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Abstract
Background—Alcohol exposure during the period of rapid brain development produces structural
damage in different brain regions, including the suprachiasmatic nucleus (SCN), that may have
permanent neurobehavioral consequences. Thus, this study examined the long-term effects of
neonatal alcohol exposure on circadian behavioral activity in adult rats.

Methods—Artificially reared Sprague-Dawley rat pups were exposed to alcohol (EtOH; 4.5 g/kg/
day) or isocaloric milk formula (gastrostomy control; GC) on postnatal days 4–9. At 2 months of
age, rats from the EtOH, GC, and suckle control (SC) groups were housed individually, and properties
of the circadian rhythm in wheel-running behavior were continuously analyzed during exposure to
a 12-hr light:12-hr dark photoperiod (LD 12:12) or constant darkness (DD).

Results—Neonatal alcohol exposure had distinctive effects on the rhythmic properties and
quantitative parameters of adult wheel-running behavior. EtOH-treated animals were distinguished
by unstable and altered entrainment to LD 12:12 such that their daily onsets of activity were highly
variable and occurred at earlier times relative to control animals. In DD, circadian regulation of
wheel-running behavior was altered by neonatal alcohol exposure such that the free-running period
of the activity rhythm was shorter in EtOH-exposed rats than in control animals. Total amount of
daily wheel-running activity in EtOH-treated rats was greater than that observed in the SC group. In
addition, the circadian activity patterns of EtOH-exposed rats were fragmented such that the duration
of the active phase and the number of activity bouts per day were increased.

Conclusions—These data indicate that neonatal alcohol exposure produces permanent changes in
the circadian regulation of the rat activity rhythm and its entrainment to LD cycles. These long-term
alterations in circadian behavior, along with the developmental alcohol-induced changes in SCN
endogenous rhythmicity, may have important implications in clinical sleep-wake disturbances
observed in neonates, children, and adults exposed to alcohol in utero.
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Alcohol exposure during critical stages of development induces structural and cellular damage
within the central nervous system. Detailed studies using a rat model indicate that alcohol
exposure during the brain growth spurt (early postnatal period), which is equivalent to the
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period of human brain development during the third trimester (Dobbing and Sands, 1979),
produces a wide range of damaging effects, including reductions in brain size and weight
(Maier et al., 1996), cell loss in discrete brain regions such as the cerebellum, hippocampus,
and olfactory bulb (Bonthius et al., 1992; Bonthius and West 1990; Chen et al., 1998; Goodlett
et al., 1998), altered neuronal circuitry (West et al., 1981), and decreased expression of specific
neurochemical signals (Manteuffel, 1996). In many instances, this alcohol-induced injury to
specific brain regions is permanent and thus may have long-term consequences in the neural
regulation of behavior. In rats exposed to alcohol during the early postnatal period, the
cerebellum and hippocampus provide notable examples where alcohol-induced cell loss is,
respectively, coupled with behavioral deficits on motor performance and learning/memory
tasks (Goodlett et al., 1987, 1988; Kelly et al., 1988; Thomas et al., 1996, 1998). However,
further analysis is necessary to delineate the full extent of the long-term neurobehavioral
disturbances associated with the damaging effects of developmental alcohol on specific brain
regions.

The neural center responsible for the regulation of circadian or 24-hr rhythms has been recently
identified as another target for alcohol-induced insult during central nervous system
development (Earnest et al., 2001). In mammals, the hypothalamic suprachiasmatic nucleus
(SCN) functions as a biological clock that governs the generation of circadian rhythms in a
variety of biological processes and their synchronization or entrainment to light-dark cycles
(Moore, 1983). Exposure to alcohol during the early postnatal period has been shown to disrupt
the circadian rhythm in SCN content of brain-derived neurotrophic factor in adult rats (Allen
et al., 2004). Consistent with the effect of alcohol on this SCN output signal, preliminary studies
suggest that developmental alcohol exposure also induces permanent alterations in SCN
molecular oscillations that comprise the circadian clock mechanism (Farnell et al., 2004b).
Because disruption of endogenous SCN rhythmicity can produce tangible changes in the
circadian regulation of behavior (Reppert and Weaver, 2001), it is possible that alterations in
circadian behavior may accompany developmental alcohol-induced effects on the SCN
clockworks and its circadian output signals. On the basis of clinical evidence linking maternal
alcohol consumption during pregnancy to sleep-wake disturbances in offspring (Rosett et al.,
1979; Steinhausen and Spohr, 1998; Steinhausen et al., 1993), the present study used a rat
model to determine whether alcohol exposure during the brain growth spurt also causes long-
term changes in the circadian rhythm of wheel-running behavior. Specifically, we examined
the effects of neonatal alcohol exposure on the quantitative parameters, light-dark entrainment
and circadian regulation of wheel-running activity, in adult rats.

METHODS
Subjects

The subjects were 60 male Sprague-Dawley rat pups derived from 15 time-mated litters. Male
subjects were used exclusively in these studies because female rats show considerable day-to-
day variability in the circadian regulation of activity behavior (relative to that in males) that
would present a confounding factor in the analysis of the effects of neonatal alcohol treatment.
In this regard, female rodents are distinguished by daily irregularity in the period of the activity
rhythm in constant conditions, the timing of their activity onsets during entrainment to a light-
dark cycle, and the total amount of activity due to changing levels of estrogen over the course
of the estrous cycle (Morin et al., 1977; Albers, 1981; Albers et al., 1981). The animals were
born and reared in the vivarium at the Texas A&M University System Health Science Center
under a standard 12-hr light:12-hr dark photoperiod (LD 12:12; lights-on at 0600 hr). On
postnatal day (PD) 1 (date of birth designated as PD 0), the newborns within each litter were
culled to 8–10 pups per litter, utilizing cross-fostering procedures as necessary. On PD 4, the
rat pups were randomly assigned to one of three treatment groups: a suckle control group (SC;
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n = 20) and two artificial-rearing treatment groups. The artificial-rearing groups received either
alcohol (EtOH; n = 20) or maltose-dextrin [gastrostomy control (GC); n = 20] from PD 4
through 9. The procedures used in this study were approved by the University Laboratory
Animal Care Committee at Texas A&M University.

Artificial-Rearing Procedure
The artificial-rearing procedures and diet have been described previously in detail (Diaz,
1991; West, 1993). Briefly, on PD 4, pups were anesthetized with isoflurane (VEDCO, Inc.,
St. Joseph, MO), and gastrostomy tubes were inserted down the esophagus and surgically
implanted into the stomach (Diaz, 1991; West et al., 1984). From PD 4 to 9, pups were
maintained in the artificial-rearing apparatus and received their daily nutritional requirements
through formula (diet)–filled syringes that were operated by a timer-activated infusion pump
(Model 935, Harvard Apparatus, Holliston, MA). The formula was provided daily in 12 20-
min fractions (i.e., every 2 hr). Gastrostomized pups received either alcohol treatment or
isocaloric maltose-dextrin solution from PD 4 to 9. After this treatment regimen, pups were
maintained on the artificial-rearing apparatus for an additional 3 days with regular diet to allow
alcohol withdrawal in the EtOH group. On PD 12, artificially reared pups were fostered to a
lactating dam after their gastrostomy tubes had been cut and sealed. The SC group was included
to control for any effect produced by artificial-rearing methods. To minimize the potential
confound of litter effects, no more than two pups from the same litter were assigned to the
same treatment condition. All pups were coded by injecting India ink to their paws for future
identification (Geller and Geller, 1966). Animals were weaned on PD 21 and housed two to
three per cage. Access to food and water was provided ad libitum for the remainder of the
experiment.

Drug Administration
Beginning around midday of the LD 12:12 photoperiod (1200 hr) from PD 4 to 9, alcohol
(10.2%, v/v) was administered to the EtOH group through 2 of the daily 12 feedings at the
dosage of 4.5 g/kg/day. This alcohol dosage and treatment regimen have been shown to
consistently produce structural damage in several different brain regions (Bonthius et al.,
1992; Bonthius and West, 1990; Chen et al., 1998, 1999). The GC group (0 g/kg/day alcohol)
was given the appropriate concentration of isocaloric maltose-dextrin solution in place of
alcohol.

Blood Alcohol Concentration
Blood alcohol concentrations (BACs) for all alcohol-treated pups were determined using a gas
chromatograph (Model 3400, Varian, Palo Alto, CA). Blood samples (20 μl) were collected
from pup tails 90 min after the beginning of the second alcohol feeding on PD 6 (peak BAC)
(Bonthius et al., 1988; Kelly et al., 1987a). Blood samples were stored in glass vials containing
a 200-μl cocktail composed of 0.6 M perchloric acid and 4 mM n-propanol in double-distilled
water until BAC analysis.

Analysis of Wheel-Running Activity
At 2 months of age, animals (n = 60) were housed individually in cages equipped with running
wheels so that the circadian rhythm of wheel-running activity could be continuously recorded.
All animals were initially maintained under a LD 12:12 cycle, and baseline activity behavior
was recorded for 10–14 days. For 36 animals, these light-dark conditions were sustained, and
the pattern of wheel-running activity was analyzed for 30–40 days during entrainment to LD
12:12. The remaining animals (n = 24) were exposed to constant darkness (DD) beginning at
the offset of the light-dark cycle (1800 hr), and circadian properties of the activity rhythm were
examined under free-running conditions for 50–60 days. Periodic animal care and equipment
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maintenance were performed at random times and accomplished in DD using an infrared
viewer (FJW Optical Systems, Palatine, IL).

Wheel-running activity was continuously recorded, summed, and stored in 10-min bins using
a computer running Dataquest IV data acquisition software (Data Sciences, Inc., St. Paul, MN).
Graphical records of circadian activity rhythms were generated and analyzed using ClockLab
data analysis software (ActiMetrics, Evanston, IL). Quantitative parameters and circadian
properties of wheel-running behavior were measured over the same 30-day interval for every
animal (days 1–30 in LD and days 25–54 in DD). The phase angle of entrainment (Ψ) was the
only behavioral property assessed under LD conditions. During entrainment to LD 12:12, the
onset of activity for a given cycle was identified as the first bin during which an animal attained
10% of peak running-wheel revolutions (i.e., intensity). To measure Ψ during entrainment to
LD 12:12, least squares analyses was used to establish a regression line through the daily onsets
of activity during the period of entrainment (30 days), and then the number of minutes before
(positive) or after (negative) the time of lights-off in the LD cycle (1800 hr) was determined
for each animal. For each animal, the steady-state period (τ) of the activity rhythm in DD was
determined by χ2 periodogram and fast Fourier transform. The following parameters of wheel-
running behavior were also evaluated during exposure to DD: total wheel revolutions per day,
duration of the active period, number of activity bouts per day, bout duration, and number of
wheel revolutions per bout (size). Total daily activity was calculated by averaging the number
of wheel revolutions per 24 hr over the 30-day interval of analysis. For a given cycle in DD,
the daily onset of activity was determined as described above, and the activity offset was
defined as the last bin during which 5% maximal intensity was achieved. Activity duration
(α) was then determined by measuring the time interval between the daily activity onsets and
offsets. An activity bout was defined as a period during which wheel-running activity never
dropped to <10 counts/bin for >20 min. These criteria for bout threshold and maximum
intrabout interval were used to determine the number of activity bouts per day as well as bout
duration and size. Statistical analyses were performed on the raw data using a one-way ANOVA
to determine the significance of treatment effects on circadian properties and quantitative
parameters of the activity rhythm, and Newman-Keuls post hoc analyses were applied if
necessary. In addition, the relation between the BACs of individual animals and alcohol-
induced changes in circadian properties and quantitative parameters of wheel-running activity
in the group were assessed via Pearson correlational analysis.

RESULTS
Blood Alcohol Concentration

The administration of 4.5 g/kg/day alcohol in 2 consecutive feedings of the 12 daily feedings
resulted in peak BACs on PD 6 ranging from 268.7 to 387.5 mg/dl (or 0.269–0.388%). The
mean peak BAC (± SEM) was 308.1 ± 13.4 mg/dl. These BACs are similar to those established
in previous studies using the same alcohol dosage (Napper and West, 1995).

Entrainment and Circadian Properties of Wheel-Running Behavior
During exposure to LD 12:12, entrainment of the activity rhythm was observed in all control
and EtOH animals. Representative actograms of animals from all three treatment groups are
shown in Fig. 1A. SC and GC rats showed similar patterns of entrainment in which their daily
onsets of activity occurred shortly after lights-off (Fig. 1A). In the SC and GC groups, the
average phase angle (Ψ) between the daily onset of activity and the offset of the photoperiod
was −10.90 ± 8.88 and −1.30 ± 4.90 min, respectively (Fig. 1B). In contrast, the activity rhythms
of EtOH-treated rats were distinguished by an altered phase angle of entrainment to LD 12:12
such that their daily onsets of activity were advanced and occurred at earlier times relative to
control animals, commencing up to 80–120 min before lights-off for some animals. In the EtOH
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group, the average Ψ between activity onsets and lights-off was +23.6 ± 10.9 min and was
significantly different [F(2,33) = 4.28; p < 0.05] from that observed in control animals.
Moreover, the degree to which the phase angle of entrainment was advanced in individual
EtOH-exposed animals was positively correlated with their BAC (r = +0.954). In addition to
the earlier onset of daily activity, EtOH-exposed animals showed unstable patterns of
entrainment to LD 12:12 as indicated by high variability in the timing of their activity onsets
between successive days. During exposure to LD 12:12, the activity onsets in individual EtOH-
treated rats occurred at (earlier or later) times that differed on average by 87 min from the
preceding day, whereas the average day-to-day variability in activity onset times of control
animals was only 21–26 min (Fig. 1C). The absolute day-to-day variation in the onsets of
activity in EtOH-exposed animals was significantly greater [F(2,21) = 60.41; p < 0.01] than
that observed in both control groups.

During exposure to DD, all animals showed free-running rhythms of wheel-running behavior
(Fig. 2A). The circadian period of the activity rhythm in EtOH-exposed rats (mean τ = 23.64
± 0.13 hr) was significantly shorter than that observed in SC and GC controls [mean τ = 24.16
± 0.11 and 24.13 ± 0.11 hr, respectively; (F[2,21] = 6.29; p < 0.05)] (Fig. 2B). This alcohol-
induced decrease in the circadian period of individual EtOH rats was strongly correlated with
their BACs (r = −0.982) such that the periodicity of the activity rhythm was shorter in those
exposed to higher alcohol levels. In conjunction with this decrease in the period of circadian
behavior, EtOH treatment had a stimulatory effect on overall levels of wheel-running activity.
Total wheel revolutions per day were significantly greater in EtOH rats than in SC animals
[F(2,21) = 3.63; p < 0.05] (Fig. 3A). Although neonatal alcohol exposure has been shown to
disrupt general motor coordination in rats (Thomas et al., 1998,2003), the elevated wheel-
running activity in EtOH-treated rats indicates that this treatment did not produce any major
motor deficits that compromised their ability to run on the wheels.

Neonatal alcohol exposure also had distinctive effects on the temporal distribution of wheel-
running activity. The duration of the active phase (α) was significantly greater in the EtOH
group than in SC and GC groups [F(2,21) = 13.54; p < 0.01]. EtOH-exposed rats were marked
by an increase of ≈1 hr in the duration of α (mean: 10.87 ± 0.27 hr compared with 9.29 ± 0.22
hr for SC animals and 9.47 ± 0.21 hr for GC animals) (Fig. 3B). Early postnatal alcohol
treatment also had a significant effect [F(2,21) = 5.82; p < 0.05] in increasing the number of
bouts per day relative to that observed in both control groups (Fig. 3C). However, these changes
in activity duration and the number of bouts per day were not correlated with the BACs
observed in individual animals (r = −0.018 and r = +0.142, respectively). Other comparisons
of activity bout parameters revealed trends in which bout duration was decreased, whereas the
number of activity counts per bout or bout size was elevated and more variable in EtOH animals
relative to controls. As a collective result of the increased activity duration, increased number
of activity bouts, and decreased bout duration, wheel-running activity in EtOH-treated animals
was differentially fragmented across the course of the circadian cycle with more frequent
intervening “rest” periods.

DISCUSSION
The present findings demonstrate that alcohol exposure during a critical period of central
nervous system development has long-term neurobehavioral consequences with regard to the
regulation of rat wheel-running activity. After early postnatal exposure to alcohol, adult rats
displayed permanent alterations in the total amount, temporal distribution, light-dark
entrainment, and circadian regulation of wheel-running behavior. In EtOH-exposed rats,
entrainment of the rhythm in wheel-running activity to LD 12:12 was altered such that the
timing of their daily onsets of nocturnal activity was highly variable from cycle to cycle and
earlier in comparison with control animals. Because steady-state entrainment to light-dark
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cycles is determined by both the circadian period and phase-shifting properties of the
underlying clock mechanism (for review, see Johnson et al., 2003; Pittendrigh and Daan,
1976a), the positive phase angle or advanced activity onsets in the EtOH group during
photoentrainment is probably related to the shortened free-running period of the activity rhythm
observed in these animals. Given that the endogenous period of the clock mechanism in the
EtOH group is shorter than the 24-hr periodicity of the light-dark cycle, circadian
photoentrainment requires the daily induction of small phase delays to “correct” this difference
between intrinsic and environmental cycles. In contrast to EtOH-exposed rats, daily phase
advances are needed for entrainment in both control groups because the circadian period of
their free-running rhythms is longer than that of the LD 12:12 cycle. Consistent with the phase
response curves to light (Pittendrigh and Daan, 1976a; Summer et al., 1984), the appropriate
phase adjustments in each cycle are differentially obtained in EtOH animals by aligning the
end of the light phase with the early subjective night (i.e., interval immediately after the onset
of activity) and in both control groups by situating the onset of the light phase so as to coincide
with the late subjective night. EtOH-induced changes in the phase-shifting responses of the
clock mechanism to light may similarly contribute to the altered patterns of photic entrainment
in these animals. This possibility is supported by recent observations indicating that exposure
to alcohol in utero or during the early postnatal period produces long-term alterations in the
phase-shifting effects of light on rat circadian rhythms (Farnell et al., 2004a; Sei et al., 2003).
Collectively, these findings provide evidence that alcohol exposure during early brain
development induces long-term perturbations in fundamental properties of the rat circadian
system, including its free-running period, photic entrainment, and phase-shifting responses to
light.

The precise mechanism by which developmental alcohol exposure alters the photic entrainment
and circadian period of the rat activity rhythm is currently unknown. However, these long-term
perturbations in the photoentrainment and circadian regulation of rat wheel-running behavior
presumably reflect EtOH-induced damage to the circadian clock in the SCN and/or the neural
pathway responsible for the communication of entraining light signals to the SCN. Similar to
the deficits in motor coordination that have been linked to cerebellar Purkinje cell loss after
neonatal alcohol exposure (Thomas et al., 1996, 1998), alcohol-induced cell loss in the SCN
may contribute to the observed alterations in the rhythm of wheel-running activity. In this
regard, it is noteworthy that the effects of neonatal alcohol treatment in shortening the free-
running period of the clock mechanism and in shifting the daily onsets of activity to earlier
times than normal during entrainment to light-dark cycles are similar to those observed after
partial destruction of the SCN (Pickard and Turek, 1985). Indeed, the possible role of EtOH-
induced cell loss in the observed changes in the photic and circadian regulation of the rat activity
rhythm is supported by our previous finding that early postnatal alcohol exposure causes a
significant reduction in SCN neuronal density relative to SCs (Farnell et al., 2004a). The
functional effects of EtOH-related structural damage may occur as a consequence of changes
in intranuclear synaptic connections that serve to couple multiple oscillators within the SCN
because the free-running period of circadian rhythms and their phase-shifting responses to light
are dependent on this fundamental property of clocks derived from populations of cell-
autonomous oscillators (for review, see Michel and Colwell, 2001; Pittendrigh and Daan,
1976b).

Alternatively, the changes in the circadian properties of the activity rhythm in EtOH-treated
animals may stem from damage to the circadian timekeeping mechanism and/or critical output
signals of the SCN clock that regulate overt rhythmicity. The possible impact of developmental
alcohol exposure on molecular components of the SCN clock mechanism is supported by our
preliminary findings that the circadian rhythms of Per2 and Cry1 mRNA expression in the rat
SCN are altered in adult rats exposed to alcohol during the early postnatal period (Farnell et
al., 2004b). SCN output signals have been identified as potential targets for the long-term
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effects of alcohol exposure during early brain development in a recent study demonstrating
that the rhythm in SCN content of brain-derived neurotrophic factor is abolished in adult rats
subjected to neonatal alcohol treatment (Allen et al., 2004). Neonatal alcohol exposure may
also affect the photoentrainment properties of circadian rhythms by permanently altering key
elements of pathways that mediate the communication of light input to the SCN such as the
presumptive photopigment, melanopsin, and the neurochemical signals glutamate and pituitary
adenylate cyclase–activating polypeptide (De Vries et al., 1993; Ding et al., 1994; Hannibal,
2002; Harrington et al., 1999; Hattar et al., 2002; Meijer et al., 1988; Ruby et al., 2002; van
den Pol, 1993). Further analysis is necessary to fully identify the long-term effects of
developmental alcohol exposure on circadian timekeeping and elucidate the basic mechanisms
underlying this alcohol-induced brain injury.

Detailed analysis of quantitative parameters of wheel-running behavior in DD revealed that
the duration of the active phase, fragmentation of activity across the circadian cycle, and total
amount of daily activity were increased in EtOH-treated rats. This EtOH-induced elevation in
levels of wheel-running activity is consistent with previous observations demonstrating that
rats exposed to alcohol during the neonatal period exhibit heightened ambulatory activity (i.e.,
hyperactivity) in open-field behavioral tests (Kelly et al., 1987b; Thomas et al., 2003). It is
also noteworthy that the inverse relationship between this increase in daily wheel-running
activity and decrease in circadian period observed in EtOH-exposed animals concurs with
evidence from other studies indicating that fundamental clock properties such as period and
phase-shifting responses are regulated by the state of behavioral arousal through feedback
mechanisms (Turek, 1989). The biochemical identity of the signal mediating this activity-
dependent feedback on the clock mechanism is presently unknown. However, serotonergic
(Mistlberger et al., 1998; Shiori et al., 1991) and dopaminergic (Isobe and Nishino, 2001) inputs
to the SCN have been implicated in the regulation of activity-dependent changes in free-
running period. The SCN is innervated by a dense plexus of serotonin and dopamine fibers
that arise, respectively, from the midbrain raphe nucleus and ventral tegmental area (Meyer–
Bernstein and Morin, 1996; van den Pol and Tsujimoto, 1985). Because activation and/or
metabolism of these neurotransmitter systems in the brain are vulnerable to EtOH-induced
insults during development (Choong and Shen, 2004; Sari and Zhou, 2004), impairment of
serotonin and/or dopamine input to the SCN may contribute to the effects of early postnatal
alcohol exposure on behavioral activity and its feedback regulation of circadian clock
properties.

On the basis of the collective observations derived from this and other studies, there is now
substantial evidence indicating that developmental alcohol exposure permanently alters the
circadian clock in the SCN and its regulation of overt behavioral and physiological rhythms.
Exposure to alcohol during the prenatal or early postnatal period has been shown to induce
long-term changes in endogenous oscillations in the SCN (Allen et al., 2004; Farnell et al.,
2004b; Lund et al., 2004), circadian entrainment to light-dark cycles (Sei et al., 2003), and
fundamental properties of the circadian clock mechanism such as its free-running period and
phase-shifting responses to light (Farnell et al., 2004a). Although information on the long-term
behavioral consequences of developmental alcohol exposure is limited, these permanent
alcohol-induced alterations in circadian timekeeping function pose a striking parallel to some
of the disturbances associated with fetal alcohol syndrome. Circadian rhythm abnormalities
like those observed after developmental alcohol exposure have been associated with bipolar
affective disorder (i.e., manic-depressive illness) (Moore, 1991; Schwartz, 1993) and
depression, both of which are behavioral manifestations of fetal alcohol syndrome (Sher,
2004). Although sleep was not examined in this study, changes in the activity patterns of EtOH-
exposed rats with regard to their phase angle during photic entrainment and fragmentation over
the circadian cycle also mirror clinical sleep-wake disturbances observed in human neonates,
children, and adolescents after prenatal exposure to alcohol (Rosett et al., 1979; Smith and
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Eckardt, 1991; Steinhausen and Spohr, 1998; Steinhausen et al., 1993). Consequently, these
permanent alcohol-related alterations in circadian timekeeping may provide a useful index or
marker for the long-term neurobehavioral effects of fetal alcohol syndrome and fetal alcohol
spectrum disorders (Chudley et al., 2005; Hoyme et al., 2005). Finally, research on how the
SCN and its regulation of circadian behavior are affected by developmental alcohol exposure
could yield important insight into the basic mechanisms by which alcohol-induced injury
during rapid brain growth produces permanent behavioral deficits.
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Fig. 1.
Effects of early postnatal alcohol exposure on the light-dark entrainment of the rhythm in
wheel-running activity. (A) Representative activity records of three adult male rats from the
SC, GC, and EtOH groups during entrainment to LD 12:12. Actograms are double-plotted over
a 48-hr period. The closed bars at the top and shading on the records signify the timing of the
dark phase in the LD 12:12 cycle. (B) During LD 12:12 entrainment, the phase angle between
activity onsets and lights-off in EtOH rats (n = 12) was significantly different (*p < 0.05) from
that observed in the SC and GC groups (@ n = 12). Bars represent the mean (±SEM) phase
angle of entrainment (ψ) to LD 12:12 in minutes. Negative values indicate that daily onsets of
activity occur after lights-off, whereas positive values denote that activity onsets precede the
end of the light phase. (C) The absolute day-to-day variability in onsets of activity was
significantly greater in EtOH rats (*p < 0.01) than in SC and GC animals. Absolute differences
in the timing of activity onsets on successive days were analyzed in individual animals, and
bars represent mean (± SEM) determinations in minutes.
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Fig. 2.
Effects of early postnatal alcohol exposure on the circadian period (τ) of rat rhythm in wheel-
running activity. (A) Representative activity records of three adult male rats from the SC, GC,
and EtOH groups that were maintained under free-running conditions in DD. Actograms are
double-plotted over a 48-hr period, and determinations of circadian period by χ2 periodogram
and fast Fourier transform are indicated at the bottom of each record. (B) The circadian period
of the activity rhythm in the EtOH group (n = 8) was significantly shorter (*p < 0.05) than that
found in SC and GC animals (@ n = 8). Bars represent the mean (±SEM) circadian period (τ)
of the activity rhythm in hours.
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Fig. 3.
Quantitative parameters of wheel-running activity in SC (open bar), GC (shaded bar), and
EtOH (solid bar) rats during exposure to DD. Bars represent the mean (± SEM) values for (A)
total wheel revolutions per day, (B) duration of the active phase, (C) number of activity bouts
per day, (D) duration of activity bouts, and (E) bout size expressed as the number of wheel
revolutions per bout. Total daily activity was significantly increased (†p < 0.05) relative to that
found only in the SC group. The duration of the active phase and the number of activity bouts
per day were significantly greater (*p < 0.05; **p < 0.01) in EtOH rats (n = 8) than in both SC
and GC animals (@ n = 8).
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