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a period of time commensurate with the human third trimester, also show deficits in classical
eyeblink conditioning (EBC), a cerebellar-dependent associative learning procedure. The
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relationship between ethanol-mediated EBC deficits and the intensity of the unconditioned
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stimulus (US) was explored in the current study. Neonatal rats were intubated and infused

Ethanol

with ethanol (EtOH rats), sham-intubated and given no ethanol (SI rats), or reared as

Conditioned response

unhandled controls (UC rats). As adults, all rats underwent 10 days of 350 ms delay eyeblink

Cerebellum

conditioning with a tone conditioned stimulus (CS) and one of three co-terminating periorbital

Unconditioned stimulus

shock US. The frequency and topography of the conditioned eyeblink response (CR) were

Rat

impaired in EtOH rats relative to UC rats. EtOH rats produced fewer CRs, with longer onset
latencies, at all US intensities. In contrast, CR amplitude was impaired in EtOH rats at the
highest US intensity only. Following conditioning, the unconditioned eyeblink response (UR)
was analyzed in subsets of rats from each treatment group at five US intensities. Early ethanol
exposure did not impair UR peak amplitude. The deficits in CR production are proposed to
result from ethanol-mediated damage within specific regions of the EBC neural circuit.
© 2007 Elsevier B.V. All rights reserved.

1.

Introduction

Women who consume alcohol during pregnancy run the risk
of delivering babies afflicted with a spectrum of mental and
physical birth deficits. Fetal alcohol syndrome (FAS) – the most
thoroughly characterized and diagnosed fetal alcohol spec-

trum disorder (FASD) – has a birth prevalence of approximately 0.5 to 2 per 1000 live births (May and Gossage, 2001).
FAS is typically characterized by abnormal facial features,
growth retardation, and central nervous system dysfunction
(Bertrand et al., 2004; Hoyme et al., 2005). In addition, children
with FAS often suffer from low IQ, poor learning and memory,
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impairments in visuospatial and motor skills, and difficulties
with speech and hearing (Olson et al., 1998; Streissguth et al.,
1996).
The teratogenic effects of prenatal alcohol exposure can
vary considerably depending on the dose, pattern, and timing
of exposure (Hanningan, 1996). Alcohol consumed during the
first trimester typically leads to facial abnormalities and
deficits in the migration and organization of neurons throughout the brain. Alcohol consumption during the second
trimester is associated with neuronal abnormalities in the
neocortex and hippocampus. Alcohol consumed during the
third trimester leads to decreased fetal growth and abnormalities in the proliferation, generation, and migration of
cerebellar Purkinje and granule cells (Clarren, 1986; Renwick
and Asker, 1983; Roebuck et al., 1998).
Over the last two decades, an animal model has been
developed for investigating the neurotoxic effects of alcohol
on the developing brain, particularly the cerebellum. Neonatal
rats – whose cerebellum in the weeks following birth is
roughly equivalent to the human cerebellum during the third
trimester (Bayer et al., 1993; Goodlett and Johnson, 1999) – are
exposed to varying concentrations of ethanol during the
“brain growth spurt” period of early postnatal life. The extent
of cerebellar dysfunction depends on the interaction of two
factors—developmental timing of ethanol exposure and the
resulting blood alcohol concentration (BAC). Developmentally,
the greatest levels of cerebellar neurotoxicity occur when
ethanol is administered over postnatal days (PD) 4–9 (Altman,
1972; Goodlett et al., 1998). Once administered, appreciable
cerebellar cellular damage only occurs when daily peak blood
alcohol concentrations exceed 200 mg/dl (Bonthius and West,
1991; Goodlett et al., 1998; Napper and West, 1993; Thomas et
al., 1998).
Exposure to ethanol early in development also produces
deficits in associative learning—deficits which persist
through adulthood. The cerebellar and brainstem areas
damaged by alcohol are the same brain regions required for
the acquisition and expression of classical eyeblink conditioning (EBC). In this learning protocol, a tone or light
conditioned stimulus (CS) is repeatedly paired with a mildly
aversive unconditioned stimulus (US), such as a periorbital
electrical shock. The US evokes a reflexive, unconditioned
eyeblink response (UR). After repeated CS–US pairings,
subjects learn to produce a conditioned eyeblink response
(CR). In well-trained subjects, the CR peak amplitude latency
coincides with the onset of the US.
The neural circuitry mediating EBC has been well characterized over the last three decades (reviewed in Lavond,
2002; Medina et al., 2000; Steinmetz, 2000; Thompson, 2005).
CS sensory information is relayed to the cerebellum through
mossy fibers in the basilar pontine nuclei (Steinmetz and
Sengelaub, 1992; Steinmetz et al., 1987), while US sensory
information is relayed to the cerebellum via climbing fiber
neurons in the inferior olive complex (McCormick et al., 1985;
Sears and Steinmetz, 1991). Associative synaptic plasticity is
thought to occur in neurons that receive convergent CS–US
inputs—in particular, neurons in the interpositus (IP) nucleus
and Purkinje cells in the cerebellar cortex.
Rat pups exposed to binge-like levels of ethanol across PD
4–9 are impaired in eyeblink conditioning, both as weanlings

(Stanton and Goodlett, 1998; Tran et al., 2005) and adults
(Green et al., 2000, 2002a,b). In addition to their behavioral
deficits, adult rats exposed as neonates to alcohol have up to
50% fewer cerebellar deep nuclear neurons (Green et al.,
2002b), as well as a corresponding reduction in learningrelated neural activity in the IP (Green et al., 2002a). One issue
that makes interpretation of these results potentially problematic, however, is that the intensity of the periorbital shock
US was independently titrated for each subject in order to
produce a defined conditioned response—making it difficult
to establish if US intensity was a major factor in determining
the ethanol-mediated conditioning deficits.
In terms of the unconditioned eyeblink response, Stanton
and Goodlett (1998) reported no differences in UR amplitude
between ethanol-exposed and control weanling rats. Moreover, adult rats exposed to ethanol as neonates produced
approximately the same percentage of spontaneous blinks
during unpaired eyeblink conditioning, and at the same rate,
as control animals (Green et al., 2000). Accordingly, early
ethanol exposure has been posited to selectively impair
cerebellar associative learning areas and not blink-production
circuitry. To date, however, the effects of neonatal ethanol
exposure on UR amplitude have not been systematically
explored in adult rats.
In the current study, neonatal rats were exposed to one of
three treatment protocols across PD 4–9. Ethanol-exposed
(EtOH) rats were intubated and infused with 5 g/kg of alcohol
twice daily; sham-intubated (SI) rats were intubated but
received no ethanol; and unhandled control (UC) rats were
left undisturbed. As adults, all rats experienced 10 days of
delay eyeblink conditioning at one of three US shock intensities (1.0, 1.5, or 2.0 mA). A subset of rats from each group
received an additional 5 days of conditioning at five different
US intensities (1.0, 1.5, 2.0, 3.0, and 4.0 mA). The latter was
undertaken to assess and compare the amplitude of UR blinks,
during US-alone trials, among the three neonatal treatment
groups.
The experimental aims of this study were two-fold. The
primary sensory processes associated with US intensity were
examined to better understand how they interact and
contribute to the frequency, magnitude, and timing of the
blink CR—both within and between neonatal treatment
groups. The aim was to assess the effects, if any, of analyzing
ethanol-mediated learning deficits in subjects for whom the
optimal US intensity for eliciting a blink was individually set
prior to the start of conditioning (Green et al., 2000, 2002a,b;
Tran et al., 2005). The second aim was to confirm (systematically, with multiple US intensities) that the deficits exhibited by adult rats exposed to ethanol as neonates are
associative and cerebellar dependent and are not due to
motor impairments in the UR production circuit.

2.

Results

2.1.

Blood alcohol concentration

Blood samples were analyzed from 28 ethanol-exposed rat
pups on PD 4. Their mean (±SE) blood alcohol concentration
was 334.0 ± 10.5 mg/dl.
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2.2.

Conditioned response analysis

Statistical analyses were applied to three elements of the
learned motor response. CR frequencies were based on the
percentage of CRs produced during all CS–US paired trials. CR
amplitudes and latencies were measured during CS-alone
trials in order to avoid contamination from the shock artifact
and performance of the UR.

2.2.1.

CR frequency

Acquisition of eyeblink conditioning was analyzed across all
10 days of conditioning, with two between-subjects factors:
neonatal treatment (UC, SI, and EtOH rats; Figs. 1A–C) and US
intensity (1.0, 1.5, and 2.0 mA; Figs. 1D–F). A mixed 3 × 3 × 10
repeated measures ANOVA revealed a significant treatment
effect, F(2, 77) = 5.63, p < 0.01, but no US intensity or treatment
× intensity interaction effect. The conditioning day effect was
also significant, F(9, 693) = 51.68, p < 0.001. Tukey–Kramer post
hoc analysis of the treatment effect indicated that UC rats
produced significantly more CRs than EtOH rats (p < 0.05). The
two control groups did not differ from each other. The data
indicate that the number of blink CRs increased, on average,
across each of the 10 days of conditioning, and that neonatal
treatment, but not shock intensity, significantly impacted CR
frequency. Fig. 2 depicts an overall summary of CR performance – collapsed across the three US shock intensities –
among UC, SI, and EtOH rats. The asterisks and section sign
signify that significantly more CRs were produced by UC rats
than EtOH or SI rats, respectively, on 9 of the 10 conditioning
days, as revealed by a series of one-way ANOVAs.
A statistically significant difference in percent CR was not
found, somewhat surprisingly, between SI and EtOH rats in the
repeated measures ANOVA outlined above. Further analysis of
CR frequency using a 3 × 3 between-subjects ANOVA did reveal
a significant treatment × intensity interaction effect, F(4, 851) =
4.07, p < 0.01. Tukey–Kramer post hoc analysis of the treatment
effect indicated that significantly more blink CRs were
produced by UC than SI rats, by UC than EtOH rats, and
importantly, by SI than EtOH rats. Post hoc analysis of the US
intensity effect revealed that rats conditioned with the 1.5- and
2.0-mA US produced significantly more blink CRs than rats
conditioned with the 1.0-mA US. The number of blink CRs
produced by rats conditioned with the 1.5- and 2.0-mA US was
not significantly different.
Each neonatal treatment group (Figs. 1A–C) was analyzed
next using a mixed 3 × 10 repeated measures ANOVA, with US
intensity as the between-subjects factor. The main effect of
shock intensity was not significant. Dropping the repeated
measures, the data were reanalyzed using a single factor
ANOVA. This time, there was a significant US intensity effect
for all three treatment groups: UC, F(2, 277) = 6.78, p < 0.01; SI, F
(2, 297) = 3.25, p < 0.05; and EtOH, F(2, 277) = 8.19, p < 0.001. Post
hoc analysis of the intensity effect revealed that UC and EtOH
rats produced significantly more CRs with the highest than the
lowest shock intensity (Figs. 1A and C). For SI rats, significantly
more CRs were produced with the 1.5-mA than the 1.0-mA US
only (Fig. 1B).
Using neonatal treatment as the between-subjects factor, a
mixed 3 × 10 repeated measures ANOVA was calculated at
each US intensity (Figs. 1D–F). The treatment effect was
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significant in rats conditioned with the 1.0-mA US, F(2, 26) =
4.10, p < 0.05, and the 2.0-mA US, F(2, 25)= 3.58, p < 0.05. The
conditioning day main effect, but not the treatment × day
interaction, was significant at all three US intensities (p <
0.0001). Post hoc analysis of the treatment effect, in rats
conditioned with the 1.0- and 2.0-mA US, revealed significantly
higher CR frequencies in UC rats than EtOH rats. A similar
though non-significant pattern was seen in rats conditioned
with the 1.5-mA US. A closer examination of CR frequency in the
1.0-mA rats – calculating one-way ANOVAs on each conditioning
day – indicated that UC rats produced significantly more CRs
than EtOH rats on conditioning days 1, 2, 8, and 10 (asterisks in
Fig. 1D). The same analysis on the 2.0-mA rats found that UC rats
produced significantly more CRs than SI rats on day 1, than both
SI and EtOH rats on day 3, and than EtOH rats on day 9 (section
signs and asterisks in Fig. 1F).
On average, all three treatment groups produced more CRs
as the US intensity was increased. Nevertheless, EtOH rats
generated significantly fewer CRs than UC rats – from the first
days of conditioning – with the lowest and highest shock
intensity. Acquisition rates for SI rats were intermediate to
those observed in UC and EtOH rats.

2.2.2.

CR amplitude

Mean and peak CR amplitudes, averaged across the 10 days of
conditioning, were analyzed using a between-subjects 3 × 3
ANOVA. A significant treatment × intensity interaction was
achieved for both CR mean amplitude, F(4, 851) = 3.93, p < 0.01
and CR peak amplitude, F(4, 851) = 2.59, p < 0.05. Tukey–Kramer
post hoc analysis of the interaction effect indicated that the
highest shock intensity always produced the largest amplitude conditioned eyeblink (p < 0.05). In addition, CR mean
amplitude, but not peak amplitude, was significantly larger in
UC than EtOH rats.
All three neonatal treatment groups were individually
analyzed in order to determine if US intensity affected CR
amplitude levels. A single factor ANOVA revealed a significant intensity effect on CR mean and peak amplitude in UC
rats, F(2, 277) = 9.49, p < 0.0001 and F(2, 277) = 9.33, p < 0.0001;
and SI rats, F(2, 297) = 4.79, p < 0.05 and F(2, 297) = 3.14, p < 0.05;
but not EtOH rats. Post hoc analysis of the intensity effect
found that both control groups displayed larger amplitude
blink CRs with higher US shock intensities. Next, the effect of
neonatal treatment on CR amplitude was analyzed at each US
intensity (see Figs. 3A and B). The results for both mean and
peak CR amplitude were the same—a significant treatment
effect in rats conditioned with the 2.0-mA US (mean amplitude, F(2, 277) = 8.75, p < 0.001; peak amplitude, F(2, 277) =
5.34, p < 0.01) but not the two lower US intensities. Post hoc
analysis of the treatment effect revealed that both UC and SI
rats produced significantly higher CR mean amplitudes than
EtOH rats (Fig. 3A, far right). CR peak amplitudes, on the other
hand, were significantly higher in UC than EtOH rats only (Fig.
3B, far right).
To understand if the differences in CR amplitude (for rats
trained with the 2.0-mA US) are present from the outset or
arise over the course of training, mean and peak CR
amplitudes were analyzed and contrasted across the first
2 days and last 2 days of conditioning. Early in conditioning, a
single factor (treatment) ANOVA was non-significant for both

158

BR A I N R ES E A RC H 1 1 5 0 ( 2 00 7 ) 1 5 5 –16 6

Fig. 1 – Conditioned eyeblink response (CR) acquisition curves in three treatment groups at three periorbital shock intensities.
Percentage of CRs (mean ± SE) in delay eyeblink conditioning as a function of neonatal treatment (A–C) and unconditioned
stimulus intensity (D–F).

CR mean and peak amplitude, indicating amplitude levels
were comparable among the three treatment groups. Conversely, by the end of training significant differences in CR
mean amplitude, but not peak amplitude, existed among the

three treatment groups, F(2, 53) = 3.74, p < 0.05. Post hoc
analysis found CR mean amplitudes were significantly higher
in UC than EtOH rats. The same data set was reanalyzed in
order to compare CR amplitudes within, rather than between,
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Fig. 2 – Neonatal ethanol exposure impaired classical
eyeblink conditioning in adult rats. Percentage of
conditioned responses (mean ± SE) over 10 days of delay
eyeblink conditioning, collapsed across the three
unconditioned stimulus intensities.

the three neonatal treatment groups. Specifically, CR mean
and peak amplitudes recorded early in training (average of
conditioning days 1 and 2 for each subject) were analyzed and
contrasted with the same two metrics at the end of training
(average of conditioning days 9 and 10 for each subject).
Paired t-tests revealed significant increases in CR mean
amplitude across training for UC rats, t(8) = 4.99, p < 0.01; SI
rats, t(9) = 4.80, p < 0.001); and EtOH rats t(8) = 2.39, p < 0.05 (Fig.
3C). Significant increases in CR peak amplitude across
training were limited to UC rats, t(8) = 3.93, p < 0.01, and SI
rats, t(9) = 2.37, p < 0.05 (Fig. 3C).
Ethanol-exposed rats were the only group to not produce
larger CR amplitudes with higher intensity periorbital shocks.
Only with the highest US intensity were EtOH rats impaired
relative to control animals—due to lower learning-dependent
increases in CR mean and peak amplitude across the 10 days
of conditioning.

2.2.3.

CR latency

CR onset latencies and peak amplitude latencies were analyzed using a between-subjects 3 × 3 ANOVA. A significant
treatment × intensity interaction was achieved for both CR
onset latency, F(4, 851) = 3.19, p < 0.05, and CR peak latency,
F(4, 851) = 6.53, p < 0.001. Tukey–Kramer post hoc analysis of
the interaction effect indicated that the shortest CR onset
latencies were achieved with the highest US intensity (p < 0.05).
Moreover, UC rats had significantly shorter CR onset latencies
than SI or EtOH rats. Despite the significant interaction effect,
post hoc analysis revealed no significant comparisons with the
CR peak latency data.
Each treatment group was analyzed to determine if US
intensity affected the conditioned blink's onset and peak
latencies. A single factor AVOVA revealed a significant intensity
effect in UC rats for both CR onset latency, F(2, 277)= 7.23,
p < 0.001, and CR peak latency, F(2, 277)= 11.26, p < 0.0001. The
intensity effect on CR onset latency in EtOH rats was also
significant, F(2, 277)= 3.88, p < 0.05. In all cases, post hoc analysis
revealed that CR latencies decreased as the shock intensity was

Fig. 3 – Ethanol exposure impaired conditioned eyeblink
response (CR) amplitudes with the highest but not lower
unconditioned stimulus (US) intensities. CR mean (A) and
peak (B) amplitudes (±SE) are presented as a function of
neonatal treatment and US intensity. (C) CR mean and peak
amplitudes (±SE) at the beginning (Cond Day 1–2; black bars)
and end (Cond Day 9–10; white bars) of conditioning in rats
trained with the 2.0-mA US.
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increased. There were no significant decreases in CR onset or
peak latencies in SI rats as the shock intensity was increased. A
single factor ANOVA was calculated next to analyze the effect
of neonatal treatment at each US intensity. A significant
treatment effect was found for CR onset latency in rats conditioned with the 1.0-mA US, F(2, 287) = 7.47, p < 0.001, and the
2.0-mA US, F(2, 277)= 12.77, p < 0.0001. Neonatal treatment also
had a significant effect on CR peak latency in rats conditioned
with the 1.5-mA US, F(2, 287)= 4.51, p < 0.05, and the 2.0-mA
US, F(2, 277) = 10.94, p < 0.0001. Post hoc analyses of the
treatment effects revealed that UC rats had significantly
shorter onset and peak latencies than EtOH rats. Though the
difference did not reach statistical significance, UC rats also
had shorter CR onset latencies than EtOH rats when trained
with the 1.5-mA US.
Averaging across the three shock intensities, a single factor
ANOVA revealed a significant treatment effect on CR onset
latency, F(2, 857) = 15.18, p < 0.001 (Fig. 4, far left), but not CR
peak latency (Fig. 4, far right). Tukey–Kramer post hoc analysis
revealed significantly shorter CR onset latencies in UC rats
than SI or EtOH rats. All told, CR onset latencies, but not peak
latencies, were significantly shorter in UC than EtOH rats.
Nevertheless, onset latencies in both groups grew shorter as
the intensity of the periorbital shock was incremented
upwards.

2.3.

Unconditioned response analysis

2.3.1.

UR amplitude

Unconditioned response amplitudes were analyzed in 29 rats
(UC = 10, SI = 10, EtOH = 9) at five US intensities (1.0, 1.5, 2.0, 3.0,
and 4.0 mA). The duration of the latter two intensities were
shortened from 100 ms to 25 ms and 10 ms, respectively, in
order to limit excessive shock-induced movement by the rat.
We chose these five combinations of US intensity and
duration in part because these parameters are commonly
used in rat eyeblink conditioning studies. It is the case,
however, that the differences in shock duration prevent a
linear analysis of UR peak amplitude across the five shock
intensities. Assuming shock energy is approximated by the

Fig. 5 – Unconditioned eyeblink response (UR) amplitudes
(±SE) were not affected by neonatal ethanol exposure in
adult rats. UR peak amplitudes are presented as a function of
neonatal treatment and US intensity. Total stimulus
energy is listed parenthetically beneath US intensity
(see text for details).

product of current and duration, the values generated by our
five current pulses range from 40 U (4.0 mA × 10 ms) to 200 U
(2.0 mA × 100 ms).
A mixed 3 × 5 ANOVA, with UR peak amplitude as the
dependent variable (see Fig. 5), revealed no significant
treatment, intensity, or interaction effects. Single factor
ANOVAs found no significant differences in UR peak amplitude between the three neonatal treatment groups at any US
intensity. For ease of illustration, the five shock intensities are
presented in sequential order in Fig. 5, with each shock's total
stimulus energy listed beneath. The data indicate that
neonatal ethanol exposure did not significantly impair UR
production in adult rats at any of the five shock intensities.

3.

Discussion

Results from the current study provide further evidence that
the acquisition of classical eyeblink conditioning is retarded in
rats exposed to ethanol early in development (see Fig. 2). Mean
and peak CR amplitudes of rats exposed to ethanol were also
lower than controls, but only when a high US intensity was
used (Figs. 3A–B). Finally, relative to controls, ethanol-exposed
rats had shorter CR onset latencies at all three shock
intensities (Fig. 4). In spite of its effects on the learned motor
response, however, neonatal exposure to ethanol had no
discernable impact on UR peak amplitude (Fig. 5).

3.1.
Fig. 4 – Conditioned eyeblink response (CR) onset latencies,
but not peak latencies, were impaired in ethanol-exposed
rats. CR onset and peak latencies (±SE) in adult rats collapsed
across the three unconditioned stimulus intensities.

The conditioned eyeblink response

Rat neonates exposed to binge levels of ethanol were impaired
in the acquisition of 350 ms delay eyeblink conditioning as
adult rats (Fig. 2), a result in line with earlier findings (Green et
al., 2000, 2002a). On the last day of conditioning, CR frequency
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in rats conditioned with the lowest intensity (1.0 mA; Fig. 1D)
closely matches the averages reported by Green and colleagues: on average, about a 30% difference in percent CRs
between UC and EtOH rats. In general, increasing the US
intensity produced a proportionally higher frequency of CRs in
UC, SI, and EtOH rats (Figs. 1A–C)—albeit the number of CRs
produced by UC rats trained with the 1.5-mA US was
uncharacteristically low (see Figs. 1A and 1E). At the same
time, an ethanol-mediated conditioning deficit was evident at
all three shock intensities (Figs. 1D–F). The results indicate
that the titration of US intensity for each subject prior to
training had no significant impact on the conditioning deficits
previously observed in EtOH rats (Green et al., 2000, 2002a,b;
Tran et al., 2005).
In terms of CR amplitude, neonatal ethanol treatment had
no significant effect at the two lowest US intensities. Only with
the highest shock intensity were both mean and peak CR
amplitudes diminished in EtOH rats (Figs. 3A–B). Even with the
2.0-mA rats, however, no treatment-mediated differences in
CR mean or peak amplitude were evident early in conditioning. Only at the end of conditioning did significant differences
in CR mean amplitude emerge between the three treatment
groups. This, despite the fact that all three groups showed
significant learning-dependent increases in CR mean amplitude across the 10 days of conditioning (Fig. 3C). Significant
increases in CR peak amplitude were limited to UC and SI rats
(Fig. 3C). The data suggest that early in conditioning all three
groups produced comparable CR amplitude levels. Even later
in conditioning, CR amplitude levels remained comparable
with the two lower US intensities. Only with the highest US
intensity, during the latter conditioning sessions, were EtOH
rats unable to produce CR amplitudes on par with UC and SI
rats.
CR onset latencies were longer in EtOH rats than UC rats
(Fig. 4). Green et al. (2000) found a similar lengthening of CR
onset latencies in EtOH rats. Sham-intubated rats had CR
onset latencies intermediate to unhandled control and
ethanol-exposed rats (Fig. 4). Green et al. (2000) also reported
that CR peak latencies were significantly shorter in EtOH rats
than UC rats. In the current study, CR peak latencies in EtOH
and UC rats were equivalent at the lowest shock intensity. As
the US intensity was increased, peak latencies in UC rats
decreased, while the EtOH rats' latencies remained roughly
constant. Together with the CR frequency and CR amplitude
data, the latency data support the proposition that adult rats
exposed to ethanol early in life are impaired in the acquisition
of EBC.
What brain deficits may account for the impairments in
EBC seen in rats neonatally exposed to alcohol? Several
regions of the EBC neural circuit, including the IP, cerebellar
cortex, and inferior olive, are known to incur cellular damage
as a result of binge-like alcohol exposure. Of the three, the IP
plays an especially critical role in classical eyeblink conditioning. Repeated pairings of the CS and US are proposed to modify
the efficacy of the mossy fiber–IP synapse, enabling the CS, by
itself, to activate the IP and downstream blink motor nuclei. At
least a portion of the CS–US associative memory trace underlying EBC is proposed to be located in the anterior dorsolateral
region of the IP (Bracha et al., 1998; Clark et al., 1992; Krupa et
al., 1993; Skelton, 1988; Steinmetz et al., 1991).
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Adult rats exposed to ethanol as neonates have up to 50%
fewer IP neurons than controls (Green et al., 2002b; Tran et
al., 2005). The degree of depletion corresponds to the peak
BAC level in the neonatal rat (Green et al., 2006). EtOH rats
also display reduced IP unit activity across training relative to
the learning-dependent increases in unit activity observed in
control rats (Green et al., 2002a). That is, UC and SI rats
display significant increases in IP unit activity, relative to
baseline, during the CS–US interstimulus interval by the fifth
of 10 days of conditioning. In contrast, EtOH rats are impaired
in CR acquisition and importantly fail to show significant
changes in IP unit activity until the last day of conditioning
(Green et al., 2002a). Based on the above, Green (2004) posited
that ethanol-mediated depletion of IP neurons is the primary
reason EtOH rats are such poor learners—they have fewer IP
neurons capable of encoding and driving the blink CR. And
yet, although EtOH rats were impaired in the current study,
their improvements in learning associated with increased
shock intensity were comparable to those observed in the
two control groups (see Figs. 1A–C), suggesting that even in
EtOH rats, which have fewer total IP neurons, conditioning
with higher US intensities engages a higher proportion of
those neurons that are available.
In addition to the IP, rat neonates exposed to ethanol also
have dramatic reductions in the total estimated number of
Purkinje cells in the cerebellar cortex (Goodlett et al., 1998;
Pauli et al., 1995; Thomas et al., 1998; Tran et al., 2005), an
effect that remains relatively constant across the rat's life
span (Bonthius and West, 1991; Napper and West, 1995).
Purkinje cell numbers, relative to untreated controls, are
reduced from 20% to 50%, with some regional differences in
the pattern of Purkinje cell depletion. The greatest reductions
appear to be concentrated in Larsell's lobules I–V and VIII–X
and the lowest reductions in lobules VI–VII (Light et al., 2002;
Pierce et al., 1989, 1993). Recordings in lobules IX and X suggest
that those Purkinje cells that do survive ethanol insult remain
physiologically normal (Backman et al., 1998). While the role of
cerebellar cortex is not entirely understood as of yet, it clearly
plays an important role in EBC, perhaps in the establishment
of IP plasticity or as a modulator of CR amplitude and CR
timing.
The difficultly in fully understanding cerebellar cortex
function is illustrated by two recent experimental studies. The
first, by Green and Steinmetz (2005), found Purkinje cells in the
cerebellar anterior lobe of rabbits (encompassing lobules I–V)
that appear to encode the timing of blink CRs, as assessed by
single-unit recording. On the other hand, Nolan and Freeman
(2006) report that the global depletion of Purkinje cells
throughout the cerebellar cortex in rats, via the immunotoxin
OX7-saporin, had no impact on CR timing. Despite the
contradictory results, however, it remains likely that deficiencies in cerebellar cortical processing due to ethanol-induced
loss of neurons accounts for at least some of the deficits in CR
acquisition, amplitude, and timing observed in the present
and previous studies.

3.2.

Sham intubation

It is important to note that not all impairments in CR
production were the direct result of ethanol administration.
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As in previous work (Green et al., 2000, 2002a,b; Stanton and
Goodlett, 1998; Tran et al., 2005), sham-intubated rats in the
present study were mildly impaired, relative to UC rats, in both
CR frequency and amplitude. Importantly, the learning
deficits in SI rats are not tied to significant reductions in
neuronal numbers or abnormal patterns of unit activity in the
anterior IP (Green et al., 2002a,b), suggesting that the SI
conditioning deficit is likely not mediated by cerebellar
mechanisms.
In the present study, CR frequency, as assessed with the
repeated measures ANOVA, was not significantly different
between SI and EtOH rats. The lack of statistical significance is
partly attributable to 3 SI rats that learned exceptionally
poorly, producing very few CRs across the 10 days of
conditioning. Still, the number of blink CRs produced by the
two groups of rats did significantly differ when the analysis
was based on the average of all 10 days of conditioning—with
a higher mean CR percentage in SI rats than EtOH rats.
Similarly, CR amplitude, at the highest US intensity, was
significantly higher in SI than EtOH rats (Fig. 3A), a result in
line with previous research (Green et al., 2000, 2002a,b;
Stanton and Goodlett, 1998; Tran et al., 2005).
The learning impairments observed in SI rats may be the
result of stress effects on the rat pup's developing brain
caused by handling, separation from the dam, or the acute
intragastric intubation procedure. Our laboratory has recently
examined the effects of neonatal handling and maternal
separation on EBC in adult rats, as well as changes in IP neuron
number and glucocorticoid receptor (GR) expression (unpublished data; Wilber et al., 2006). Handling and maternal
separation across PD 2 to 14 led to increases in corticosterone
in all rats. Moreover, male, but not female, rats separated from
the dam for 15 or 60 min per day were impaired as adults in
delay eyeblink conditioning, with those separated for 60 min
showing significant increases in GR expression in the posterior
IP. Neither males nor females showed significant reductions of
cerebellar deep nuclei neurons as a result of handling or
maternal separation. The data suggest that stress effects
surrounding the infusion process can affect later conditioning.
Our earlier data, however, suggest that this effect is not
mediated through anatomical or physiological impairments in
the anterior IP (Green et al., 2002a,b)—the region of IP critical
for successful eyeblink conditioning. Instead, the deficits are
likely caused by anatomical or physiological impairments in
other cerebellar or non-cerebellar areas.
While the stress effects related to intubation and its
procedural antecedents can modify the neonatal rat brain,
leading to learning deficits in adulthood, it remains unclear
why the SI effect is larger in the current study than others. It is
possible, for example, that the rats were stressed more in the
present study than in previous studies at the time of
intubation. Regardless, SI rats clearly acquire and produce
CRs at a higher rate and amplitude than EtOH rats (Figs. 2 and
3). As the intubation procedure is identical for both groups, the
deleterious effects of ethanol exposure on learning are
presumably mediated through cerebellar abnormalities that
cannot be explained by the stress effects alone. We conclude
that the SI effect can be separated out from the EtOH effect on
the basis of brain areas affected and the magnitude of the
behavioral impairment. The data indicate that in future

studies we must nevertheless strive to minimize stress effects
at the time of ethanol administration.

3.3.

The unconditioned eyeblink response

Conditioned and unconditioned eyeblink responses rely on
the same cranial motor nuclei, nerves, and muscles. CRrelated neural activity within IP is relayed through the red
nucleus to motoneurons in the accessory abducens and facial
nuclei (Holstege et al., 1986). US-related neural activity is
relayed from the eye region to the inferior olive and trigeminal
nucleus, which in turn has direct and indirect projections to
the accessory abducens and facial nuclei (Tamai et al., 1986;
Van Ham and Yeo, 1996). At the final stage, the facial nucleus'
seventh nerve innervates the orbicularis oculi (OO) muscle,
which regulates the downward motion of the eyelid during
conditioned and unconditioned eyeblinks (Gong et al., 2003;
Pellegrini and Evinger, 1995).
UR peak amplitude, assessed at five different US intensities, did not differ among adult UC, SI, or EtOH rats (Fig. 5).
These results are in line with a previous study which assessed
startle responses to the acoustic CS and, separately, UR
amplitudes in weanling (PD 23–24) rats (Stanton and Goodlett,
1998). No significant differences in either measure were found
among the three neonatal treatment groups. Likewise, nonassociative responding – as assessed by explicitly unpaired
eyeblink conditioning – was found to be statistically no
different in adult rats exposed to ethanol as neonates than
control rats (Green et al., 2000).
The present data provide strong evidence that the EBC
deficits observed in EtOH rats are not due to impairments in
UR production. While the EtOH rats showed deficits in EBC
when compared to control rats, they still showed increasing
numbers of CRs as the US intensity was increased (Fig. 1C).
Equally important, no differences between treatment groups
were seen when UR amplitudes were compared across US
intensities. Despite the non-linearity inherent in our design
(i.e., higher current intensities presented for shorter durations
of time), the two highest US intensities (with the lowest total
shock energy) generally resulted in higher amplitude UR
blinks than the three lower US intensities for all three groups
of rats (Fig. 5). Taken together, the data support the hypothesis
that ethanol's deleterious effects on eyeblink conditioning
result from damage to associative learning processes in the
cerebellum and are not due to impaired processing of the US or
performance of the UR.
Interestingly, the amplitude and latency of the UR can be
modified as a result of CS–US paired conditioning, an effect
termed conditioning-specific reflex modification (CRM)
(Schreurs, 2003; Schreurs et al., 2000). The UR changes are
associative—they do not occur in rats exposed to unpaired CS–
US conditioning, or following restraint without CS–US presentations (Schreurs et al., 1995). Following 10 days of paired
conditioning in the current study, UR amplitudes in EtOH rats
were not significantly different from the amplitudes of
controls rats at multiple shock intensities, suggesting that
CRM was not significantly affected by neonatal ethanol
exposure either. Future studies should assess UR production
in ethanol-exposed and control rats before and after eyeblink
conditioning.
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3.4.

Summary

In summary, the current results replicate previous research
demonstrating that neonatal ethanol exposure impairs
classical eyeblink conditioning. Importantly, however, the
ethanol-mediated impairments have now been demonstrated to occur across multiple US shock intensities in
adult rats—even, presumably, at intensities that are not
optimal for producing a blink CR in particular subjects
within a group. The frequency of CR blinks was lowered and
their onset latencies shortened, relative to control animals,
at all three US intensities. CR mean and peak amplitudes, in
contrast, were diminished by ethanol exposure at only the
highest US intensity. Finding no differences in UR amplitude
among treatment groups, the deficits in CR production are
proposed to result from anatomical abnormalities in various
regions of the EBC neural circuit. In the future, as the
differential vulnerabilities of the developing cerebellum to
ethanol are better understood, our ability to co-localize
particular deficits in CR performance to specific anatomical or physiological abnormalities will undoubtedly
improve.

4.

Experimental procedures

4.1.

Subjects

Long–Evans male and female breeders, housed in the Department of Psychological and Brain Science's rodent vivarium at
IU Bloomington, were placed together on designated days to
mate. Vaginal smears were taken each subsequent morning
until a sperm plug was detected. The morning following
copulation was defined as gestational day (GD) 0. Litters were
typically born on GD 21 or 22, thereafter referred to as
postnatal day (PD) 0. On PD 3 litters were culled to 10 pups,
retaining equal numbers of males and females when possible.
On the same day, a small amount of non-toxic black ink was
subcutaneously injected into one or more paws for identification purposes. Rats were weaned on PD 21, separated by sex on
PD 45, and then individually housed following surgery (see
below).
Eighty-six experimentally naïve Long–Evans rats – 42 male
and 44 female – were maintained on a 12-h light/dark cycle
with ad lib access to food and water. Surgical and behavioral
procedures were conducted during the light phase. All
procedures, including surgery and postoperative care, were
in strict compliance with the Indiana University animal care
guidelines, and all necessary measures were taken to minimize pain and discomfort.

4.2.

Neonatal treatment

On PD 4, rat pups were pseudo-randomly assigned to one of
three treatment groups: ethanol-exposed (EtOH), sham-intubated (SI), or unhandled control (UC). Pups in the EtOH
treatment group underwent intragastric intubations three
times daily from PD 4 to PD 9, each intubation separated by
2 h. The first two daily intubations consisted of 11.33% (5 g/kg/
day) ethanol in milk formula; the third intubation was milk
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formula only. The SI pups were intubated three times daily,
though no formula was ever given. UC pups were left
undisturbed with the dam.

4.3.

Blood alcohol concentration (BAC)

For SI and EtOH rat pups, 20 μl of blood was collected in
heparinized capillary tubes from a tail clip immediately before
the final intubation on PD 4. Blood samples were dispensed
into microcentrifuge tubes, centrifuged, and plasma separated. BACs were determined using an oximetric assay
procedure. An Analox GL5 Analyzer (Analox Instruments,
Lunenberg, MA) was used to measure the rate of oxygen
consumption resulting from oxidation of ethanol in the
sample.

4.4.

Surgical procedures

All surgical procedures were performed under aseptic
conditions. Beginning on PD 80, rats were anesthetized
using intraperitoneal (ip) injections of an anesthetic cocktail
(2.0 ml/kg), consisting of physiological saline (9.0 mg/kg),
ketamine (74.0 mg/kg), xylazine (3.7 mg/kg), and acepromazine (0.74 mg/kg). Ketamine boosters were administered as
required. Each subject was surgically prepared with differential electromyographic (EMG) wires and a bipolar periocular stimulator. EMG activity was recorded in the OO
muscle surrounding the eye by passing two ultrathin
(0.003 in.) Teflon-coated stainless steel wires subdermally
beneath the anterior portion of the upper eyelid. Gold-coated
stainless steel wires were implanted in the dorso-caudal
portion of the OO muscle for delivery of the periorbital
electrical shock US. A ground wire was connected to one of
three stainless steel skull screws. The two EMG wires and
separate ground wire all terminated in gold pins inside a 3pin plastic connector. The headstage and US bipolar
stimulating electrodes were fixed in dental cement. The
wound was salved with antibiotic ointment (Povidone), and
the animals were given at least 6 days to recover before the
start of training.

4.5.

Experimental design

Eyeblink conditioning utilized a mixed 3 × 3 × 10 design: two
between-subjects factors, neonatal treatment (UC, SI, or EtOH)
and US intensity (1.0, 1.5, or 2.0 mA), and one within-subjects
factor, conditioning day (1–10). Following surgery, each adult
rat experienced 1 day of adaptation and 10 days of eyeblink
conditioning. Subsets of rats from each neonatal treatment
group then underwent an additional 5 days of conditioning. A
mixed 3 × 5 design was used, with neonatal treatment (UC, SI,
or EtOH) as the between-subjects factor and US shock
intensity (1.0, 1.5, 2.0, 3.0, and 4.0 mA) as the within-subjects
factor.

4.6.

Behavioral training and testing

Eyeblink conditioning took place in standard operant boxes
(Coulburn Instruments, Allentown, PA), contained within
sound-attenuating chambers. Each operant box had two stain-
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less steel walls, two Plexiglas walls, and a grid floor composed of
0.5-cm stainless steel bars placed approximately 1.5 cm apart.
The electrode leads attached to each subject's head swiveled
freely on a 10-channel commutator connected to a counterbalanced, pivoting arm. All animals were able to move freely
about in the conditioning chamber.
All subjects received 1 day of adaptation (45 min), with the
commutator attached but no stimuli presented. The first of 10
conditioning sessions began the next day. The CS was a 450ms, 2.8-kHz, 85-dB SPL tone delivered from an overhead
speaker. The US was a co-terminating 100-ms, 60-Hz, constant-current square wave, periocular stimulation of the left
eyelid (1.0, 1.5, or 2.0 mA). Each conditioning session consisted
of 10 blocks of 10 trials—8 CS–US paired trials and 2 CS-alone
trials. For paired trials, the CS–US interstimulus interval (ISI)
was 350 ms. The intertrial interval (ITI) was 25 ± 5 s.
Eyelid EMG activity was amplified (1000×) and band-pass
filtered (300–1000 Hz) by a differential AC amplifier (model
1700, A-M Systems, Carlsborg, WA). The raw EMG signal was
displayed by oscilloscope for inspection purposes. The EMG
signal was simultaneously digitized (500 Hz), rectified,
smoothed (10 ms time constant), time shifted (10 ms, to
compensate for smoothing), and stored for offline analysis
using the Spike 2 waveform analysis system (CED Limited,
Cambridge, England).
After completing 10 days of conditioning, subsets of rats
were pseudo-randomly selected in order to analyze unconditioned eyeblink responses. Each rat underwent a further
5 days of delay eyeblink conditioning, receiving 80 CS–US
paired trials and 20 US-alone trials per day. For the first
3 days, the 100-ms US shock was pseudo-randomly set at
1.0, 1.5, or 2.0 mA. On day four, the US intensity was raised
to 3.0 mA, while the duration was shortened to 25 ms. On
day five, a 10-ms, 4.0-mA US was used. We chose to
decrease US duration when the intensity was set to 3.0
and 4.0 mA as longer durations produced excessive movements in the rats, including elevated blink rates. The five
combinations of US intensity and duration were chosen
because these parameters are commonly used in rat eyeblink conditioning studies. To prevent US-induced saturation
of the amplifier during US-alone trials, the EMG input to the
amplifier was clamped (model 2804; CED Ltd.) beginning
2 ms before US onset and released 2 ms after US offset. In
actuality, the clamp took around 10 to 15 ms to fully block
the EMG signal.

4.7.

Data analysis

EMG data from paired trials were used to compute the
percentage of CRs produced during each session, whereas
data from CS-alone trials were used to compute the amplitude
and timing of the averaged CR. On each trial, EMG activity from
the OO muscle was sampled for 1000 ms, divided into three
periods: (i) a 350-ms pre-CS period, prior to CS onset; (ii) a 350ms CS–US period, between CS onset and US onset; and (iii) a
300-ms post-US period, following US onset.
Trials in which CS-elicited EMG activity exceeded pre-CS
mean EMG activity by 8 standard deviations or more were
counted as CRs. Elevated EMG activity during the first 100 ms
of the CS was considered an alpha response and not counted

as a CR. Trials with elevated EMG activity during the 100-ms
period immediately preceding CS onset were deemed bad
trials and excluded from analysis. Any subject whose bad
trials exceeded 25% of the total on five or more conditioning
days was not used in the study. UR peak amplitudes were
assessed in a subset of conditioning subjects. Data were
analyzed using t-tests, ANOVA, repeated measures ANOVA,
and, when appropriate, Tukey–Kramer post hoc tests. A
significant post hoc effect implies p < 0.05.
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