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Abstract
Background—Adolescent rats are less sensitive to the motor-impairing effects of ethanol than
adults. However, the cellular and molecular mechanisms underlying this age dependent effect of
ethanol have yet to be fully elucidated.

Method—Male rats of various ages were used to investigate ethanol-induced ataxia and its
underlying cellular correlates. In addition, Purkinje neurons from adolescent and adult rats were
recorded both in vivo and in vitro. Finally, PKCγ expression was determine in three brain regions
in both adolescent and adult rats.

Results—The present multi-methodological investigation confirms that adolescents are less
sensitive to the motor impairing effects of ethanol, and this differential effect is not due to
differential blood ethanol levels. In addition, we identify a particular cellular correlate that may
underlie the reduced motor impairment. Specifically, the in vivo firing rate of cerebellar Purkinje
neurons recorded from adolescent rats are insensitive to an acute ethanol challenge, while the
firing rate of adult cerebellar Purkinje neurons are significantly depressed. Finally, it is
demonstrated that PKCγ expression in the cortex and cerebellum mirrors the age-dependent effect
of ethanol: adolescents have significantly less PKCγ expression compared to adults.

Conclusions—Adolescents are less sensitive than adults to the motor-impairing effects of
ethanol, and a similar effect is seen with in vivo electrophysiological recordings of cerebellar
Purkinje neurons. While still under investigation, PKCγ expression mirrors the age effect of
ethanol and may contribute to the age-dependent differences in the ataxic effects of ethanol.

Keywords
ethanol; adolescence; ataxia; PKC gamma; cerebellum; Purkinje

INTRODUCTION
Reduced initial sensitivity to ethanol and acute tolerance to ethanol exposure are risk factors
for the development of alcoholism (Schuckit, 1994). Compared to adults, adolescents are
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less sensitive to the motor-impairing effects of alcohol, which serve as cues for moderating
alcohol intake (Hefner and Holmes, 2007; Lisenbardt, 2009; Little et al., 1996; Pian et al.,
2008; Ristuccia and Spear, 2008; Silveri and Spear, 2001; Spear and Varlinskaya, 2005;
Varlinskaya and Spear, 2002; White et al., 2002 for review). Such reduced sensitivity is
troublesome considering that binge and heavy alcohol consumption increases throughout
human adolescence and peaks at 21-25 years of age (National Survey on Drug Use and
Health 2007). Therefore understanding the mechanisms that underlie the reduced sensitivity
to alcohol during adolescence is critical.

Adolescence is a unique period of altered sensitivity to many of ethanol's effects. Not only
are adolescents less sensitive to ethanol-induced ataxia and sedation compared to adults,
they are also less sensitive to the anxiolytic effects (Varlinskaya and Spear, 2002) and the
hypothermic effects of low-dose ethanol (Ristuccia and Spear, 2004; Swartzwelder et al.,
1998). Conversely, adolescents are more sensitive than adults to hypothermia at higher
doses (Brasser and Spear, 2002; Ristuccia and Spear, 2005; 2008). Adolescents will also
self-administer ethanol in greater quantities than adults (Doremus et al., 2005; Walker et al.,
2008), consuming 2-3 times more ethanol relative to body weight (Lancaster et al., 1996).
Hippocampal memory impairments have been shown to be more pronounced in adolescents
(Markwiese et al., 1998); however, more recent studies have found no differences in age-
related sensitivity to these memory impairments (Chin et al., 2010; Rajendran and Spear,
2004).

Although some of the age-dependent effects of ethanol are controversial, there is universal
agreement on the relative insensitivity of adolescents to the motor-impairing effects of
ethanol; however, the mechanisms responsible for this difference have yet to be fully
elucidated. The cerebellum plays a critical role in the coordination of movement, although
its regulatory effect on behavioral affect and many different aspects of cognition should not
be overlooked (Baillieux et al., 2008). Since ethanol produces a wide array of effects,
including alterations of coordination, speech, and cognitive function, the cerebellum is an
important target of investigation. Purkinje neurons, which are GABAergic, constitute the
sole output of the cerebellar cortex, are involved in motor function (Dow and Moruzzi,
1958) and genetic deletions of Purkinje neurons (for example theLurcher mouse) can
produce motor impairments (Vogel et al., 2007 for review). Ethanol has been shown to
increase spontaneous GABA release from the presynaptic terminal onto Purkinje neurons
(Hirono et al., 2009; Kelm et al., 2010; Mameli et al., 2008) to increase the frequency of
miniature inhibitory synaptic currents (mIPSCs), as well as spontaneous inhibitory synaptic
currents (sIPSCs) in these neurons (Mameli et al., 2008). Specific modulation of fast
GABAergic transmission onto Purkinje neurons, using engineered GABAA receptors,
translates directly to impairment on a complex motor task (Wulff et al., 2007). Therefore
ethanol-mediated inhibition of Purkinje neurons through GABAergic mechanisms is likely
to contribute to some of the motor impairments produced by ethanol consumption.

PKC phosphorylates the β; and γ2 subunits of GABAA receptors to modulate receptor
sensitivity to ethanol (Kellenberger et al., 1992; Krishek et al., 1994; Qi et al., 2007;
Wafford et al., 1991; for review see Song and Messing, 2005), with PKCγ enhancing the
effect of ethanol on GABAA receptors (Kumar et al., 2005; Song and Messing, 2005). Mice
lacking the γ isoform of protein kinase C (PKCγ) exhibit reduced hypnotic and anxiolytic
sensitivity in response to ethanol compared to wild-type littermate controls (Bowers et al.,
1999; Bowers et al., 2001; Harris et al., 1995). Interestingly, PKCγ knock-out mice are
affected by ethanol in ways that are strikingly similar to adolescent rats: PKCγ knock-outs
show an enhanced preference for ethanol compared to wild-type littermates (Bowers and
Wehner, 2001) and show reduced hypnotic and anxiolytic sensitivity to ethanol (Bowers et
al., 1999; Bowers et al., 2001; Harris et al., 1995). Given the similarity between ethanol
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responsiveness in adolescent rats and PKCγ knockout mice, the current work investigates if
expression of PKCγ varies in accordance with the age-dependent effects of ethanol on motor
behavior and cerebellar neurophysiology. It is hypothesized that when compared to adults,
adolescents will have an attenuated behavioral response to ethanol, altered cerebellar
Purkinje activity in response to ethanol and will also have lower PKCγ peptide expression in
the cerebellum.

METHODS
Subjects

All studies used male Sprague-Dawley rats (16 periadolescent (Postnatal Day (PD) 28), 55
adolescent (PD 30-43), 54 adult (PD 58-120), and 16 aged (~19 months); see individual
studies for more exact ages) obtained from Harlan (Indianapolis, IN). All animals were
group housed in an IACUC-approved animal colony at the University of Memphis, Baylor
University, or University of New Mexico. All animals had ad libidum access to food and
water.

Open Field Testing
Adolescent (Postnatal day (PD) 30-38, n=9) and adult (PD 60-70, n=9) rats were run
individually in squads of 6 (3 adolescent and 3 adult; one per box) in Med Associates
ENV-520 Activity Monitor boxes. Animals were weighed and moved from the housing
room to the testing room 10 minutes prior to the procedure. Animals were then given a six-
minute baseline to explore the open field and total distance travelled was recorded via
computer. Immediately following the baseline period, animals were removed from the
chamber, administered 1.5 g/kg of 10% w/v ethanol i.p., and placed back into the recording
chamber for an additional 30 minutes. Following completion of the test, animals were
returned to their home cage, the apparatus was cleaned, and the next squad of animals was
tested.

Data Analysis—A two-way analysis of variance (Age [adolescent, adult] × Time
[baseline, test]) was performed.

Aerial Righting Reflex Test
Periadolescent (PD 28, n = 8), adolescent (PD 43, n = 8), adult (PD ~120, n = 8), and aged
(PD ~19 months, n = 8) rats were used to determine the effect of age on ethanol-induced
ataxia using an aerial righting reflex (ARR) task as previously described (VanDoren et al.,
2000). ARR was determined immediately prior to a 2.0 g/kg i.p. 10% w/v ethanol
administration, as well as 10, 20, 30, and 40 minutes post-administration. An animal's
righting reflex was considered intact if, twice from the same height, it successfully rotated
from a supine position onto a 10 inch foam pad. Animals were initially released 5 inches
(12.7 cm) above the pad; if righting was not intact, the height was raised in 5 inch
increments up to a maximum release height of 25 inches.

Data Analysis—Data were analyzed with a two-way analysis of variance (Age
[periadolescent, adolescent, adult, aged] × Time [baseline, 10 min, 20 min, 30 min, 40 min
post ethanol injection), with Bonferroni post hoc t-tests where appropriate to discern the
nature of the interaction.

Electrophysiological Studies
In vivo electrophysiology—Neurons were recorded as previously described (Matthews
et al., 2000; Tokanaga et al., 2003; 2006; VanDoren et al., 2000). Briefly, adolescent (PD
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30-38, n = 10) and adult (PD > 60, n = 9) rats were anesthetized with urethane
(approximately 1.5 g/kg, i.p.) and placed in a stereotaxic frame with flat skull orientation.
Urethane was used as an anesthetic because previous research has indicated urethane does
not interact with ethanol to alter neural firing rates (Givens and Breese, 1990), and also to be
consistent with previous research investigating the effects of ethanol on cerebellar Purkinje
neurons (Yang et al., 2000; 1999). An incision was made in the skin, the skull surface was
cleaned, and a burr hole was drilled through the skull over the cerebellum. The center of the
hole was roughly 1.5 mm posterior Lambda. Single-barrel glass micropipettes (A-M
Systems, Carlsborg, WA) were pulled (using Model PE-2; Narishige, Tokyo, Japan), and the
tip was broken back to ~1.0 mm and filled with a 0.9 M NaCl solution saturated with
Chicago sky-blue dye (Sigma Chemical). The electrode was lowered into the cerebellum via
a hydraulic microdrive (Trent Wells, South Gate, CA). Extracellular action potentials were
amplified, filtered (400HZ and 8kHZ; Fintronics, Orange, CT), and monitored with a
Tektronix oscilloscope and audiomonitor. Neurons were classified as cerebellar Purkinje
neurons based on previously published studies (Yang et al., 1998). Individual action
potentials were isolated from background activity with at least 3:1 signal-to-noise ratio.

Following the isolation of a cerebellar Purkinje neuron, a 6-minute baseline of spontaneous
neural activity was collected prior to an i.p. injection of 1.5 g/kg ethanol. An additional 30
minutes of spontaneous neural activity was then recorded. Neural firing rates were summed
over 10 second bins, averaged over 6 minute intervals and recorded on computer for later
analysis. The location of the electrode was micromanipulated during the recording to
prevent waveform alterations. No more than one neuron was recorded per animal.

Data Analysis—A preliminary t-test was conducted to determine if age affected the
baseline firing rates of the Purkinje neurons. Given that no statistical difference was found
(see result section), data was analyzed by a two-way analysis of variance (Age [adolescent
or adult] × Time [6, 12, 18, 24, 30 min post ethanol injection]) to discern the effect of age
and ethanol on Purkinje neuron firing rates.

In vitro electrophysiology
Brain slice preparation—Experiments were performed in parasagittal vermis cerebellar
slices that were prepared from adolescent (PD 30, n = 8) and adult (PD 58-60, n = 8) rats.
Animals were euthanized by rapid decapitation under deep anesthesia with ketamine (250
mg/kg i.p.) and 200 μm thick slices were prepared with a vibratome (Technical Products
International, St. Louis, MO). Slices were cut in cold solution containing (in mM) 220
sucrose, 26 NaHCO3, 10 glucose, 6 MgSO4, 2 KCl, 1.25 NaH2PO4, 0.2 CaCl2 and 0.43
ketamine; this solution was pre-equilibrated with 95% O2 plus 5% CO2. Immediately after
this procedure, slices were transferred to a chamber containing artificial cerebrospinal fluid
(ACSF) and allowed to recover at 35-36°C for 35 min, followed by storage at room
temperature. ACSF contained (in mM): 126 NaCl, 2 KCl, 1.25 NaH2PO4, 1 MgSO4, 26
NaHCO3, 2 CaCl2, and 10 glucose equilibrated with 95% O2 plus 5% CO2. After storage for
1.5-9 hrs, slices were transferred to a recording chamber perfused with ACSF at a rate of 2-3
ml/min and maintained at 32-33°C.

Loose-seal Cell-attached Patch-Clamp Recordings—Neurons were visualized
using infrared-differential interference contrast microscopy and recordings performed with a
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA). Purkinje neurons were
primarily identified on the basis of their location in the Purkinje cell layer, large size, and
the presence of spontaneous action potential firing. Patch pipettes had resistances of 2-5
MΩ. Each slice was exposed once to a single ethanol concentration and the duration of
ethanol exposure was limited to 5 min to avoid the development of rapid tolerance.
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The loose-patch cell-attached configuration (seal resistance = 8–30 MΩ) was used to record
action currents. The patch pipettes were filled with regular ACSF and the holding potential
was 0 mV. Action currents were detected by the presence of a downward and upward
deflection in the current trace.

Data Analyses—Data were filtered at 2 kHz and digitized at 5-50 kHz with 1322A
pClamp-9 (Molecular Devices, Sunnyvale, CA) and analyzed with Clampfit-9 (Molecular
Devices) and MiniAnalysis-6.0.3. (Synaptosoft, Decatur, GA). Effects of ethanol were
calculated with respect to the average of control and washout responses. Data were
statistically analyzed with Prizm 4 (GraphPad, San Diego, CA) and are presented as mean ±
SEM.

Blood ethanol determination
Preadolescent (PD 28, n = 8), adolescent (PD 43, n = 8), adult (PD ~120, n = 8), and aged
(PD ~19 months, n = 8) rats were given 2.0 g/kg i.p. ethanol. The tail was nicked 20 and 40
minutes post-administration for blood collection. The collected blood was immediately
centrifuged to separate plasma. Blood ethanol levels were determined via Analox AM1
protocol.

Data Analysis—A two-way ANOVA (Age [periadolescent, adolescent, adult, aged] ×
Time [20, 40 min post ethanol injection]) was performed, followed by Bonferoni post hoc t-
tests tests where appropriate.

Protein Detection: Western Blot
Tissue collection—Adolescent (PD 40, n = 12) and adult (PD 120, n = 12) rats received a
single i.p. administration of 2.0 g/kg 10% (w/v) ethanol (n = 6 per age) or equivalent volume
of saline (n = 6 per age). Animals were sacrificed 40 minutes post-injection, a time point
when BECs are equivalent but differential motor impairment between adolescent and adult
animals exists. In addition, this time point following ethanol administration provides unique
information concerning ethanol's effect of PKCγ expression compared to previously
published work (Kumar et al., 2006). Whole cortex, cerebellum, and hippocampus were
rapidly dissected over ice and stored at −80°C until assayed.

Tissue Preparation—P2 fractions of individual brain regions were prepared by
homogenizing the tissue sample in 0.32M sucrose in phosphate-buffered saline (PBS),
followed by centrifugation at 1000g for 10 minutes. The resulting supernatant was
centrifuged again at 12,000g for 20 minutes. This pellet (P2 fraction) was resuspended in
PBS and stored at −80°C.

Western Blot Analysis—Each P2 fraction was assessed with a Bradford assay to
determine protein concentration. Equivalent amounts of protein (20 μg) were loaded into
Tris-Glycine gels (8-16%), counterbalanced across conditions. Proteins were separated by
SDS-PAGE, electroblotted to polyvinylidene difluoride (PVDF) membranes (Invitrogen,
Carlsbad, CA), and targeted with PKCγ (Santa Cruz Biotechnology, Santa Cruz, CA)
primary antibody, diluted with blocking buffer (50mL PBS, 25μL Tween-20, 0.5g milk
powder) to a concentration of 1:2000. A horseradish peroxidase (HRP)conjugated secondary
antibody targeted against a rabbit host (Santa Cruz Biotechnology) was applied, with
antibody concentration diluted to 1:2000. Peptide labeling was detected by
chemiluminescent substrates (Thermo/Scientific Pierce Rockford, IL), and exposed to x-ray
film under non-saturating conditions. Densitometric measurements of the resulting bands
were made with NIH Image J software. All blots were re-probed with β-actin (1:2000) and
an HRP conjugated secondary antibody targeted against a goat host (1:7500) to verify

Van Skike et al. Page 5

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



equivalent protein loading and transfer by normalizing all data to actin expression. Blots
were not stripped before application of β-actin; however, the molecular weights of PKCγ
and β-actin are significantly different (78 kDa and 42 kDa, respectively). This difference
makes the two proteins easily distinguishable on the x-ray film, and the bands corresponding
to the appropriate molecular weight were analyzed (as also described in Kumar et al., 2010
and Matthews et al., 1998; 2000). Furthermore, the host animals for the two secondary
antibodies are of different species to ensure appropriate binding, although there was some
residual PKCγ expression present when β-actin was developed since the blots were not
stripped.

Data Analysis—Densitometric measurements normalized to actin expression were
analyzed with a two-way repeated ANOVA (Age [adolescent, adult] × Drug [saline,
ethanol]).

RESULTS
Ethanol reduces movement more significantly in adult rats than adolescent rats

The age of the animals did not affect the total distance travelled in the baseline open field
session, but was a significant determining factor on the total amount of movement inhibition
produced by 1.5 g/kg ethanol (Age × Time interaction, df (1,16), p < 0.05). Post-hoc t-tests
revealed that while no significant difference between adolescent and adult animals was
found at baseline (t (16) = 1.31, p > 0.20), ethanol induced inhibition of movement between
adolescent animals and adult animals was significantly different when total distance
travelled during the 30 minute test session was analyzed (t (16) = 2.44, p < 0.03). To further
investigate the effect of ethanol on the differential reduction in distance travelled between
adolescent and adult animals, total distance in the 30 minute test session (post-ethanol) was
normalized to distance in the 6 minute baseline session (pre-ethanol). As expected, a
significant difference in ethanol-induced reduction in total movement was found, with
adolescent animals showing a reduction of ~47% while adult animals demonstrated a
reduction of ~78% (t (16) = 2.37, p < 0.03). See Figure 1A and 1B.

Ethanol impairs the aerial righting reflex in an age-dependent manner
The age of the animal did not affect baseline aerial righting reflex (ARR), but the effect of
acute ethanol exposure on ARR was significantly affected by animals' age (Age × Time
interaction, F (12, 112) = 3.25, p < 0.001, Table 1). Bonferroni post-hoc tests (all p's < 0.05)
revealed that pre-adolescent and adolescent animals never significantly differed from one
another on righting distance, while adult and aged animals also did not significantly differ
from one another. However, pre-adolescent animals had significantly lower ARR scores
than adults at the 10, 30, and 40 minute time points and significantly lower ARR scores than
the aged animals at all time points tested after ethanol administration. Adolescent animals
showed a similar trend, having significantly lower ARR 10 and 20 minutes post-ethanol
administration compared to the adult animals and significantly lower ARR than the aged
animals at the 10, 20, 30 and 40 minute time points.

Ethanol decreases the in vivo spontaneous firing rate of cerebellar Purkinje neurons in
adult rats, but does not alter firing rates of adolescent rats

The age of the animal did not affect the baseline firing rate of cerebellar Purkinje neurons
recorded using single barrel glass micropipettes (Independent t-test, t = 0.98, p > 0.30, data
not shown). However, the effect of acute ethanol exposure on cerebellar Purkinje neural
activity was significantly affected by age of the animal (Age, F (1,68) = 5.50, p < 0.05, Fig.
2). Specifically, Purkinje neurons recorded from adult animals showed approximately 20%
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inhibition while the Purkinje neurons recorded from adolescent animals demonstrated slight,
approximately 5%, excitation.

Ethanol slightly increases spontaneous firing frequency (f) of cerebellar Purkinje neurons
independently of the age in vitro

We investigated the effect of 40 mM ethanol on the pacemaker activity of Purkinje neurons
in two experimental groups in vitro: PD 30 (adolescent) and PD 58-60 (adult) day old rats.
In neurons from adolescent rats, ethanol reversibly increased the firing f by approximately
10-15% from a baseline level of 33.7 ± 3.4 Hz (p < 0.01 by one-sample t-test vs. 100; Fig. 3
A,B; firing f change, expressed in Hz: 2.1 ± 0.3 Hz, p < 0.001 by one-sample t-test vs. zero).
In neurons from adult rats, we found that 40 mM ethanol also increased the firing f by a
similar extent from a baseline level of 41.7 ± 5.3 Hz (p < 0.05 by one-sample t-test vs. 100;
Fig. 3 C, D; firing f change, expressed in Hz: 2.1 ± 0.3 Hz, p < 0.05 by one-sample t-test vs.
zero). However, unlike the in vivo data, no significant difference was found between the
effects of ethanol on firing f between the two age groups (unpaired t-test, p > 0.05). It should
be noted that the acute effect of ethanol on spontaneous Purkinje neuron firing frequency
that we report here is of greater magnitude than the small but statistically significant effect
that we previously observed in slices from younger rats (PD 19-30) under similar
experimental conditions (Mameli et al., 2008). Taken together, these findings suggest that
the sensitivity of spontaneous Purkinje neuron firing to acute ethanol exposure may increase
between the juvenile and adolescent developmental periods.

Adolescent rats have less PKCγ peptide expression in the cortex and cerebellum than
adult rats

PKCγ expression in adolescent rats is significantly less in cortex (Age, F (7,14) = 16.91, p <
0.01, Fig. 4A) and cerebellum (Age, F (7,14) = 5.08, p < 0.05, Fig. 4B) compared to adults.
PKCγ expression in the hippocampus was not significantly affected by age (F (7,14) = 0.34,
p = n.s., Fig. 4C). Interestingly, acute ethanol administration did not have a significant effect
on PKCγ expression in any brain region and did not significantly interact with age to alter
expression.

Age significantly affected blood ethanol concentrations following an acute ethanol
administration

Blood alcohol levels were differentially affected by the interaction of age of the animal and
time following ethanol administration (Age × Time interaction F (3,22) = 4.88, p < 0.02).
Bonferroni post-hoc tests revealed that preadolescent and adolescent rats displayed similar
BAC levels at both time points while preadolescent and adolescent animals had higher blood
ethanol levels than either adult and aged animals at the 20 minute time point but not the 40
minute time point (p's < 0.05). Interestingly, adult animals had significantly lower BAC
levels compared to aged animals at the 40 minute time point (p < 0.05). See Figure 5.

DISCUSSION
Age-dependent motor impairments produced by ethanol have been well documented (Hefner
and Holmes, 2007; Lisenbardt, 2009; Little et al., 1996; Pian et al., 2008; Ristuccia and
Spear, 2008; Silveri and Spear, 2001; Varlinskaya and Spear, 2002; White et al., 2002). It
stands to reason that reduced sensitivity to alcohol-induced motor impairments, which serve
as cues to moderate alcohol intake (Spear and Varlinskaya, 2005), may contribute to
amplified alcohol use during adolescence. Recent national survey data reveal that
adolescents are consuming alcohol at alarming rates (Underage Alcohol Use: Findings from
the 2002-2006 National Survey on Drug Use and Health
http://oas.samhsa.gov/underage2k8/toc.htm), yet the neural and molecular mechanisms
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underlying the differential alcohol sensitivity, which potentially underlies the high drinking
rates, has yet to be determined.

The present study provides a macroscopic view of age-dependent motor impairments during
the life span through the inclusion of periadolescent and aged animals. Results from the
open field test and the aerial righting reflex task both indicate that periadolescent and
adolescent rats show less motor impairments in response to ethanol than adults, which is
consistent with previous research in the field (Hefner and Holmes, 2007; Lisenbardt, 2009;
Little et al., 1996; Pian et al., 2008; Ristuccia and Spear, 2008; Silveri and Spear, 2001;
Varlinskaya and Spear, 2002; White et al., 2002). However, a saline control condition was
not included in the experiments and therefore our results should be interpreted with caution.
In our open field test, adolescent rats showed less of an ethanol-induced reduction in total
distance travelled compared to adults. Interestingly, in the aerial righting reflex task,
periadolescent and adolescent rats did not show any significant differences from each other
in terms of sensitivity. Similarly, adult and aged animals did not significantly differ from
each other at the time points we tested. However, there appears to be some slight differences
between adult and aged rats, since adolescent rats were significantly different from aged
animals at all time points tested, while the adolescent rats were only significantly different in
the 10 and 20 minute post-ethanol test compared to adult rats. Future studies should extend
the post-ethanol ARR times and include more sensitive measures of ataxia to investigate if
additional age-dependent differences exist that were not detected in the current work,
especially considering the increasing life expectancy of our population.

It is important to note that baseline motor movement and baseline aerial righting reflex
scores did not differ between any of the age groups. The lack of significant baseline
differences rules out the possibility that a general motor difference exists due to age that
could be responsible for the age-dependent ethanol-induced movement differences.
However, the differences found in the open field test are more difficult to interpret, since it
is expected that the distance travelled will be inversely proportional to the amount of time
spent in the field as the novelty of the environment is reduced (Walsh and Cummins, 1976).
Consequently, it is expected that a decrease in movement compared to baseline would be
found during the 30-minute testing period. As such, decreased exploration is a confounding
variable in the ethanol-induced reduction in movement reported in the current set of studies.
In addition, saline controls were not used in either of the behavioral experiments. However,
when coupled with the ARR data as well as previous studies indicating young animals are
less sensitive to ethanol's motor impairing effects (White et al., 2002), it is reasonable to
conclude that periadolescent and adolescent animals are less sensitive to ethanol-induced
motor impairments regardless of the task used.

The motor differences elicited by ethanol administration have been well established;
however, there is not yet a solid neuronal effect to account for it. Since Purkinje neurons
constitute the exclusive motor output of the cerebellum (Cesa and Strata, 2009 for review),
alterations in the neuronal firing rates may be a critical index underlying changes in motor
functioning. The current study is, to our knowledge, the first to directly compare the in vivo
spontaneous firing of adolescent and adult cerebellar Purkinje neurons in response to
ethanol. Results from the present study partially mirror the behavioral effect of ethanol: the
spontaneous firing rate from adult Purkinje neurons decreased approximately 20% from
baseline, suggestive of a potential motor impairment. However while adolescents did show a
modest motor impairment, the firing rates from adolescent Purkinje neurons actually were
not dramatically changed in response to ethanol, and in fact showed a 5% increase in firing
rate. One potential weakness of the current work is the use of a general anesthetic during the
recording preparation. Although urethane is a commonly used anesthetic in this type of
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study (Matthews et al., 2001; Tokunaga et al., 2003; 2006), it is possible that Purkinje neural
activity is altered by the combination of urethane and ethanol.

Ethanol increases spontaneous GABA release onto Purkinje neurons from the presynaptic
terminal (Hirono et al., 2009; Kelm et al., 2010; Mameli et al., 2008). In fact, specific
modulation of fast GABAergic transmission onto Purkinje neurons, using engineered
GABAA receptors to confer unique zolpidem sensitivity of Purkinje cells, translates directly
to impairment on a complex motor task (Wulff et al., 2007). Zolpidem is a positive allosteric
modulator of the GABAA receptor (Campo-Soria et al., 2006). Therefore ethanol-mediated
inhibition of Purkinje neurons through GABAergic mechanisms is likely to contribute to
some of the motor impairments produced by ethanol consumption.

This ethanol-induced reduction of spontaneous Purkinje firing rates in neurons from adult
rats could partially explain the greater sensitivity to ethanol's motor impairing effects in
adult rats compared to adolescents. Although ethanol-induced inhibition of Purkinje neurons
is plausibly one component of the differential behavioral effects, there are likely to be
contributions from other systems involved in the final behavioral manifestation. The altered
firing rate of the adult rat correlates well with the behavior; however, the interpretation for
the adolescent rat is not as straightforward. The Purkinje neurons of adolescent rats are
relatively ethanol insensitive, leading to the prediction that adolescents should not show any
motor impairment. However, adolescent rats did show ethanol-induced impairments in the
open field test and aerial righting reflex task, although the impairments were not as profound
in comparison to adult rats. Therefore, it is obvious that ethanol-induced ataxia involves
other neural systems in addition to alterations in Purkinje neural firing rates.

Previous research has established similar in vivo neurophysiological alterations of the limbic
system in adult rats. For example, ethanol inhibits the firing rate of medial septal neurons
(VanDoren et al., 2000) and chronic ethanol alters the recovery of the spontaneous firing
rate of medial septal neurons following GABA microiontophoresis (Matthews et al., 2000).
In addition, ethanol enhances GABA-mediated inhibition in the medial septal area, which
correlates with behavioral sedation in anesthetized and freely behaving rats (Givens and
Breese, 1990) and inhibits NMDA-evoked activity in the medial septum (Simson et al.,
1991) and hippocampus (Simson et al., 1993). Similarly, ethanol decreases the specificity of
the place fields of hippocampal pyramidal cells (Matthews et al., 1996; White and Best,
2000) recorded from awake and freely behaving rats. However, these results were
demonstrated in adult animals, and it should be obvious from the present work that
additional studies are needed to investigate if neurons from adolescent animals demonstrate
similar alterations of neuronal firing rates in response to ethanol.

The in vivo effect we report has strong face validity when correlated with the age-dependent
motor impairments we, and other researchers, have described (Hefner and Holmes, 2007;
Lisenbardt, 2009; Little et al., 1996; Pian et al., 2008; Ristuccia and Spear, 2008;
Varlinskaya and Spear, 2002; White et al., 2002). However, the in vivo data is in direct
contrast with data from our in vitro recordings. Curiously, in vitro electrophysiological
recordings revealed a small, but significant excitatory effect on the firing rates of cerebellar
Purkinje neurons independently of age. The lack of an age-dependent neuronal effect is
surprising, and seems contradictory in light of the abundance of age-dependent behavioral
responses to ethanol. Furthermore, results from the in vivo and in vitro electrophysiological
recordings from the adult rat are in direct opposition: the Purkinje firing rate was decreased
with in vivo recording, while in vitro recordings indicated an excitation. However, results
from the adolescent rat are more consistent, with both methods revealing an ethanol-induced
excitation of Purkinje neuronal firing. One potential limitation of the in vitro data is that the
age difference between adolescent and adult animals is not as diverse compared to the other
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analyses. In addition, future studies should examine whether the effects of ethanol on
neuronal firing and synaptic transmission in other cerebellar neuronal populations
(molecular layer interneurons, Golgi cells and granule cells) are age-dependent (Carta et al.,
2004; Hirono et al., 2009; Mameli et al., 2008).

The contradictory conclusions may arise from the inherent differences between the two
methodologies. In vitro electrophysiology allows recording of individual neurons from brain
slices in a simplified system; however, the recording environment is artificially simulated.
Furthermore, isolating specimens may alter neuronal behavior from that of the intact animal.
In vivo electrophysiology records the net effect of a systemically administered drug in a live
animal under general anesthesia. This provides a more physiologically relevant environment
for studying neuronal effects; however, the effects cannot be localized as easily when
compared to in vitro recordings. For these reasons, multi-methodological collaborations
should be employed when possible.

The differing results could have also arisen from alterations located outside the slice from
which the in vitro recordings were obtained. Some evidence suggests that motor
impairments resulting from cerebellar damage may be confined to damage within the
anterior lobe (lobules I-V and VIII) of the cerebellum (Schmahmann et al., 2009). In fact,
the concept of the cerebellum as having a pure motor function may be outdated and
incomplete, since the cerebellum likely plays a role in higher cognitive functioning
(Schmahmann, 1991), specifically lobules VI and VII of the posterior lobe (Schmahmann et
al., 2009). In vitro recordings in the present study were obtained from Purkinje neurons
located in parasagittal slices of the cerebellar vermis. However, since the cerebellum is
thought to have topographic organization (Schmahmann, 1991; Schmahmann et al., 2009),
with lobules I-V and VII thought to be predominantly involved in sensorimotor function
(Schmahmann et al., 2009), additional research should look specifically at individual lobules
of the cerebellum to provide more insight into the exact location of motor modulation by
ethanol. One plausible explanation of ethanol's age-dependent motor effects is that
adolescents have an enhanced ethanol clearance rate for low (0.75 g/kg) and moderate (1.5
g/kg) ethanol doses (Walker and Ehlers, 2009). Results from the BAC portion of our study
do reveal age-dependent effects, specifically that periadolescent and adolescent animals had
significantly higher BACs than adult and aged animals 20 minutes after ethanol
administration. However, at 40 minutes post-administration, the BACs of the two youngest
age groups were no longer different from the adults. Fascinatingly, the aerial righting reflex
data indicates that there is still a differential behavioral effect 40 minutes post-injection,
despite comparable BACs between the adolescent and adult age groups at this time point.
Although these studies are correlational in nature, it provides strong evidence that the
enhanced ethanol clearance rate of adolescents is not the only factor contributing to
behavioral differences. In fact, adolescent rats display shorter ethanol-induced sleep times,
and regain their righting reflex with higher BACs than adult rats (Pian et al., 2008; Silveri
and Spear, 1998; Silvers et al., 2003; Swartzwelder et al., 1998), further indicating that BAC
levels are not necessarily a good predictor of motor impairment between the two age groups.

We propose that PKCγ peptide expression is part of the neurobiological mechanism that
accounts for the inherent age-dependent differences in motor sensitivity to ethanol. PKC
phosphorylates the β and γ2 subunits of the GABAA receptor (Brandon et al., 2000) to
modulate the GABAergic mechanisms underlying the behavioral aspects of ethanol
exposure (Kumar et al., 2009 for review). Interestingly, PKCγ knock-out mice show an
enhanced preference for ethanol compared to wild-type littermates (Bowers and Wehner,
2001), have reduced hypnotic sensitivity to ethanol (Harris et al., 1995), and wake with
higher blood ethanol concentrations (Proctor et al., 2003) independently of ethanol
metabolism (Harris et al., 1995). Therefore, the PKCγ knock-out mouse shows many
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similarities to the adolescent rat in response to ethanol. Indeed, the present study reveals that
adolescent rats have reduced PKCγ expression levels in the cortex and cerebellum compared
to adults. The differences in expression levels were modest, with approximately 10%
reduction in adolescent cortex and 7% reduction in adolescent cerebellum from adult
expression levels. The small effect presented here could be due to several different factors. It
is plausible that changes in PKCγ expression are localized to specific areas of the cortex,
whereas we harvested and analyzed whole cortex, which could have effectively washed out
the potentially large changes in individual cortical regions. Another possible explanation is
that cortical expression of PKCγ in response to ethanol is time dependent: the expression
level is stable 10 minutes following ethanol administration, but is decreased at 60 minutes
post-administration in adult rats (Kumar et al., 2006). Our tissue was harvested 40 minutes
post-ethanol, at a time when we demonstrated that the BACs of adolescent and adult rats are
comparable, but age-related behavioral differences are still manifested and provides a
unique data point when compared to previously published work (Kumar et al., 2006). PKCγ
expression partially underlies the differences in cellular responsiveness to ethanol between
adolescents and adults, which are effects that agree with the behavioral data indicating
adolescent rats are less susceptible to ethanol-induced motor impairments. However, our
investigation did not use protease or peptidase inhibitors in the preparation of the P2 fraction
for the Western blot experiments. As such, it is possible that differential PKCγ expression
could be due to differential protein degradation. Future studies should address this issue.
Furthermore, additional studies should analyze the isolated motor cortex to ascertain if
changes in PKCγ expression are enhanced in the motor cortex. Additional time points
should also be considered in future studies since PKCγ expression levels are affected by
time after ethanol administration (Kumar et al., 2006).

Interestingly, hippocampal PKCγ expression levels were similar in adolescent and adult rats.
Contrary to what is frequently reported (Markwiese et al., 1998), data from our lab indicates
that adolescent rats are not more sensitive to ethanol-induced impairments in spatial
cognition; instead, both ages show similar decrements (Chin et al., 2010). The lack of age-
dependent hippocampal impairments in response to ethanol is not completely unique: both
adolescents and adults showed the same ethanol-induced impairment using an appetitive
paradigm (Rajendran and Spear, 2004). When taken together, this indicates that the
adolescent hippocampus may not be as fragile as previously thought.

The results from the current work focused on PKCγ expression of membrane-bound proteins
and therefore only the enriched synaptosomal fraction was analyzed. We chose to focus
initially on only the P2 fraction due to previous data demonstrating that ethanol can
modulate PKCγ expression in this fraction (Kumar et al., 2006). Given the current findings,
additional work should be performed to confirm our results by using immunohistochemical
techniques to reveal relative PKCγ expression patterns, with a specific focus on Purkinje
neurons. Additionally, future experiments could explore the age-dependent differences in
PKCγ expression as it relates to the age-dependent differences in ethanol-induced alterations
of Purkinje neuron currents, using single unit recording followed by single cell RTPCR to
determine the PKC levels in RNA.

The results from the previous studies are limited for a variety of reasons. The exact age of
the rats, although still within the appropriate limits, varies slightly across the studies
presented. Adolescence is a period of ongoing development and the generally accepted
estimate of adolescence in the rat is PD 28-42, which are the days surrounding sexual
maturation during which physiological and behavioral markers of adolescence are present
(Spear, 2007; Spear and Brake, 1983); although the exact dates delineating adolescence in
the rat have been disputed (Odell, 1990). Another factor for consideration is that we have
related several different studies that look at slightly different times and slightly different
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levels of ethanol administration. When reflecting on this data as a whole, the independence
of the BAC, ARR, and PKCγ expression studies makes it difficult to draw any causational
conclusions; however, it is perhaps less of an issue considering that the behavioral responses
of rats show little variation in response to the same dose of ethanol. Nevertheless, the
conclusions could be stronger if the same rats were used to collect data across all portions of
these experiments. Other elements of these studies do not line up as well as the 3
aforementioned portions; but since ethanol's effects are so widespread and are comprised of
specific physiological, behavioral, electrophysiological, and molecular changes, each
portion of the study should be tailored to provide the most informative look at ethanol's
effect on the specific target of the study. However future studies should collect data at more
consistent time points to provide an in-depth, multiple-level portrait of the effects of ethanol.

This multi-methodological investigation uses several different methodologies at the
behavioral, physiological, cellular, and molecular levels to discern the nature and origin of
the age-dependent motor responses to ethanol. The combined results demonstrate that
adolescents are less sensitive than adults to the motor-impairing effects of ethanol. In
addition a similar effect is seen using in vivo electrophysiology. While still under
investigation, PKCγ expression mirrors the age effect of ethanol, leading to the hypothesis
that differential PKCγ expression underlies the age dependent differences in ethanol's ataxic
effects.
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Figure 1. Acute ethanol administration results in a significant reduction in the total amount of
distance traveled in the open field test
(A) Mean distance travelled during a 6 minute open field test before and 30 minutes after a
1.5 g/kg ethanol administration and (B) mean reduction in distance traveled during a 30
minute bin compared to baseline. Error bars denote S.E.M while * < 0.05.
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Figure 2. Acute ethanol administration reduces the in vivo recorded spontaneous firing rate of
Purkinje neurons from adult rats without altering the spontaneous firing rate of Purkinje
neurons from adolescent rats
(A) Mean spontaneous firing rates of cerebellar Purkinje neurons from adolescent and adult
animals during the course of an acute ethanol administration, expressed as a percentage of
baseline spontaneous activity. Overall a significant difference in the firing rate was found
that was dependent on the age of the subject. The spontaneous firing rate of a single
representative Purkinje neuron from (B) an adult animal and (C) an adolescent animal prior
to, during, and 30 minutes after a 1.5 g/kg ethanol administration. Error bars denote S.E.M.
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Figure 3. Acute ethanol administration increases the spontaneous firing rate of Purkinje neurons
in cerebellar slices from adolescent and adult rats
Effect of ethanol (40 mM) on the pacemaker activity of Purkinje neurons in parasagittal
cerebellar vermis slices. (A), representative traces showing action currents recorded in
loose-seal cell-attached configuration in Purkinje neurons from 30 day-old Sprague-Dawley
male rats before (baseline), during (ethanol) and after (washout) application of 40 mM
ethanol. (B), time course of the normalized firing frequency recorded from these Purkinje
neurons (n = 8). (C), Same as in A but for 58-60 day-old rats. (D), Same as in B but for
58-60 day-old rats (n = 8). All values are expressed as mean ± SEM.
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Figure 4. Adolescent rats have less PKCγ expression in the cerebellum and cortex, but not
hippocampus, compared to adult rats
Optical density of PKCγ expression normalized to β-actin (adult set as control condition) in
(A) the cortex, (B) cerebellum, and (C) hippocampus. Representative PKCγ expression (top)
and β-Actin expression (bottom) in the (D) cortex, (E) cerebellum, and (F) hippocampus. YS
= adolescent saline, YE = adolescent ethanol, OS = adult saline, OE = adult ethanol, and the
number indicates animal number. Error bars indicate S.E.M. and * p < 0.05.
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Fig. 5. Blood ethanol concentrations are significantly affected by both time and subjects age
Mean blood ethanol concentration at 20 and 40 minutes after a 2.0 g/kg ethanol
administration. Error bars denote S.E.M. and * p < 0.05
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