conducted in accordance with the guidelines
for care and use of animals provided by the National Institutes of
Health, as well as with an approved animal protocol from the Cali-
fornia Institute of Technology animal care and use committee. Ani-
mals were kept on a standard 12-h light/dark cycle and given food and
water ad libitum. To minimize variability in responses due to genetic
background differences, mice from both Leu9’Ala and a4 KO lines
were back-crossed at least eight generations to the C57BL/6J strain
with the exception of animals used for Fig. 3, A and B, which were
back-crossed at least three generations (8).

Telemetry Probes

Vital View PDT-4000 temperature and activity telemetric probes
were used (Respironics). For implantation, mice were anesthetized
with halothane, and a 1-cm incision was made at the back of the neck.
Probes were inserted subcutaneously into the back. The incision was
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sealed with surgical glue, and the mice were allowed to recover for
48 h. Temperature and activity data were acquired at 30-s intervals
using Vital View software and analyzed in Origin.

Nicotine Administration

Nicotine base was used in all behavioral experiments and admin-
istered through intraperitoneal injection with 1-ml syringes. Nicotine,
mecamylamine, and SCH23390 were obtained from Sigma. Animals
were injected daily with saline for at least 3 days prior to the start of
each temperature and activity experiment, and average temperature
changes for saline injections were <0.2°C. Preinjection with
SCH23390 did not produce significant temperature changes compared
with saline. All activity and body temperature measurements were
recorded in the home cage.

Calculations

Predicted hypothermia tolerance profiles. We assume that, in WT
mice, there are at least two components of nicotine-induced hypother-
mia and that these are mediated by at least two nAChR subtypes
whose pathways are parallel and additive. We therefore write, ATwrt
= ATa + ATn, where ATwr is the total change in body temperature
for WT, AT, is the change in body temperature due to activation of
ad4* nAChRs, and ATy is the change in body temperature due to
activation of non-a4* nAChRs. For Leu9’Ala mice injected with
0.015 mg/kg nicotine, AT cuorala = ATa, whereas for a4 KO mice
injected with 2 mg/kg nicotine, AT,axo = ATn. Thus, we predict that
ATwrt = ATicworaln + ATwako for each daily exposure to nicotine.

To measure tolerance to nicotine-induced hypothermia, we injected
Leu9'Ala, a4 KO, and WT mice with 0.015 mg/kg, 2 mg/kg nicotine,
and 2 mg/kg nicotine ip, respectively, once daily over the course of
7 days. WT mice received 2 mg/kg nicotine for comparison
because this dose would be expected to maximally activate high-
sensitivity a4* nAChRs while also activating lower-sensitivity,
non-a4* nAChRs, presumably activated by the same dose in a4
KO mice. Doses >2 mg/kg induce seizures in appreciable numbers
of mice and, therefore, were not tested. This strategy could be
confounded by compensatory or developmental changes in expres-
sion of other nAChR subtypes in Leu9'Ala or a4 KO mice.
However, to date, radioligand binding and in situ hybridization
analyses have revealed no such changes (3, 15, 16).

We measured the maximal change in temperature (usually nega-
tive) within 40 min after a nicotine injection on day n; usually this
extremum occurred at ~25 min. We averaged these changes for all
mice of each genotype to obtain AT(n)n, AT(n)a, AT(n)wr on each
day n. We then define

At(n)y = AT(n)N/[AT(1), + AT(1)y], (1)
At(n), = AT(n)J/[AT(1), + AT(1)y] (2)
At(n)wr = AT(1)wr/AT(1)wr. 3

In most cases, —1 < At(n)n, At(n)a, At(n)wr < 0.
Thus, we predict WT activity after a nicotine injection on day n:

At(n)wr = At(n)y + At(n), €}

Predicted locomotor profiles. We assume there are at least two
nicotine-induced components that affect locomotor activity in WT
mice, an a4* nAChR and non-a4* nAChR component. We write, L =
BwrW = Bwr*(AN), where L is total locomotor activity after nicotine
exposure, and B is the average baseline activity over 30 min imme-
diately following a saline injection. A, N, and W are positive dimen-
sionless parameters. A describes the effect of a4* nAChR activation
on activity and equals unity for the KO strain. N describes the
non-a4* nAChR effect on activity and equals unity for nicotine doses
too low to activate non-a4 receptors. The parameter W is defined
similarly for WT mice. Because activity is affected in opposite
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directions for a4 KO and Leu9’Ala strains but cannot have a negative
value, multiplication is more appropriate than simple addition for
combining the two processes, thus W = AN. For Leu9’'Ala mice
injected with 0.015 mg/kg nicotine Ly = BaA. Then A = La/Ba. For
a4 KO mice injected with 2 mg/kg nicotine, Ly = BnN. Then, N =
Tn/Bn.

To measure locomotor effects of nicotine, we injected Leu9’Ala,
a4 KO, and WT mice with 0.015 mg/kg, 2 mg/kg nicotine, and 2
mg/kg nicotine ip, respectively, once daily over the course of 6 days.
We averaged total activity during 30 min immediately after each
nicotine injection for all mice of each genotype to obtain L(n)a, L(n)n,
and L(n)wr on each day, n. Then:

Ly(n) = ByN(n) (5)
La(n) = ByA(n) (6)
Thus, one predicts WT activity after a nicotine injection on day n:

Lyr(n) = ByrA(n)N(n) (7)

Statistical Tests

Significance in all experiments was determined by one-way
ANOVA followed by post hoc analysis (Tukey test unless otherwise
stated).

RESULTS
Hypothermia

Acute nicotine injection elicits hypothermia in mice (13).
Figure 1A illustrates the dose-response relationships for nico-
tine-induced hypothermia in WT, Leu9’Ala, and a4 KO mice.
Previously, we reported that Leu9’Ala exhibit a leftward-
shifted dose-response relationship compared with WT (16).
We repeat this result here, using Leu9’Ala mice on a congenic,
C57BL/6J background. The congenic Leu9’Ala mice are ~50-
fold more sensitive than WT to the hypothermic effects of
nicotine, similar to the previously studied Leu9’Ala mutant
line on a mixed genetic background.

In a4 KO mice, 0.5 mg/kg nicotine does not elicit hypother-
mia, and this is significantly different from the nicotine effect
in WT animals (1.09 = 0.07°C in a4 KOs compared with
—2.08 = 0.390°C in WT, P < 0.001, F, 14 = 97.4, Fig. 1A).
When challenged with higher doses of nicotine, 1 or 2 mg/kg,
a4 KO mice do exhibit hypothermia although at significantly
less levels than WT mice challenged with the same dose. It is
not possible to provide EDs, values because two of the dose-
effect relations do not saturate at high nicotine doses; instead,
we present nicotine doses that induced a 2°C decrease: 0.009,
0.4, and 1.7 mg/kg, for L9'A, WT, and a4, respectively.

We previously reported that in WT and Leu9’Ala mice, the
noncompetitive nicotinic antagonist, mecamylamine, signifi-
cantly blocked nicotine-induced hypothermia (16). We now
report that mecamylamine also blocked nicotine-induced hy-
pothermia in a4 KO mice. The body temperature of a4 KO
mice challenged with 2 mg/kg nicotine 15 min after a saline
injection decreased 2.74 = 0.31°C, while body temperature
dropped only 0.80 = 0.11°C in a4 KO mice pretreated with 2
mg/kg mecamylamine (P < 0.001, F, o =29.4, Fig. 1B). The
peripheral nicotinic receptor antagonist, hexamethonium, did
not significantly block nicotine induced hypothermia in either
a4 KO or Leu9’Ala mice [1 mg/kg, data not shown, not
significant (NS), n = 6 per genotype].
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