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An animal model of fetal alcohol spectrum disorder: Trace conditioning
as a window to inform memory deficits and intervention tactics

Pamela S. Hunt ⁎, Robert C. Barnet
Department of Psychology, College of William & Mary, USA

H I G H L I G H T S

• A rodent model of FASD exhibits impaired trace conditioning
• Environmental, nutritional and pharmacological interventions were examined
• Associative learning procedures are useful for probing cognitive impairments in FASD
• Trace conditioning deficits can be used to screen treatments for FASD
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Animalmodels of Fetal Alcohol SpectrumDisorders (FASD) afford the unique capacity to precisely control timing
of alcohol exposure and alcohol exposure amounts in the developing animal. These models have powerfully in-
formed neurophysiological alterations associatedwith fetal and perinatal alcohol. In two experiments presented
herewe expand use of the Pavlovian Trace Conditioningprocedure to examine cognitive deficits and intervention
strategies in a rat model of FASD. Rat pups were exposed to 5 g/kg/day ethanol on postnatal days (PD) 4–9, sim-
ulating alcohol exposure in the third trimester in humans. During early adolescence, approximately PD 30, the
rats were trained in the trace conditioning task in which a light conditioned stimulus (CS) and shock uncondi-
tioned stimulus (US) were paired but separated by a 10-s stimulus free trace interval. Learning was assessed in
freezing behavior during shock-free tests. Experiment 1 revealed that neonatal ethanol exposure significantly
impaired hippocampus-dependent trace conditioning relative to controls. In Experiment 2 a serial compound
conditioning procedure known as ‘gap filling’ completely reversed the ethanol-induced deficit in trace condition-
ing. We also discuss prior data regarding the beneficial effects of supplemental choline and novel preliminary
data regarding the pharmacological cognitive enhancer physostigmine, both of which mitigate the alcohol-
induced cognitive deficit otherwise seen in trace conditioning controls. We suggest trace conditioning as a useful
tool for characterizing some of the core cognitive deficits seen in FASD, and as a model for developing effective
environmental as well as nutritional and pharmacological interventions.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Exposure tohighdoses of ethanol during gestation can lead to Fetal Al-
cohol Syndrome (FAS), defined by three core diagnostic criteria: (a) pre-
and post-natal growth retardation, (b) craniofacial dysmorphologies, and
(c) central nervous system dysfunction [40]. A large number of individ-
uals prenatally exposed to alcohol do not meet all three criteria for a
FAS diagnosis, and have been labeled as having partial FAS, alcohol-
related birth defects (ARBD), and/or alcohol-related neurodevelopmental
disorders (ARND) [83]. Collectively these conditions now fall under the

umbrella term of Fetal Alcohol Spectrum Disorder (FASD; [31]). It has
been estimated that the prevalence of FASD conditions could be as high
as 10 in 1000 live births [56,80].

Alcohol causes severe central nervous systemdysfunction, especially
when exposure occurs during early brain development. Alcohol itself
has been identified as a teratogen, affecting the developing individual
in a variety of ways. While many brain regions are negatively affected
by alcohol, some of the regionswhich are particularly vulnerable to eth-
anol toxicity are the cerebellum, hippocampus, striatumand frontal cor-
tex [13,76,98]. These regions are known to be involved in attention,
learning, memory, executive cognitive function, and social behaviors,
which are someof the primary functional impairments noted in individ-
uals characterized along the fetal alcohol spectrum [44–46,53,67].

In humans, individuals exposed to even modest amounts of alcohol
during gestation can exhibit awide range of dysfunctionswithin several
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neuropsychological domains [14,51,83,84] and some of these effects ap-
pear to be permanent, persisting into adulthood [13,47,98]. Some areas
of cognitive functioning are more affected than others [50,54]; indeed
some processes may even be spared from ethanol toxicity while others
show significant impairment. Mattson and Riley [52], for example, have
shown that children with prenatal exposure to alcohol exhibit deficits
on explicit, but not implicit, memory tasks. Relatively selective alcohol
effects on measures of declarative, but not procedural, memory have
also been reported [69,79]. Uecker and Nadel [96] noted impairments
in spatial, but not nonspatial, memory in children diagnosed with FAS
(see also [27]). Furthermore, deficits expressed by ethanol-exposed in-
dividuals vary with task demands and tend to be exacerbated as task
complexity increases [45]. Given the variability of ethanol's effects in
humans, it has been important to develop well controlled models of
ethanol's effects on cognition and neurophysiology.

Animal research has contributed vitally to our understanding of the
mechanisms of toxicity as well as the behavioral consequences of fetal
alcohol exposure in well-controlled experiments. Much of this research
has involved characterizing alcohol's effects on the hippocampus. It is
known that ethanol causes structural damage to this region, including
decreased hippocampal volume, reductions in cell number and density,
altered synapticmorphology, and altered intracellular signalingmecha-
nisms [11,20,59,68]. Hippocampal plasticity in the form of long-term
potentiation, a putative mechanism for memory formation, is also re-
duced following early alcohol exposure [72,86].

Regional differences in brain vulnerability to alcohol insult depend
on the timing of ethanol exposure relative to critical periods of brain de-
velopment (e.g. [24,94]). Administration of ethanol during the early
postnatal period is used to model the consequences of third-trimester
ethanol exposure in humans. The third trimester in humans is a period
described by Dobbing and Sands [16] as the “brain growth spurt.”Many
cognitive processes are subserved by brain structures that are known to
exhibit considerable maturation during this time, including the hippo-
campus. In rodents, a roughly equivalent period of brain growth and
maturation occurs postnatally, during the first two weeks following
birth. For many animal researchers using rodents to model ethanol-
induced cognitive impairments, ethanol is administered during this
postnatal brain growth period, typically on Postnatal Days (PD) 4–9.

This method of alcohol exposure has been used successfully by
many laboratories to obtain neural and behavioral changes that model
those observed in humans. It is important to emphasize that the
model is used to obtain the neural and behavioral outcomes of neonatal
ethanol exposure, in our case an impairment in cognitive function
(i.e., learning), not the precise manner of alcohol exposure in humans.
While human fetuses are more likely to be exposed to alcohol during
the early phases of gestation, or throughout all of gestation, there are
several studies that corroborate the impact of alcohol during the third
trimester as most critical to causing cognitive impairments [6,47]. Ro-
dent research has verified the particular vulnerability of the hippocam-
pus to postnatal ethanol exposure as well [49,94].

Many behavioral studies have brought focus to the impact of early
alcohol on the function of memory systems involving the hippocampus,
and suggest a variety of memory processes are permanently affected by
early alcohol exposure. There are numerous reports of learning and
memory deficits in animal subjects exposed to ethanol during the peri-
natal (pre- and/or postnatal) period. In many respects, the results
obtainedwith animalmodels parallel the findings from the clinical liter-
ature on human FASD. For example, animals exposed to ethanol during
the perinatal period exhibit altered spatial memory performance, while
performance in nonspatial, control versions of these tasks is generally
unaffected (e.g. [21,24,65,88,89]). Contextual fear conditioning, another
hippocampus dependent task, can be especially compromised by neo-
natal ethanol exposure, even though learning about a concomitant con-
ditioned stimulus (CS) is unaffected [23,63,64].

Another consistent finding is an ethanol impairment in short-term
or working memory processes, which has been tested in several

paradigms [21,25,65,66]. For the past 15 years, our laboratory has
been working to better characterize ethanol-induced deficits in various
aspects of short-termmemory. We have examined short-term recogni-
tion memory through themeasurement of habituation of the heart rate
orienting response to a novel olfactory stimulus [33,35,60] and short-
term/working memory functions through the use of a trace fear condi-
tioning paradigm [34,82,97]. In the present paper, we briefly review
some of our previous results and extend use of the Pavlovian trace con-
ditioning procedure by presenting novel findings that further character-
ize the effects of neonatal alcohol and suggest mitigating interventions.

There are many variants of the Pavlovian conditioning paradigm. In
what is called thedelayprocedure, the offset of the conditioned stimulus
(CS) is coincident with presentation of the unconditioned stimulus
(US). The amygdala is the brain structure most often associated with
delay fear conditioning [48], in which an aversive stimulus such as
footshock serves as the US. The trace procedure is similar, in that a CS
and US are explicitly paired; however, the offset of the CS and onset of
the US are separated by a stimulus-free period known as the trace inter-
val. Conditioned responding typically declines as the trace interval is
lengthened [9,34,62]. Interference with normal hippocampal function
has been shown to affect acquisition of trace conditioning [9,39,42,62,
73]. The late ontogenetic emergence of trace, relative to delay, condi-
tioning has also been interpreted as reflecting hippocampal immaturity
[1,38,61]. Clark et al. [10] argue that trace conditioning involves a hippo-
campal declarativememory system,which supports the conjecture that
trace conditioning can be used in animal research to explore declarative
memory impairments resulting from perinatal ethanol exposure [17].

In the present research we first demonstrate that neonatal ethanol
produces a trace fear conditioning deficit in rats, relative to controls.
We then focus on three methods that can improve this type of learning
despite ethanol exposure. Specifically, in Experiment 1 the effects of neo-
natal ethanol on trace and delay fear conditioning was assessed. Experi-
ment 2 examined the possibility that an environmental intervention
could attenuate the ethanol-induced trace conditioning impairment. Fi-
nally, we discuss some research involving targeted nutritional (choline)
and pharmacological (physostigmine) treatments that also mitigate the
selective ethanol-induced impairment in trace conditioning.

2. General method

2.1. Subjects

Sprague–Dawley derived rats served as subjects. Animals were born
and reared in the vivarium at the College of William & Mary. Animals
were descendants of breeders originally obtained from Charles River
Laboratories (Wilmington, MA). Breeder pairs were maintained in
50.8 × 40.6 × 21.6 cm clear polycarbonate cages with wire lids and
pine chip bedding. The animal room was maintained on a 14:10 h
light cycle with lights on at 0600 h. The roomwas temperature and hu-
midity controlled. Animals had ad lib access to high-protein rat chow
(Lab Diet Formula 5008, PMI Nutrition International, Brentwood, MO)
and water at all times. The day of birth was designated as postnatal
day (PD) 0 and litters were culled to 8–10 pups on PD 2. All procedures
were approved by the Institutional Animal Care and Use Committee at
the College of William & Mary.

Pups began ethanol exposure treatment on PD 4, with half of the an-
imals from each litter assigned to receive ethanol and the other half
assigned to receive sham intubations. In some experimentswe included
an Unhandled control group, and those pups were selected from differ-
ent litters that remained untreated until the day of behavioral training.
Pups were weaned on PD 21 and were group-housed with siblings
throughout the experiments. No more than two pups (one male and
one female) from each litter were assigned to a particular experimental
group, and sexwas always included in the analyses. Thus, except for sex,
the litter served as the unit for data analysis [30].
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2.2. Apparatus

2.2.1. Training chambers
Conditioning occurred in two identical modified Skinner boxes

housed in sound-attenuating shells. A 4-W red bulb was mounted on
an inner wall of the shell to provide low-level illumination. The two
shorter walls of the conditioning chamber were stainless steel and the
front and back walls and ceiling were made from clear Plexiglas. The
floor of the chamber was constructed of stainless steel bars 0.5 mm in
diameter and spaced 0.5 mm apart. The grid floor was connected to a
custom built shock generator. The US was a 1-s presentation of a
0.5 mA constant current shock. The CS was a 10-s flashing light (.25 s
ON/.25 s OFF), produced by a 25-W white incandescent bulb. The light
was located outside the conditioning chamber centered in the middle
of the back wall.

2.2.2. Testing chambers
Testing occurred in a novel context located in another room of the

laboratory. A novel context was used for testing to eliminate any con-
taminating contribution of context fear (freezing) acquired during
light-shock training on fear (freezing) elicited by the CS during test.
The test chamber was constructed of clear Plexiglas and was open at
the top and bottom. The chamber was 29.0 (high) × 21.5 × 21.5 cm
and rested on a piece of Plexiglas covered with brown paper. The cham-
ber was housed in a sound-attenuating shell with a 7-W white bulb
mounted on an inner wall to provide constant low-level illumination.
The flashing light during testing was identical to that used for training
and was positioned outside the testing chamber centered in themiddle
of the back wall.

PC computers were used to interface Coulbourn Instruments (Allen-
town, PA) software and hardware and control stimulus presentations
during training and testing. Test sessions were videotaped using a
Sony camera (model CCD-TRV67).

2.3. Procedure

2.3.1. Ethanol administration
Details of our ethanol administration procedures can be found in our

previous papers [34,97]. Briefly, 5 g/kg/day ethanol was administered
via intragastric intubation to neonatal rats, beginning on PD 4 and con-
tinuing through PD 9, using procedures adapted from Pierce et al. [71].
During each exposure session, all pups were removed from the home
cage and placed in a heated holding cage with pine chip bedding. Each
animal was then administered ethanol or given a sham intubation
using PE-10 tubing attached to 1 cc syringes, and then all pups were
returned to the home cage. For Sham-intubated controls, no fluid was
delivered (e.g. [24,55]). For Ethanol-treated subjects, the daily dose of
ethanol was divided into two administrations of 2.5 g/kg each, separat-
ed by 2 h. The ethanol solution was 11.9% v/v dissolved in Similac™. A
third intubation of the Similac™ vehicle was given 2 h later. Thus, the
litter was removed from the home cage three times daily, for approxi-
mately 20 min each.

2.3.2. Behavioral training
Conditioning sessions involved a series of five CS–US pairings during

a 30-min session. The CS was a 10-s flashing 25-W white bulb, and the
USwas a 1-s 0.5mA shock delivered through the grid floor of the exper-
imental chamber. Inter-trial intervals (US offset-to-CS onset on the next
trial) varied from 200 to 300 s. In Delay conditioning the US was deliv-
ered at offset of the CS. In Trace conditioning a trace interval of 10 s sep-
arated CS offset from US onset (cf. [1]).

2.3.3. Testing
All animals were tested in a novel context 24 h after training. Testing

involved an extinction procedure, inwhich the target CSwas repeatedly
presented without the US. Performance during the test was measured

as a percent freezing score. Freezing, a species-typical defensive re-
sponse, is defined as the absence of observable movement except that
required for respiration [18]. Test sessions were videotaped and a
time-sampling method was used to score freezing. The animal was
briefly observed at 2-s intervals during presentation of the CS and the
number of intervals scored as freezing over the total number of observa-
tion periods was converted into a percentage. The percentage of freez-
ing observed during a 10-s pre-stimulus period was also recorded and
was subtracted from the percentage of freezing observed during the
10-s CS, producing a percent change score.

2.3.4. Age of training and testing
Behavioral training and testingwas initiated in adolescence, typical-

ly at 30 days of age (±1 day), and there is a particular reason for using
this age group. In our experience, adolescent animals show a particular
propensity for fear conditioning, exhibiting rather high levels of CS-
elicited freezing following modest training. More importantly, adoles-
cents have been shown to exhibit levels of freezing to a trace CS that
is comparable to that seen to a delay CS (e.g. [1]). In our lab, such an
equivalence of conditioned responding is not observed at other ages,
younger or older [1,36,82]. Although somewhat perplexing, we have
capitalized on this equivalence of conditioned freezing for our studies
of alcohol exposure. One argument about alcohol's effects is that it
may impact learning of more difficult tasks [3]. In other words, alcohol
will have its greatest effects when conditioned responding is weak
(but see [95]).WithDelay and Trace conditioningprocedures, trace con-
ditioning typically results in weaker responding than delay. Thus, it
could be argued that a relatively selective alcohol effect on trace condi-
tioning reflects weaker learning or weaker responding. While we are
not in a position to conclude equivalent baseline learning across the
two learningparadigms in the adolescent animals, the argument that al-
cohol affects weaker responding can be ruled out since we have shown
responding to be equivalent in delay and trace conditioned adolescents.

3. Experiment 1

The goal of Experiment 1 was to replicate our previous observation
that neonatal ethanol impairs trace conditioning, but has no effect on
delay conditioning, in adolescent rats.

3.1. Method

3.1.1. Subjects
A total of 63 rats (ns = 10–12/group) from 22 litters served as sub-

jects. Twelve of these litters provided subjects for the EtOH and Sham
groups, and an additional 10 litters were used to derive Unhandled
controls.

3.1.2. Apparatus
The apparatus as described in the General method sectionwas used.

3.1.3. Procedure
On PD 4–9 animals were treated with 5 g/kg/day ethanol (group

EtOH), given sham intubations (group Sham) or were given no treat-
ment during this period (group Unhandled). On PD 30–31 (±1 day),
half of the animals in each neonatal treatment group were trained and
tested in the Delay conditioning paradigm and half were trained and
tested in the Trace conditioning paradigm. Interest was in the effect of
neonatal binge ethanol on hippocampus-dependent trace conditioning.

3.2. Results & discussion

3.2.1. Body weights
During the ethanol exposure period (PD 4–9) the EtOHgroup gained

less weight than sham controls. This is typical with this binge model.
Body weights recorded during this time in Sham and EtOH animals
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were analyzed using a 2 (neonatal treatment) × 2 (sex) × 6 (day)
mixed-factor Analysis of Variance (ANOVA). The ANOVA revealed
main effects of neonatal treatment [F (1, 39) = 27.40, p b .001] and
day [F (5, 195)= 839.09, p b .001] and a Neonatal Treatment × Day in-
teraction [F (5, 195) = 58.11, p b .001]. Newman–Keuls post-hoc tests
indicated that the groups began to diverge on PD 6 and the EtOH
group continued to weigh less than the Sham group through PD 9.
Mean (±SEM) weights on PD 9 were 21.40 g (0.61) for group EtOH
and 26.74 g (0.56) for group Sham.

Importantly, body weights were equivalent in the groups on the
day of training, PD 30. A 3 (neonatal treatment) × 2 (sex) ANOVA con-
ducted onweights recorded prior to training revealed only amain effect
of sex [F (1, 57) = 17.74, p b .001]. By PD 30 the EtOH subjects had
gained sufficient weight to no longer be distinguishable from control
animals. On PD 30 males weighed more (M = 137.02 g; SEM = 3.48)
than females (M= 114.31 g; SEM = 4.12).

3.2.2. Delay and trace conditioning
Wagner & Hunt [97] were the first to demonstrate impaired trace

fear conditioning in animals exposed to ethanol on PD 4–9. This find-
ing has been replicated in our lab [34,81,82] and by others [17] and
the data shown in Fig. 1 illustrate this effect. A 3 (neonatal treat-
ment) × 2 (conditioning) ANOVA conducted on the % change freez-
ing scores from the test yielded significant main effects of neonatal
treatment [F (2, 57) = 6.53, p b .001] and conditioning [F (1, 57) =
7.43, p b .01] as well as a Neonatal Treatment × Conditioning interac-
tion [F (2, 57) = 6.62, p b .01]. Post-hoc Newman–Keuls tests re-
vealed that ethanol-treated animals were impaired in trace, but not
delay, fear conditioning.

The black bars in Fig. 1 show freezing data from groups of subjects
trained in the delay procedure. As can be seen, the groups did not differ
as a function of neonatal treatment, and all exhibited high levels of CS-
elicited freezing. The gray bars of Fig. 1 show results from the trace-
conditioned groups. Unhandled and Sham-treated animals given trace
conditioning trials showed high levels of CS-elicited freezing, and the
magnitude of the freezing response did not differ significantly from
the respective delay-conditioned subjects. However, the ethanol-
treated animals failed to show any evidence of trace conditioning. CS-
elicited freezing was virtually zero revealing that neonatal ethanol

exposure impaired hippocampus dependent trace conditioning in ado-
lescent animals.

Research reported by Hunt et al. [34] varied a number of aspects of
the neonatal ethanol protocol as well as the training procedures. Hunt
et al. [34] showed that: (a) the trace conditioning deficit observed in
ethanol-treated subjects was dose-dependent; (b) the impairment in
trace conditioning resulting from PD 4–9 ethanol exposure depends
on the duration of the trace interval, with ethanol-exposed animals
performing like controls with shorter intervals, and (c) the effect of PD
4–9 ethanol on trace conditioning was entirely driven by ethanol expo-
sure occurring during the first three days of this period (PD 4–6). Etha-
nol exposure limited to PD 7–9 had no effect on trace conditioning, with
PD 7–9 ethanol-treated subjects displaying a level of trace freezing that
was comparable to sham controls. We have also demonstrated that the
ethanol-induced impairment in trace conditioning persists into young
adulthood in female subjects [82]; females trained and tested as adults
(65–70 days of age) continue to perform poorly after trace conditioning
training. This finding suggests that neonatal ethanol exposure produces
a relatively permanent functional deficit in this task (see also [17,81]),
although these effects are specific to females.

4. Experiment 2

Findings from Experiment 1 for Delay and Trace fear conditioning
clearly demonstrate that neonatal alcohol exposure does not uniformly
affect all types of associative fear conditioning (see also [23,63]). This is
important because it suggests some forms of learning may be protected
from the damaging effects of fetal alcohol and raises the translational
issue of how learning might be promoted to attenuate some of the cog-
nitive deficits associated with alcohol exposure. In Experiment 2 we ex-
plored an environmental manipulation that might allow rats to
overcome the ethanol-induced impairment in trace conditioning seen
in Experiment 1.

Trace conditioning can be facilitated by a variety of means. Increases
in conditioned responding to a trace CS are evident with decreasing the
length of the trace interval [9,34,62]. Another procedure involves
inserting a nontarget CS into the trace interval. The latter effect has
been characterized as ‘gap filling’, or serial compound conditioning.
Using the serial procedure, subjects are trained with two serially pre-
sented CSs, CS1→ CS2→ US, and performance to the target CS1 is com-
pared to that resulting from standard trace conditioning procedures,
CS1 → trace interval → US. In each case there is an equivalent trace in-
terval between offset of CS1 and onset of the US. However, the presence
of CS2 in the serial procedure has been shown to facilitate acquisition to
CS1 (see [19,29,70,75] for different explanations of the gap filling
effect).

Hunt et al. [32] reported that trainingwith the serial compound (CS1
light→ CS2 tone→US shock) led to a noticeable improvement in learn-
ing about the target CS1 light in both PD 18 and PD 25 animals. Subjects
trained with the serial compound procedure exhibited significantly
more freezing to the light CS1 than groups trained with standard trace
conditioning despite equivalent intervals separating offset of CS1 from
the US. Several observations in those experiments led to our interest
in examining this type of learning in our animal model of FASD.

First, as implied, the serial compound procedure is essentially a trace
conditioning procedure, where the trace interval is filled with a non-
target CS. Therefore the serial procedure can be used to further examine
conditions under which trace conditioning deficits emerge. Second,
Hunt et al. [32] observed virtually no standard trace conditioning (freez-
ing to the target CS) in PD 18 animals and weak to moderate trace
conditioning in PD 25 animals. Serial conditioning or gap filling
(CS1 → CS2 → US) markedly enhanced performance in each age
group. This finding is important because it suggested that under some
conditions cognitive deficits measured in trace conditioning might be
overcome by use of the serial procedure. In Hunt et al. [32] those
(trace conditioning) deficits were age related and in Experiment 2 of
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Fig. 1.Mean (±SEM) percent freezing (% CS freezing− % pre-CS freezing) to the light CS
during the test in Experiment 1. Animals were given CS–US pairings in either a Delay or
Trace fashion and CS-elicited freezing was measured 24 h later. Neonatal groups were
Sham intubated, administered 5 g/kg/day ethanol (EtOH) or were untreated (Unhandled)
prior to training.
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the present research they were produced by neonatal ethanol. This
leads to the interesting possibility tested in Experiment 2 that the
trace conditioning deficit otherwise produced by neonatal ethanol
might be overcome by serial compound conditioning.

4.1. Method

4.1.1. Subjects
The subjects were 76 rats derived from 25 litters (10 Unhandled).

Group sizes ranged from 10–13.

4.1.2. Apparatus
The apparatus as described in the General method section was used.

In addition, CS2 was an 80 dB 1600 Hz pulsing (.25 s ON/.25 s OFF,
250 ms rise/fall time) tone. During training, the tone was presented
through a speaker mounted in the ceiling of the conditioning chamber.
During testing in a novel context, the speaker was mounted in the ceil-
ing of the sound-attenuating shell.

4.1.3. Procedure
As in Experiment 1, on PD 4–9 Ethanol animals were exposed to

5 g/kg/day ethanol, Sham animals were given sham intubations, and
Unhandled animals received no treatment. On PD30, half of the animals
in each neonatal conditionwere trained and tested in the standard trace
conditioning paradigm as described in Experiment 1 (CS1 light→ trace
interval→US shock) while the other half were trained and tested in the
serial conditioning paradigm (CS1 light → CS2 tone → US shock).
Specifically, Trace groups were exposed to a 10-s flashing light (CS1)
followed by a trace interval of 10 s followed by the footshock US. In
the serial compound procedure, the 10-s flashing light (CS1) was
followed by a 10-s pulsing tone (CS2) and the tone was immediately
followed by the footshock US. Animals in the Trace condition were ad-
ditionally exposed to an equal number of random presentations of the
10-s tone, in order to equate exposure to the tone CS in Trace groups
with that of the Serial groups. All subjects were then tested for freezing
to both the light and tone. Animals were tested for freezing to the light
24 h after training, and tested for freezing to the tone 24 h after the light
test.

4.2. Results & discussion

Fig. 2 shows the results of trace and serial compound conditioning
on responding to the light (CS1). Analyses of freezing scores yielded a
main effect of training [F (1, 70) = 8.75, p b .01]. Training with a serial
compound enhanced trace conditioning in all groups, although the ef-
fect is particularly pronounced in the EtOH group. Moreover, there
was no evidence of a trace conditioning deficit to the target CS1 in seri-
ally trained animals that received neonatal ethanol exposure. Serial con-
ditioning reversed the ethanol-induced deficit in trace conditioning.
Responding to the tone (CS2) was robust in the Serial groups compared
with the Trace groups that received random presentations of CS2 [main
effect of training,F (1, 70)= 27.87, p b .001]. Further, there were no dif-
ferences among the neonatal treatment groups [F b 1]. Mean freezing
scores (±SEM) from the tone test for groups EtOH-Serial, Sham-Serial
and Unhandled-Serial were 55.7% (8.8), 50.0% (7.4) and 51.6% (9.3), re-
spectively. The average freezing response to the tone in Trace groups
was 8.4% (5.6).

The results from Experiment 2 parallel those from Experiment 1 in
an important way. Both experiments reveal that neonatal ethanol
does not impair learning in all circumstances. Results of Experiment 1
demonstrated ethanol-induced impairments in trace but not delay con-
ditioning. Experiment 2 revealed deficits in standard trace conditioning
but not serial trace conditioning despite neonatal ethanol exposure and
equivalent trace intervals between the target CS1 and US. This latter
findingwith the serial procedure is important. It suggest some environ-
mentalmanipulations that enhance learning are less subject or less like-
ly to be undermined despite the impairing effects of perinatal alcohol
exposure. In the present experiment, the cognitive enhancing effect of
serial conditioning on learning to a trace CS demonstrated just such a re-
silience. Developing environmental treatments (in addition to pharma-
cological interventions as explored later) that reduce cognitive deficits
from neonatal alcohol exposure may be particularly valuable given the
possibility that the effectiveness of some pharmacological interventions
may be marginalized by permanent neurophysiological effects of fetal
alcohol that precede intervention attempts.

5. Nutritional and pharmacological treatments targeting the cholin-
ergic system

Since the initial reports of FAS [40], efforts at reducing or eliminating
maternal drinking have been in place. Unfortunately, these have been
mostly unsuccessful. Estimates of the incidence of FAS today are the
same as they were in the 1970s. More effective methods for promoting
abstinence during pregnancy are sorely needed, but until that time re-
search is targeting treatments for the afflicted individuals. Belowwe de-
scribe data from two experiments that examined specific nutritional
(choline) and pharmacological (physostigmine) interventions for the
short-term memory impairment seen in trace conditioning after etha-
nol exposure.

5.1. Supplemental choline

Work from several research labs (e.g. [7,58,99]) has yielded impor-
tant information about the role of dietary choline on brain function
and behavior. Supplementation of the diet with additional choline dur-
ing pre- and early post-natal development can lead to the earlier onset
of function in hippocampal and frontal cortical systems [58], and can
evendelay age-related cognitive decline [22]. Although themechanisms
by which choline acts are not clearly understood, choline seems to sup-
port the development of stronger cholinergic systems that are less vul-
nerable to a variety of insults [26]. Choline serves many biological
functions, including being a precursor of the structural phospholipids
phosphatidylcholine and sphingomyelin, and signaling lipids [4]. Cho-
line is the precursor for acetylcholine, which not only serves a neuro-
transmitter function but also is an important developmental growth
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factor [57]. Meck and Williams [58] suggest that supplemental choline
early in life may promote the tuning of cellular networks in the brain,
especially cholinergic networks.

Thomas and colleagues have extensively examined the beneficial
effects of supplemental choline in a ratmodel of FASD. Supplementation
with choline during and/or after the ethanol exposure period can
significantly attenuate many adverse effects of ethanol, especially in
hippocampus-dependent memory tasks. For example, Thomas et al.
[89] reported that choline administered on PD 2–21 reversed the defi-
cits in visual discrimination learning resulting fromprenatal ethanol ex-
posure. Ryan et al. [78] found that neonatal ethanol (PD 4–9) resulted in
impaired performance in the Morris water maze, and that choline ad-
ministered on PD 11–30 attenuated this effect. Several other findings
from this lab highlight the beneficial effects of supplemental choline
as a potential treatment for FASD (e.g. [88,90,92]).

Wagner and Hunt [97] used a variant of Thomas' choline supple-
mentation procedure [90] to examinewhether choline would effective-
ly mitigate our observed ethanol-induced trace conditioning deficit.
Animals were exposed to 5 g/kg/day ethanol or sham intubations on
PD 4–9. Half of the animals in each group were given once daily subcu-
taneous injection of choline chloride (0.1 ml of an 18.8 mg/ml solution)
and the other half were administered saline. Choline injections began
on the first day of ethanol exposure (PD 4) and continued through PD
20. On PD 30–31 subjects were trained and tested in delay or trace con-
ditioning procedures.

Fig. 3 shows some of the key results fromWagner andHunt [97]. The
data indicate that choline supplementation completely reversed the
ethanol deficit in trace fear conditioning. A 2 (neonatal treatment) × 2
(choline dose) ANOVA revealed a main effect of choline dose [F (1,
39)=5.03, p= .031] and, importantly, a significant neonatal treatment
× choline dose interaction [F (1, 39) = 6.19, p = .017]. Post-hoc New-
man–Keuls tests support the conclusions that animals administered
ethanol were severely impaired in trace fear conditioning (group
EtOH–Saline), but those treated with supplemental choline during and
after the ethanol exposure period (group EtOH–Choline) responded
with the same level of CS-elicited freezing as Sham controls. Choline ad-
ministration had no effect on delay conditioned responding in either
neonatal treatment group (see [97]). Notably, Thomas and Tran [92]
have reported an identical effect using a trace eyeblink conditioning
procedure in adolescent rats. Similarly to our fear conditioning data,

choline supplementation had a beneficial effect on trace eyeblink condi-
tioning,whichwas impaired byneonatal ethanol exposure, but no effect
on delay eyeblink conditioning. Whether the benefits of supplemental
choline on trace conditioning result from its preventing alcohol-
induced damage (given during the ethanol administration procedure)
and/or reversing the effects of ethanol (given after ethanol administra-
tion) remains to be determined, although some data [78,89] suggest
that choline supplementation can be beneficial even when provided
after the ethanol exposure period consistentwith a restorative function.

5.2. The cholinesterase inhibitor, physostigmine

Mild cognitive impairments, including those seen in early stage
Alzheimer's Disease, are oftentimes treatedwith cholinesterase inhibitors
[15]. This is the case when the cognitive impairments relate to memory
that is cholinergic. Given that the cholinergic system, including both nic-
otinic andmuscarinic receptor subtypes, is necessary for trace condition-
ing [36,42,74], here we reasoned that trace conditioning in ethanol-
exposed animal would be improved by pre-training administration of
the cholinesterase inhibitor physostigmine. These cholinesterase inhibi-
tors should be strong candidates for treatment in our ethanol-induced
trace conditioning impairments, since trace conditioning is cholinergical-
ly mediated.

This was a preliminary study in which animals (n = 6/group) were
given 5 g/kg/day ethanol or sham intubations on PD 4–9. On PD 30–31
animals were trained with our standard trace fear conditioning proce-
dure and tested 24 h later. Animals in the EtOH and Sham groups
were injected intraperitoneally with one of several doses of physostig-
mine (0, 0.001, 0.005 or 0.01 mg/kg) 10 min prior to conditioning. Ani-
mals were tested for CS-elicited freezing 24 h later in a drug-free state.
Our preliminary results are shown in Fig. 4.

Pre-training administration of physostigmine produced a dose-
dependent improvement in trace conditioning in ethanol-treated ani-
mals, with the highest dose having the greatest effect. The Sham-
treated subjects, however, exhibited no improvement in trace learning
at any dose of physostigmine. This is in contrast to previous data
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published by Hunt & Richardson [36]. In that paper we reported that
trace conditioning in experimentally-naïve subjects was enhanced by
the same pre-training physostigmine treatment. One major difference
between that study and the present was the level of conditioned
responding in controls. Hunt and Richardson tested 25-day-old animals
which typically show low levels of conditioned freezingwith these trace
procedures (see also [1,61]). With modest levels of conditioned freez-
ing, an enhancement by physostigmine was observed. The data in
Fig. 4 is from animals 30 days of age, which in our lab typically show
maximal levels of freezing (see Section 2.3.4). Thus, a ceiling effect on
levels of freezing in control animals may be present, precluding obser-
vation of an enhancement due to physostigmine.

6. Summary and conclusions

Animal research has verified that ethanol is a teratogenic agent, and
that the hippocampus is one of the neural regions that is particularly
vulnerable to ethanol toxicity. A number of reports have revealed that
the number and density of pyramidal neurons in areas CA1 and CA3
are reduced following perinatal exposure [5,25,49,94]. Reductions in
numbers of granule cells in the dentate gyrus have also been observed
([49]; but see [5]). The trace conditioning paradigm is a particularly ele-
gant procedure for clarifying the functional (i.e. cognitive and behavior-
al) consequences of these kinds of documented neural alterations
produced by neonatal alcohol. The neuroanatomical and neurochemical
substrates for trace and delay fear conditioning are quite well character-
ized (e.g. [48,73,87]). Animals trainedwith trace or delay CS–USpairings
are treated identically during training, except for the duration of the
trace interval. Subjects are exposed to the same CS, the same US, and
the same experimental context during training; the only difference is
that one group is trainedwith a stimulus-free period separating CS offset
fromUS onset. During the test, performance is evaluated under identical
stimulus presentations. Thus, differences in performance during the test
are only attributable to the differences in training parameters.

A key finding from the present experiments was that neonatal etha-
nol exposure impaired hippocampus dependent trace conditioning. In
Experiment 1 ethanol impaired trace conditioning (CS1 → trace
interval → US) relative to sham intubated and unhandled controls. No
such impairment was observed in delay conditioning. Examination of
the effects of neonatal ethanol exposure in the serial procedure
(CS1→ CS2→US) of Experiment 2 additionally suggested that different
types of learning processes (i.e., associative structures) are not equally
susceptible to the damaging effects of ethanol exposure. Various expla-
nations for the gap filling effect in the serial procedure have been pro-
posed including one type of higher-order conditioning known as
second-order conditioning [43]. This view posits that the animals ac-
quire fear to the non-target CS2 because it is proximally followed by
the shock US in the serial procedure (CS1 → CS2 → US). Subsequently,
fear to the target CS1 is acquired through its association with CS2
which serves as a conditioned reinforcer. A different kind of higher-
order conditioning called sensory pre-conditioning proposes that ani-
mals acquire an association between the CS2 and CS1, and then one of
the elements (e.g., CS2) is associated with the shock US. In related ex-
periments (Barnet & Hunt, unpublished data) we observed that
alcohol-exposed animals exhibit normal second-order conditioning,
but are impaired in sensory pre-conditioning. The point of connection
of these findings to those of Experiment 2 is that some environmental
interventions which promote the expression of otherwise absent (or
behaviorally silent) learning may be more capable than others at
protecting against the detrimental consequences of early alcohol expo-
sure. Furthermore, given that second-order conditioning and sensory
preconditioning have been suggested to be mediated by different asso-
ciative structures [77], these recent findings also suggest some learning
processes themselves may be more resilient to the damaging effects of
early alcohol exposure. Taken together with the results of Experiment
2 it becomes clear that someenvironmental interventionsmay bebetter

than others in overcoming the cognitive deficits associated with neona-
tal ethanol exposure.

Because efforts to prevent maternal alcohol use during pregnancy
have been only modestly successful, further efforts to treat the already
afflicted individual have become a major focus of study. Several ‘envi-
ronmental’ intervention programs (e.g., cognitive and behavioral train-
ing) have been described for young children and adolescents, andmany
produce beneficial effects [2,8,41]. These interventions typically target a
specific behavior or skill, such as attention dysregulation, social skills or
verbal abilities. Research with animal subjects has studied treatments
and interventions in well-controlled models of FASD. Much of this re-
search has focused on the hippocampus and hippocampus-dependent
memory impairments in alcohol-exposed rodents.

Results of Wagner & Hunt [97] suggest supplemental choline as an
intervention or treatment for ethanol-induced memory impairment.
Our findings indicate that supplementation with choline during and
for a brief time after ethanol exposure can completely reverse the
ethanol-induced deficit in hippocampus-dependent trace conditioning
(Fig. 3). The extensive work from Thomas' lab has revealed that many
other learning impairments are benefitted from choline. For example,
Thomas and colleagues [78,89] have shown that choline administration
that occurs after the ethanol exposure period can reverse ethanol's toxic
effects on hippocampus dependent spatial learning. Moreover, supple-
mentation with choline has been shown to prevent or reverse perfor-
mance deficits in hippocampus-, as well as frontal cortex-dependent
tasks [88,89]. Finally, other nutritional supplements, such as zinc, can in-
crease fetal survival and reduce the physical abnormalities associated
with fetal alcohol exposure [85]. From a translational perspective,
these findings are extremely important.

While choline supplementation has rather consistently been found
effective for treating hippocampus-dependent learning impairments,
it is not a treatment for all of ethanol's deleterious effects. Thomas
et al. [90] reported no beneficial effect of supplemental choline on
motor coordination deficits resulting from neonatal ethanol exposure.
Thomas and Tran [92] showed that choline benefits trace eyeblink con-
ditioning, but has no effect on delay eyeblink conditioning, which was
also compromised in ethanol-exposed animals. In our lab, choline sup-
plementation had no effect on another type of short-termmemory, ha-
bituation of the heart rate orienting response to a novel olfactory
stimulus [33].

Cognitive enhancers (cholinesterase inhibitors,memantine; [15,37])
can also improve performance on hippocampal tasks. A preliminary
study described above (Fig. 4) suggests that the cholinesterase inhibitor
physiostimine reduced the ethanol mediated impairment in trace con-
ditioning in a dose-dependent manner. Other promising treatment in-
terventions have also been explored. Antioxidants (Vitamin E, β-
carotine, resveratrol) given at the time of alcohol exposuremay prevent
alcohol-induced hippocampal cell loss and deficits in spatial memory
performance [12,55,93]. Behavioral interventions such as voluntary ex-
ercise and long-term exposure to complex environments can increase
hippocampal neurogenesis (G.F. [28]) and improve performance on
hippocampus-dependent tasks (e.g. [91]).

Here we have shown that an environmental manipulation (serial
compound training), a nutritional supplement (choline), and a pharma-
cological treatment (cholinesterase inhibitor) can all effectively miti-
gate deficits in trace conditioning caused by neonatal ethanol
exposure. But not all interventions are effective in reversing the trace
conditioning impairment. Schreiber et al. [81] examined the potential
benefits of exercise and environmental complexity. In this study ani-
mals were treated with ethanol on PD 4–9 or given sham intubations.
Beginning on PD 31 the animals were given free access to a running
wheel for 12 days, followed by extended rearing in a complex environ-
ment (PD 42–72). Animals were then trained and tested in trace condi-
tioning beginning on PD 82. The exercise and complex environment
manipulation had no beneficial effect on trace conditioning; these ani-
mals showed the same deficit in trace conditioning as those reared
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under standard housing conditions. Collectively, the results of numer-
ous studies indicate that while many treatments and interventions are
effective for specific neural or behavioral dysfunction, no one interven-
tion or therapy is sufficient to treat all features of FASD. Advances in
treatment which are most profitable are likely those to be informed by
research which characterizes, specifically, the nature of ethanol-
induced impairments, and that informs correspondingly specific
intervention.
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