? frontiers ‘ Frontiers in Psychiatry

@ Check for updates

OPEN ACCESS

EDITED BY
Rosana Camarini,
University of Sdo Paulo, Brazil

REVIEWED BY
Marta Miquel,

Area de Psicobiologia. Universitat Jaume |,
Spain

Gabriel Costa,

McGill University Health Centre, Canada

*CORRESPONDENCE
Tamara J. Phillips
phillipt@ohsu.edu

RECEIVED 16 April 2024
ACCEPTED 26 July 2024
PUBLISHED 30 August 2024

CITATION

Reed C and Phillips TJ (2024) Does tolerance
to ethanol-induced ataxia explain the
sensitized response to ethanol?

Front. Psychiatry 15:1418490.

doi: 10.3389/fpsyt.2024.1418490

COPYRIGHT

© 2024 Reed and Phillips. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Psychiatry

TvpPE Original Research
PUBLISHED 30 August 2024
DOI10.3389/fpsyt.2024.1418490

Does tolerance to ethanol-
Induced ataxia explain the
sensitized response to ethanol?

Cheryl Reed*? and Tamara J. Phillips****

‘Department of Behavioral Neuroscience, Oregon Health & Science University, Portland, OR, United
States, ?Portland Alcohol Research Center, Oregon Health & Science University, Portland, OR, United
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Under conditions of repeated exposure to ethanol, a sensitized locomotor
stimulant response develops in some strains of mice. It has been hypothesized
that the sensitized response is a consequence of tolerance development to the
sedative/incoordinating effects of ethanol. Conversely, ethanol-induced
sensitization and tolerance may be independent effects of repeated ethanol
exposure. A published study in C57BL/6J by DBA/2J recombinant inbred strains
concluded that the two phenomena are not genetically related and thus perhaps
mechanistically distinct. To extend evaluation beyond the genetic variance found
in C57BL/6J and DBA/2J mice and examine phenotypic associations, we
simultaneously measured ethanol-induced sensitization and tolerance in a
genetically diverse panel of 15 standard inbred mouse strains and a genetically
heterogeneous stock that was produced by the intercrossing of eight inbred
mouse strains. Changes in activity counts and ataxia ratio across repeated
ethanol treatments indexed sensitization and tolerance, respectively. Photocell
beam breaks provided the measure of activity, and foot slip errors corrected for
activity in a grid test provided a measure of coordination. The results were strain
and individual dependent. The genetic correlation between magnitude of
sensitization and tolerance was not significant in the panel of inbred strains,
but when individual data were correlated, without regard to strain, there was a
significant correlation. This relationship was also significant in the genetically
heterogeneous population of mice. However, magnitude of tolerance explained
only 10% of the variance in sensitization among individuals of the inbred strain
population, whereas it explained 44% of the variance among individuals of the
eight-strain cross. When repeated exposures to ethanol were disassociated from
the test apparatus, this relationship in the eight-strain cross disappeared.
Furthermore, days to peak sensitization and tolerance across days did not
perfectly mirror each other. Overall, our data do not support shared genetic
mechanisms in sensitization and tolerance development but suggest a partial
relationship among individuals that could be related to drug-
environment associations.
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1 Introduction

Procedures for measuring behavioral stimulant and sedative-
ataxic effects of alcohol (ethanol; EtOH) in mice were established
decades ago to model similar effects observed in humans. Sensitivity
to stimulant and the sedative effects of alcohol have some value in
predicting risk for alcohol use in humans (1-6). In mice, these
effects are most often measured by examining EtOH-induced
changes in locomotor activity level and motor coordination
(7-13). With repeated exposure to EtOH, alterations in initial
responses often occur (14). In some genotypes of mice, initial
locomotor stimulant response to EtOH increases, a phenomenon
termed sensitization (11, 15-22). Tolerance, or a decrease in the
initial ataxic or sedative response to EtOH, is a common result of
repeated EtOH exposure (21, 23-27). These opposite directional
outcomes, increased activity in concert with decreased ataxia, have
led some to suggest that EtOH-induced locomotor sensitization is a
by-product of tolerance development to the sedative-ataxic effects
of EtOH, although thus far the hypothesis has received little
investigation (17, 21, 26, 28). This question is important because
it addresses whether EtOH-induced tolerance and sensitization
should be studied as related or independent behavioral
adaptations, with related or independent underlying
neural mechanisms.

A relationship between EtOH-induced tolerance and
sensitization can be examined at the phenotypic and genetic
levels. In a previous study, we examined the genetic association
between EtOH tolerance and sensitization in a panel of 24
recombinant inbred (RI) mouse strains derived from two inbred
strain progenitors, C57BL/6] and DBA/2] (21). We surmised that if
tolerance to the ataxic effects of EtOH underlies the development of
sensitization, then the strains that develop the most tolerance
should also develop relatively more sensitization. A strong strain
mean correlation between magnitude of tolerance and sensitization
would indicate that some of the same genes impact the two traits.
That experiment failed to support the hypothesis of genetic parity.
Thus, the strain distribution patterns for the two traits were
different; strains that developed the most tolerance were not
necessarily the ones that developed the most sensitization.
However, the conclusion was limited to genetic correlation and
genetic variation existing between the C57BL/6] and DBA/2J strains
from which the RI strains were derived. Therefore, in the current
studies, we extend the question to a larger gene pool and assess both
genetic and phenotypic correlation, the latter of which can be
impacted by both genetic and environmental influences and gets
at the question of individual variation.

All studies described here address the hypothesis that
magnitude of behavioral sensitization is related to magnitude of
behavioral tolerance to EtOH. In experiment 1, the question of
genetic correlation was addressed in a genetically diverse panel of 15
inbred mouse strains; phenotypic correlations were also examined
by considering individual differences without regard to strain. In
experiment 2, the relationship between tolerance and sensitization
was further assessed in the DBA/2] inbred mouse strain, based on
existing evidence supported in experiment 1, for strong EtOH-

Frontiers in Psychiatry

10.3389/fpsyt.2024.1418490

induced sensitization in this strain (19, 29-35). DBA/2] mice also
develop robust behavioral tolerance to acute and chronic EtOH
(36-38). In experiments 3 and 4, a genetically heterogeneous stock
(HS) of mice allowed us to further examine phenotypic correlations
between traits. These mice are the product of an eight-way cross of a
diverse set of inbred mouse strains (39, 40). They are from a single
breeding population, housed in a single colony under routine
environmental conditions throughout rearing and thereafter.
Although the inbred strains were housed under the same
conditions, once they arrived in Portland, colony rooms and
perhaps other environmental conditions at the source varied
among the strains that could have impacted phenotypic
correlations. Therefore, we wanted to determine whether a similar
outcome would be obtained for the collection of inbred strains and
the strain intercross population. In all experiments, we phenotyped
the mice for EtOH-induced locomotor stimulation and
sensitization, while simultaneously measuring grid-test ataxia and
tolerance, to determine whether levels of any of the traits were
predictive of or corresponded with levels of the other traits. We
hypothesized that the patterns of sensitization and tolerance
development across days should be coordinated, indicating that a
change in one phenotype is necessary for a change in the other
to occur.

2 Materials and methods

All experiments included adult male mice. For the genetic
models, it was necessary to test a large number of mice in order
to test the association hypothesis. Resources were not available to
test enough male and female mice to study potential sex differences,
which were not the focus of the current studies but should be
considered in future investigations. Ages and group sizes for each
study are given with the experimental details. For experiment 1, the
mice were from 15 standard inbred strains (129/], A/He], AKR/J,
BALB/cJ, C3H/HeJ, C57BL/6J, C57BR/CdJ, C57L/J, CBA/J, CE/J,
DBA/1], DBA/2], PL/], SJL/], and SWR/]). We chose these mouse
strains for their genetic diversity and because they have been
characterized for several other EtOH-related phenotypes (41-46).
Experiment 2 tested only DBA/2] mice. Withdrawal seizure control
(WSC-1 and WSC-2) mice were tested in experiments 3 and 4. The
WSC lines are comparable to the HS/Ibg derived by McClearn and
Kakihana (40). They were created as non-selectively bred
heterogeneous controls for lines bred for high- and low-EtOH
withdrawal seizure susceptibility (39). The WSC breeding colonies
were established within the veterinary medical unit (VMU) of the
Veterans Affairs Portland Health Care System (VAPORHCS) from
HS/Ibg breeders and are the product of an eight-way cross of the
inbred strains: A, AKR, BALB/c, C3H/2, C57BL, DBA/2, IS/Bi, and
RIII; strains IS/Bi and RIII no longer exist. We have previously
shown that the WSC mice display robust EtOH-induced
sensitization (47, 48), which is why they were utilized in
these studies.

All inbred strain mice were purchased from The Jackson
Laboratory (Bar Harbor, ME), shipped to the VAPORHCS, and
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maintained in the VMU in groups of three to five per cage with
same-strain cage mates. The mice had free access to water and
standard laboratory chow (Purina Laboratory Rodent Chow 5001;
Purina Mills, St. Louis, MO, USA), except during testing. Caging
was made of standard polycarbonate mouse cages (28 x 18 x 13 cm)
lined with corncob bedding. Animals shipped to the VMU were
allowed a 2-week acclimation period prior to testing. WSC mice
were produced by breeding pairs within the VMU and, once
weaned, were housed in same-sex cages of two to four mice. The
caging details were identical to those described for the
inbred strains.

Ambient temperature averaged 21°C + 2°C, and fluorescent
ceiling lights were on for 12 h each day (lights on between 0600 and
1800 h). The animals were tested between 0800 h and 1600 h. All
procedures using animals were approved by the VAPORHCS
Institutional Animal Care and Use Committee and were
performed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals (49).

2.1 Grid test apparatus and locomotor
activity testing

The grid test apparatus used for assessing ataxia has been
described previously (21). The test apparatus comprises a clear
acrylic plastic box (15 x 15 x 20 cm; w x d x h), with a removable
acrylic plastic lid and no bottom. The box is placed on 1.25-cm?
carpenter’s cloth grid, suspended 1.25 cm above a stainless steel
plate. An acrylic plastic frame separates the grid and the plate, with
a connection established via a contact relay (Med Associates, St.
Albans, VT, USA) when the mouse’s foot slips off the grid and
contacts the underlying plate. This contact is recorded by a
computer as a foot slip error. Four grid test devices were utilized
for this research, each positioned in the center of an automated
activity monitor (Omnitech; Columbus, OH; 40 x 40 x 30 cm),
oriented so that two photocell beams opposite receptors transected
the acrylic box on each side at approximately 5 cm intervals.
Interruption of the photocell beams was automatically recorded
and provided a measure of locomotor activity. Before the start of
each test session, the location of the grid test apparatus within the
activity monitor was confirmed to ensure that no photocell beams
were impeded by the grid test apparatus. This setup of the grid test
apparatus within the locomotor activity chamber allowed for the
simultaneous measurement of foot slip errors and locomotor
activity. The ratio of foot slip errors to activity counts was
calculated to provide a measure of ataxia that corrects for
variability in locomotor activity; we refer to this measure as the
ataxia ratio (7, 21).

2.2 Drugs

EtOH was purchased from Pharmco Products (Brookfield, CT,
USA) and diluted with 0.9% saline (Baxter Healthcare Crop,
Deerfield, IL, USA) to create a 20% (v/v) EtOH solution.
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2.3 Blood EtOH
concentration determination

Blood samples (20 pL) from the retro-orbital sinus were analyzed
for blood EtOH concentration (BEC) in comparison to a standard
curve using a gas chromatograph (Hewlett-Packard, model number;
Palo Alto, CA, USA) with flame ionization detection and our
previously published procedures (50). After each sample was
collected, it was placed in 50 pL of ice-cold 5% zinc sulfate
solution, and then a 50-pL aliquot of 0.3 N barium hydroxide
solution and a 300-pL aliquot of distilled deionized water were
added. After centrifugation, the supernatant was removed and used
in the gas chromatography analysis, with values expressed in mg/mL.

2.4 Experimental procedures

For all studies, the mice were moved into the testing room for
an acclimation period of 60 min prior to testing. All injections were
delivered intraperitoneally (IP) at 10 mL/kg injection volume, and
the side of the abdomen was alternated with each injection to reduce
discomfort. All tests began immediately after injection of saline or
EtOH, and data were collected in 5-min time periods.

2.4.1 Experiment 1: acute and repeated EtOH
effects on locomotor activity and coordination in
15 inbred mouse strains

The mice were tested using an experimental protocol that we
designed to measure initial EtOH response, followed by change in
response after repeated EtOH administration to determine the
magnitude of EtOH-induced locomotor sensitization. We
employed this procedure in our previous study to evaluate the
genetic association between EtOH-induced tolerance and
sensitization in a panel of RI mouse strains (21). A 2-g/kg EtOH
dose was used; doses of 2-2.5 g/kg are typical for studies across
multiple labs in examinations of EtOH-induced sensitization
[reviewed in (51)]. The study schedule is summarized in Table 1.
The chronic saline (CS) group received saline before placement in
the grid test apparatus on all days, except on day 11 when they
received EtOH. The chronic EtOH (CE) group received EtOH on all
test days (at a 48-h interval), except on days 1 and 2 when they
received saline. Day 1 served as the habituation day, and day 2
provided baseline activity and coordination data for both groups.
Day 3 provided a measure of initial response to EtOH in the CE
group; days 5, 7, 9, and 11 provided measurements from which a
change in EtOH response could be determined, reflecting the
development of sensitization to the initial stimulant effect and
tolerance to the initial ataxic effect of EtOH in the CE group. Day
11 provided a measure of initial response to EtOH in the CS group
and a between-groups measure of sensitization/tolerance when
compared to the day 11 CE group data. No treatment or testing
occurred on days 4, 6, 8, or 10; the animals were left undisturbed in
their cages in the colony room. All test sessions were 10 min in
duration; we and others have previously documented that EtOH has
robust stimulant and ataxic effects during the initial 5-15 min post-
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TABLE 1 Protocol for testing acute and repeated EtOH effects on locomotor activity and coordination in 15 inbred mouse strains.

CS group
Injection SAL SAL SAL NONE SAL NONE SAL NONE SAL NONE EtOH
Test? Y Y Y N Y N Y N Y N Y
CE group
Injection SAL SAL EtOH NONE EtOH NONE EtOH NONE EtOH NONE EtOH
Test? Y Y Y N Y N Y N Y N Y

CS group mice were tested after IP saline injection on all test days except day 11. CE group mice were tested after IP injection of 2 g/kg EtOH on all test days except days 1 and 2, when they
received saline. Tests were 10 min in duration and began immediately after injection. No treatment or testing occurred on days 4, 6, 8, or 10.
SAL, saline; NONE, no treatment; EtOH, ethanol; Y, mice were tested; N, mice were not tested.

administration (52-56). The total number of mice tested was 295;
however, data for four mice were not included in the final analysis
due to computer-related failures that occurred during data
collection. Therefore, data from 291 mice were included in the
final analysis, resulting in a group size of nine to 10 mice per strain
per treatment group. The average age of the mice at the initiation of
testing was 83 + 1 days, with a range of 59 to 101 days.

2.4.2 Experiment 2: acute and repeated EtOH
effects on locomotor activity and coordination in
DBA/2J mice

The study schedule is summarized in Table 2 and was similar to
that for experiment 1; however, EtOH treatments were
administered daily, rather than every other day. Comparisons
across studies suggested that daily EtOH treatments induced
greater sensitization (e.g., 52) than did treatments given every
other day (e.g., 21) in DBA/2] mice. Furthermore, we increased
the dose of EtOH to 2.5 g/kg based on evidence that this dose
induces more robust EtOH-induced sensitization in DBA/2] mice
(29, 32, 34). The CS group mice received saline on all days, except
on day 15 when they received 2.5 g/kg EtOH. The CE group mice
received 2.5 g/kg EtOH on all days, except on days 1 and 2 when
they received saline. Day 1 served as the habituation day; day 2
provided baseline activity and coordination data; day 3 provided a

measure of initial response to EtOH in the CE group; days 6, 9, 12,
and 15 provided measurements from which sensitization/tolerance
could be determined in the CE group; and day 15 provided a
measure of initial EtOH response in the CS group mice and a
between-groups measure of sensitization/tolerance. The test day
data analyzed were for the first 10 min after treatment, as for
experiment 1. On days between test days, the mice were treated with
saline or EtOH in their colony room and immediately returned to
their home cages after injection. A total of 24 DBA/2] mice were
tested; however, a total of eight mice, four from each treatment
group, were discarded due to issues experienced upon collecting
foot slip data on one or more days of testing; the final group size was
eight mice per treatment group. All mice were born on the same day
and were 57 days old at the initiation of testing.

2.4.3 Experiment 3: acute and daily repeated
EtOH treatment effects on locomotor activity
and coordination in a heterogeneous population
of mice

The experimental design was identical to that for experiment 2
(Table 2). A total of 36 WSC mice were tested, with a group size of
17-19 per treatment group. The average age of the mice at the
initiation of testing was 87 + 1 days, with a range of 78 to 96 days.

TABLE 2 Protocol for testing acute and repeated EtOH effects on locomotor activity and coordination in DBA/2J and WSC mice.

12
CS group
Injection SAL SAL SAL SAL SAL SAL SAL SAL SAL SAL EtOH
Test? Y Y Y N Y N Y N Y N Y
CE group
Injection SAL SAL EtOH EtOH EtOH EtOH EtOH EtOH EtOH EtOH EtOH
Test? Y Y Y N Y N Y N Y N Y

CS group mice were tested after IP saline injection on all test days except day 11. CE group mice were tested after IP injection of 2.5 g/kg EtOH on all test days except days 1 and 2, when they were
administered saline.
SAL, saline; EtOH, ethanol; Y, mice were tested; N, mice were not tested.
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2.4.4 Experiment 4: acute and repeated EtOH
effects on locomotor activity and coordination in
a heterogeneous population of mice given
limited exposure to the grid test apparatus

The experimental design was similar to that for experiments 2
and 3, except that testing was limited to days 1-3 and 15 to examine
whether the magnitude of sensitization/tolerance is impacted by
exposure to the test apparatus (practice). The study schedule is
summarized in Table 3. The CS group mice received saline on test
days 1-3 and EtOH on test day 15. They were treated with saline in
the colony room and returned to their home cages on days 4-14.
The CE group mice received saline on test days 1 and 2 and EtOH
on test days 3 and 15. They were treated with EtOH in the colony
room and returned to their home cages on days 4-14. The test day
data analyzed were for the first 10 min after treatment. Days 1 and 2
provided habituation and baseline activity data, respectively; day 3
provided a measure of initial response to EtOH in the CE group; day
15 provided a measure from which sensitization/tolerance could be
determined in the CE group; day 15 also provided a measure of
initial EtOH response in the CS group and a between-groups
measure of sensitization/tolerance. A total of 40 WSC mice were
tested; however, due to equipment malfunction, data from five mice
were lost. Therefore, data from 35 mice were included in the final
analysis, resulting in a group size of 19 for the CS group and 16 for
the CE group. The average age of the mice at the initiation of testing
was 86 + 1 days, with a range of 76 to 91 days.

2.5 Data analysis

Group sizes were based on expected error variance and
treatment effect sizes from previous experiments. The primary
statistical test was analysis of variance (ANOVA), and the
statistical software was Statistica 13 (TIBCO Software, Palo Alto,
CA, USA). For experiment 1, data were partitioned by treatment
group (CS and CE) and strain. Raw data were directly compared or

TABLE 3 Protocol for testing acute and repeated EtOH effects on
locomotor activity and coordination in WSC mice with limited exposure
to the test apparatus.

CS group

Injection SAL SAL SAL SAL EtOH
Test? Y Y Y N Y
CE group

Injection SAL SAL EtOH EtOH EtOH
Test? Y Y Y N Y

Both treatment groups were tested immediately after IP saline injection on test days 1 and 2.
CS group mice were tested after IP saline injection on test day 3 and received home cage IP
injections of saline on days 4-14, while the CE group mice were tested after IP injection of 2.5
g/kg EtOH on test day 3 and received home cage administration of 2.5 g/kg EtOH on days 4-
14. On day 15, all mice received 2.5 g/kg EtOH immediately prior to testing.

SAL, saline; EtOH, ethanol; Y, mice were tested; N, mice were not tested.
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were compared using difference scores as indices of strain-
dependent sensitivity. These measures are fully described in
“Results”. For experiments 2-4, each of which involved only a
single genotype and examined individual differences, day was
included as a repeated measure. Significant two-way interactions
were examined using simple main-effects analysis. Significant mean
differences were detected by Newman-Keuls post hoc test.
Difference scores were used with Pearson’s r statistic to calculate
genetic correlations between traits from strain means or phenotypic
correlations between traits from individual data points. The
criterion for significance was set at p < 0.05.

3 Results

3.1 Experiment 1: acute and repeated EtOH
effects on locomotor activity and
coordination in 15 inbred mouse strains

Data across days for each strain are plotted in Supplementary
Figures S1-S3. These figures illustrate different patterns and
magnitudes of response to EtOH vs. saline over days for
locomotor activity counts (Supplementary Figure S1), number of
errors (Supplementary Figure S2), and ataxia ratio (Supplementary
Figure S3). To control for baseline locomotor activity differences
and simplify strain comparisons, as in previous studies, we created
difference scores for each mouse (EtOH score minus baseline) and
then obtained strain means to index particular outcomes [see, e.g
(21)]. Thus, an acute response to EtOH measure was derived by
subtracting the day 2 saline baseline from the initial day 3 EtOH
score for the CE group (day 3 - day 2) and by subtracting the day 2
saline baseline from the initial day 11 EtOH score for the CS group
(day 11 - day 2). Magnitude of sensitization or tolerance with
repeated EtOH administration was indexed by subtracting the
initial day 3 EtOH score from the final day 11 EtOH score (day
11 - day 3) for locomotor activity or ataxia ratio in the CE group
mice. Uncorrected day 11 locomotor data were compared between
the CS and CE groups across strain as a between-groups measure of
sensitization, and day 2 baseline data were statistically examined for
group and strain differences.

3.1.1 Locomotor activity counts

The mean acute EtOH locomotor activity responses for each
strain and treatment group are shown in Figure 1A. There were
significant differences in day 2 baseline activity level among the 15
inbred mouse strains (F[14,261=10.85, p < 0.0001), justifying the need
to correct for baseline differences to assess response to EtOH. Mean
day 2 locomotor activity counts across the strains ranged from 403 +
26 to 1,261 + 83 (see Supplementary Figure S1); the correlation of CS
and CE group strain means for day 2 was 0.96 (p < 0.00001). Positive
acute EtOH response scores reflect locomotor stimulation, whereas
negative scores reflect locomotor depression. An ANOVA identified a
significant effect of strain (Fjj4561= 9.1, p < 0.0001). There was no
significant effect of group, and there was no strain by group
interaction, indicating that the acute EtOH locomotor responses
were comparable for the CE (Figure 1A) and CS (Figure 1A, inset)
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FIGURE 1

Mean EtOH-induced locomotor activity phenotypes in 15 inbred
mouse strains. (A) Solid bars represent day 3 - day 2 acute EtOH
locomotor response strain means for the chronic EtOH (CE) group
Open bars in the inset represent day 11 - day 2 acute EtOH
locomotor response strain means for the chronic saline (CS) group
Strains are listed in the same order for the CS (inset) and CE group
The Pearson’s correlation (r) given is based on the strain means for
the CE and CS groups. (B) Sensitization to EtOH measured as the
change in locomotor activity response between the last and first
EtOH administration (day 11 - day 3) in the CE group. (C) Locomotor
activity on day 11 for CS and CE group mice. CS mice received EtOH
for the first time on day 11, while CE group mice received EtOH for
the fifth time on this day (see Table 1 for treatment schedule).
Shown are means + SE. #p < 0.05, ##p < 0.01, ###p < 0.001
differences between that strain and the C57BR/cdJ strain (lowest
amount of sensitization). *p < 0.05, ***p < 0.001 for the difference
between the CS and CE groups within a given strain

groups. This is further reflected in the genetic correlation for the CE
and CS strain distribution patterns for the acute EtOH response (r =
0.92; p < 0.00001).

Positive day 11 - day 3 scores in the CE group mice reflect
sensitization to the locomotor stimulant effect of EtOH (Figure 1B).
Higher activity counts on EtOH challenge day 11 in the CE group,
compared to the CS group, provide additional evidence of
sensitization (Figure 1C). For the CE group, there were significant
strain differences (F[14,32)=8.4, p < 0.001), reflecting a range in
magnitude of sensitization to EtOH. For comparison of the CE and
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CS groups on day 11, there was a significant strain x group
interaction (Fjj4261j=5.4, p < 0.001). Significantly more locomotor
activity in the CE than in the CS group after EtOH challenge for four
strains (Figure 1C) reflected significant locomotor sensitization.

3.1.2 Grid test ataxia ratio

The ratio of foot slip errors to activity counts provides a normalized
measure of ataxia that corrects for differences in locomotor activity
because a higher level of locomotor activity provides a greater
opportunity for foot slip errors to occur. The ataxia ratio can be
thought of as missteps to steps taken. The uncorrected foot slip error
strain and group means are shown in Supplementary Figure S4. For
day 2 baseline ataxia ratio, there was a significant effect of strain
(Friape1) = 14.5, p < 0.001), with means ranging from 0.26 + 0.08 to 3.25
+ 0.50 (see Supplementary Figure S3); the correlation of CS and CE
group strain means for day 2 was 0.96 (p < 0.00001). The mean acute
EtOH scores for ataxia ratio corrected for baseline ratio (day 3 - day
2 for CE; day 11 - day 2 for CS) are shown in Figure 2A by strain and
group. Larger values reflect greater EtOH-induced ataxia. An ANOVA
identified a significant effect of strain (Fj14261) = 9.3, p < 0.001) and a
significant strain x group interaction (Fj14261) = 1.9, p < 0.05), but no
main effect of group. Further investigation into this interaction, using
simple main effect analysis, illustrated that the CS and CE groups
significantly differed in only two of the 15 strains tested. Those strains
were PL/J (p < 0.05) and AKR/J (p < 0.001). The CE group of the PL/J
strain displayed a greater amount of acute EtOH-induced ataxia (37.5 +
5.5) than the CS group (27.3 + 4.0). However, the AKR/J strain
exhibited an opposite group difference, with the CE group displaying
less EtOH-induced ataxia (24.1 + 1.6) than the CS group (40.8 + 4.3).
The strain distribution patterns for the CS and CE groups are shown in
Figure 2A. The genetic correlation was significant: r = 0.66 (p < 0.01).

To improve clarity, for the mean data reflecting the change in
EtOH response after repeated administration, we have reversed the
sign of the difference score [-1 x (day 11 - day 3)] so that larger
scores reflect greater tolerance (Figure 2B). Although there was a
range of scores, the effect of strain was not statistically significant for
the magnitude of tolerance (p = 0.13). Likewise, when ataxia ratio
data were compared for the CS and CE groups on EtOH challenge
day 11 (Figure 2C), there was evidence for tolerance, but not for
differences among strains in magnitude of tolerance. Thus, the CE
group had lower ataxia ratios on day 11 compared to the CS group
(Fr1261) = 85.8, p < 0.001), reflecting tolerance, and there was a
significant main effect of strain (Fj4261) = 10.2, p < 0.001), but the
strain X group interaction was not significant.

3.1.3 Blood EtOH concentration

During the processing of the blood EtOH concentration (BEC)
samples, two were lost (both from the CS group: one C57L/] sample
and one A/He]J sample). There was a significant main effect of strain
for BEC in the samples collected at the end of the day 11 behavioral
test session (F|j4259) = 13.2, p < 0.001) as well as a significant group
difference (F; »50) = 4.3, p < 0.05), with the CE group having a lower
average BEC than the CS group (see Supplementary Figure S5).
However, the group difference was only 0.04 mg/mL (mean + SE for
CE = 2.44 + 0.02 mg/mL and CS = 2.48 + 0.02 mg/mL). There was
no significant strain x group interaction for BEC.
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FIGURE 2

Mean EtOH-induced ataxia phenotypes in 15 inbred mouse strains
(A) Solid bars represent day 3 - day 2 acute EtOH ataxia ratio strain
means for the chronic EtOH (CE) group. Open bars in the inset
represent day 11 - day 2 acute EtOH ataxia ratio strain means for the
chronic saline (CS) group. Strains are listed in the same order for the
CS (inset) and CE group. Pearson’s correlation (r) given is based on
the strain means for the CE and CS groups. (B) Tolerance to EtOH
was measured as the change in the ataxia ratio between the last and
first EtOH administration (day 11 - day 3) in the CE group. (C) Ataxia
ratio on day 11 for CS and CE group mice. CS mice received EtOH
for the first time on day 11, whereas CE group mice received EtOH
for the fifth time on this day (see Table 1 for treatment schedule)
Shown are means + SE. **p < 0.01 for the difference between CS
and CE groups (main effect)

3.1.4 Genetic and phenotypic correlations

The genetic correlations between the locomotor and ataxia
measures, based on strain means, are presented in Table 4.
Baseline activity was not significantly genetically correlated with
any of the other measures. Larger acute EtOH ataxia ratios
predicted greater tolerance (r = 0.59, p < 0.05); however, acute
locomotor response to EtOH did not predict the magnitude
of sensitization.

Phenotypic correlations, which reflect both genetic and non-
genetic contributions to variance, were calculated using data from all
CE individuals across the inbred strains and are presented in Table 5.
These correlations were based on data from CE group mice only
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because these mice contributed both measures and contributed
baseline data. The number of individuals was 147, with 145 degrees
of freedom for detecting a significant correlation, compared to a
strain number of 15 and 13 degrees of freedom for the genetic
correlations. Although there was no evidence for common genetic
influence on baseline activity level and acute EtOH locomotor
response, 28% of the variance in the acute response was predicted
by baseline activity level for all CE mice (r = - 0.53, p < 0.001). Higher
baseline activity level was significantly associated with lower acute
EtOH ataxia ratio (r = -0.21, p < 0.01), but the predictive value was
only 4%. We did not obtain evidence for a genetic relationship
between acute EtOH-induced locomotor response and magnitude of
sensitization, but in the phenotypic analysis, higher levels of acute
locomotor response to EtOH were significantly associated with lower
levels of sensitization (r = -0.23, p < 0.01), with only 5% of the
variance in sensitization explained by initial locomotor response. The
acute locomotor and ataxic responses to EtOH were also modestly
negatively associated (r = -0.23, p < 0.01), but the amount of acute
EtOH-induced ataxia robustly predicted the magnitude of tolerance
(0.67, p < 0.001); acute ataxic response predicted 45% of the variance
in tolerance level. Finally, the individual magnitude of EtOH-induced
locomotor sensitization predicted about 10% of the variance in grid
test ataxia tolerance (r = 0.32, p < 0.001).

3.2 Experiment 2: acute and repeated
EtOH effects on locomotor activity and
coordination in DBA/2J mice

In addition to the results described here for DBA/2] mice using
a more robust procedure for inducing sensitization in this strain, see
Supplementary Figure S6 for the independent analysis of data from
the DBA/2] mice from experiment 1 for comparison.

3.2.1 Locomotor activity counts

Statistical analyses reflected acute locomotor stimulation to EtOH
in DBA/2] mice, with sensitization induced by repeated EtOH
treatment. Repeated-measures ANOVA for locomotor activity counts
across days (Figure 3A) identified a significant day x treatment group
interaction (Figgq = 8.4, p < 0.001). The CE and CS group mice had
comparable activity levels on day 1 and day 2 (baseline). There was a
significant group difference on day 3 (p = 0.008), reflecting a stimulant
response to EtOH for the CE group compared to the locomotor activity
level of the saline-treated CS group. A significant difference in activity
level between the CS and CE groups was also present on days 6, 9, and
12. On day 15, when both groups were challenged with EtOH, the CE
group exhibited more stimulation than the CS group (p = 0.004),
demonstrating sensitization to the locomotor stimulant effect of EtOH
in the CE group. Acute activation and sensitization were also
confirmed by the results of repeated-measures ANOVA across days
within the CE group, which identified a significant effect of day
(Fie42) = 14.9, p < 0.001). Day 3 locomotor activity after EtOH was
higher than baseline day 2 activity, and there was a pattern of
increasing activity on each subsequent EtOH test day that leveled off
on day 9. There was no significant effect of day in the repeated-
measures ANOVA of the CS group data. The CS and CE groups did
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Mean EtOH-induced locomotor activity and ataxia phenotypes for DBA/2J mice. (A) Mean locomotor activity counts in CS and CE groups across
days. (B) Mean ataxia ratio in CS and CE groups across days (see Table 2 for treatment schedule). Shown are means + SE. *p < 0.05, **p < 0.01,
***p < 0.001 significant difference between CE and CS groups for that test day; +p < 0.05, +++p < 0.001 significant acute response to EtOH (CS
group day 15 vs. day 2; CE group day 3 vs. day 2); ##p < 0.01 significant sensitization in CE group (day 15 vs. day 3).

not significantly differ in the amount of acute EtOH-induced activation
when their day 15 - day 2 and day 3 - day 2 scores were compared
(12875 + 150.9 vs. 377.25 + 1199 for the CS and CE groups,
respectively; p = 0.22).

3.2.2 Grid test ataxia ratio

The pattern of change in EtOH-induced ataxia across days
(Figure 3B) reflected rapid tolerance development. Uncorrected
error count data are shown in Supplementary Figure S7A.
Repeated-measures ANOVA for ataxia ratio (Figure 3B) identified
a significant day x treatment group interaction (Fjsgs = 4.4,
p < 0.001). Ataxia ratios were comparable for the CS and CE
groups on days 1 and 2. The CE group had a significantly larger
ataxia ratio than the CS group on day 9, with a similar trend on day

TABLE 4 Genetic correlations between baseline and EtOH-induced
locomotor activity and ataxia traits based on means from 15 standard
inbred strains.

2 3 4 5 ()

Activity

1 Baseline -0.19 0.45 0.24 -0.41 -0.20
2 Acute 1.00 -0.35 -0.26 -0.41 -0.24
3 Sensitization 1.00 -0.42 -0.01 0.41
Ataxia ratio

4 Baseline 1.00 0.28 -0.23
5 Acute 1.00 0.59*
6 Tolerance 1.00

Baseline, saline day 2; Acute, initial EtOH response of CE mice on day 3 corrected for day 2
baseline; Sensitization or Tolerance, final EtOH response of CE mice on day 11 corrected for
day 3 initial EtOH response.

N = 15 for all correlations. *p < 0.05 (critical value is r = 0.56 for p = 0.05).
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3 (p = 0.07). The ataxia ratio for the CE group was smaller than for
the CS group on EtOH challenge day 15, reflecting tolerance.
Repeated-measures ANOVA for CE group data supported
a strong statistical trend for changes across days (Fig4z) = 2.2,
p = 0.06). Based on this strong trend and our a priori interest in
tolerance development, the day 3 and day 15 means were compared,
and there was a trend for a significant difference (p = 0.11). For the
CS group, there was a significant main effect of day (Fjg 42 = 10.3,
p <0.001), with a larger ataxia ratio on EtOH challenge day 15 than
on any of the previous days. The ataxia ratios after acute EtOH
administration were not significantly different for the CS (day 15 -
day 2) and CE (day 3 - day 2) groups (7.06 + 2.08 vs. 5.76 + 2.84 for
the CS and CE groups, respectively; p = 0.59).

3.2.3 Blood EtOH concentration

The CE and CS groups differed in BECs from samples obtained
at the end of EtOH challenge day 15 (F[; 14) = 1083, p < 0.01; mean +
SE for CE = 2.10 + 0.24 mg/mL and CS = 2.99 + 0.14 mg/mL),
suggesting that repeated EtOH exposure may have increased the
rate of EtOH clearance.

3.3 Experiment 3: acute and repeated
EtOH effects on locomotor activity and
coordination in WSC mice

3.3.1 Locomotor activity counts

WSC mice did not exhibit an acute stimulant response to initial
EtOH treatment; however, a stimulant response to EtOH developed
and increased across days (Figure 4A), reflecting sensitization.
Repeated-measures ANOVA identified a significant day x treatment
group interaction (Fis108) = 8.7, p < 0.001). There were no significant
differences between the two groups on saline days 1 and 2 or on day 3
when CE group mice received EtOH. Significant differences in activity
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TABLE 5 Phenotypic correlations between baseline and EtOH-induced
locomotor activity and ataxia traits for individuals from 15 standard
inbred strains.

2 3 4 5 ()
Activity
1 Baseline -0.53*** 0.16 0.01 -0.21%* -0.06
2 Acute 1.00 -0.23** 0.01 -0.23** -0.13
3 Sensitization 1.00 -0.26** 0.10 0.32%%*
Ataxia ratio
4 Baseline 1.00 0.05 -0.17*
5 Acute 1.00 0.67***
6 Tolerance 1.00

Baseline, saline day 2; Acute, initial EtOH response of CE group mice on day 3 corrected for
day 2 baseline; Sensitization or Tolerance, final EtOH response of CE group mice on day 11
corrected for day 3 initial EtOH response.

N = 147 for all correlations. *p < 0.05, **p < 0.01, **p < 0.001 (critical value is r = 0.17 for p
=0.05).

level were present between the CS and CE groups on days 6, 9, 12, and
15, with higher activity counts in CE mice compared to CS mice on all
days. The larger EtOH response in CE mice compared to CS mice on
day 15 reflected significant sensitization in the CE group. Repeated-
measures ANOVA for data within each treatment group identified a
significant effect of day in both the CE (Fjg 6 = 8.8, p < 0.001) and CS
(Fie102) = 7.7, p < 0.001) groups. In the CE group, there was an
increasing pattern of stimulation across days that peaked on day 9; the
activity levels were significantly higher on EtOH treatment days 6-15
compared to the initial EtOH treatment on day 3, supporting
sensitization. The CS group did not exhibit sensitivity to the acute
locomotor stimulant effect of EtOH; in fact, their mean activity level
was significantly reduced on EtOH challenge day 15 compared to saline
baseline day 2.
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3.3.2 Grid test ataxia ratio

Uncorrected error count data are shown in Supplementary Figure
S7A. For ataxia ratio (Figure 4B), decreasing ataxia mirrored
increasing sensitization (Figure 4A). Repeated-measures ANOVA
identified a significant day x treatment group interaction (Fig 108 =
36.9, p < 0.001). There was no significant group difference in mean
ataxia ratio on day 1 or 2, but the groups differed on subsequent days
3-12, with greater ataxia in the CE than the CS group. The lower
ataxia ratio in the CE group compared to the CS group on EtOH
challenge day 15 supported tolerance to the ataxic effect of EtOH in
the CE group. Repeated-measures ANOVA supported changes across
day for the CE group (Fs o6 = 27.5, p < 0.001) and CS group (Fie,102]
=59.7, p < 0.001). CE group ataxia ratio was elevated above baseline
on all EtOH treatment days but progressively decreased below their
acute EtOH day 3 ataxia ratio. Significantly lower ataxia on day 15
than on acute day 3 supported the development of tolerance within
the CE group. The ataxia ratio of the CS group on EtOH challenge
day 15 was significantly greater than on any of the saline treatment
days, confirming acute EtOH-induced ataxia.

3.3.3 Blood EtOH concentrations

There was no significant group difference in BECs obtained
from samples taken after testing on day 15 (mean * SE for CE = 1.61
+ 0.13 mg/mL and CS = 1.67 + 0.10 mg/mL; p = 0.70); thus, EtOH
clearance was not significantly impacted by repeated EtOH
exposure in the WSC mice.

3.3.4 Phenotypic correlations

Similar to experiment 1, potential relationships between the
various measures were examined for data from individuals within
the CE group and provided some support for the hypothesis that
locomotor sensitization corresponds with tolerance development to
the ataxic effects of EtOH. Correlations are given in Table 6. As in
experiment 1, higher levels of baseline activity predicted lower
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Mean EtOH-induced locomotor activity and ataxia phenotypes for WSC mice. (A) Mean locomotor activity counts in CS and CE groups across days.
(B) Mean ataxia ratio in CS and CE groups across days (see Table 2 for treatment schedule). Shown are means + SE. *p < 0.05, **p < 0.01,

***p < 0.001 for the difference between CE and CS groups for that test day; +p < 0.05, +++p < 0.001 for the acute response to EtOH (CS group day
15 vs. day 2; CE group day 3 vs. day 2); ##p < 0.01, ###p < 0.001 for sensitization or tolerance in the CE group (day 15 vs. day 3).
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locomotor responses to acute EtOH (r = -0.87, p < 0.001), with
baseline activity explaining 76% of the variance in EtOH response for
the n = 16 WSC mice. No other traits were significantly correlated
with baseline activity. Magnitude of sensitization predicted 44% of
the variance in magnitude of tolerance (r = 0.66, p < 0.01) and 38% of
the variance in acute ataxic response to EtOH (r = 0.62, p < 0.01).
Finally, acute EtOH ataxia ratio predicted 50% of the variance in
magnitude of tolerance (r = 0.71, p < 0.01).

3.4 Experiment 4: acute and repeated
EtOH effects on locomotor activity and
coordination in WSC mice with limited
exposure to the grid test apparatus

3.4.1 Locomotor activity counts

Repeated-measures ANOVA identified a significant day x
treatment group interaction (F(3102 = 6.7, p < 0.001) for activity
counts (Figure 5A). Similar to Experiment 3, the CS and CE group
WSC mice had similar levels of activity on baseline days 1 and 2, and
the CE group did not exhibit a significant stimulant response to acute
EtOH on day 3 compared to the activity level of the saline-treated CS
group. Repeated EtOH treatment of CE group mice, without repeated
testing, resulted in sensitization to the stimulant effect of EtOH (day
15 compared to day 3). Between-groups sensitization was also present
on EtOH challenge day 15. Repeated-measures ANOVA detected a
significant main effect of day for both the CE (F{55;) = 7.0, p < 0.001)
and CS (F(3 51) = 14.0, p < 0.001) groups. The significantly larger mean
activity level on day 15 than on day 3 supported sensitization in the
CE group. For CS mice, there was no significant difference between
activity levels on days 15 and 2, indicating that, similar to the CE
group, EtOH did not have an acute stimulant effect in the CS group.

3.4.2 Grid test ataxia ratio

Uncorrected error count data are shown in Supplementary
Figure S7C. The results for the ataxia ratio supported the
development of tolerance (Figure 5B). Repeated-measures

TABLE 6 Phenotypic correlations between baseline and EtOH-induced
locomotor activity and ataxia traits for individual WSC mice.

2 3 4 5 ()
Activity
1 Baseline =87 0.42 -0.14 -0.11 0.24
2 Acute 1.00 -0.28 -0.05 0.16 -0.07
3 Sensitization 1.00 -0.14 0.62** 0.66**
Ataxia ratio
5 Baseline 1.00 0.22 0.18
5 Acute 1.00 0.71**
6 Tolerance 1.00

Baseline, saline day 2; Acute, initial EtOH response of CE group mice on day 3 corrected for
day 2 baseline; Sensitization or Tolerance, final EtOH response of CE group mice on day 11
corrected for day 3 initial EtOH response.

N = 16 for all correlations. **p < 0.01, ***p < 0.001 (critical value is r = 0.50 for p = 0.05).
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ANOVA identified a significant day X treatment group
interaction (F(399j=7.2, p < 0.001), with a larger ataxia ratio in CE
than CS group mice on day 3, demonstrating an acute ataxic effect
of EtOH in the CE group. Repeated-measures ANOVA identified a
main effect of day for both the CE (Fj34,; = 11.8, p < 0.001) and CS
(Fi3,48) = 10.2, p < 0.001) groups. For the CE group, there was a
significant increase in ataxia after acute EtOH on day 3 compared to
day 2. Although there was a negative slope, there was no significant
difference between day 3 and day 15 ataxia ratio, suggesting that
repeated testing may be needed for robust tolerance development.
For CS group data, there was a larger ataxia ratio on day 15 after
acute EtOH treatment compared to day 2 baseline.

3.4.3 Blood ethanol concentration

There was no significant group difference in BECs obtained
from samples taken after testing on day 15 (mean * SE for CE = 2.21
+ 0.14 mg/mL and CS = 2.35 + 0.13 mg/mL); thus, EtOH clearance
was not significantly impacted by repeated EtOH exposure in the
WSC mice.

3.4.4 Phenotypic correlations

Phenotypic correlations for the CE group data are given in
Table 7. There were two significant correlations for this final group
of 16 WSC mice (three were dropped due to incomplete data for
correlations). Baseline ataxia ratio predicted 40% of the variance in
acute ataxic response to EtOH (r = 0.63, p < 0.01), and acute ataxic
response to EtOH predicted 40% of the variance in magnitude of
tolerance (r = -0.63, p < 0.01). Using this protocol in which mice
were tested on only two EtOH treatment days, there was no
phenotypic relationship found between the magnitude of EtOH-
induced sensitization and tolerance.

4 Discussion

Tolerance to EtOH has been included in the Diagnostic and
Statistical Manual of Mental Disorders as a key criterion for the
diagnosis of alcohol use disorder (AUD) for decades (57).
Sensitization is thought to contribute to the maintenance of
EtOH seeking, increases in the rewarding effects of EtOH, and
has been associated with both future heavy drinking and AUD (2,
58), but little research has investigated the relationship between
these two processes in either humans or animal models. The goal of
the current set of studies was to investigate the hypothesis that the
magnitude of behavioral sensitization to EtOH is related to the
magnitude of behavioral tolerance to EtOH. If the two phenotypes
change in concert with each other, this would suggest that
locomotor sensitization occurs as the sedative-ataxic effects of
EtOH wane. On the other hand, lack of coordination would
suggest independent underlying mechanisms. To examine this
hypothesis, sensitization and tolerance were simultaneously
measured using a grid test apparatus capable of providing data on
locomotor activity and coordination. Using this unique approach,
associations between the two phenotypes were studied in a
genetically diverse panel of 15 inbred mouse strains, in a strain
with high susceptibility to both traits (19, 29-38), and in a
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Mean EtOH-induced locomotor activity and ataxia phenotypes for WSC mice in a limited test apparatus exposure procedure. (A) Mean locomotor
activity in CS and CE groups across days. (B) Mean ataxia ratio in CS and CE groups across days (see Table 3 for treatment schedule). Shown are means
+ SE. **p < 0.01, ***p < 0.001 for difference between CE and CS groups on that test day; +++p < 0.001 for the acute response to EtOH (CS group day
15 vs. day 2; CE group day 3 vs. day 2); ##p < 0.01 for sensitization in the CE group (day 15 vs. day 3).

genetically heterogeneous stock (39). We hypothesized that
increasing amounts of sensitization would mirror increasing
amounts of tolerance. We found mixed evidence for an association.

4.1 Genetic relationships

Data from 15 inbred mouse strains were initially examined using
strain means to calculate genetic correlations. The correlation between
the sensitization and tolerance measures was in the hypothesized
direction with greater sensitization associated with greater tolerance;
however, with a group size of 15 strains, the genetic correlation of 0.41
(p = 0.13) was not statistically significant. Furthermore, although there
was a range of means for both phenotypes, there was a significant effect
of strain for sensitization, but not tolerance. A significant genetic

TABLE 7 Phenotypic correlations between baseline and EtOH-induced
locomotor activity and ataxia traits for individual WSC mice with limited
exposure to the test apparatus.

2 3 4 5 ()
Activity
1 Baseline 0.05 -0.37 -0.16 -0.13 -0.29
2 Acute 1.00 -0.11 0.22 0.07 0.07
3 Sensitization 1.00 -0.05 0.32 -0.19
Ataxia ratio
4 Baseline 1.00 0.63** -0.43
5 Acute 1.00 -0.63**
6 Tolerance 1.00

Baseline, saline day 2; Acute, initial EtOH response of CE group mice on day 3 corrected for
day 2 baseline; Sensitization or Tolerance, final EtOH response of CE group mice on day 11
corrected for day 3 initial EtOH response.

N = 16 for all correlations. **p < 0.01 (critical value is r = 0.50 for p = 0.05).
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correlation might be found in a study with a larger number of
strains and a larger group size to reduce error variation, particularly
for the tolerance measure. Some of that variation could be associated
with biological sex. Our study was not adequately powered to study sex
differences, but they are something to consider as a source of variation
in future studies.

Other traits examined for potential relationships with each other
and with sensitization and tolerance were levels of baseline activity
and ataxia and the acute effects of EtOH on these measures. For some
measures, reliability of strain means could be examined by comparing
CS and CE groups—for example, the genetic correlation, based on
strain means, for day 2 baseline activity level for CS and CE group
mice was 0.96 (p < 0.00001). In addition, although the acute EtOH
response of CE and CS group mice was measured at different stages of
the study, on day 3 in CE and day 11 in CS, the genetic correlation
was highly significant (r = 0.92, p < 0.00001). The genetic correlation
for the two groups was also significant for acute EtOH-induced ataxia
(r = 0.66, p < 0.01). Across measures, the only significant genetic
correlation was between the amount of ataxia displayed upon initial
exposure to EtOH and the amount of tolerance development, such
that greater acute ataxia was associated with greater tolerance,
predicting about 35% of the variance. A possible explanation for
this relationship is that higher initial values allow for a greater change
to lower values. However, no such relationship was found for acute
locomotor response and sensitization. Thus, it was not systematically
the case that strains with lower acute EtOH locomotor scores had
higher sensitization scores.

4.2 Phenotypic relationships between
EtOH-induced sensitization and tolerance

The data from the 15 standard inbred strains were next examined
without consideration of strain, allowing us to determine phenotypic
correlations for a large genetically diverse population based on values
for each individual mouse. In this case, there was a significant positive
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correlation between magnitude of sensitization and tolerance, with
the magnitude of tolerance explaining about 10% of the variance in
sensitization. In addition, within the CE group mice, baseline activity
level predicted 28% of the variance in acute activity response to EtOH
(r=-0.53, p < 0.001). This relationship was negative so that a higher
baseline was associated with a lower stimulant response, indicating a
potential ceiling effect. Mice with high levels of baseline activity may
be limited in the amount of increase that is physically possible. Acute
EtOH-induced ataxia ratio was also inversely related to baseline
activity level (i.e., lower day 3 - day 2 ataxia ratio score was
associated with higher day 2 baseline activity; r = -0.21, p < 0.01).
This relationship derives from mice with higher activity levels
committing more foot slips even under saline treatment conditions
and supports the need to correct the data for differences in activity.
Thus, for mice with greater day 2 baseline activity levels, a larger day 2
baseline ataxia ratio is subtracted from the day 3 EtOH ataxia ratio.
However, the relationship is not particularly strong with baseline
activity differences explaining only 5% of the variance in acute EtOH-
induced ataxia ratio. Finally, similar to the correlation found for
strain means, ataxia upon initial exposure to EtOH predicted about
45% of the variance in tolerance.

For experiment 2, data were collected in the DBA/2J strain,
known to develop robust EtOH-induced sensitization (21, 29, 32, 34,
52). The 2.5-g/kg dose of EtOH used in this study induced a
significant acute stimulant response, and daily administration
resulted in robust sensitization that peaked on day 12 of testing.
The CS and CE group mice exhibited a similar acute stimulant
response to EtOH, reflecting the reliability of this effect in different
groups of DBA/2] mice. There was a strong acute ataxic response to
EtOH, and the difference between the acute response of the CS group
and the final response of the CE group reflected significant tolerance.
A strong statistical trend for tolerance development was found across
repeated administration in the CE group (p = 0.06), but there was
considerable variability in response (see Figure 3). The patterns of
response across days for sensitization and tolerance were somewhat
different, with sensitization continuing to increase across days 6-12,
but maximum tolerance appeared to occur on day 6.

The heterogeneous stock represents a genetically diverse
population, but unlike the standard inbred strains, the mice are
not homozygous at all loci and, in that respect, are more like a
human population. The advantages of using a genetically
heterogeneous mouse population have been discussed (59-61).
The WSC population used for our study was derived from eight
inbred strains, six of which are closely related to the inbred strains
included in experiment 1 (A, AKR, BALB/c, C3H/2, C57BL, and
DBA/2); however, suppliers have changed across the years since the
WSC were developed, and there is likely to have been some genetic
drift. Two strains (IS/Bi and RIII) no longer exist and contributed
unique genetic material compared to the panel of inbred strains that
we tested. Although WSC mice did not exhibit mean acute
stimulation to EtOH, they did exhibit locomotor sensitization.
These mice exhibited a robust ataxic response to EtOH and
gradual tolerance. When we examined the phenotypic
relationship between EtOH-induced sensitization and tolerance,
there was a significant positive correlation, though the patterns
across time did not completely correspond; thus, maximum
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sensitization occurred on day 9, whereas maximum tolerance
occurred on day 12. It is possible that floor or ceiling effects could
impact these patterns, even if some of the same underlying
neurobiological mechanisms are involved, contributing to the day
on which the maximum level of a trait is observed.

Several of the significant phenotypic correlations between traits
found for the inbred strains were also found for the WSC. Thus,
there was an inverse relationship between baseline activity and
acute locomotor response to EtOH, and acute ataxia was associated
with magnitude of tolerance. Although magnitude of sensitization
and tolerance were significantly correlated in both studies,
sensitization explained about 10% of the variance in EtOH-
induced tolerance in the inbred strains, whereas it explained 44%
of the variance in the WSC. There were also some differences across
the two studies (see Tables 5, 6)—for example, an association found
in the WSC that was not found in the inbred strains was a positive
correlation between magnitude of sensitization and the acute EtOH
ataxia ratio. Since higher acute ataxia is also related to greater
tolerance, this may be associated with the stronger correspondence
between sensitization and tolerance in the WSC study. Genetic and
non-genetic factors could contribute to these several differences
since these are phenotypic, rather than genetic, correlations.

4.3 Behavioral practice and the
development of EtOH-induced
sensitization and tolerance

One question that we posed is whether behavioral practice or
number of exposures to the test apparatus under EtOH treatment
might impact the relationship between sensitization and tolerance. In
experiment 4, we limited exposure to the apparatus while under the
influence of EtOH by giving several injections in the home cage. The
mice in this study still developed both within-group and between-
group locomotor sensitization and tolerance. However, although the
correlation between acute EtOH-induced ataxia and ataxia tolerance
remained in this study, no significant correlation was found between
magnitude of EtOH-induced sensitization and tolerance. This
suggests a role for exposure to the test apparatus during EtOH
exposure in the relationship between these two traits. However, it is
notable that the acute ataxic response of this set of WSC mice was
attenuated by more than 50% compared to the mice in experiment 3,
limiting the amount of tolerance development possible.

4.4 Conclusions

The current set of studies utilized multiple mouse populations
to simultaneously measure EtOH-induced sensitization and
tolerance and determine whether there was coordinated
development of the two traits across repeated EtOH treatments.
The majority of consideration of the relationship between these two
phenotypes in the literature has been for psychostimulants and
opiates (62-64). Several factors have been suggested to contribute to
the development of tolerance and sensitization, including changes
in the pharmacokinetics and pharmacodynamics of the drug as well
as conditioning and state-dependent learning (practice). Whether
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they play common roles in the two phenotypes is not known. A
source of common influence is shared genetic factors that impact
both traits. Based on the data presented in this paper and consistent
with our prior study in RI strains (21), it appears that there are
independent genetic factors that impact the magnitude of EtOH-
induced sensitization and tolerance. Therefore, both sensitization
and tolerance need to be considered as independent processes that
could impact vulnerability to addiction. However, our data support
the conclusion that individual differences, which could be due to
genetic or environmental influences (or both), impact the
relationship between magnitude of sensitization and tolerance.
This relationship was disrupted when EtOH treatment was
dissociated from the test environment, suggesting that drug-
environment interactions are important. Lastly, we found some
evidence for effects of repeated EtOH administration on final BEC,
such that BECs were lower in the CE group compared to the CS
group mice for both the inbred strain panel and the DBA/2]J studies,
but not the studies in WSC mice. Therefore, the finding was
inconsistent in the presence of significant sensitization and
tolerance across the studies.

There has been considerable research conducted on mechanisms
underlying EtOH-induced sensitization and tolerance, both of which
have been the subject of reviews (51, 57, 65). Although there are some
common findings for neurotransmitters, membrane-bound channels,
and other mechanisms that impact the two traits, it is not clear that
they are two features of the same process. Our experiments were not
designed to address the molecular bases of these traits. Rather, our
behavioral approach of simultaneously measuring these traits sheds
light on this question in a unique way. There were some
methodological variations across the studies performed that could
have impacted our results—for example, there were differences in
EtOH dose and frequency of treatment across studies. In each study,
significant sensitization and tolerance were found, allowing for the
examination of the hypothesis that the two traits reflect a common
process. We obtained some data to support a genetic or phenotypic
relationship between the two traits. Other data showed different
timeframes of sensitization and tolerance development, indicating
that these effects of repeated EtOH exposure are not perfectly
coordinated and appear to involve at least some different
mechanisms. An alternative interpretation is that floor or ceiling
effects impact these patterns, contributing to the day on which the
maximum level of a trait was observed. One limitation of these
studies is that they were conducted only in male mice, leaving the
question of generality across sexes unanswered. Our previous similar
study in C57BL/6] by DBA/2] recombinant inbred strains tested
female mice and did not obtain evidence supporting the hypothesis
that sensitization and tolerance develop in concert (21). The potential
sources of differences in results across these studies are sex and
genetics since the current study included more genetically diverse
populations of mice.
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