1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

"% NIH Public Access

O
H%

Author Manuscript

Published in final edited form as:
Alcohol Clin Exp Res. 2009 March ; 33(3): 464—476. doi:10.1111/j.1530-0277.2008.00857.X.

SENSITIVITY AND TOLERANCE TO THE HYPNOTIC AND ATAXIC
EFFECTS OF ETHANOL IN ADOLESCENT AND ADULT C57BL/6J
AND DBA/2J MICE

David N. Linsenbardt, Eileen M. Moore, Carly D. Gross, Karen J. Goldfarb, Laverne C.
Blackman, and Stephen L. Boehm I

Center for Development and Behavioral Neuroscience, Department of Psychology, Binghamton
University, Binghamton, NY 13902

Abstract

Background—There is considerable research examining differences in adolescent and adult
sensitivity and tolerance to ethanol related behavioral phenotypes. However, the available published
data has almost exclusively assessed these behaviors in outbred rats. The present study was conducted
using the alcohol preferring inbred mouse strain C57BL/6J (B6) and the alcohol non-preferring
inbred mouse strain DBA/2J (D2) to determine if differences in the sedative and ataxic effects of
ethanol exist between adolescents and adults, and to determine whether there are any genetic
influences involved therein.

Methods—Adolescent and adult mice of each sex and genotype were given intraperitoneal (i.p.)
injections of ethanol (1.5, 1.75 or 4.0 g/kg) or saline and assessed for the loss of righting reflex
(LORR) or hind footslips on the balance beam apparatus. These animals were then tested for the
development of tolerance to these behaviors on subsequent days.

Results—Despite evident pharmacokinetic differences, D2 adults were found to be relatively
more sensitive than their adolescent D2 counterparts in addition to B6 animals of both age groups.
Furthermore, although adult animals appeared to develop significantly greater degrees of tolerance
to ethanol-induced hypnosis compared to adolescents, these effects are likely in part related to
differences in ethanol absorption/metabolism across time. Taking into account pharmacokinetic
differences and the overall poor performance of male adults, adolescent animals were found to be
equally if not more sensitive to the motor incoordinating (ataxic) effects of ethanol. Overall, tolerance
to these effects varied by age and genotype but appeared to be related to changes in ethanol
pharmacokinetics rather than strict behavioral sensitivity.

Conclusion—The current work suggests that adolescent B6 and D2 inbred mice exhibit ontogenetic
differences in sensitivity to ethanol’s hypnotic and ataxic effects. Importantly, in some cases age
differences emerge as a function of differential ethanol pharmacokinetics. These results extend the
current literature examining this critical developmental period in mice and illustrate the benefits of
comparing ethanol related developmental differences in different genetic mouse populations.
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Alcohol (ethanol) use often begins during the teenage years, a sensitive period during which
a number of neurobiological, hormonal, and behavioral changes occur. A recent survey
suggests that approximately 30% of high school seniors have had five or more drinks in a row
(i.e., have engaged in binge drinking) during the previous two weeks (Johnston et al., 2002).
Moreover, clinical reports indicate that adolescents frequently exhibit the symptoms of alcohol
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dependence. For example, some adolescents have difficulty controlling their alcohol intake
and display signs of tolerance (Hawkins et al., 1997; Spear, 2000; Stewart and Brown, 1995).
Such alcohol use during adolescence may have profound effects on brain development/
maturation, and may even influence the propensity to use the drug in later life. Additional
research is clearly needed to better understand how alcohol’s actions during this critical
developmental period differ from its actions during adulthood.

The development of useful animal models is crucial if we are to understand the complex
interaction between alcohol sensitivity and the profound changes that occur during
adolescence. Although human adolescents undergo developmental changes unparalleled in
lower organisms, other mammalian species (including rodents) also experience a
developmental period similar to adolescence (Spear, 2000). These changes have been reviewed
for both rats (Spear, 2004) and mice (Laviola et al., 2003). With regard to ethanol, a number
of studies have demonstrated that adolescent rats exhibit an altered behavioral sensitivity to
the compound compared to their adult counterparts (see Spear and Varlinskaya, 2004 for
review). Adolescent rats have been documented to display reduced sensitivity to the sedative/
hypnotic (Silveri and Spear, 1998; Silveri and Spear, 1999), motor impairing or ataxic (Silveri
and Spear, 2001), hypothermic (Silveri and Spear, 2000), and anxiolytic (Varlinskaya and
Spear, 2002) effects of ethanol. Adolescent rats have demonstrated increased sensitivity to still
other ethanol-related behavioral traits. Adolescent rats are more sensitive to the amnestic
(Markwiese et al., 1998) and social faciliatory (Varlinskaya and Spear, 2002) actions of
ethanol. Moreover, recent evidence suggests that adolescent rats may develop greater acute
(within session) ethanol tolerance compared to their adult counterparts (Silveri and Spear,
1998; Varlinskaya and Spear, 2006). Taken together, the above evidence indicates that rodents
might provide a powerful model system for investigating the neurobiological underpinnings
of ethanol’s actions during the critical developmental period of adolescence.

Although much is known about the behavioral actions of ethanol in adolescent rats, little work
has been done in adolescent mice despite the fact that mice have been one of the most widely
used animal models in ethanol research for decades. Inbred mouse strains have been
particularly well studied. An inbred strain is a population of mice in which members have been
brother-sister mated for 20 generations or more, effectively rendering all mice within the strain
genetically identical. Differences among the members of an inbred strain are likely due to
environmental influences, whereas differences between inbred strains are likely due to genetic
differences (assuming environmental parameters have been rigorously controlled).

The C57BL/6J (B6) and DBA/2J (D2) inbred mouse strains differ widely in their relative
behavioral sensitivities to ethanol. For example, in the earliest of these studies, McClearn and
Rodgers (1959) demonstrated that whereas B6 mice will readily consume ethanol in a standard
two-bottle choice paradigm, D2 mice avoid the solution. Since then, the relative sensitivity of
these two inbred strains has been shown to exhibit widely different sensitivities on a number
of other ethanol-related behavioral traits, including ethanol’s locomotor (Phillips et al.,
1995), hangover (Metten and Crabbe, 1994), hypnotic (Crabbe et al., 2006), ataxic (Crabbe et
al., 2003), and reinforcing actions (Cunningham et al., 1992). Thus, the use of inbred mouse
strains provides a means by which to rigorously control for genetic differences in ethanol
sensitivity. Moreover, because the ethanol behavioral sensitivities of B6 and D2 adults are so
extensively characterized, examination of adolescent sensitivity in these strains will provide a
useful picture of how ethanol behavioral sensitivity during adolescence relates to that of
adulthood.

Several labs have recently published reports describing ethanol behavioral sensitivity in
adolescent and adult B6 (Hefner and Holmes, 2007) or D2 (Stevenson et al., 2007) inbred mice,
but neither has compared the two, or examined tolerance to these actions. Indeed, a number of
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ethanol-related behaviors may undergo tolerance. Three different types of tolerance have been
described. Whereas acute or within session tolerance is that which develops over a single
ethanol exposure, rapid tolerance develops within 24 hours after first exposure and chronic
tolerance develops with repeated ethanol exposures over days (Kalant, 1993). Although each
of these forms of tolerance has been investigated in adolescent rats (Silveri and Spear; 1998,
1999; Ristuccia and Spear, 2004, 2005; Varlinskaya and Spear, 2006, 2007; Spear and
Varlinskaya, 2005), they have not been thoroughly investigated with respect to hypnosis or
ataxia in mice. The goal of the present study was to investigate sensitivity as well as rapid and
chronic tolerance to the sedative and motor impairing effects of ethanol in adolescent and adult
B6 and D2 inbred mice. Based on the available adult mouse sensitivity literature we
hypothesized that D2 mice of both age groups would display greater sensitivity to the hypnotic
(Crabbe et al., 2006) and motor impairing (Crabbe et al., 2003) actions of ethanol than B6
animals of the same age. Furthermore, based on the available adolescent mouse (Hefner and
Holmes, 2007) and rat (previously mentioned) literature we predicted that adolescent animals
would exhibit reduced sensitivity to both behavioral actions of ethanol and that the
development of tolerance to these actions would also be greater.

Materials and Methods

Animals

Male and female B6 and D2 mice bred in our colony at the Binghamton University animal
facility were used in each experiment. Breeders were originally purchased from Jackson
Laboratory (Bar Harbor, ME) and care was taken to avoid breeding past 2 generations from
these founder mice. Whereas adolescent and adult animals aged 30 + 3 (PD 30 = 3) and 60 +
3 (PD 60 = 3) respectively, were used for LORR and metabolism experiments (1 and 2),
adolescent and adult animals age 33 £ 3 (PD 30 £ 3) and 60 + 3 (PD 60 + 3) respectively, were
used for the balance beam experiments (3 and 4). B6 and D2 adolescent animals for experiments
land 2 weighed 12.15+0.03 and 12.00 + 0.03 g respectively, whereas adult B6 and D2 animals
weighed 20.65 + 0.03 and 21.00 + 0.04 g respectively. For experiments 3 and 4, B6 and D2
adolescents weighed 17.32 + 0.08 and 15.67 + 0.06 g respectively, and B6 and D2 adults
weighed 20.90 £+ 0.09 and 21.70 + 0.10 respectively. Same-sex animals were group housed 2—
5 per cage in standard, clear, polycarbonate shoebox mouse cages and had ad lib access to
standard rodent chow and tap water except during experimental procedures and behavioral
testing. Up to three litters were sometimes represented in a cage, at times making it difficult
to know which mouse belonged to which original litter. Thus, although we generally avoided
inclusion of more than one same-sex littermate in a particular experimental group, this
undoubtedly occurred from time to time. Although experiments were sometimes repeated using
different cohorts of animals to increase group sizes, every attempt was made to balance the
cohorts across genotype, sex, and age. Vivarium lighting was maintained on a 12/12 hour cycle
with the lights turning on at 7:00 AM and the temperature and humidity were held at
approximately 21°C and 50%, respectively. All of the procedures were approved by the
Binghamton University Institutional Animal Care and Use Committee and were in accordance
with the Guide for the Care and Use of Mammals in Neuroscience and Behavioral Research
(National Research Council, 2003).

Ethanol Administration

200 proof Ethanol was purchased from Pharmco, Inc (Brookfield, CT) and diluted in sterile
0.9% physiological saline. Ethanol was administered by intraperitoneal (i.p.) injection in a
volume of 0.2 ml per 10 g of body weight at doses of 1.5, 1.75 and 4.0 g/kg.
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Experiment 1

The goal of experiment 1 was to assess sensitivity and tolerance to the hypnotic effects of
ethanol. On day 1, animals received i.p. injections of 4 g/kg ethanol and were immediately
placed in classic V-shaped troughs and assessed for loss of righting reflex (LORR) as
previously described (McClearn and Kakihana, 1981; see Crabbe 2006). Briefly, LORR was
defined as the time immediately following injection when the animal was unable to right itself
onto all four paws. The duration of LORR was defined as the time from loss of the righting
reflex to the time of recovery of the righting reflex (ability to right twice in 60 seconds).
Immediately upon recovery of the righting reflex retro-orbital sinus bloods were collected to
determine blood ethanol concentration (BEC; see detailed methods below). On day 2 half of
the animals were treated identically to day 1; duration of LORR was monitored after which
blood was collected for comparison to day 1. On days 2—4 the remaining animals received once
daily ethanol injections (4 g/kg) and were returned to their home cages (LORR was not
assessed). On day 5 animals received a final ethanol injection (4 g/kg) and duration of LORR
was assessed and retro-orbital sinus bloods were sampled in identical fashion as the second
day of experiment 1 above.

Experiment 2

Possible age and genotype differences in ethanol pharmacokinetics following the 4.0 g/kg dose
were assessed in experiment 2. Retro-orbital sinus bloods were sampled following i.p.
injections on days 1 and 5 at predetermined time intervals. The same mice were used throughout
to reduce the number of animals required and to allow for within subjects comparisons across
time. However, two separate cohorts of animals were tested which allowed us to remove blood
volumes of < 1% body weight per animal per day and provided adequate time for recovery of
blood volumes (Hoff, 2000). The first cohort were sampled after acute administration at the
20, 40 and 80 minute time intervals which roughly corresponded to the times at which
individual groups of animals regained the righting reflex on day 1 (see experiment 1 results).
The second cohort was tested after 240 minutes on days 1 and 5 to evaluate overall differences
in metabolism as a function of relative exposure.

Experiment 3

Experiment 3 was undertaken to examine sensitivity and tolerance to the motor incoordinating
or ataxic actions of ethanol using the balance beam apparatus (see Moore et al. 2007, for
details). The adult balance beam apparatus consisted of a 122 cm long by 2 cm wide by 4 cm
tall wood block placed on top of two ring stands measuring 48 cm high. The balance beam
apparatus was situated on top of a table so that the wood block was a total of 130 cm off the
floor. Based on unpublished work from our lab and literature indicating crown-rump and gait
differences between adolescents and adults (Doremus et al., 2003, 2004, 2006; Varlinskaya
and Spear, 2002, 2006, 2007), a second balance beam was constructed that was scaled to % of
the size of the adult beam (91.5 cm long by 1.5 cm wide by 3 cm tall wood block) and placed
on top of the same ring stands and table described above.

Mice were trained to walk the length of the beam immediately prior to ethanol challenge.
During training, mice were encouraged to walk the beam by gently nudging their hind quarters
with the eraser end of a pencil. Preliminary data indicated that such training was sufficient to
ensure that mice would rapidly traverse the beam without the aid of the eraser following ethanol
challenge (data not shown). Immediately after all mice were trained, mice were systematically
dosed with ethanol (1.5 g/kg) and returned to the home cage. Hind foot slips were recorded on
the balance beam 10 minutes later; immediately after this testing retro-orbital sinus blood
samples were taken for determination of BEC. This procedure was repeated on day 2 to look
for the development of rapid tolerance. However, on this day only half of the animals were
tested on the balance beam to determine if this additional exposure to the apparatus was
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sufficient to elicit significant learned tolerance upon subsequent testing (on day 5). On days 3
and 4 all animals were given ethanol injections (1.5 g/kg) and returned to the home cage. On
Day 5 all animals were again injected with ethanol (1.5 g/kg) and tested on the balance beam
to assess the development of chronic tolerance.

Experiment 4

Sensitivity and tolerance to the motor incoordinating actions of a higher dose of ethanol (1.75
g/kg) were assessed in experiment 4 using the balance beam apparatus. The only difference
between this experiment and experiment 3 was the ethanol dose.

Blood Ethanol Concentration

After each animal regained its righting reflex (experiment 1), at predetermined time intervals
after injection (experiment 2), or immediately after performance on the balance beam apparatus
(experiment 3 and 4) 25 pul retro-orbital sinus bloods were collected for determination of BEC.
Blood was spun down in 0.5mL micro-centrifuge tubes and plasma was withdrawn and stored
at —80°C for later analysis. Samples were processed using an Analox Alcohol Analyzer
(Analox Instruments, Lunenburg, MA) and recorded as mg/dL (mg %).

Statistical Analysis

Marked failure was observed in the ability of some mice (particularly adolescents) to lose the
righting reflex within 10 min of injection. Ponomarev and Crabbe (2002) have attributed the
inability of adult mice to loose the righting response to the failure of some intraperitoneal
injections to effectively deliver ethanol solution to the peritoneal cavity. However, it is not
immediately clear whether these instances were actually due to incomplete ethanol injection,
relative insensitivity to ethanol upon initial exposure on day 1, or tolerance to repeated ethanol
exposure on days 2 or 5. Nevertheless, we were left with no alternative other than to exclude
such mice from the statistical analysis. In fact, although we attempted to evaluate differences
between groups with an additional lower dose (3.5 g/kg), over 50% of adolescents failed to
lose the righting reflex compared to about 13% of adults. Therefore, as the remaining
adolescents were not representative of the true population these data had to be eliminated from
statistical analysis. This was not the case for the 4.0 g/kg dose where attrition was distributed
relatively equally across groups and time. The interested reader is referred to Table 1 for a
detailed list of such animals, as well as animals that could not be included in some analyses
due to difficulties sampling or assaying blood samples.

To asses differences in hypnotic sensitivity (duration and BEC at regain), three-way analyses
of variance (ANOVA) with genotype, sex, and age as the between groups factors were
performed. Rapid and chronic tolerance to ethanol’s hypnotic actions were calculated as change
in duration or BEC from day 1, and analyzed by three-way ANOVA with genotype, sex, and
age as the between groups factors. Because results indicated no main effects of sex or any other
sex interactions, data were collapsed on this factor for graphical presentation. Subsequent
Newman-Keuls post-hoc tests were run where appropriate for all experiments. Results were
considered significant at P<0.05.

Pharmacokinetic differences were assessed by four-way repeated measures ANOVAs with
genotype, sex, and age as the between groups factors and time bin or day as the within subjects
factor. In both cohorts for these studies, data were collapsed on sex and genotype for graphical
presentation. Results were considered significant at P<0.05.

Differences in sensitivity to ethanol’s ataxic effects (performance as assessed by hind footslips
and corresponding BEC) were analyzed by three-way repeated measures ANOVA with
genotype, sex, and age as the between groups factors. Rapid and chronic tolerance to ethanol’s
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ataxic actions were calculated as change in performance or BEC from day 1, and analyzed by
three-way ANOV A with genotype, sex, and age as the between groups factors. Subsequent
Newman-Keuls post-hoc tests were run where appropriate. The level of significance was set
at P<.05.

Experiment 1 — Sensitivity

Sensitivity to the hypnotic actions of ethanol following the 4.0 g/kg dose are shown in Figure
1. Although sex was not a significant factor in the analyses and therefore not represented
graphically, the interested reader is referred to Table 2 for hypnotic sensitivity data broken
down by this factor.

Lower sensitivity to ethanol’s hypnotic actions was generally defined as recovery of the
righting response at a relative higher BEC. The overall three-way analysis of BEC at the 4.0
g/kg dose indicated a significant age*genotype interaction [F(1, 188)=9.41 P<.01] with adult
D2 animals displaying significantly lower BECs than both D2 adolescents (P<.05) and B6
adults (P<.01) at recovery (Figure 1A). Analysis of corresponding duration of LORR data
indicated a significant main effect of age [F(1, 188)=124.19 P<.001] and a significant
age*genotype interaction [F(1, 188)=4.94 P<.05]. Post-hoc tests confirmed that both B6 (P<.
001) and D2 (P<.001) adolescents exhibited significantly shorter durations of LORR than
adults of the same genotype, and that adult D2 animals had significantly longer LORR sleep
times than B6 adults (P<.01; Figure 1B). Taken together, the combined BEC and behavioral
data are consistent with the notion that D2 adolescents are less sensitive than D2 adults, and
that D2 adults are more sensitive than B6 adults at the 4.0 g/kg dose. Moreover, the present
data suggest that suggest that B6 adolescents possess faster rates of absorption and/or
metabolism than B6 adults.

Experiment 1 - Tolerance

Differences in the development of rapid and chronic tolerance to the hypnotic actions of ethanol
can be seen in Figure 2. Change scores were calculated by subtracting day one values from
those on day two (day2 — dayl = change score) for both the BEC at regain (mg/dL) and
corresponding LORR duration (min). Negative BEC change scores (although none were
apparent) indicate decreased BEC at regain from day one, whereas positive values indicate
increased BEC at regain. Negative LORR change scores indicate decreased sleep time, whereas
positive values indicate longer sleep times compared to day one. All possible scenarios
involving relationships between the directions of these change scores are further elaborated in
the discussion, although regain of the righting response at a higher BEC on either days 2 or 5
were generally taken to indicate the development of rapid or chronic tolerance, respectively.
Although the focus of this analysis was on genotype x age differences in the magnitude of
rapid and chronic tolerance, the interested reader is referred to Table 3 for raw sleep time and
BEC at regain data.

Day 2 BEC at regain and duration of LORR following administration of the 4.0 g/kg ethanol
dose are shown in Figures 2A and 2B, respectively. Analysis of rapid tolerance indicated a
significant main effect of age [F(1, 71)=4.6 P<.05] for BEC at regain with no significant
difference in LORR duration, which may suggest the development of greater rapid tolerance
among the adult members of both genotypes. Day 5 BEC at regain and duration of LORR
following administration of the 4.0 g/kg ethanol dose are shown in Figures 2C and 2D,
respectively. Analysis of chronic tolerance indicated a significant main effect of age [F(1, 85)
=14.38 P<.001] for duration of LORR with no significant differences in BEC at regain. These
results suggest possible pharmacokinetic differences between the age groups on day 5; adult
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members of both strains may absorb and/or metabolize ethanol faster than adolescents
following five days of ethanol treatment at this dose.

Experiment 2 — Pharmacokinetic Sensitivity

Overall differences in BEC at the different time intervals following acute administration of 4.0
g/kg ethanol can be seen in Figure 3C. Four-way analysis of BEC at the 20, 40 and 80 minute
time intervals indicated significant main effects of age [F(1, 30)=8.02 P<.01], with adolescent
animals having lower overall BECs than adults, and bin [F(2, 60)=50.95 P<.001] with BEC’s
decreasing over time. The lack of any significant time interactions (P>.05) indicated that there
were no differences in the slopes of the lines between any of the 3 times points.

Experiment 2 — Pharmacokinetic Tolerance

Changes in ethanol metabolism following chronic administration of the 4.0 g/kg dose can be
seen in Figure 3D. Three-way analysis of BEC at the 4 hour time point on days 1 and 5 revealed
significant main effects of age [F(1, 33)=33.8 P<.001], day [F(1, 33)=19.3 P<.001], and sex
[F(1,33)=5.1 P<.05]. Overall, adolescents had lower BEC’s than adults, BEC’s were

significantly decreased on day 5 compared to day 1, and females had lower BEC’s than males.

Experiments 3 and 4 — Sensitivity

Sensitivity to ethanol’s ataxic effects at the 1.5 g/kg ethanol dose are shown in Figures 4A and
4B. The four-way analysis of hind footslips indicated significant main effects of sex [F(1, 89)
=4.46 P<.05] and age [F(1, 89)=6.3 P<.05], as well as a significant sex*age interaction [F(1,
89)=6.1 P<.05]. Although adult males of both genotypes appeared to display a greater number
of footslips at testing, post-hoc analysis did not detect any significant group effects. Analysis
of BECs at the 1.5 g/kg dose indicated a significant main effect of age [F(1, 89)=41.54 P<.
001] suggesting differences in the rate of ethanol absorption. Adult mice exhibited higher BECs
immediately following testing, perhaps indicating that at least at this ethanol dose they may
absorb ethanol at a faster rate than do adolescents.

Sensitivity to ethanol’s ataxic effects at the 1.75 g/kg ethanol dose are shown in Figures 4C
and 4D. Analysis of hind footslips at the 1.75 g/kg dose indicated significant main effects of
age [F(1, 104)=59.62 P<.001] and a significant age*sex*genotype interaction [F(1, 104)=4.03
P<.05]. Post-hoc tests revealed that the three-way interaction was driven largely by the male
B6 adult animals which had significantly more hind footslips than adult D2 males and females,
and significantly fewer footslips than adolescent D2 males (P’s<.05). Although adult B6 male
and female mice appeared to exhibit slower absorption compared to all other groups following
administration of the 1.75 g/kg dose, BEC analysis indicated only a significant main effect of
genotype [F(1, 104)=7.27 P<.01].

Experiments 3 and 4 — Tolerance

Differences in the development of rapid and chronic tolerance to the ataxic effects of ethanol
can be seen in figure 5 and figure 6, respectively. Change scores were calculated by subtracting
day 2 values from those on day 1 for footslips (dayl — day2 = footslips change score), and by
subtracting day 1 values from those on day 2 for BECs (day2 — dayl = BEC change score).
Whereas positive BEC change scores indicate increased rate of absorption compared to day
one, negative values indicate decreased. Positive footslip change scores indicate a decreased
number of footslips (or tolerance), whereas negative values indicate increased footslips
compared to day one. Although the focus of this analysis was on differences between age
groups and genotypes the interested reader is referred to Table 4 for the raw balance beam
tolerance data.
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To examine the possibility that experience with the balance beam on day 2 might influence
subsequent performance on day 5, only half the animals tested for sensitivity on day 1 were
tested for rapid tolerance on day 2 (all mice were tested for chronic tolerance on day 5).
Therefore, although all mice received ethanol injections on day 2, only a subset of them were
actually tested for balance beam performance on that day. However, there were no significant
main effects or interactions in day 5 performance between mice that had been tested on day 2
and mice that had not, so footslip change scores for all mice were collapsed for subsequent
analysis of chronic tolerance on day 5. It is nevertheless important to realize that our efforts to
control for possible practice effects significantly reduced our N on day 2. For this reason our
power to detect significant effects was somewhat limited on that day.

Day 2 balance beam performance and corresponding BECs following administration of the 1.5
g/kg and 1.75 g/k ethanol dose are shown in Figure 5. Analysis of hind footslip data following
administration of the 1.5 g/kg dose indicated a significant main effect of age [F(1, 39 =10.75
P<.01]. There were also significant age*genotype [F(1, 39 =11.22 P<.01] and
age*genotype*sex [F(1, 39 =8.17 P<.01] interactions. Post-hoc tests confirmed that whereas
the age*genotype*sex interaction was largely due to the apparent greater rapid tolerance
developed by D2 adult males compared to all other groups (P<.05), the age*genotype
interaction was largely driven by the relatively poorer performance of the D2 adolescents
compared to all other groups (P’s<.05). These results are shown in Figure 5A. Analysis of hind
footslip data following administration of the 1.75 g/kg dose indicated significant main effects
of age [F(1, 46 =15.81 P<.001] and genotype [F(1, 46 =4.58 P<.05]; adolescents generally
developed greater rapid tolerance than adults, and B6 mice generally developed greater rapid
tolerance than D2 mice, at the 1.75 g/kg dose (Figure 5C). There were no significant differences
between groups in the rate of absorption (BECs) at either dose (Figures 5B and 5D).

Day 5 balance beam performance and corresponding BECs following administration of the 1.5
g/kg and 1.75 g/k ethanol dose are shown in Figure 6. Analysis of hind footslip data following
administration of the 1.5 g/kg ethanol dose indicated significant main effects of age [F(1, 89
=20.77 P<.001], genotype [F(1, 89 =16.54 P<.001], and sex [F(1, 89 =9.7 P<.01]. However,
there was also a significant main effect of age for BECs with adolescent mice exhibiting overall
higher BECs than adult mice, suggesting that differences in the rate of ethanol absorption may
have accounted for at least some of the observable behavioral differences in chronic tolerance
developed at this dose. Analysis of hind footslip data following administration of the 1.75 g/
kg dose indicated a significant main effects of age [F(1, 104 =5.96 P<.05] and genotype [F(1,
104 =15.09 P<.001] with adolescents generally exhibiting a greater number of footslips
compared to adults, and B6 mice generally exhibiting a greater number of footslips than D2
mice. There were no significant differences in the rate of absorption (BECs) following
administration of the 1.75 g/kg ethanol dose.

Discussion

The available literature suggests that adolescents exhibit altered behavioral sensitivity and
tolerance to ethanol (see Spear, 2000 for review). The present data add to this literature by
suggesting that adolescent and adult B6 and D2 inbred mice exhibit altered sensitivity and
tolerance to ethanol’s hypnotic and motor impairing actions. In experiment 1, we demonstrated
that adolescent D2 mice are less sensitive to the hypnotic actions of a 4 g/kg ethanol dose than
adults of the same genotype (and all other groups), and that there are fundamental differences
in the development of both rapid and chronic tolerance between age groups, likely due to shifts
in both pharmacokinetics and brain sensitivity. In experiment 2, we extended these findings to
examine the magnitude of pharmacokinetic differences inferred by the experiment 1 behavioral
data. These results demonstrated that adolescent mice had overall lower BEC’s following both
acute and chronic administration 4.0 g/kg ethanol administration. Therefore, although all
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groups developed various degrees of behavioral and/or metabolic tolerance, the apparent age
differences may have been due in part to differences in the relative amount of ethanol exposure
both acutely and as a function of time. Together these results support recent mouse literature
indicating differences in sensitivity to LORR during adolescence in mice (Hefner and Holmes,
2007) while providing additional evidence in support of significant genetic and
pharmacokinetic contributions to both sensitivity and tolerance.

In experiments 3 and 4, we assessed sensitivity and tolerance to ethanol’s motor impairing
actions using the balance beam apparatus. Our first experiment at the 1.5 g/kg dose indicated
that adolescents had faster rates of ethanol absorption which most likely contributed at least in
part to the observed behavioral differences. Taking these differences into account, female
adolescents were similarly (B6) if not more (D2) impaired than female adults of the same
genotype at this dose. At the slightly higher 1.75 g/kg dose, adolescents of both genotypes were
found to be more sensitive to ethanol’s ataxic effects with the exception of the adolescent B6
males which were not statistically different from adult males of the same genotype. There were
also genotype differences in ethanol absorption with D2 animals exhibiting generally faster
rates than B6 animals. Furthermore, there were age and genotype differences in the
development of rapid and chronic tolerance although the differences in chronic tolerance may
have been in part due to differences in the rates of ethanol absorption. The current results add
to the growing literature suggesting altered adolescent sensitivity to ethanol’s motor
incoordinating actions. Whereas Hollstedt et al. (1980) and White (2002) demonstrated
decreased sensitivity to the ataxic effects of ethanol in adolescent rats using the tilting-plane
apparatus, recent work in mice (Hefner and Holmes, 2007) using the rotorod reported increased
sensitivity to these effects. Our data support the later findings indicating the existence of species
and/or task related differences with respect to ethanol-induced ataxia in adolescent and adult
mice, and suggest that genotype is a contributing factor.

Sensitivity to ethanol’s hypnotic actions

Data showing decreased sensitivity to the hypnotic actions of ethanol in adolescent animals
compared to adults is consistent with the current rat (Silveri and Spear, 1998) and mouse
(Hefner and Holmes, 2007) literature. However, whereas Hefner and Holmes (2007) found no
differences in BECs at recovery from LORR between age groups, our results indicate that these
differences may in fact exist in mice but that they tend to emerge as a function of genotype.
Our findings in B6 mice at the 4.0 g/kg dose are consistent with Hefner and Holmes (2007)
data showing shorter sleep times in adolescents with no age-related differences in BEC at
regain. These results together with our metabolism data suggest that sensitivity to ethanol’s
hypnotic effects between age groups in B6 mice is not qualitatively different at this dose. These
results are more interesting in light of data indicating that compared to their adult counterparts,
D2 adolescents are less sensitive to ethanol’s hypnotic actions at the same dose despite evident
differences in ethanol pharmacokinetics.

Tolerance to ethanol’s hypnotic actions

Animals that develop tolerance to LORR are expected to recover the righting response at higher
BECs than they had on the previous day or days. If one assumes a constant rate of blood ethanol
clearance, tolerant animals should regain their righting reflex earlier on the descending limb
of the blood ethanol concentration curve (Boehm et al. 2003, 2004). In other words, tolerance
can be defined as the ability of an animal to show a particular behavior (in this case, regain of
the righting response) at a higher BEC than it had previously. Although the observed changes
in BEC’s were generally in the expected direction (higher on days 2 and 5), significantly shorter
LORR durations were not always paralleled by significantly higher BEC’s. Whereas these
results may be suggestive of pharmacokinetic influences such as changes in the rate of blood
ethanol absorption/metabolism with repeated exposures (metabolic tolerance), the
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development of within session tolerance (acute functional tolerance) or even changes in the
magnitude and/or rate of acute functional tolerance over repeated ethanol exposures cannot be
ruled out.

Despite the possibility that pharmacokinetic and/or acute functional tolerance may have
contributed to the current findings, it is likely that both adolescent and adult animals developed
at least some rapid and chronic tolerance to ethanol-induced LORR. Indeed, both age groups
exhibited higher BECs upon recovery from LORR on days 2 and 5 compared to day 1, although
these effects were only ever statistically significant for adults on day 2 (table 3). Thus, given
the fact that we tested mice during early adolescence, the present results appear to be consistent
with the rat literature suggesting that the ability to develop rapid tolerance emerges at some
point during adolescence (Silveri and Spear 1999), and that younger animals show a decreased
ability to develop chronic tolerance than their adult counterparts (Lagerspetz, 1972). Our
primary interest was to evaluate the degree of rapid and chronic tolerance developed in
adolescent and adult mice. To that end, our data suggest that age- and genotype-dependent
differences in the degree of rapid and chronic tolerance, not independent of pharmacokinetic
alterations, do in fact exist.

There are several caveats to the above discussion. First, a short sleep time upon first ethanol
exposure provides little room (floor effect) for behavioral tolerance to develop. This may
explain why significant tolerance to the duration of sleep time was only observed in adult
animals. Second, there were a surprising number of adolescent animals that did not loose the
righting reflex on day 2 or day 5, either because they had become completely tolerant to the
hypnotic effects of ethanol, or because their relative smaller size made successful
intraperitoneal injection more difficult. A similar problem was reported by Hefner and Holmes
(2007) following administration of the 3.5 g/kg dose. These animals had to be eliminated from
the study (see Table 1 for a detailed list of animals that failed to loose the righting response).
Nevertheless, if some of these adolescents had actually become completely insensitive to the
repeated ethanol administrations, our adolescent group means may not reflect the true level of
tolerance achieved by these animals. One way to address this problem may be to simply repeat
the test using increasingly larger ethanol doses. However, adult animals would likely begin to
experience harmful metabolic and hypothermic effects that could complicate and confound
our behavioral measure. Indeed, ethanol induced hypothermia has been shown increases with
dose and to influence the rates of metabolism in adult mice (Romm &Collins, 1987). As
hypothermic influences may have already been in play within the current data set, future studies
examining age differences in sensitivity and tolerance to the hypothermic effects of ethanol
are currently under way.

Finally, if groups of animals differ in the rate of ethanol absorption and/or metabolism, it may
be that any differences in the development of tolerance are due to the relative degree of exposure
in this group per unit time. For example, if the duration of ethanol exposure were the only
variable driving the development of tolerance, adult animals would consistently develop
greater degrees of tolerance. However, while the duration of ethanol in blood and brain likely
play a major role in the development of tolerance, these influences are but one possible
contribution to the observed group differences (or lack thereof) which future studies looking
into acute functional tolerance will surely begin to elucidate.

Sensitivity to ethanol’s ataxic effects

Adolescent mice were generally found to be significantly more sensitive than adults to the
ataxic effects of ethanol. However, it is possible that the influence of ethanol coupled with the
smaller scaled beam combined synergistically to create a comparatively more difficult task.
Our decision to scale the beam was based on considerable literature examining size and gate
differences in adolescent and adult rats (Doremus et al., 2003, 2004, 2006; Varlinskaya and
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Spear, 2002, 2006, 2007). To our knowledge no work characterizing mouse size in relationship
to task performance on the balance beam apparatus have been published. Further evaluation
of the relative size difference between adolescent and adult mice and the degree to which these
differences may lead to different degrees of behavioral performance irrespective of ethanol
challenge is warranted.

Assuming our scaling of the beam was appropriate, an alternative explanation for the observed
age-dependent differences in behavioral sensitivity on first exposure could have been that the
age groups differed in BEC at the time of testing. That is, differences in absorption/metabolism
of ethanol rather than differences in performance under similar levels of “intoxication” could
have lead to the observed age differences in the number of ethanol-induced hind footslips.
However, in experiment 5, an increased sensitivity in adolescents was observed following
administration of the higher ethanol dose (1.75 g/kg) despite detecting no significant
differences in BEC immediately following testing. Thus, the present data would appear to more
appropriately reflect differences in behavioral impairment under similar levels of intoxication.

Tolerance to ethanol’s ataxic effects

To our knowledge this report is the first to examine tolerance to the motor incoordinating
actions of ethanol in adolescent mice. The results of experiment 3 and 4 indicate that there
were differences in the development of rapid and chronic tolerance to the ataxic effects of
ethanol between all groups, but that the significance of these effects depended greatly on dose.
For example, although there were no significant differences in ethanol pharmacokinetics on
the second day of testing (rapid tolerance) at either dose, age-dependent behavioral differences
were in opposite directions with larger improvements in adults at the 1.5 g/kg dose and larger
improvements in adolescents at the 1.75 g/kg dose. Furthermore, age-dependent differences in
BEC’s on the 5! day of testing (chronic tolerance) following administration of the 1.5 g/kg
dose strongly suggest pharmacokinetic influences, whereas the lack of such effects following
administration of the 1.75 g/kg dose suggests that these effects are independent of such
influence. These results may argue in favor of age-related bidirectional dose-dependent
changes in the development of tolerance to ethanol’s motor incoordinating actions, with
younger animals developing tolerance at higher doses and adult animals developing tolerance
at lower doses. Importantly, the previously mentioned differences in sensitivity to ethanol-
induced ataxia on this apparatus may contribute to the relative differences in tolerance.
Additional work will be necessary to more adequately describe this complicated picture.

Conclusion

The present results add to the growing literature suggesting that adolescents and adults differ
in sensitivity and tolerance to ethanol’s hypnotic and ataxic effects. Our goal was to compare
sensitivity to these ethanol behavioral actions in B6 and D2 inbred mouse strains known to
differ widely in sensitivity to many ethanol related behavioral phenotypes. We predicted that
adolescent mice would be less sensitive and develop greater tolerance to these ethanol
behavioral measures, and that the two genotypes would differ in sensitivity to these ethanol
behavioral responses at both ages.

Our results were mixed. Surprisingly, only adolescent D2 animals were found to be less
sensitive than adults of the same genotype to ethanol-induced hypnosis. Age differences in the
degree of tolerance to this effect varied by number of ethanol exposures. Whereas adult animals
showed decreased sensitivity on their second exposure compared to adolescents (rapid
tolerance), after repeated exposures greater metabolic contributions emerged (chronic
metabolic tolerance). Ethanol-induced ataxia varied considerably by dose. Overall, adolescents
were equally or more sensitive than adults to ethanol’s motor incoordinating actions.
Interestingly, across all experiments, groups that were the most sensitive also showed the
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largest degrees of tolerance within a particular dose. Although additional ethanol doses would
undoubtedly provide a more complete picture, it is tempting to speculate that sensitivity to
ataxia is predictive of tolerance to the same behavior. If reduced sensitivity and enhanced
tolerance development to ethanol’s actions does in part predispose adolescents to consume
larger amounts of ethanol compared to their adult counterparts (Spear, 2000), than perhaps the
observed differences in adolescent sensitivity to ethanol-induced ataxia (particularly in D2
mice) are less influential then are the age differences in sensitivity to ethanol’s hypnotic actions.
Future studies should examine sensitivity and tolerance to these and other ethanol related
behavioral measures using multiple age groups and a panel of inbred mouse strains to more
fully elucidate possible genetic contributions influencing ontogenetic differences in behavioral
sensitivity to ethanol.
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Figure 1.

Sensitivity to ethanol-induced LORR (4.0 and 3.5 g/kg) in adolescent and adult C57BL/6J and
DBAZ2/J mice. A. Blood ethanol concentrations after regaining the righting reflex (4.0 g/kg).
B. Duration of LORR in adolescent and adult mice (4.0 g/kg). C. Blood ethanol concentrations
after regaining the righting reflex (3.5 g/kg). D. Duration of LORR in adolescent and adult
mice (3.5 g/kg).
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Development of rapid and chronic tolerance to ethanol-induced LORR (4.0 g/kg) in adolescent
and adult C57BL/6J and DBA2/J mice. A. Change in Blood ethanol concentrations after
regaining the righting reflex on day 2 compared to day 1. B. Change in the duration of LORR
in adolescent and adult mice on day 2 compared to day 1. C. Change in Blood ethanol
concentrations after regaining the righting reflex on day 5 compared to day 1. D. Change in
the duration of LORR in adolescent and adult mice on day 5 compared to day 1. All change
score were calculated by subtracting the second or fifth days values from those of day 1. Positive
BEC change scores represent increases in BEC. Negative LORR change scores represent

decreases in LORR duration.
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Figure 3.

Development of rapid and chronic tolerance to ethanol-induced LORR (3.5 g/kg) in adolescent
and adult C57BL/6J and DBA2/J mice. A. Change in Blood ethanol concentrations after
regaining the righting reflex (4.0 g/kg) on day 5 compared to day 1. B. Change in the duration
of LORR in adolescent and adult mice (4.0 g/kg) on day 5 compared to day 1. C. Change in
Blood ethanol concentrations after regaining the righting reflex (3.5 g/kg) on day 5 compared
to day 1. D. Change in the duration of LORR in adolescent and adult mice (3.5 g/kg) on day
5 compared to day 1. All change score were calculated by subtracting the second or fifth day
values from those of day 1. Positive BEC change scores represent increases in BEC. Negative
LORR change scores represent decreases in LORR duration.
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Sensitivity to ethanol-induced ataxia (1.5 and 1.75 k/kg) in adolescent and adult C57BL/6J and
DBA2/J mice. A. Number of footslips in adolescent and adult mice (1.5 g/kg). B. Blood ethanol
concentrations after performance on the balance beam (1.5 g/kg). C. Number of footslips in

adolescent and adult mice (1.75 g/kg). D. Blood ethanol concentrations after performance on
the balance beam (1.75 g/kg).
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Figure 5.

Development of rapid tolerance to ethanol-induced ataxia (1.5 and 1.75 k/kg) in adolescent
and adult C57BL/6J and DBA2/J mice. A. Change in the number of footlslips in adolescent
and adult mice (1.5) on day 2 compared to day 1. B. Change in Blood ethanol concentrations
after performance on the balance beam (1.5 g/kg) on day 2 compared to day 1. C. Change in
the number of footlslips in adolescent and adult mice (1.75) on day 2 compared to day 1. D.
Change in Blood ethanol concentrations after performance on the balance beam (1.75 g/kg) on
day 2 compared to day 1. Footslip change scores were calculated by subtracting the 1st day
values from those of day 2. BEC change scores were calculated by subtracting the 2nd day
values from those of day 1. Positive footslip change scores represent decreases in footslips.
Positive BEC change scores represent increases in rates of ethanol absorption (BEC).
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Figure 6.

Development of chronic tolerance to ethanol-induced ataxia (1.5 and 1.75 k/kg) in adolescent
and adult C57BL/6J and DBA2/J mice. A. Change in the number of footlslips in adolescent
and adult mice (1.5) on day 5 compared to day 1. B. Change in Blood ethanol concentrations
after performance on the balance beam (1.5 g/kg) on day 5 compared to day 1. C. Change in
the number of footlslips in adolescent and adult mice (1.75) on day 5 compared to day 1. D.
Change in Blood ethanol concentrations after performance on the balance beam (1.75 g/kg) on
day 5 compared to day 1. Footslip change scores were calculated by subtracting the 1st day
values from those of day 5. BEC change scores were calculated by subtracting the 5th day
values from those of day 1. Positive footslip change scores represent decreases in footslips.
Positive BEC change scores represent increases in rates of ethanol absorption (BEC).
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