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Neonatal Binge Alcohol Exposure Produces Dose Dependent
Deficits in Interstimulus Interval Discrimination Eyeblink
Conditioning in Juvenile Rats

Kevin L. Brown, Michael A. Burman, Huan B. Duong, and Mark E. Stanton
University of Delaware

Abstract

Alcohol consumption in neonatal rats produces cerebellar damage and is widely used to model 37-
trimester human fetal alcohol exposure. Neonatal “binge-like” exposure to high doses of alcohol (5
g/kg/day or more) impairs acquisition of eyeblink classical conditioning (EBC), a cerebellar-
dependent Pavlovian motor learning task. We have recently found impairments in interstimulus
interval (1SI) discrimination — a complex task variant of EBC - in adult rats following postnatal day
(PD) 4-9 alcohol exposure at doses of 3, 4, and 5 g/kg/day. Because robust developmental differences
in conditioned response (CR) generation and CR latency measures are present between untreated
juveniles and adults in this task, we sought to extend alcohol findings to juvenile rats (PD30). Five
neonatal treatment groups were used: (1) undisturbed controls, (2) sham intubation controls, (3) 3 g/
kg/day of alcohol (blood alcohol concentration {BAC} = 139.9 mg/dl), (4) 4 g/kg/day of alcohol
(BAC =237.3 mg/dl), or (5) 5 g/kg/day of alcohol (BAC =301.8 mg/dl). Intubations occurred over
PD4-9. ISI discrimination training in juveniles (PD30-33) revealed dose-dependent CR deficits in
all three alcohol-exposed groups relative to controls. Contrary to expected outcomes, CR latency
measures were not significantly affected as a function of neonatal treatment. Comparison of these
findings with our recent study in adults suggests that alcohol-induced impairments in ISI
discrimination EBC may be greater in adults relative to juveniles. The present findings provide further
evidence that ISI discrimination may provide greater sensitivity to functional deficits resulting from
moderate levels of neonatal alcohol exposure relative to single-cue EBC paradigms.
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11. Introduction

Prenatal alcohol exposure in humans is among the leading preventable causes of mental
retardation in the Western world (Abel and Sokol, 1986). The term fetal alcohol spectrum
disorders (FASD) has been applied to characterize the range of deficits present in individuals

Corresponding author: Kevin L. Brown, Department of Psychology, Temple University, Philadelphia, PA 19122, brownkev@temple.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Labbreviations: ANOVA, analysis of variance; BAC, blood alcohol concentration; CR, conditioned response; CS, conditioned stimulus;
EBC, eyeblink classical conditioning; EMG, electromyogram; FAS, fetal alcohol syndrome; FASD, fetal alcohol spectrum disorders;
Group 3g/4g/5g, dosed with 3/4/5 g/kg/day of alcohol; Group SI, sham-intubated control; Group UD, undisturbed control; GD, gestational
day; ISI, interstimulus interval; mA, milliamp; PD, postnatal day; UR, unconditioned response; US, unconditioned stimulus



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brown et al.

Page 2

prenatally exposed to alcohol with or without symptoms required for a diagnosis of fetal alcohol
syndrome (FAS; Hoyme et al., 2005; Manning and Hoyme, 2007; Riley and McGee, 2005).
FASD is associated with widespread brain damage and impairments in a variety of domains,
including executive functioning, motor coordination, spatial memory, and social functioning
(Hamilton et al., 2003; Mattson et al., 1998; Riley and McGee, 2005; Roebuck et al., 1998;
Schonfeld etal., 2001). The extent of brain damage and corresponding cognitive and behavioral
deficits is due to the duration, dosage, and developmental timing of alcohol exposure (Maier
et al., 1996) in addition to interactions with maternal and genetic factors (Riley and McGee,
2005; Warren and Li, 2005). Isolation of contributing variables through use of animal models
has enhanced our understanding of the neurobehavioral consequences of alcohol exposure at
critical development periods (Cronise et al., 2001; Tran and Kelly, 2003; West et al., 1989,
1990).

Findings of behavioral and cognitive impairments in humans prenatally exposed to alcohol
levels lower than those associated with full-blown FAS (Jacobson et al., 1993; Jacobson and
Jacobson, 1994; Larroque and Kaminski, 1998; Sood et al., 2001) have highlighted the
importance of identifying dose thresholds in animal models. The neonatal period in rats is a
time of rapid brain growth and maturation (termed the ‘brain growth spurt’; Dobbing and Sands,
1979) that is particularly susceptible to alcohol-induced brain damage (Goodlett et al., 2000;
Livy etal., 2003; Marcussen et al., 1994; Tran and Kelly, 2003). Therefore, this animal model
of FASD may be well-suited to identify functional dose thresholds.

“Binge-like” alcohol delivery over the neonatal period in rats at levels capable of producing
sufficiently high peak blood alcohol concentrations (BACs; usually 200+ mg/dl) produces
substantial cerebellar neuronal loss (Bonthius and West, 1990, 1991; Goodlett et al., 1998) and
correlated motor learning impairments (Goodlett and Lundahl, 1996; Thomas et al, 1996,
1998). The cerebellum is particularly susceptible to alcohol-induced neuronal loss over
postnatal days (PD) 4-9, a period in the rat that models 3 trimester alcohol exposure in humans
(Goodlett and Lundahl, 1996; Green et al., 2002b; Maier et al., 1999; Marcussen et al., 1994;
Tran et al., 2005). These findings are largely consistent with those of cerebellar damage and
impairments in cerebellar-dependent behaviors (i.e., motor coordination) in humans prenatally
exposed to alcohol (Archibald et al., 2001; Bookstein et al., 2006; Connor et al., 2006; O’Hare
et al., 2005; Roebuck et al., 1998; Sowell et al., 1996). However, because of the extensive
involvement of peripheral mechanisms, direct links between alcohol-induced brain damage
and behavioral impairments are difficult to ascertain in tasks that involve multi-joint
coordination.

Eyeblink classical conditioning (EBC), a cerebellar-dependent form of associative learning
that utilizes discrete stimuli and an easily-measurable behavior, may be ideal for cross-species
investigation of causal relationships between alcohol-induced brain damage and behavior
(Goodlett et al., 2000; Green, 2004; Stanton and Freeman, 1994). In EBC, a conditioned
stimulus (CS) that does not initially evoke a blink (e.g., tone or light) precedes (typically by
less than one second) and (usually) coterminates with an airpuff or periocular shock
unconditioned stimulus (US) sufficient to produce an unconditioned blink response (UR). After
repeated contingent CS-US pairings, the CS elicits a learned blink (conditioned response {CR})
that occurs immediately prior to US onset. EBC has been extensively characterized at the
behavioral level in rabbits (Gormezano et al., 1983; Schneiderman et al., 1962) and requires
the functional integrity of a well-defined cerebellar-brainstem circuit (Christian and
Thompson, 2003). The well known behavioral, developmental, and neurobiological properties
of EBC appear to be similar across species, including rats (Freeman & Nicholson, 2004;
Freeman et al., 2005a; Rogers et al., 2001; Skelton, 1988; Stanton & Freeman, 2000) and
humans (Gerwig et al., 2007; lIvkovich et al., 2000a; Woodruff-Pak and Steinmetz, 2000).
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Binge-like alcohol exposure at high doses (5 g/kg/day or more) over PD4-9 impairs acquisition
of EBC in post-weanling, juvenile, and adult rats (Brown et al., 2007, 2008; Green et al.,
2000, 2002a, b; Lindquist et al., 2007; Stanton and Goodlett, 1998; Tran et al., 2005, 2007).
These impairments appear to reflect deficits in learning rather than performance (Green et al.,
2000; Stanton and Goodlett, 1998; Tran etal., 2007) and are correlated with cerebellar neuronal
loss (Green et al., 2002b; Tran et al., 2005) and impaired cerebellar electrophysiological
activity (Green et al., 2002a). This rodent model can be translated to the human condition, as
children with FAS are also impaired in acquisition of EBC (Coffin et al., 2005; Jacobson et
al., 2008).

Until recently, EBC deficits have not been observed following neonatal exposure to moderate
alcohol levels. Green et al. (2006) demonstrated impairments in single-cue EBC following
condensed exposure to moderate alcohol levels (2 and 3 g/kg/day) over PD2-11. When alcohol
exposure is limited to PD4-9, however, doses below 5 g/kg/day have failed to produce deficits
in single-cue EBC (Goodlett et al., 2007; Stanton et al., 2000) even though similar neonatal
exposure scenarios (< 5 g/kg/day) are sufficient to produce damage to cerebellar regions critical
for EBC (Bonthius and West, 1990, 1991; Goodlett and Lundahl, 1996; Goodlett et al.,
1997, 1998; Marcussen et al., 1994). Recent work from our laboratory involving testing of
adult rats (Brown et al., 2008) indicates that more complex task variants of EBC (e.g.,
interstimulus interval — ISI - discrimination) may provide enhanced sensitivity to functional
impairments resulting from PD4-9 exposure of alcohol doses below 5 g/kg/day.

Single-cue EBC using auditory or visual CSs emerges gradually over PD17-24 in rats
(Paczkowski et al., 1999; Stanton et al., 1992, 1998) and requires the functional integrity of
cerebellar-brainstem circuitry necessary for adult EBC (Freeman et al., 19953, b; Freeman and
Nicholson, 2004; Freeman et al., 2005b). In post-weanling/juvenile and adult rats, short delay
single-cue EBC produces more robust and earlier-timed CRs than long delay single-cue EBC
(Ivkovich et al., 2000b; Tran et al., 2007). ISI discrimination EBC, which consists of two
distinct CSs (tone; light) reinforced at two different CS-US intervals (280 and 880 ms), emerges
over a more protracted developmental period than single-cue EBC (Brown et al., 2006). When
training commences at PD 23 or 30, conditioning to the long CS (e.g., tone) is strongly
influenced by the short CS (e.g., light)-US pairing, as evidenced by earlier peak latencies,
enhanced CR amplitudes, and increased frequency of double-peaked CRs to the long CS
relative to age-matched controls that do not receive paired short CS-US presentations.
However, ISI discrimination EBC in adults does not demonstrate the magnitude of influence
of short CS conditioning upon conditioning to the long CS observed in younger subjects
(Brown et al., 2006, Experiment 3). Consequently, CRs to the long CS in adults occur closer
to US onset relative to post-weanling/juveniles. Training in an ISI discrimination EBC task in
rabbits reveals patterns of anterior lobe Purkinje cell electro-physiological activity associated
with response inhibition during early portions of the CS period and CR production later in the
CS period, closer to US onset (Green and Steinmetz, 2005). These electrophysiological
response patterns are consistent with theories of cerebellar cortical control of CR timing in
EBC (Medina et al., 2000; Nores et al., 2000). Increases in demands on cerebellar cortical
functions required for appropriate timing of two distinct CSs may contribute to the protracted
developmental emergence of ISI discrimination relative to single-cue EBC.

The present study attempted to extend our previous findings of impaired conditioning in 1Sl
discrimination following neonatal exposure to alcohol doses below 5 g/kg/day. Specifically,
we sought to determine alcohol dose thresholds on acquisition of ISI discrimination during the
juvenile period in rats, a stage in which developmental modification of conditioning in this
task is ongoing (Brown et al., 2006). We predicted that PD4-9 binge-like exposure of 3, 4, or
5 g/kg/day of alcohol via intragastric intubation would produce dose-dependent EBC deficits
in juveniles (PD30-33) trained in ISI discrimination, similar to our recent findings in adults
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(Brown et al., 2008). Alcohol-induced effects on conditioning were expected in the form of
impaired CR generation as well as in later-timed CRs to the long CS relative to controls. CR
onset and peak latencies were later-timed (to the long CS) in alcohol-treated adults trained in
ISI discrimination, particularly in the high dose group (5g/kg/day; Brown etal., 2008). Because
CR timing to the long CS in ISI discrimination undergoes substantial developmental changes
beyond the juvenile period, later-timed CRs to the long CS were expected in the present study
following exposure to alcohol doses (3 and 4g/kg/day) lower than those found to alter CR
timing in adults.

A total of 27 animals were excluded from analyses due to: excessively low UR percentages
and/or amplitudes (3 females {F}, 7 males {M}), electrode displacement (2 F, 1 M), or
excessive spontaneous blink rates/noise during the pre-CS baseline period (9 F, 5 M). The
distribution of excluded animals was generally even as a function of neonatal treatment. The
extensive amount of training in the present study (12 sessions) relative to many previous reports
using this freely-moving rodent preparation (6 sessions) contributed to the loss of subjects.
Further analyses include the remaining 95 subjects (Group UD N = 20: F, Light short CS+ [6];
F, Tone short CS+ [4]; M, Light short CS+ [5]; M, Tone short CS+ [5]; Group SI N = 18: F,
Light short CS+ [5]; F, Tone short CS+ [4]; M, Light short CS+ [4]; M, Tone short CS+ [5];
Group 3 g/kg/day N = 21: F, Light short CS+ [6]; F, Tone short CS+ [5]; M, Light short CS+
[5]; M, Tone short CS+ [5]; Group 4 g/kg/day N = 19: F, Light short CS+ [4]; F, Tone short
CS+ [3]; M, Light short CS+ [6]; M, Tone short CS+ [6]; Group 5 g/kg/day N = 17: F, Light
short CS+ [4]; F, Tone short CS+ [3]; M, Light short CS+ [5]; M, Tone short CS+ [5]).

2.1. Body weight and blood alcohol concentrations (BACs)

Consistent with our previous reports (Brown et al., 2008), substantial weight gain was present
in all groups between PD4 and PD9, though Group 5 g/kg/day experienced mild growth
retardation during the intubation period (see Table 1). These effects were supported statistically
by a significant main effect of days [F(1, 75) = 1834.623, p <.01], and a significant interaction
of Treatment x Days [F(4, 75) = 8.478, p < .01]. Newman-Keuls post hoc tests indicated that
while there were no differences in body weights at PD4 (all ps > .6), significant group
differences were present at PD9. Body weights at PD9 for Group 5 g/kg/day were significantly
lower than all other groups (ps < .01), while those for Group 3 g/kg/day were significantly
higher than Groups Sl and 5 g/kg/day (ps < .01), and approaching significance for Group UD
(p < .08). There were no significant weight differences across Groups UD, SI, or 4 g/kg/day
(ps > .24). Significant group differences were no longer present at the time of testing (p > .8).

BACs were available for 49 of the 57 alcohol-exposed subjects (6 missing from Group 3 g/kg/
day, 1 missing each from Groups 4 and 5 g/kg/day; see Table 1 for mean BACs). An ANOVA
of BACs revealed a significant main effect of treatment [F(2, 37) = 13.798, p < .01], with post
hoc analyses indicating significant differences across groups (59 >4 g > 3 g; ps < .05).

2.2. Behavioral measures

Behavioral data are reported combined across sex and CS modality. Significant interactive
effects involving treatment condition with sex occurred infrequently and were inconsistent
across measures (CR percentage, peak amplitude, and latency), CSs (short and long), and trial
types (CS-US trials and CS-alone trials). There were no significant interactive effects involving
CS modality and treatment condition. In contrast, the reported effects involving treatment
(alone, or interactive only with sessions) were robust and consistent across CR measures, CSs,
and trial types. No significant treatment effects were present in CR latency or double peak

Brain Res. Author manuscript; available in PMC 2010 January 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brown et al.

Page 5

measures (see Table 2), contrary to what is found in adults trained under these conditions
(Brown et al., 2008).

To streamline results reporting, consistent main or interactive effects that do not involve the
factor of treatment are only briefly discussed here. Consistent with previous reports (Brown et
al., 2006, 2008), startle responding was more robust to the tone CS while conditioning was
generally more robust with light as the CS.

2.2.1 Performance measures - - startle (SR) and unconditioned response (UR)
amplitudes—Startle response (SR) amplitudes were reported from short CS trials at Session
1. UR amplitudes were reported from the first 10 long-CS+ trials from Session 1 to avoid
confounding from CR-UR summation effects, which can cause UR amplitudes to change across
sessions as CR incidence and amplitude increases. SR and UR amplitudes did not significantly
differ across groups as a function of neonatal treatment (Group UD: SR amp = 4.2 + 1.6/UR
amp = 723.7 £ 46.2; Group SI: SR amp = 6.8 + 2.1/UR amp = 765.5 + 43.3; Group 3 g/kg/
day: SR amp = 4.9 + 1.8/UR amp = 706.5 + 54.6; Group 4 g/kg/day: SR amp = 2.6 + 1.1/UR
amp =750.0 £50.7; Group 5 g/kg/day: SR amp = 2.3 £ 1.4/UR amp = 684.4 + 56.8). Consistent
with previous studies (Brown et al., 2007, 2008; Tran et al, 2007), this suggests that sensory
processing of the CS and US and the ability to elicit the eyeblink reflex was equivalent across
groups.

2.2.2. Eyeblink conditioning (EBC)—A robust dose-dependent effect of neonatal alcohol
exposure was evident in conditioning at both short and long CSs. Alcohol-induced impairments
were observed primarily early in training in the CR percentage measure, while impairments in
CR peak amplitude typically extended into later stages of training. Groups 3 g/kg/day and 4 g/
kg/day performed at intermediate levels between that of control subjects (Groups UD and Sl)
and the high-dose group (5 g/kg/day). Adaptive CRs were less impaired, suggesting that group
differences were primarily reflective of early portions of the CR period for the long CS.

2.2.2a CR percentage: Neonatal binge alcohol exposure produced deficits in the rate of
conditioning to the short and long CS as measured by the percentage of trials containing a CR
(see Figure 2, top). Significant main effects of treatment [F(4, 75) = 3.009, p < .03, short CS;
F(4, 75) = 3.068, p < .03, long CS] and sessions [F(11, 825) = 318.802, p < .01, short CS; F
(11, 825) = 109.911, p < .01, long CS] were present, as were significant interactions of
Treatment x Sessions [F(44, 825) = 4.295, p < .01, short CS; F(44, 825) = 1.975, p < .01, long
CS]. Newman-Keuls post hoc analyses of these interactions indicated that Group 5 g/kg/day
was impaired relative to controls primarily early in training, and impairments were more
substantial to the long CS (5 g <UD and Sl at sessions 1-3 [short CS]; 5 g < UD at all sessions,
5g < Slatsessions 1-5, 7 [long CS], ps < .05). A similar pattern emerged in the group contrasts
between Groups 3 and 4 g/kg/day relative to controls, though impairments were generally less
prevalent (4 g < UD and Sl at sessions 1-3 [short CS]; 3 g < UD at sessions 1-3, 6-9, 3 g <
Sl at sessions 1-2 [short CS]; 4 g < UD at sessions 1-10, 4 g < Sl at sessions 1-5 [long CS];
3 g <UD at sessions 1-5, 7-10; 3 g < Sl at session 2 [long CS], ps < .05). Differences between
alcohol-exposed groups were similar across CSs (5 g <4 g at sessions 2—-3 [short and long CS];
5@ <3 g atsessions 1-3 [short CS]; 5 g < 3 g at sessions 1-4 [long CS]; ps < .05 — there were
no significant differences between Groups 3 and 4 g/kg/day at any session). Controls differed
at only one session at each CS (SI < UD at session 2 [short CS]; SI < UD at session 1 [long
CS], ps < .05), suggesting that group effects in conditioning were minimally influenced by the
intubation procedure per se. Learning was evident in all five groups as evidenced by
significantly greater performance at the end of training compared to the start of training (within
each group: session 12 > session 1; ps < .01).
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2.2.2b. CR peak amplitude: Alcohol exposure produced deficits in conditioning as measured
by CR peak amplitude (Figure 2, bottom). ANOVA revealed significant main effects of
treatment [F(4, 75) = 5.944, p < .01, short CS; F(4, 75) = 3.651, p < .01, long CS] and sessions
[F(11, 825) = 208.049, p < .01, short CS; F(11, 825) = 97.899, p < .01, long CS]. A significant
interaction of Treatment x Sessions [F(44, 825) = 2.050, p < .01] was observed only in the
short CS (p > .57 for the long CS). For the treatment main effect for the long CS, only Group
5 g/kg/day differed significantly from controls (5 g < UD and SlI, ps < .05). Post hoc analyses
of the Treatment x Sessions interaction (short CS) indicated that Group 5 g/kg/day was
impaired relative to controls for most of training (5 g < UD and SI at sessions 2-12, ps < .05).
Groups 3 and 4 g/kg/day were slightly less impaired relative to controls (3 g and 4 g <UD at
sessions 2-12; 4 g < Sl at sessions 2-7; 3 g < Sl at sessions 7-8, 10, ps < .05). Group 5 g/kg/
day was impaired relative to the lower-dosed groups (5 g <3 g and 4 g at sessions 3-5; 5 g <
3 g atsession 7, p < .05), while Groups 3 g/kg/day and 4 g/kg/day did not differ. Controls
differed significantly only at session 9 (SI < UD, p <.05). Evidence for learning was present
in all five groups (session 12 > session 1; ps < .01).

2.2.2c. Adaptive CR measures (long CS): Alcohol-induced impairments in adaptively-timed
CRs (CRs occurring within 200 ms of US onset) for the long CS were less severe than
impairments observed in short and long CRs spanning the entire CS-US interval (see Figure
2, right panels). ANOVA revealed the expected main effect of sessions for both measures [F
(11, 825) = 152.532, p<.01, CR percentage; F(11, 825) = 98.807, p < .01, CR peak amplitude],
though a main effect of treatment was present only in the CR percentage measure [F(4, 75) =
2.852, p <.03; F(4, 75) = 2.306, p < .07 for CR peak amplitude, possibly reflecting a “floor
effect”]. There were no significant interactive effects involving treatment in either measure.
Post hocs of the treatment main effect revealed significant differences only between Groups
UD and 5 g/kg/day (5 g < UD, p <.05; difference between 5 g and Sl approaching significance,
p<.07).

2.3. Summary of findings

Neonatal binge alcohol exposure produced CR acquisition impairments in a dose-dependent
fashion. 3 g/kg/day of alcohol produced mild CR impairments in juveniles (PD30-33) trained
in ISI discrimination, consistent with our previous findings in adults (Brown et al., 2008).
Doses of 4 and 5 g/kg/day of alcohol impaired CR acquisition, also consistent with previous
reports from our laboratory using task variants that are more complex than single-cue EBC
(Brown etal., 2007, 2008). Treatment differences in adaptively-timed CRs to the long CS were
less robust than those observed in short and long CRs spanning the entire CS-US interval,
suggesting that alcohol-induced impairments to long CS conditioning are driven primarily by
early portions of the CR. Neither CR latency nor CR double peak measures were significantly
impacted by neonatal alcohol exposure, contrary to findings with adults (Brown et al., 2008).
Inspection of CR topography (see Figure 3) illustrates early-onset CRs across groups and
evidence of double-peaked CRs to the long CS, consistent with our previous findings with
post-weanlings/juveniles trained in ISI discrimination (Brown et al., 2006, Experiments 1-2).
In summary, these findings support our previous claims of enhanced sensitivity of EBC ISl
discrimination to functional deficits resulting from exposure to moderate alcohol doses over
PD4-9. However, there was no clear indication that treatment effects in juvenile rats in the
present study were larger than in adult rats, indeed they may have been smaller (see Brown et
al., 2008).

3. Discussion

The present data support and extend previous findings of impaired EBC in rats following heavy
binge-like alcohol exposure over PD4-9 (Brown et al., 2007, 2008; Green et al., 2000; 2002a,
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b; Lindquist et al., 2007; Stanton and Goodlett, 1998; Tran et al., 2005, 2007). Consistent with
a previous report from our laboratory (Brown et al., 2008), deficits are present in 1Sl
discrimination EBC following PD4-9 exposure to an alcohol dose as low as 3 g/kg/day,
suggesting that this task may display enhanced sensitivity to the effects of neonatal alcohol
exposure relative to single-cue EBC paradigms (Goodlett et al., 2007; Stanton et al., 2000).
Contrary to outcomes with adults trained in this task, CR timing was not significantly altered
as a consequence of neonatal alcohol exposure in the present study (see Table 2). Conditioning
to the long CS suggested a strong degree of cross-modal influence of the short CS-US, as
reflected by a high percentage of double-peaked CRs and early onset and early peak latencies
(see Table 2; Figure 3), similar to previous findings in untreated post-weanling/juvenile rats
trained in ISI discrimination (Brown et al., 2006, Experiments 1-2).

Neonatal alcohol exposure differentially affects aspects of conditioning in ISI discrimination
as a function of age of training. Later-onset and later-peaked CRs to the long CS are present
in alcohol-exposed subjects relative to controls trained in I1SI discrimination in adulthood
(Brown et al., 2008), while significant alcohol-related CR timing effects were absent in the
present study. Additionally, there is evidence that conditioning in adults is more severely
impaired as a result of neonatal alcohol exposure relative to juveniles. For example, adults
exposed to 5 g/kg/day of alcohol over PD4-9 display no evidence of learning as reflected by
the CR peak amplitude measure to the long CS (Brown et al., 2008). Juveniles experiencing
identical neonatal treatment show substantial improvement in conditioning across sessions in
all measures (see Figure 2). Deficits in short (280 ms ISI) and long delay (880 ms ISI) single-
cue EBC appear to be similar in magnitude in juvenile and adult rats following PD4-9 binge-
like exposure to a high dose of alcohol (5.25 g/kg/day; Tran et al., 2007), suggesting that this
differential sensitivity as a function of age of training may be task-specific.

Ontogenetic changes in conditioning to the long CS may account for these differential effects.
CRs to the long CS in juveniles (PD30) trained in ISI discrimination display characteristics
typical of conditioning with short CS-US intervals, including earlier-timed CRs and enhanced
CR amplitudes relative to controls not receiving paired short CS-US presentations (Brown et
al., 2006, Experiments 1-2). Adults, on the other hand, do not demonstrate a similar magnitude
of cross-modal influence of short CS (e.g., tone)-US conditioning on conditioning to the long
CS (e.g., light) in this task (Brown et al., 2006, Experiment 3). Recent data from our laboratory
supports these findings, as a direct, within-experiment comparison of ISI discrimination EBC
in PD23, PD30, and adult rats (PD70+) revealed enhanced amplitude and earlier-timed CRs
to the long CS at both younger ages relative to adults (unpublished findings). While juveniles
do not demonstrate complete generalization across CSs, the enhanced influence of the short
CS may contribute to alcohol-related effects to the long CS in juveniles that resemble alcohol-
related effects to short CS conditioning in adults trained in 1Sl discrimination. If so, this would
presumably make responding to the long CS less sensitive to alcohol in juvenile rats. Consistent
with this proposal, CR timing is unaffected and CR acquisition, though impaired relative to
controls, improves across sessions for the short CS in ISl discrimination training in alcohol-
exposed adults, a pattern similar to that observed with long CS conditioning in alcohol-exposed
juveniles. Therefore, while conditioning is impaired in alcohol-exposed juveniles in the present
study, the as-yet unidentified processes underlying enhanced cross modal processing in
juvenile rats trained in ISI discrimination may attenuate alcohol-induced impairments.
Investigation of brain regions involved in EBC that receive converging auditory and visual
input may help elucidate the mechanisms responsible for these developmental changes.

Cerebellar cortical functions may contribute to cross-modal transfer effects in EBC. The
cerebellar cortex receives auditory and visual sensory input (Brodal, 1967; Glickstein, 1997;
Snider and Stowell, 1944) and is hypothesized to govern features of the CR (e.g., amplitude
and timing; Bao et al., 2002; Garcia and Mauk, 1998; Garcia et al., 1999; Medina et al.,
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2000; Ohyama and Mauk, 2001; Perrett et al., 1993) that transfer across sensory modalities as
reflected by ISI discrimination training (Brown et al., 2006). However, most aspects of
cerebellar cortical Purkinje cell structure (Altman and Bayer, 1997) as well as relevant synaptic
connections (Puro and Woodward, 1977a, b) and molecular profiles (Metzger and
Kapfhammer, 2003) achieve ‘adult-like’ levels by the 3 — 4th postnatal weeks, prior to the
approximate period of observed developmental changes in ISI discrimination EBC (beyond
the 41 postnatal week). Though these findings do not rule out the possibility of developmental
changes in other cerebellar cortical neuronal populations that may contribute to cross-modal
transfer effects, the absence of a clear link between the developmental time course of cerebellar
cortical Purkinje cell structure and function and developmental cross-modal transfer effects in
ISI discrimination training indicates that essential cross-modal plasticity may instead (or
additionally) occur upstream and/or downstream of the cerebellar cortex. The deep nuclei of
the cerebellum receives multimodal CS input (c.f., Tracy et al., 2001) and may modulate
relevant multimodal CS information via feedback upon pontine nuclei (see Clark et al.,
1997). Developmental changes in cerebello-pontine interactions, as well as in other structures
normally involved in EBC (e.g., hippocampus; inferior colliculus) may also contribute to cross-
modal transfer effects. Further experimentation is required to identify neural substrates of these
developmental changes.

Previous studies investigating the effects of PD4-9 alcohol exposure on EBC during the post-
weanling/juvenile period have reported deficits in CR generation similar to those reported here.
Consistent with the present findings, CRs in young rats are impaired — but not abolished —as a
result of PD4-9 exposure to alcohol doses as high as 5.25 g/kg/day (Brown et al., 2007; Tran
etal., 2005, 2007). The unique feature of the present study relative to previous reports involving
post-weanling/juveniles are findings of EBC impairments following alcohol exposure to doses
as low as 3 g/kg/day. The neural mechanisms underlying the enhanced sensitivity of ISI
discrimination to neonatal alcohol exposure are currently unknown, however. It is well-
established that the cerebellar cortex is normally involved in EBC (Chen et al., 1996; Garcia
et al., 1999; Lavond and Steinmetz, 1989; Nolan and Freeman, 2006; Yeo and Hardiman,
1992), and learning-related cerebellar cortical electrophysiological activity has been
demonstrated in an ISl discrimination task in adult rabbits (Green and Steinmetz, 2005). The
number of cerebellar cortical neurons and/or extent of cerebellar cortical regions required for
ISI discrimination may exceed that required for simpler, single-cue EBC tasks. The degree of
brain damage following ‘moderate’ neonatal alcohol exposure may therefore be sufficient to
produce deficits in complicated task variants of EBC that would not be observed with training
in less complex tasks.

While the low dose used in the present study (3 g/kg/day) is moderate relative to levels typically
required to produced functional impairments in EBC (5 g/kg/day), BACs produced by our low-
dose exposure (~140 mg/dl) are considerably higher than mean BACs (less than 85 mg/dl)
required to produce anatomical and neurochemical alterations in rodent prenatal exposure
models (Sutherland et al., 1997; Swartzwelder et al., 1988; Wigal and Amsel, 1990; Zhou et
al., 2001). Impairments in learning have also been reported following early developmental
alcohol exposure producing BACs less than 40 mg/dl (Lochry and Riley, 1980; Savage et al.,
2002; Vaglenova and Petkov, 1998). Alcohol-related spatial learning impairments in Savage
et al. (2002) were observed with training in a complex variant of the Morris water maze, but
not in the standard procedure, thus supporting our proposal that increasing task complexity
may reveal functional deficits resulting from moderate prenatal/neonatal alcohol exposure.
Modifications to ISI discrimination (e.g., longer ISls; inclusion of ‘trace’ intervals between
CS offset and US onset) may therefore reveal deficits at doses even lower than 3 g/kg/day.

Assessing functional dose thresholds using EBC tasks may be advantageous for a number of
reasons. Since the essential neural circuitry underlying EBC is well-characterized, a greater
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understanding of how alcohol-induced brain damage translates to functional impairments can
be obtained. Knowledge of mechanisms of alcohol-induced brain damage may promote useful
amelioration/rehabilitative strategies for affected individuals (see Goodlett et al., 2005).
Furthermore, EBC has been identified as an indicator of prenatal alcohol exposure in humans
(Coffin et al., 2005; Jacobson et al., 2008). Improving diagnostic screening methods is a goal
of current FASD research (see Capraraetal., 2007; Chudley et al., 2007), as early identification
of fetal alcohol exposure is critical for achieving optimal outcomes (see Streissguth et al.,
2004). The compatibility of EBC across development (Herbert et al., 2003; Ivkovich et al.,
1999, 2000a; Little et al., 1984) suggests that a reliable behavioral phenotype resulting from
prenatal alcohol exposure may emerge through EBC training in human infants considered at-
risk for FASD.

4. Experimental Procedure
4.1. Subjects

The subjects were 122 Long Evans rats (58 F, 64 M) derived from 23 litters (9 undisturbed
litters, 14 dosed litters). Breeders were obtained from Harlan Laboratories (Frederick, MD)
and mated overnight at the animal housing colony of the Office of Laboratory Animal Medicine
at the University of Delaware. Gestational day (GD) 0 was defined as the day following
overnight breeding. Dams were housed in 45 x 24 x 21 cm clear Polypropylene cages in a
facility maintained on a 12:12-hr light-dark cycle (lights on at 7:00 a.m) that operated in
accordance with NIH guidelines. The date of birth was designated as PD0 (GD22). On PD3,
litters were culled to 8 pups (usually 4 F, 4 M). Pups were weaned on PD21 and housed in
groups of same-sex littermates in 45 x 24 x 17 cm cages and continuously supplied with rat
chow and water. Following surgery rats were single-housed for the remainder of the
experiment.

4.2. Alcohol Dosing

Alcohol was delivered in a binge-like fashion via intragastric intubation over PD4-9 (Goodlett
etal., 1997, 1998). All dosing procedures were identical to those described in Brown et al.
(2008) and are standard in the literature (see Green et al., 2000, 20023, see Green et al., b; Tran
et al., 2005, 2007). Each intubated litter comprised 2 subjects per dosing treatment (SI; 3, 4,
or 5 g/kg/day of alcohol), with sex usually balanced within each treatment group. Subjects in
the undisturbed group (Group UD) were untreated over this period and were derived from
different litters. Group UD was not handled during the neonatal period save for collection of
individual body weights on PD4 and on PD9. Two to four pups (1-2 F, 1-2 M) were sampled
from each undisturbed litter. In all cases, no more than one same-sex littermate was assigned
to a particular experimental condition (treatment x behavioral group). For intubations, PE10
tubing was lubricated with corn oil and gently passed over the tongue and down the esophagus
into the stomach. Alcohol-exposed subjects received a custom milk formula (made according
to the method of West et al., 1984) mixed with alcohol, while sham intubated controls (Group
SI) received the same intubation exposure but without infusion of formula. Each intubation
lasted 15 — 20 sec. Pups were kept on a heating pad (GE model #E12107) set at the lowest
temperature while separated from their dam (for approximately 20 minutes) and showed
minimal signs of distress during intubations. Daily intubations began prior to 11 a.m, and
intubations always started within 1 hour (at most) of the start time from the previous day.

Alcohol was delivered across two daily intubations administered at 6.80% (Group 3 g/kg/day;
two intubations of 1.5 g/kg), 9.06% (Group 4 g/kg/day; two intubations of 2 g/kg), or 11.33%
(Group 5 g/kg/day; two intubations of 2.5 g/kg) v/v. Intubations were separated by 2 hours (+/
— 5 minutes), consistent with inter-dosing intervals used in previous studies (Goodlett et al.,

1997, 1998; Green et al., 2000). Condensed alcohol exposures produce greater brain damage
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relative to similar total alcohol levels delivered over more extended periods (Bonthius and
West, 1990, 1991). Formula was delivered in a volume of 0.02778 ml/g body weight (1/36 of
the weight in grams of each pup). Pups were returned to the dam for the interval between each
intubation. Two hours after the second intubation on PD4, a 20-ul blood sample was collected
in a heparinized capillary tube from a small tail-clip of each intubated pup, including SI
controls. Immediately following blood collection, alcohol-dosed subjects received an
intubation of the milk formula without alcohol, followed by another milk intubation two hours
later for a total of 4 intubations (2 of alcohol/milk, 2 of milk alone). The additional calories of
the supplementary milk feedings are given during the peak period of intoxication in order to
maintain growth rates of alcohol-dosed subjects near those of controls (Goodlett et al., 1998).
Group Sl received the same number of intubations at the same relative time points. Intubations
on PD5-9 occurred as on PD4, with the exception that (1) blood samples were not collected,
and (2) only one milk-only intubation (two hours after the second alcohol dose) was
administered.

4.3. Blood Alcohol Concentration (BAC) Analysis

4.4. Surgery

Blood samples from alcohol-exposed subjects (Groups 3, 4 and 5 g/kg/day) were centrifuged
and plasma was separated and stored at —20°C. As is conventional in the literature, samples
from control subjects were not analyzed because no alcohol is detected (Brown et al., 2007;
2008). BACs were determined with an Analox GL5 Analyzer (Analox Instruments, Lunenburg,
MA).

On PD28 subjects were anesthetized with an intraperitoneal injection of a ketamine/xylazine
cocktail (87 mg/kg ketamine/13 mg/kg xylazine in an injection volume of .65-.8 ml/kg). An
injection of a dilute buprenex solution (0.06 mg/ml) was delivered subcutaneously 5-10
minutes after the initial ketamine/xylazine injection. A custom-built electrode (Plastics One,
Roanoke, VA) containing both differential electromyograph (EMG) electrodes (implanted in
the left upper eyelid muscle to record eyelid movement) and a bipolar stimulating electrode
(implanted immediately caudal to the left eye; used to deliver the shock US) was implanted as
described previously (Brown et al., 2006, 2008; Stanton et al., 1992; Stanton and Freeman,
2000). A separate wire connected to the electrode was placed at the back of the neck (under
the skin) and served as a ground. Electrode connectors were secured to the skull with dental
acrylic and two 15-mm strips of galvanized steel wires were implanted onto the skull to form
an anchor for the dental acrylic. Immediately post-surgery, subjects were housed in cages that
were temporarily heated on one side by an electric heating pad maintained at the lowest setting.

4.5. Apparatus

The conditioning apparatus consisted of sixteen animal chambers (BRS/LVE, Laurel, MD)
lined with sound-absorbing foam, as described previously (Stanton and Freeman, 1994;
available from JSA Designs, Raleigh, NC). Within each chamber animals were kept in stainless
steel wire mesh cages measuring 22 x 22 x 26 cm. Each chamber was equipped with a fan
which produced ‘background’ noise (< 60 dB), a house light (15W), and two speakers for
delivery of the auditory CS. The present study used a 70 dB, 2.8 kHz tone as the auditory CS
and activation of the house light (against the dark background) as the visual CS. The US was
produced by a constant-current, 60-Hz square wave stimulator (World Precision Instruments,
Sarasota, FL). Headstages were connected to wire leads that allowed subjects to move freely
about the chamber.
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4.6. Design and Procedures

4.6.1. Subject assignment—Groups were counterbalanced with respect to their
experimental chamber and for surgeon. For a given sex within each treatment group, post-
surgery assignment to the modality/IS| condition (tone = short CS+/light = long CS+, or light
=short CS+/tone = long CS+) was further balanced according to body weights, the “puff-test”
score, and when available, BACs. Same-sex littermates in the same treatment group were
assigned to different conditions (one assigned to tone = short CS+; other assigned to light =
short CS+).

4.6.2. Training—Subjects were placed in the training apparatus on PD29 and connected to
the recording equipment for 1-2 minutes for a “puff-test” to confirm EMG recording quality
(see Brown et al., 2006, 2007). The puff-test consisted of blowing a brief burst of air into the
rat’s left eye, with the integrated EMG signal produced by the blink appearing on an
oscilloscope. On PD30, ISI discrimination training commenced (as described in Brown et al.,
2006, 2008; see Figure 1 for an illustration of the basic training procedure). Subjects were
given 10 minutes to acclimate to the chamber before the start of Session 1. Each session
consisted of 100 trials: 50 trials of a 380 ms CS, and 50 trials of a 980 ms CS (CS modality
was counterbalanced within each group.) Both CSs preceded and coterminated with a 2-mA,
100 ms periocular-shock US, producing ISls of 280 and 880 ms, respectively. Trials were
presented in a pseudorandom order (no more than three consecutive trials of the same CS
modality). The intertrial interval varied randomly around an average of 30 sec (range: 18-42
sec.). Within a block of 10 trials, each CS was presented 5 times and paired with the US on 4
trials (the 5t trial was CS presented alone). Training consisted of 3 sessions per day over
PD30-33 (12 total sessions), with an interval of 5 hours (+/—30 minutes) between the start of
each session. The start time of training sessions ranged between 8 and 9:30 a.m each day, and
daily sessions typically began within 30 minutes of the start time of the previous day.
Immediately following session 12, a “probe” session (20 trials) was run in which the US
reinforcement schedule was changed from 4/5 trials to 1/5 trials. CS-alone probe trials are
sampled for production of “tracings” used to provide a visual representation of CR topography
and for assessment of double-peaked CRs. The trial sequence was otherwise identical to that
in the regular sessions.

4.7. Data Analysis

Data analysis was identical to that described in Brown et al. (2008). EMG signals were rectified,
integrated and sampled in 3.5 ms bins during the 1400 ms epoch of each trial type. Each trial
was divided into five time periods (see Figure 1): (1) a 280 ms pre-CS baseline period; (2) a
startle response (SR; also termed “alpha response”) period reflecting the first 80 ms after CS
onset; (3) total conditioned response (CR) period; (4) adaptive CR period; and (5) UR period.

The pre-CS baseline period (280 ms) is typically devoid of robust responding. Spontaneous
blinks are infrequent, and when present usually reach relatively small peak amplitudes. Trials
with excessively high spontaneous blink amplitudes were not included in analyses. Subjects
exhibiting a high percentage of spontaneous blinks during the pre-CS period (30% or more;
also termed “noise™) were excluded from analyses. The SR period measures non-associative
“startle” reactions (or “alpha responses”) to the CS (see Gormezano, 1966). SRs are reflexive
eyelid movements to the CS that are typically smaller than CRs. SRs occur equally in unpaired
controls and are therefore excluded from consideration as true CRs that develop from a learned
CS-US relationship. This measure is useful in identifying basic sensory deficits.

CRs reflect the learned CS-US relationship. The “total” CR period represents the period
immediately following the SR period and lasts until US onset. For the short CS, this period
begins immediately after the 80 ms SR period and lasts until the point of US onset (280 ms).
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Therefore the total CR period is 200 ms for short CS trials. For long CS trials, the total CR
period represents the 800 ms period immediately following the SR period until US onset (880
ms). The total CR period for the long CS is of interest since any cross-modal influence of short
CS-US training on long CS conditioning would likely be reflected in this period (e.g., early
onset and enhanced amplitude CRs). Adaptive CR measures emphasize CRs that anticipate the
time of US onset. The adaptive CR period only represents the 200 ms CR period that
immediately precedes US onset — for the short CS this is the same as the total CR period.

The UR period represents EMG activity that occurs between the offset of the US to the end of
the trial. The 100 ms of US presentation was not recorded so as to avoid stimulation “artifact”
resulting from shock delivery. For the short CS, the UR period is 740 ms; for the long CS the
UR period is 140 ms. URs provide a reliable indication of detection of the shock US, and
production of the desired blink response. Therefore, low URs may suggest that a particular
group was unable to adequately (1) detect the shock US, and/or (2) produce the desired blink
response.

The threshold for registering an EMG response was set 40 arbitrary units above the average
baseline amplitude during the pre-CS period (Skelton, 1988). CR peak amplitude measures
counted trials in which CRs were not present as “zero amplitude” (sometimes termed CR
“magnitude”, e.g., Garcia et al., 2003; Gormezano, 1966). CR percentage and peak amplitude
are reported from paired CS-US trials (the pattern of data was virtually identical across CS-
US and CS-alone trials). CR percentage is the most commonly reported index of learning in
classical conditioning tasks, but the CR peak amplitude measure may be more sensitive to
cerebellar cortical insult (Freeman et al., 1995a; Garcia et al., 1999; Perrett et al., 1993). Data
reported from long-CS trials refer to the entire 800 ms CR period unless stated otherwise. This
period precedes and encompasses the 200 ms “adaptive” CR period (see Figure 1). On CS-
alone test trials, CR sampling periods extended to the end of the trial and therefore included
the period designated as the “US period” on paired trials.

CR topography was presented as composite tracings from CS-alone probe trials following
Session 12. Illustrations of CR topography have been useful in providing a visual representation
of the cross-modal influence of short CS-US conditioning on long CS conditioning in this task
(Brown et al., 2006). Double peaked CRs were also analyzed from probe CS-alone trials by
two investigators (MAB and HBD) using the criteria defined in Brown et al. (2006). Briefly,
CRs for double peak analysis were defined by an initial increase of at least 100 EMG units
followed by a decrease of more than 50 units and a second increase of at least 100 units. The
incidence of double peaked CRs provides additional indication of cross-modal transfer between
short and long CSs in this task. If conditioning of the short CS-US has a strong influence on
how the long CS is processed, a preponderance of double-peaked CRs may be expected during
long CS trials —one peak occurring near the point of US onset corresponding to short CS trials
and a second peak present closer to US onset for long CS trials (see Brown et al., 2006).

CR latency measures were taken from CS-alone trials from Sessions 7-12. CR latency was
measured from CS-alone trials to sample the extended CR period without interference from
the US. CR latency was analyzed from the latter half of training in order to allow sufficient
CR sampling (which is not always possible given the low CR percentages present early in
training). CR onset latency reflects the point at which the first CR within a trial crosses the
threshold for registering a response. CR peak latency reflects the time point at which the CR
reaches its maximum amplitude. The timing of the CR in EBC typically corresponds strongly
with the interval between CS and US onset (or ISI) in well-trained subjects (Smith, 1968). As
indicated above, early onset and/or early peaked CRs to the long CS (e.g., tone) in ISI
discrimination provide an indication of enhanced cross-modal influence of the short CS (e.g.,
light).
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4.8. Statistical analysis

Data were statistically analyzed via analysis of variance (ANOVA) and Newman-Keuls post
hoc tests, with significance levels set at p < 0.05. Statistical analyses were performed using
Statsoft Statistica software. Short and long CSs were analyzed separately. ANOVA involved
the between-subjects factors of dosing condition (UD, Sl, 3 g/kg/day of alcohol, 4 g/kg/day of
alcohol, 5 g/kg/day of alcohol), sex (male, female), and modality (tone, light), and the within-
subjects factor of sessions. Body weights were analyzed across all 5 treatment conditions at
PD4 and PD9, and from Session 1 of training (PD30).
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Figure 1.

[llustration of stimuli used in the interstimulus interval (ISI) discrimination procedure. All CSs
preceded, overlapped, and coterminated with a 100 ms shock US. The CS durations were 380
ms (short CS) and 980 ms (long CS) with ISIs between CS and US onset of 280 and 880 ms,
respectively. Adaptive CRs were recorded from the last 200 ms of the CS period prior to US
onset. The short and long CSs were of different sensory modalities (one CS was a tone, the
other CS was a light; reprinted from Brown et al., 2008).
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Figure 2.

Mean (£ SEM) percentage of total CR frequency (top row) and CR peak amplitude (bottom
row) from CS+ trials for subjects trained in interstimulus interval (I1SI) discrimination -left
column: CRs for the short CS (280 ms CS-US interval); middle column: CRs for the long CS
(880 ms CS-US interval); right column: adaptively-timed CRs (CRs occurring within the last
200 ms prior to US onset) for the long CS. CR peak amplitude is measured in arbitrary units.
For both the short (left column) and long CS (middle column), consistent and robust dose-
dependent deficits in CR generation were observed in alcohol-exposed subjects (3g, 4g, and
5g) relative to controls (UD and Sl). Alcohol-induced CR impairments were less robust for
adaptively-timed CRs to the long CS (right column). UD = Undisturbed Controls; SI = Sham-
intubated Controls; 3 g = 3 g/kg/day of alcohol; 4 g = 4 g/kg/day of alcohol; 5 g = 5 g/kg/day
of alcohol.
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Figure 3.

Tracings of integrated EMG activity averaged across all short- (280 ms CS-US interval; left)
and long-CS-alone probe trials (880 ms CS-US interval; right) following session 12. The solid
vertical line represents the onset of the CS, and the two dashed vertical lines represent the onset
of the short and long US (time expressed in ms). Note differences in scaling across graphs. CR
amplitudes are diminished in alcohol-exposed subjects (3g, 49, and 5g) relative to controls

(UD and SI). However, the timing of the CR does not appear to differ as a function of neonatal
treatment. CRs for the short CS (left) peak precisely at the point of US onset (280 ms after CS
onset), while CRs for the long CS demonstrate an early peak that appears to correspond to the
short US onset, and a second peak that occurs closer to US onset for the long CS (880 ms after

CS onset).
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