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Abstract
Background: Effective treatments for the behavioral and cognitive deficits in children with fetal
alcohol spectrum disorders (FASD) are lacking, and translational approaches using animal models
can help develop rational interventions. One such model, binge-like alcohol exposure in neonatal
rats during the period of brain development comparable with that of the human third trimester,
causes structural and functional damage to the cerebellum and disrupts cerebellar-dependent
eyeblink classical conditioning. The eyeblink conditioning deficits first demonstrated in this rat
model predicted the similar deficits subsequently demonstrated in children with FASD.

Methods: The current study extends this translational approach by testing the hypothesis that
rehabilitation training involving 20 days of training on traversal of an obstacle course (complex
motor learning) would ameliorate the deficits on classical conditioning of eyeblink responses
produced by the neonatal alcohol exposure. We have previously shown that this training
stimulates cerebellar synaptic plasticity and improves alcohol-induced deficits on motor
coordination tasks.

Results: The current studies found that rehabilitation training significantly attenuated alcohol-
induced deficits in acquisition of eyeblink conditioning in females but not in males. These results
are consistent with normalization of cerebellar-dependent learning, at least in alcohol-exposed
females.

Conclusions: These findings extend previous studies in this model suggesting that rehabilitation
of adolescents with FASD using training with complex motor learning tasks could be effective in
ameliorating functional impairments associated with cerebellar damage. Eyeblink classical
conditioning deficits are now well documented in children with FASD and could serve as an
evaluation measure to continue to develop therapeutic interventions such as complex motor
learning.
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FETAL ALCOHOL SPECTRUM disorders (FASD) are preventable by abstinence during
pregnancy, but efforts to reduce or eliminate maternal drinking during pregnancy have been
largely ineffective in reducing the incidence of FASD (Roach and Anderson, 2008).
Consequently, interventions to prevent or treat the structural and functional brain
abnormalities and associated behavioral changes are important priorities (Kodituwakku and
Kodituwakku, 2011; Warren and Foudin, 2001). Some pharmacological interventions
administered during the period of alcohol exposure have shown promise in effectively
reducing brain damage in animal models (Ieraci and Herrera, 2006; Spong et al., 2001; Zhou
et al., 2004). Interventions during pregnancy have significant limitations, including
difficulties in identifying at-risk drinking and in delivering prenatal care (Roach and
Anderson, 2008), along with potential risk to the fetus or the mother. In addition, FASD
often is not recognized until school age, when the cognitive and behavioral consequences of
the prenatal brain damage become apparent (Astley et al., 2002). It is important, therefore, to
pursue rehabilitation approaches that can be applied to children and adolescents with FASD
to improve outcomes that emerge from the prenatal alcohol-induced brain damage.

One promising approach, developed in animal models of FASD, is to use behavioral
procedures known to promote plasticity in brain systems damaged by prenatal alcohol
exposure, targeting improved functional outcomes mediated by those systems. Such
interventions include complex motor learning (Klintsova et al., 1998, 2002), environmental
enrichment (Berman et al., 1996; Mothes et al., 1996; Wainwright et al., 1993), and
voluntary exercise (Christie et al., 2005). Training on complex motor learning tasks may be
particularly useful for rehabilitating damage to the cerebellum, which is known to have
disproportionate volume reductions in cases of FASD (Autti-Ramo et al., 2002; Riley et al.,
2004; Roebuck et al., 1998a; Sowell et al., 1996). Training rats for 20 days on a complex
motor learning task (traversal of an obstacle course) stimulated significant increases in
parallel fiber–Purkinje cell synapses in the cerebellar paramedian lobule (Black et al., 1990),
and this synaptic morphological plasticity was retained in rats with cerebellar damage
induced by alcohol exposure on postnatal days (PD) 4 to 9 (Klintsova et al., 2002). The
training also rehabilitated performance deficits on motor tasks (rope climbing, rotorod,
parallel bar traversal) that were not part of the training (Klintsova et al., 1998).

These findings suggest that the neonatal rat model of alcohol-induced brain damage
resulting from binge alcohol exposure during the period of brain development comparable
with that of the human third trimester (Cudd, 2005; Dobbing and Sands, 1979) is a useful
model to extend the analysis of the rehabilitation. Cerebellar structural damage and
functional deficits associated with cerebellar pathology have been well documented in
FASD (Autti-Ramo and Granstrom, 1991; Coffin et al., 2005; Jacobson et al., 2008, 2011;
Kyllerman et al., 1985; Roebuck et al., 1998b). This rat model has proven to have significant
predictive validity for cerebellar effects. The neonatal binge alcohol treatment induces
permanent, dose-related loss of neurons of the cerebellar cortex and deep nuclei (Bonthius
and West, 1991; Goodlett et al., 1998; Green et al., 2002b; Klintsova et al., 2002; Tran et al.,
2005). The alcohol-induced cerebellar neuronal loss is associated with enduring deficits in
cerebellar-dependent behavioral tasks, including motor coordination tasks (Klintsova et al.,
1998; Thomas et al., 1996, 2009); and eyeblink classical conditioning (Green et al., 2002a,b,
2006; Stanton and Goodlett, 1998; Tran et al., 2005, 2007). Notably, the deficits in eyeblink
conditioning that were originally observed in this rat model predicted the subsequent
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demonstration of deficits in eyeblink conditioning in children with FASD (Coffin et al.,
2005; Jacobson et al., 2008, 2011).

The current study was conducted to test the hypothesis that complex motor learning would
rescue eyeblink conditioning deficits induced by neonatal binge-like alcohol exposure in
rats. A key aspect of this study is that it extends the assessment of the effectiveness of this
rehabilitation treatment to a cerebellar-dependent associative learning task that is very
different from the rehabilitation training itself. Important advantages of using eyeblink
classical conditioning are that the behavioral characteristics have been well studied, the
essential cerebellar-brain stem neural circuitry involved has been identified in several
species, including rats and humans (Christian and Thompson, 2003; Kim and Thompson,
1997; Steinmetz, 2000; Woodruff-Pak and Steinmetz, 2000a,b), and learning-related
neuroplasticity within identified sites in the cerebellum is known to mediate normal
acquisition and performance of eyeblink conditioning (Christian and Thompson, 2003; Kim
and Thompson, 1997; Lavond et al., 1993). Because sex differences in eyeblink
conditioning have been reported in which females show faster acquisition and facilitated
performance than males (Dalla and Shors, 2009), this study evaluated both sexes.

MATERIALS AND METHODS
Subjects

Timed pregnant Long-Evans dams, purchased from Simonsen Laboratories (Gilroy, CA),
arrived in the facility on gestational day (G) 11. The day of birth (G 22) was designated
postnatal day (PD) 0. On PD 3, litters were culled to 8 pups, 4 male and 4 female when
possible, and given subcutaneous injections of India ink to 1 or more paws for a unique
numerical identifier. Experimenters were blind to neonatal treatment condition after the
treatment period. Body weights were obtained for all intubated pups on the mornings of
treatments (PD 4 to 9) and periodically thereafter. Litters were randomly assigned either to
receive intubation treatments (18 litters) or to an undisturbed suckle control (SC) condition
(11 litters), in which the litters were left to be reared normally. Within intubated litters, 4
males and 4 females were randomly assigned to one of the following treatments
administered on PD 4 to 9: (i) alcohol intubated with 11.9% alcohol in milk formula (AI), or
(ii) sham intubated (SI). When more than 1 littermate of the same sex contributed to the data
for a given treatment condition (as occurred in 7 SC litters and 1 intubated litter), the data
were averaged for those littermates to yield only 1 observation per litter (per sex) for a given
treatment and training condition for all analyses.

Neonatal Alcohol Treatment
Alcohol treatment formulas were made in a milk formula and were administered via
intragastric intubation as described previously in Goodlett and Johnson (1997). For alcohol
infusions (AAPER, Shelbyville, KY), the milk formula contained 11.9%(v/v) alcohol and
was delivered in a total volume of 0.02778 ml/g. Each infusion resulted in a 2.625 g/kg dose
of alcohol (total daily dose of 5.25 g/kg/d); each intubation was separated by 2 hours. On PD
4, the AI group received an additional 2 intubations of milk formula (without alcohol), each
separated by 2 hours; on the remaining treatment days, the AI group was given 1 additional
milk-alone intubation, to provide near-normal growth because high-dose alcohol treatment
impairs suckling behavior, limiting caloric intake during intoxication. The SI group received
sham intubations, in which the tube was inserted into the stomach but no milk formula was
infused. On PD 4, 20 μl of blood were collected by tail clip (from all intubated pups) 4 hours
after the initial intubation for determination of peak blood alcohol concentrations (BACs) of
the alcohol-treated pups. Blood samples were collected in heparinized capillary tubes and
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centrifuged for plasma separation. BACs were determined using an oximetric procedure
with an Analox AM1 Alcohol Analyzer (Analox Instruments, Lunenburg, MA).

Complex Motor Training
On PD 25, animals were weaned and housed in same sex pairs (typically littermates). Five
days later, animals from each treatment group were randomly assigned to be given either
rehabilitation (R) using complex motor training or to a training control condition, which
consisted of daily handling (H) for a comparable amount of time as animals in the
rehabilitation condition were trained. At least 8 males and 8 females from each treatment
group (AI-H, AI-R, SI-H, SI-R, SC-H, and SC-R) were used in this study a total of 116
animals in the 6 groups. When possible, same treatment and sex littermates were randomly
assigned to alternate training conditions. Rats in the complex motor learning condition
received progressively more training trials over the first 3 days until they reached 5 trials per
day on day 4. Training trials consisted of traversing 10 elevated obstacles including a
horizontal wooden ladder, high steps on a narrow beam, a link chain, a loose rope ladder,
ascending and descending stairs, a narrow V-shaped metal bridge, pencil-wide dowels, a
drum (with variable rotation speeds), and various other obstacles. Animals were encouraged
to traverse all 10 elevated obstacles by gentle prodding of the hindquarters, and the tail was
held loosely to prevent falling from the apparatus. The time spent traversing all 10 obstacles
was recorded for each trial and averaged for each training day.

Eyelid Surgery
After 20 days of complex motor learning, animals were individually housed with ad libitum
access to food and water where they remained until the end of eyeblink training. Surgery
was performed 4 to 6 days after complex motor training on PD 53 to 56. Under isoflurane
gas anesthesia, animals were subcutaneously implanted with 2 stainless steel
electromyographic (EMG) recording electrodes (size 3T; Medwire, Mt. Vernon, NY)
through the left orbicularis muscle to record differential activity of the eyelid, and one to
serve as a grounding wire (size 10T; Medwire). The headstage also contained a bipolar
stimulating electrode (MS303/2; Plastics One, Roanoke, VA) placed just caudal to the same
eye, in a V shape, to deliver the electrical stimulation that served as the unconditioned
stimulus (US). Headstages were anchored to the skull with 3 screws and secured with
cranioplast. Five to 7 days after surgery, the animals were habituated to the conditioning
chamber.

Eyeblink Conditioning Apparatus
Animals were allowed to move freely in a test box (30.5 × 24.1 × 29.2 cm; Med-Associates,
St. Albans, VT) constructed with aluminum and clear polycarbonate walls. The floor was
made of stainless steel rods (4.8 mm) in a polypropylene frame. The test box was contained
within a sound-attenuating chamber (BRS-LVE, Laurel, MD). Each chamber was equipped
with a fan (55- to 65-dB background noise level), house light (15 W), and 2 piezoelectric
speakers (2- to 12-kHz range), 1 of which was used for presentation of the tone conditioned
stimulus (CS). Each chamber was fitted with a commutator (AC267-20; Litton Systems,
Blacksburg, VA), containing 5 lines of redundancy per channel, connected to peripheral
equipment while allowing the rat maximum mobility. The US was delivered by a constant-
current, 60-Hz stimulus isolator (A365-R; World Precision Instruments, Sarasota, FL). Two
IBM-compatible computers (4 chambers per computer) with custom-developed software
controlled the delivery of stimuli and recording of EMG activity (JSA Designs, Raleigh,
NC).
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Eyeblink Conditioning Procedures
On PD 70 rats began eyeblink classical conditioning using paired CS–US presentations. No
unpaired training groups were included because our previous studies have clearly
demonstrated that there are no differences between alcohol and control groups during
unpaired training (Stanton and Goodlett, 1998; Tran et al., 2005). Conditioning sessions
occurred over 3 days, 2 sessions per day separated by a minimum of 5 hours and consisted
of 100 trials (90 paired CS–US trials, 10 CS-alone trials per session). Paired trials consisted
of a 380-ms tone CS (2.8 kHz, 80 dB) that preceded, overlapped, and coterminated with a
periorbital electrical stimulation US (90 Hz, 1.4 mA) that lasted 100 ms, with a 280 ms
interstimulus interval between the onset of the CS and onset of the US. The variable
intertrial interval averaged 30 seconds. Because the initial US presentations typically
produce a strong behavioral startle response, on the first session, the US intensity was
increased from 0.2 to 1.4 mA in 0.3 mA increments over the first 10 trials, after which no
further adjustments in US intensity were made. Every 10th trial, the tone CS was presented
without the US; responses during these trials were used to further assess the acquisition of
conditioned responses (CRs) without the response being altered by the 100-ms US delivery.

Eyeblink Data Acquisition
Eyelid EMG activity was amplified (×5,000) and bandpass filtered at 500 to 5,000 Hz by a
differential AC amplifier and then rectified and integrated by a DC integrator (×10) before
being passed to a computer for storage. Integrated EMG signals were sampled in 2.5 ms bins
during the 800 ms trial epoch and then organized into 4 time periods, as shown in Fig. 1: (i)
pre-CS period, (ii) startle response (SR) period, (iii) CR period, and (iv) UR period. CRs
during probe trials could occur during the typical CR EMG collection period (200 ms),
during the typical period of UR EMG collection of paired CS–US trials or both. Using
criteria described by Stanton and colleagues (1992), any EMG responses during the SR, CR,
or UR periods exceeding 0.4 arbitrary units above the pre-CS baseline mean were registered.

Statistical Analyses
Because of the known sex differences in acquisition of eyeblink conditioning (Dalla and
Shors, 2009), the eyeblink data were analyzed separately for females and males. The
frequency (expressed as percent of trials) and amplitude of CRs (eyeblinks occurring during
the CR period) were the primary measures of acquisition across the 6 training sessions. The
paired trials and the CS-alone trials were analyzed separately using mixed analyses of
variance (ANOVAs) (α = 0.05), with neonatal treatment (treatment) and rehabilitation
training (rehabilitation) as grouping factors and session as a repeated measure. Where
appropriate, follow-up analyses involved 2-way (e.g., treatment × session) ANOVAs.
Additional performance measures of CR timing (latency to onset and latency to peak CR)
used similar mixed ANOVAs. When appropriate Tukey’s HSD post hoc tests were used to
evaluate significant differences between groups for each session (α = 0.05).

RESULTS
Blood Alcohol Concentrations and Growth

Mean (±SEM) peak BACs on PD 4 were 417 ± 9 mg/dl, with no significant differences
between males (413 ± 13) and females (420 ± 14). Table 1 shows body weights for SI and
AI groups for PD 4 and PD 9 and for all 3 treatment groups on PD 25 and PD 60. A 2
(treatment) × 2 (sex) × 6 (PD4to 9) repeated measures ANOVA on daily body weights
confirmed that the AI group had a significant growth lag during the treatment period relative
to the SI group, treatment × day: F(5, 340) = 117.6, p < 0.001; main effect of treatment: F(1,
68) = 105.2, p < 0.001, similar to our previous reports (Goodlett et al., 1998; Tran et al.,
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2005, 2007). There were no significant effects of treatment on body weight either on PD 25
(day of weaning) or on PD 60, indicating that the alcohol-induced growth lag had recovered
by weaning.

Acquisition of Rehabilitation Training
As shown in Fig. 2, all groups decreased the mean time to traverse the obstacles over the 20
days of rehabilitation training, main effect of day: F(19, 570) = 83.78, p < 0.001; there were
no main or interactive effects of neonatal treatment or sex. To assess potential group
differences in asymptotic performance, the last 10 days of training were analyzed with a 3
(treatment) × 2 (sex) × 10 (day) mixed ANOVA. There was a main effect of treatment, F(2,
48) = 4.61, p < 0.05, but sex effects failed to reach significance.

Short-Delay Eyeblink Conditioning
Females
Paired Trials: As shown in Fig. 3 for percent CRs (top panels) and CR amplitudes (bottom
panels), females given neonatal alcohol treatment and handling (the AI-H group; Panels C
and F) showed the expected acquisition deficit in short-delay eyeblink relative to handled
controls (SC-H and SI-H; Panels A, B and D, E). The rehabilitation training was sufficient to
normalize the short-delay acquisition of the alcohol-exposed females (AI-R group) relative
to SI and SC controls and to the AI-H group. For percent CRs, there was a significant main
effect of treatment, F(2, 46) = 9.08, p < 0.001, a significant treatment × session interaction,
F(10, 230) = 3.61, p < 0.001, and a significant treatment × rehabilitation interaction, F(2,
46) = 3.76, p < 0.05. Follow-up 2-way (rehabilitation × session) mixed ANOVAs comparing
AI-H and AI-R groups on percent CRs confirmed that the rehabilitation training
significantly improved acquisition of the AI-R group, main effect of rehabilitation: F(1, 17)
= 6.20, p < 0.05, Tukey’s post hoc analyses revealed rehabilitation effects emerged during
the second session and persisted throughout testing (p < 0.01). Additional follow-up
comparisons among just the handled groups (AI-H, SC-H, and SI-H) confirmed the expected
significant impairment of the AI-H group, main effect of treatment: F(2, 22) = 11.17, p <
0.001; treatment × session interaction: F(10, 110) = 3.76, p < 0.001. For CR amplitudes,
there was a significant main effect of treatment, F(2, 46) = 7.62, p < 0.01, and a significant
treatment × session interaction, F(10, 230) = 4.08, p < 0.001, but the interactive effects of
rehabilitation did not reach statistical significance (p = 0.099). Nevertheless, follow-up 2-
way (rehabilitation × session) mixed ANOVAs on CR amplitudes confirmed that the
rehabilitation training significantly improved acquisition of the AI-R group compared with
the AI-H group, F(1, 17) = 6.76, p < 0.05. Typical treatment effects were seen, main effect
of treatment: F(2, 22) = 8.41, p < 0.01; treatment × session interaction: F(10, 110) = 5.49, p
< 0.001, such that the AI-H group was significantly impaired relative to SI-H and SC-H
controls (ps < 0.01). In addition, follow-up analyses on both percent CRs and CR amplitudes
of just the SC, SI, and AI groups given rehabilitation training indicated that there were no
significant group differences, confirming the lack of group differences among the groups
given prior rehabilitation training. There also were no significant group differences in the
frequency of URs (means >95%) emitted on paired trials, indicating that there were no
group differences in US-elicited blink reflex.

CS-Alone Trials: On the 10 probe trials of each session in which the tone CS was presented
without the US, the outcomes were generally similar to paired trials although the effect of
rehabilitation was not as strong (Fig. 4). For percent CRs, the neonatal alcohol treatment
produced significant deficits, main effect of treatment: F(2, 46) = 8.57, p < 0.01; treatment ×
session interaction: F(10, 230) = 3.33, p < 0.001, but the treatment × rehabilitation factor did
not reach statistical significance (p = 0.071). A follow-up mixed ANOVA comparing the 2
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AI groups did indicate that the AI-R group performed significantly better than the AI-H
group, main effect of rehabilitation: F(1, 17) = 5.66, p < 0.05. For CR amplitudes, the
neonatal alcohol treatment produced significant deficits, main effect of treatment: F(2, 46) =
7.39, p < 0.01; treatment × session interaction: F(10, 230) = 5.01, p < 0.001, but the
treatment × rehabilitation factor did not reach statistical significance. The follow-up
comparison of the AI-R and AI-H groups did not reach statistical significance (p = 0.061).
Analyses of latency to onset and latency to peak CR during probe trials yielded only the
expected effect of session, latency to onset: F(5, 230) = 2.50, p < 0.05; latency to peak: F(5,
230) = 3.86, p < 0.01; there were no group differences in these measures of CR timing.

Males
Paired Trials: As shown in Fig. 5 for percent CRs (top panels) and CR amplitudes (bottom
panels), the males given neonatal alcohol treatment and handling (AI-H, panels C and F)
showed the expected acquisition deficit in short-delay eyeblink relative to handled controls
(SC-H and SI-H; Panels A, B and D, E). Unlike females, however, the rehabilitation training
did not significantly improve short-delay acquisition of the AI-R group. The mixed
ANOVAs yielded significant treatment effects, main effect of treatment percent CRs: F(2,
46) = 8.75, p = 0.01; CR amplitudes: F(2, 46) = 12.20, p = 0.001; treatment × session
interaction CR amplitude: F(10, 230) = 5.00, p < 0.001, along with the obvious main effect
of session, percent CRs: F(5, 230) = 103.2, p < 0.001; CR amplitudes: F(5, 230) = 70.96, p
< 0.001. For both measures, the 2 AI groups were significantly impaired relative to the
respective SI and SC control groups (ps < 0.05), and the 2 AI groups did not differ from
each other. As with the females, there were no significant group differences in frequency of
URs (means >95%) on the paired trials.

CS-Alone Trials: Outcomes for the probe trials were similar to those of the paired trials,
such that alcohol-exposed males showed acquisition deficits regardless of rehabilitation
condition (Fig. 6). The mixed ANOVAs yielded significant treatment effects, main effect of
treatment percent CRs: F(2, 46) = 7.66, p < 0.01; CR amplitude: F(2, 46) = 13.96, p < 0.001;
treatment × session interaction percent CR: F(10, 230) = 2.36, p < 0.05; CR amplitude:
F(10, 230) = 4.44, p < 0.001, and post hoc tests confirmed the significant impairment of the
each alcohol group relative to the respective SI and SC control groups. Analyses of the
latency to onset and latency to peak measures for CRs during probe trials yielded only a
significant effect of session, latency to onset: F(5, 225) = 5.12, p < 0.001; latency to peak:
F(5, 225) = 8.20, p < 0.001.

DISCUSSION
The significant improvement of acquisition of delay eyeblink conditioning in females given
20 days of training on the complex motor learning task extends our previous findings
(Klintsova et al., 1998) that showed similar rehabilitation training improved performance (of
both sexes) on several tests of motor performance. The current studies are particularly
important because they demonstrate a rehabilitation effect on a cerebellar-dependent
learning task that is completely different from the types of actions that are involved in the
complex motor learning that is acquired during the 20 days of training on the obstacle
course. These findings raise the possibility that there may be rehabilitation-induced synaptic
morphological plasticity in parts of the cerebellar cortex implicated in eyeblink conditioning
(HVI and anterior lobules), thus extending beyond the previously identified increases in
parallel fiber–Purkinje cell synapses shown in the paramedian lobule (Klintsova et al.,
2002). If the cerebellar structural plasticity associated with this complex motor learning is
generalized beyond the paramedian lobule, it would further support its potential usefulness
as a therapeutic intervention.
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The sex difference in the effectiveness of the rehabilitation training was unexpected, and
there may be several factors that could account for the difference. Sex differences in
acquisition of eyeblink conditioning have been reported for normal adult rats in which
females can acquire the CR faster than males (Dalla and Shors, 2009), particularly when
training occurs during proestrus when estrogen levels are relatively high (Shors et al., 1998).
As we did not determine the stage of estrus for any of the females, we cannot rule out
potential differences in acquisition between the rehabilitated and the handled AI female rats
that may have occurred due to chance differences in the timing of the estrus stages across
the 3 days of eyeblink conditioning. For example, if the majority of AI-H females happened
to be tested outside of proestrus, then their deficits could reflect an interactive effect related
to lower estrogen levels. Given the multiple cohorts used and the within-cohort
randomization that was followed, this is unlikely to have happened. We also note that there
were no differences in rehabilitation acquisition among the 3 groups of females (AI, SI, and
SC); the only impairment was in the handled AI group. If this outcome were due to group
differences in estrus cycle, it would involve the unlikely condition that only the AI-H group
had a majority of females tested outside the proestrus stage. Another issue is the extent to
which there might be sex differences in the ability of the rehabilitation training to produce
neuroplasticity in the brain circuitry relevant to eyeblink conditioning. Increased estrogen
has been shown to enhance cerebellar plasticity increasing long-term potentiation and
parallel fiber–Purkinje cell synapses (Andreescu et al., 2007). It is possible that estrogen in
females may have better supported cerebellar synaptogenesis induced by rehabilitation
training, contributing to the improved eyeblink performance in the alcohol-treated females.
Our previous demonstration that 20 days of rehabilitation training induced a significant
increase in the number of parallel fiber–Purkinje cell synapses in the paramedian lobule was
conducted only in female rats. The current findings raise the empirical question of whether
the training-induced cerebellar synaptic morphological plasticity may be more robust in
alcohol-exposed females than males.

Although the extent of cerebellar cell loss and morphological synaptic plasticity of the
subjects in this report has not yet been evaluated, the treatment used in this study has
previously been shown to produce Purkinje cell and cerebellar deep nuclear cell losses in
excess of 40% (Goodlett et al., 1998; Klintsova et al., 2002; Pierce et al., 1993; Tran et al.,
2005). In addition, the permanent loss of Purkinje cells (Tran et al., 2005) and cerebellar
deep nuclear neurons (Green et al., 2002b) was induced in both males and females by this
neonatal alcohol treatment and has been shown to be correlated with significant eyeblink
conditioning deficits in both sexes. Consequently, it is reasonable to conclude that the
significant effect of the rehabilitation treatment in females was likely associated with
improved learning-related neuroplasticity in the surviving (but depleted) cerebellar neuronal
populations mediating eyeblink conditioning.

Acquisition of eyeblink classical conditioning requires the functional integrity of a well-
defined cerebellar neural circuitry (for review, see Christian and Thompson, 2003). In
particular, converging inputs from the lateral pontine nuclei mossy fibers, carrying tone CS-
elicited activity, and inputs from the dorsal accessory inferior olivary climbing fibers,
carrying US-elicited activity, reach the anterior interpositus nucleus and the anterior and
HVI lobules of the cerebellar cortex. These populations are part of the essential circuit for
eyeblink conditioning (Kim and Thompson, 1997; Steinmetz, 2000). The neonatal alcohol
treatment significantly reduces the number of neurons in the cerebellar deep nuclei and the
number of Purkinje cells and granule cells in the cerebellar cortex (Goodlett et al., 1998;
Green et al., 2002b, 2006; Tran et al., 2005). It also causes deficits in learning-related
changes in neuronal activity of the interpositus nucleus (Green et al., 2002a). One critical
question now is whether the rehabilitation training effect in females may reflect a facilitation
of eyeblink conditioning due to a rehabilitation-induced increase in functional synapses at
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either of the 2 primary sites of plasticity involved in eyeblink conditioning (anterior
interpositus; lobule HVI of the cortex). In that case, the training-induced cerebellar
structural plasticity presumably would then predispose the animal toward facilitation of the
learning-related functions typically mediated by those neural circuits. Alternatively, the
improved eyeblink conditioning in the AI-R females may not depend on an antecedent
rehabilitation-induced structural plasticity, but rather on facilitated molecular signaling
associated with learning-related plasticity that becomes engaged at the beginning of eyeblink
conditioning and proceeds more efficiently than in the handled group. Additional
experiments are needed to identify the neurobiological correlates of the facilitated eyeblink
conditioning resulting from the complex motor learning, and why the effectiveness was
limited to females.

There are several important translational implications (and caveats) of these findings in this
rat model. First, behavioral rehabilitation regimens involving complex motor learning
appear to be a viable and potentially effective intervention for FASD to improve motor
learning and performance that involve cerebellar function. Studies to date have not fully
identified what aspects of the complex motor learning in rats are essential for its
effectiveness, although duration of training is one important factor. There are important
issues of species differences that must be considered when determining what forms of
complex motor learning would be best suited or most effective for humans, for example,
whether the regimen should be training on gymnastics or obstacle courses or on other skills
such as playing musical instruments or games of motor dexterity. What we can conclude,
though, is that complex motor learning activities that engage cerebellar circuits appear to
benefit diverse forms of motor learning, not just those that are similar to the rehabilitation
training itself, although there appear to be important differences between females and males.
This raises the prospect that this form of rehabilitation training in humans may have benefits
for cerebellar-mediated cognitive and behavioral functions that extend beyond its traditional
motor functions (Strick et al., 2009; Timmann and Daum, 2010). The beneficial effects in
this rat model that have now extended to cerebellar-mediated eyeblink conditioning (in
females) certainly suggest that a clinical trial of a similar treatment, designed as a
therapeutic intervention in children with FASD, would be warranted.

In translating these findings from the rat model to human studies, important issues regarding
potential sex differences must be also considered. In rats, sex differences in eyeblink
conditioning performance have been reported in the direction of superior acquisition in
females (Dalla and Shors, 2009; Shors, 2004). Moreover, prior stress has been found to
interact with sex differences in that stress impaired eyeblink conditioning in female rats but
facilitated it in male rats (Shors, 2004; Shors et al., 2000). In contrast, human studies
generally do not report sex differences in acquisition of delay conditioning, and a recent
study by Wolf and colleagues (2009) that explicitly evaluated potential sex differences in
humans in the effects of prior stress failed to find sex differences either in the stress groups
or in the control groups, although prior stress impaired eyeblink conditioning in both males
and females. In addition, to our knowledge, there have been no reports addressing whether
sex differences in eyeblink conditioning may exist among children with FASD as the 3
published studies did not report males and females separately. The current findings support
additional studies designed to evaluate the relative effectiveness of rehabilitation using
complex motor training in females and males with FASD. Perhaps an ideal evaluation
measure of effectiveness of rehabilitation in such a clinical trial would be eyeblink classical
conditioning.
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Fig. 1.
Illustration of short-delay eyeblink conditioning procedures and trial performance
electromyographic (EMG) tracing examples. The dark line shows the integrated EMG
output for the trial epoch; the vertical lines designate onset and offset of stimulus events
over the trial epoch. Each trial begins with a 280-ms pre-conditioned stimulus (CS) baseline
period, from which the threshold is established at 0.4 standard deviations above mean value
of the baseline EMG. EMG responses that surpass threshold are counted as a blink. The tone
CS onset is represented by the first vertical bold line, and the 80 ms interval that follows is
the startle response (SR) period; blinks during the SR period are considered startle responses
to the tone and serve as a measure of sensory reactivity to the tone. Blinks occurring after
the end of the SR period (after the first vertical dotted line) are considered conditioned
responses (CRs) to the tone in anticipation of the unconditioned stimulus (US). The CR
period is the interval between the end of the SR period and the US. The delivery of the
electrical stimulation US interferes with the recording of the EMG activity, so the EMG
signal is bypassed (i.e., shunted to a value of 0) during the delivery of the US. The EMG
tracing shown here for paired short-delay trial is from an animal toward the end of its
training, illustrating a well-timed CR.
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Fig. 2.
Complex motor skill training performance. Time spent (seconds) traversing all 10 elevated
obstacles was recorded for each trial and averaged across the 5 trials for each training day.
All animals decreased traversal times over the course of training. Over the last 10 days,
females (A) performed significantly better than males (B), and alcohol intubated (AI) males
had significantly slower traversal times than both sham intubated (SI) and suckle control
(SC) males.
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Fig. 3.
Percent (A–C)and amplitude (D–F) of conditioned responses (CRs) of females across 6
eyeblink training sessions. All rats increased the frequency of CRs elicited over training;
however, neonatal alcohol treatment significantly impaired CR acquisition. Twenty days of
complex motor learning significantly increased the percent CRs and the CR amplitudes of
alcohol intubated (AI) group compared with the AI handled group (C and F). *Tukey’s post
hoc p < 0.05; ★Tukey’s post hoc p < 0.01.
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Fig. 4.
Percent (A–C)and amplitude (D–F) of conditioned responses (CRs) of females across 6
eyeblink training sessions. All rats increased the frequency of and amplitude CRs elicited
during probe trials over training; however, neonatal alcohol treatment significantly impaired
CR acquisition. Twenty days of complex motor learning failed to significantly improve CR
frequency and amplitude among alcohol intubated (AI) rats (C and F). *Tukey’s post hoc p
< 0.05; ★Tukey’s post hoc p < 0.01.
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Fig. 5.
Percent (A–C) and amplitude (D–F) of conditioned responses (CRs) of males across 6
eyeblink training sessions. All rats increased the frequency and amplitudes of CRs elicited
over training; however, neonatal alcohol treatment significantly impaired CR acquisition.
Twenty days of complex motor learning failed to significantly improve CR frequency or
amplitude in alcohol intubated (AI) rats (C and F). *Tukey’s post hoc p < 0.05; ★Tukey’s
post hoc p < 0.01.
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Fig. 6.
Percent (A–C) and amplitude (D–F) of conditioned responses (CRs) of males across 6
eyeblink training sessions. All rats increased the frequency of and amplitude CRs elicited
during probe trials over training; however, neonatal alcohol treatment significantly impaired
CR acquisition. Twenty days of complex motor learning failed to significantly improve CR
frequency and amplitude among alcohol intubated (AI) rats (C and F). *Tukey’s post hoc p
< 0.05; ★Tukey’s post hoc p < 0.01.
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Table 1

Blood Alcohol Concentrations (BACs) and Body Weights of the 3 Treatment Groups

Body weight (g)

Treatment group BAC, mg/dl PD 4 PD 9 PD 25 PD 60

Females Suckle control – – – 63.2 ± 2.1 183.6 ± 5.3

Sham intubated PD 4 to 9 – 10.3 ± 0.1 20.2 ± 0.3 63.0 ± 1.8 191.2 ± 5.1

Alcohol intubated PD 4 to 9 420 ± 14 10.0 ± 0.1 16.5 ± 0.3* 62.5 ± 1.9 189.7 ± 5.2

Males Suckle control – – – 69.9 ± 2.0 273.1 ± 5.4

Sham intubated PD 4 to 9 – 10.6 ± 0.1 20.4 ± 0.3 68.6 ± 1.8 283.1 ± 4.9

Alcohol intubated PD 4 to 9 413 ± 13 10.3 ± 1.4 16.6 ± 0.3* 63.2 ± 1.9 276.6 ± 5.4

There were no significant differences in BACs between the male and female groups given alcohol, and there were no significant body weight
differences on or after weaning.

*
Significantly different from sham intubated control.
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