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Abstract
In rats, neonatal alcohol (EtOH) exposure coinciding with the period of rapid brain growth produces
structural damage in some brain regions that often persists into adulthood and thus may have long-
term consequences in the neural regulation of behavior. Because recent findings indicate that the
circadian clock located in the rat suprachiasmatic nucleus is vulnerable to alcohol-induced insults
during development, the present study examined the long-term effects of neonatal alcohol exposure
on the photic regulation of circadian behavior in adult rats. Rat pups were exposed to alcohol (3.0,
4.5, or 6.0 g·kg-1·day-1) or isocaloric milk formula on postnatal days 4-9 using artificial-rearing
methods. At 2 months of age, animals were housed individually and circadian wheel-running
behavior was continuously analyzed to determine the effects of neonatal alcohol treatment on the
rate of reentrainment to a 6-h advance in the 12-h light:12-h dark photoperiod and the phase-shifting
properties of free-running rhythms in response to discrete light pulses on a background of constant
darkness. For all doses, neonatal alcohol exposure had a significant effect in reducing the time for
reentrainment such that EtOH-treated rats required four to five fewer days than control animals for
stable realignment of the activity rhythm to the shifted light-dark cycle. Coupled with the accelerated
rate of reentrainment, the amplitude of light-evoked phase delays at circadian time 14 and advances
at circadian time 22 in the 4.5 and 6.0 g·kg-1·day-1 EtOH groups was almost twofold greater than
that observed in control animals. The present observations indicate that the mechanisms by which
photic signals regulate circadian behavior are permanently altered following alcohol exposure during
the period of rapid brain development. These long-term alterations in the photic regulation of
circadian rhythms may account, at least partially, for some neurobehavioral consequences of prenatal
alcohol exposure in humans such as depression.
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1. Introduction
In humans, prenatal exposure to alcohol induces neurobehavioral deficits resulting from
damage to specific regions of the central nervous system (CNS). These alcohol-induced
changes in CNS structure and function are often permanent and thus have long-term
consequences for exposed individuals. Reductions in brain size (i.e., microencephaly) and in
the volume of various brain regions (e.g., the anterior cerebellum and corpus callosum) and
behavioral impairments (e.g., learning difficulties and attention deficits) have been observed
in offspring subjected to maternal alcohol consumption during pregnancy (Roebuck et al.,
1999). In rats, the brain growth spurt coinciding with the early postnatal period has been
identified as a critical temporal window for CNS vulnerability to the neurotoxic effects of
alcohol (Chen & West, 1999). Exposure to alcohol during the early postnatal period, which
corresponds to the third trimester equivalent in human brain development (Dobbing & Sands,
1979), produces a wide range of damaging effects on the rat 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 & West, 1990; Bonthius et al., 1992; 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 the hippocampus and
cerebellum, this alcohol-induced cellular damage is, respectively, accompanied by chronic
behavioral deficits in learning/memory and motor performance tasks (Goodlett et al., 1987,
1988; Kelly et al., 1988; Thomas et al., 1996, 1998). Consequently, studies using this or similar
animal models provide a unique opportunity to delineate the spectrum of developmental
alcohol-induced brain injury and dysfunction beyond reported clinical observations on deficits
found in affected offspring.

In this regard, recent investigations have revealed that the neural clock responsible for the
regulation of circadian or 24-h rhythms is a vulnerable target for alcohol-induced insult during
CNS development (Earnest et al., 2001). The internal biological clock responsible for the
regulation of mammalian circadian rhythms is located within the suprachiasmatic nucleus
(SCN) of the anterior hypothalamus (Moore, 1983). In addition to its endogenous timekeeping
function, the SCN mediates the synchronization or entrainment of circadian rhythms to light-
dark cycles so as to provide for their alignment with appropriate times of day. Photic signals
mediating circadian entrainment are transduced by the retina and communicated to the SCN
via the retinohypothalamic tract (RHT), a monosynaptic projection from a subpopulation of
retinal ganglion cells that terminate bilaterally within the ventrolateral subdivision of the
nucleus (Moore, 1983; Moore et al., 1995). Evidence for the vulnerability of the SCN-RHT
photoentrainment pathway to alcohol-induced damage during brain development has evolved
from studies demonstrating that prenatal or early postnatal exposure to alcohol permanently
alters the responses of rat circadian rhythms to light (Allen et al., in press; Farnell et al.,
2004a; Sei et al., 2003). In association with these alcohol-induced effects on the photic
regulation of circadian rhythms, we have shown that neonatal alcohol treatment disrupts
endogenous neurochemical rhythmicity in the SCN (Allen et al., 2004) and affects oscillations
in core molecular components of the SCN clockworks (Farnell et al., 2004b).

To determine whether neonatal alcohol exposure alters other aspects of the photic regulation
of circadian behavior, we first examined the long-term impact of this treatment on the rate of
reentrainment to an abrupt shift in the light-dark cycle. Specifically, rats were exposed to three
different doses of alcohol during the neonatal period and the circadian rhythm in wheel-running
behavior was assessed in adult rats for evidence of alcohol-induced changes in the time required
for reentrainment to a 6-h shift in the light-dark cycle. Entrainment is a fundamental property
of circadian clocks that provides for the temporal coordination of internal processes with
external environmental cycles (for review, see Johnson et al., 2003). Circadian
photoentrainment requires daily adjustments of the clock mechanism so that its endogenous
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period is equal to the length (usually 24 h) of the entraining light-dark cycle. These adjustments
are mediated through time-dependent phase shifts of the SCN clock mechanism. The phase of
free-running circadian rhythms is delayed or reset to a later time by a brief light exposure during
the early subjective night (i.e., coinciding with previous dark phase or the animal’s active
period), but is advanced to an earlier time when the same photic stimulus is administered during
the late subjective night. Because the time for reentrainment of circadian rhythms is largely
determined by the amplitude of their phase-shifting responses to light (Aschoff et al., 1975;
Pittendrigh & Daan, 1976), parallel analysis was conducted to determine whether neonatal
alcohol exposure also alters the phase-shifting responses of adult rats to light. Experiments
examined the dose-dependent effects of neonatal alcohol exposure on the phase shifts of the
activity rhythm in response to light pulses administered at three different times during the
circadian cycle. In control and alcohol-exposed rats, the phase-resetting actions of light were
analyzed at 6 h before (i.e., during the midsubjective day at circadian time [CT] 6), 2 h after
(i.e., during the early subjective night at CT 14), or 10 h after the onset of activity (i.e., during
the late subjective night at CT 22) because light exposure at these times, respectively, induces
no change, maximal delays, or maximal advances in the phase of the rat activity rhythm.
Perturbations in these fundamental properties of circadian rhythms and their photoentrainment
have been associated with sleep-wake disturbances, bipolar affective disorder (i.e., manic-
depressive illness), and depression (Moore, 1991a; Schwartz, 1993), all of which are behavioral
manifestations of prenatal alcohol exposure in humans (Sher, 2004). Thus, information from
this study may be valuable in both the identification and treatment of neurobehavioral
disturbances observed in human neonates, children, and adolescents following prenatal
exposure to alcohol (Rosett et al., 1979; Sher, 2004; Smith & Eckardt, 1991; Steinhausen &
Spohr, 1998; Steinhausen et al., 1993).

2. Methods
2.1. Subjects

The subjects were 106 male Sprague-Dawley rat pups derived from 25 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 (Albers, 1981; Albers et al., 1981; Morin et al., 1977). All animals were
born and reared in the vivarium at the Texas A&M University System Health Science Center
under a standard 12-h light:12-h dark photoperiod (LD 12:12; lights-on at 0600 h). 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, using cross-fostering procedures as necessary. On PD 4, the rat pups were
randomly assigned to one of five treatment groups: a suckle-control (SC) group (n = 20) and
four artificial-rearing treatment groups. The artificial-rearing groups received either alcohol
(EtOH) at 3.0 (EtOH3.0; n = 25), 4.5 (EtOH4.5; n = 19), or 6.0 (EtOH6.0; n = 20)
g·kg-1·day-1 or maltose-dextrin (gastrostomy control [GC]; n = 22) from PDs 4 through 9. The
University Laboratory Animal Care Committee at Texas A&M University approved the
procedures used in this study.

2.2. Artificial rearing
The artificial-rearing process has been described previously in detail (West, 1993). Briefly, on
PD 4, pups were anesthetized with isofluorane (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 PDs 4 to 9, gastrostomized pups were maintained in the artificial-
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rearing apparatus and received their daily nutritional requirements through formula (diet)-filled
syringes, which were operated by a timer-activated infusion pump (Model# 935 Harvard
Apparatus, Holliston, MA). The formula was provided daily in twelve 20-min fractions (i.e.,
every 2 h). Gastrostomized pups received either alcohol treatment or isocaloric maltose-dextrin
solution from PDs 4 to 9. On PD 10, artificially reared pups were fostered to a lactating dam
after their gastrostomy tubes had been cut and sealed. SC animals were maintained with
lactating dams and were 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. Identification of subjects from
different treatment groups was accomplished by subcutaneous implantation of each pup with
a coded microchip (Avid, Los Angeles, CA) on PD 10. Animals were weaned on PD 21 and
housed two to three per cage. After weaning, food and water were provided ad libitum for the
remainder of the experiment.

2.3. Drug administration
Beginning around midday of the LD 12:12 (1200 h) from PDs 4 to 9, alcohol solutions of 6.8%,
10.2%, or 13.6% (vol/vol) were administered to the EtOH groups through 2 of the daily 12
feedings to yield alcohol doses of 3.0, 4.5, or 6.0 g·kg-1·day-1, respectively. These doses of
alcohol and binge-like treatment regimen have been shown to consistently produce dose-
related, long-term neuroanatomical damage (Bonthius & West, 1988, 1990; Bonthius et al.,
1992; Chen et al., 1998, 1999; Livy et al., 2003). The GC group (0 g·kg-1·day-1 alcohol) was
given the appropriate concentration of isocaloric maltose-dextrin solution in place of alcohol.
All animals received regular formula diet during the 10 remaining daily feedings.

2.4. Blood alcohol concentration
Blood alcohol concentration (BAC) for all EtOH-treated pups was measured using a gas
chromatograph (Model# 3900, 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., 1987). 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.

2.5. Experimental protocol
At 2 months of age, animals (n = 106) 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 allowed to acclimate to their running-wheel apparatus and the baseline pattern
of behavioral activity was recorded for 21 days during entrainment to LD 12:12 (light period
from 0600 to 1800 h). For 49 of these animals, the light-dark cycle was abruptly phase advanced
by 6 h so that light onset and offset occurred at 2400 and 1200 h, respectively. Rats were
maintained in this shifted LD 12:12 cycle (light period from 2400 to 1200 h) for 6 weeks and
the time required for reentrainment of the activity rhythm to the new light-dark cycle was
determined. For the 57 remaining animals, the baseline analysis of wheel-running activity in
LD 12:12 (light period from 0600 to 1800 h) was followed by exposure to constant darkness
(DD) beginning at the offset of the light-dark cycle (1800 h). Upon establishment of a stable
free-running period (after ≈3 weeks in DD), animals were exposed to 15-min light pulses at
three different phases of the circadian cycle. Animals (n = 39) were exposed to light pulses
during the subjective night at CT 14 or CT 22 (i.e., 2 or 10 h after the onset activity) because
photic stimulation at these times, respectively, induces maximal phase delays or advances of
the rat activity rhythm (Summer et al., 1984). After light exposure, animals were allowed to
free-run in DD for at least 18 days and reestablish a stable free-running period before receiving
a second light pulse. Experiments were designed such that each animal received no more than
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two light pulses, one at CT 14 and the other at CT 22. In addition, light pulses were administered
to a separate group of animals (n = 18) during the subjective day at CT 6 (i.e., 6 h before activity
onset) on one to two occasions because illumination during this interval is known to elicit little
or no phase-shifting effect on the free-running rhythm of activity (Summer et al., 1984). Light
pulses (150-200 lx) were delivered by transferring the home cages of individual animals to a
ventilated, light-proof chamber. Phase-shifting analysis was performed on rats between 3 and
5 months of age. Animal care was performed at random times and experimental manipulations
in DD were accomplished using an infrared viewer (FJW Optical Systems, Palatine, IL).

2.6. Analysis of reentrainment and light-induced phase shifts of circadian behavior
Wheel-running activity was continuously recorded, summed, stored in 10-min bins, and
graphically depicted in actograms with a computer running ClockLab data-acquisition and
analysis software (ActiMetrics, Evanston, IL). The reentrainment of the rhythm in wheel-
running behavior was evaluated by determining the time (in days) required to return to the
same phase angle (Ψ) between lights-off and the daily onset of activity that was observed prior
to the 6-h advance in the light-dark cycle. 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 stable entrainment, least
squares analyses were used to establish a regression line through the daily onsets of activity
over a 15-day interval and then the number of minutes before (positive) or after (negative) the
time of lights-off in the light-dark cycle was determined for each animal. Following the advance
in the light-dark cycle, an animal was determined to have reentrained when the new Ψ
approximated its preshift value (±30 min) for 15 successive days. The first day of this interval
was then used to calculate the time between the advance in the light-dark cycle and stable
reentrainment of the activity rhythm. Statistical analyses were performed on the raw data using
a one-way analysis of variance to determine significance of treatment effects on reentrainment
of the activity rhythm, and Newman-Keuls post hoc analyses were applied if necessary.

Light-induced phase shifts (ΔΦ) of free-running activity rhythms in DD were measured using
methods similar to those established by Daan and Pittendrigh (1976). As described previously
(Farnell et al., 2004a), phase shifts were evaluated by using least squares analyses to establish
linear regressions through the activity onsets for 7-14 days before the pulse and through those
for an equivalent interval after subsequent reestablishment of a steady-state circadian period.
Initial activity onsets after a light pulse were not included in this analysis because they usually
reflect transient or non-steady-state cycles of the activity rhythm. For each phase shift,
amplitude was measured by subtracting the actual time of activity onset (at the first steady-
state intercept of the posttreatment regression line) from the predicted time of activity onset
(as projected by the pretreatment regression line). Thus, negative values denote phase delays
(-ΔΦ), whereas positive values indicate phase advances (+ΔΦ). Shifts in the circadian phase
of the activity rhythm were independently assessed by two experienced individuals without
knowledge of treatment designation, and reported values reflect the averages of their
determinations. Analysis of phase-shifting responses to light pulses at CT 6 could not be
assessed on three occasions (two GC and one EtOH4.5) because of instability in the free-
running activity rhythms of these animals following light treatment. Statistical analyses were
performed on the raw data using a one-way analysis of variance to determine significance of
treatment effects upon light-induced phase shifts of the activity rhythm, and Newman-Keuls
post hoc analyses were applied if necessary.
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3. Results
3.1. Blood alcohol concentration

Three groups of EtOH animals were exposed to alcohol at doses of 3.0, 4.5, or 6.0
g·kg-1·day-1. Administration of alcohol in 2 consecutive feedings out of the 12 daily feedings
produced dose-dependent differences in peak BAC levels on PD 6 [F(2, 61) = 48.69; p < .01].
For alcohol doses of 3.0, 4.5, and 6.0 g·kg-1·day-1, the peak BACs (mean ± S.E.M.) were 126.0
± 4.8 (0.126%), 214.1 ± 6.1 (0.214%), and 257.6 ± 16.4 mg/dl (0.258%), respectively. These
BAC values are comparable to those established in previous studies using similar doses of
alcohol (Bonthius & West, 1988, 1990; Napper & West, 1995). It is noteworthy that the BAC
values produced by the low dose (3.0 g·kg-1·day-1) are close to the standard levels for legal
intoxication (0.08%) and that even the BACs established with the other doses are often
sustained by individuals who abuse alcohol (Urso et al., 1981).

3.2. Effects of neonatal alcohol exposure on reentrainment and light-induced phase shifts of
the rat activity rhythm

During the initial 21-day exposure to LD 12:12, entrainment of the activity rhythm was
observed in all animals. Actograms for representative animals from all treatment groups are
depicted in Fig. 1A. General differences were evident in the activity patterns of control and
EtOH rats during entrainment to the light-dark cycle. SC and GC animals entrained to LD
12:12 in a similar fashion such that their daily onsets of activity occurred around 5-15 min after
lights-off (1800 h). Similar to previous observations on the general effects of neonatal alcohol
exposure on circadian photoentrainment (Allen et al., in press), EtOH-treated rats were
distinguished by patterns of entrainment in which the daily wheel-running activity was initiated
at more variable and earlier times relative to control animals. In all three EtOH treatment
groups, the daily onsets of activity typically preceded the light-dark transition, although these
advances in the pattern of entrainment were more pronounced in EtOH4.5 rats. Following an
abrupt 6-h advance in the light-dark cycle, all control and EtOH-exposed animals (n = 49)
reentrained by gradually advancing the phase of their activity rhythms until the daily onsets of
activity were realigned with lights-off in a phase relationship similar to that observed prior to
the shift in the light-dark cycle. In SC and GC rats, this resetting of the activity rhythm to earlier
times occurred at a rate of approximately 30-50 min/day. The average times to realign the
activity onsets and reentrain to the shifted light-dark cycle were 11 ± 0.4 days for the SC group
and 9.6 ± 0.6 days for GC animals. In EtOH-treated animals, the phase advances of the activity
rhythm in response to new photoperiod were typically much larger and thus the time required
to complete reentrainment was significantly less than that observed in control animals [F(4,
44) = 10.00; p < .05]. In the EtOH3.0, EtOH4.5, and EtOH6.0 groups, the average times for
reentrainment of the activity rhythm were 7.5 ± 0.9, 6.1 ± 0.6, and 6.7 ± 0.7 days, respectively
(Fig. 1B). Similar to the pattern during the preshift interval, the activity onsets of animals in
the EtOH groups were generally marked by increased day-to-day variability and an advanced
phase angle so as to coincide with the latter portion of the light phase following stable
reentrainment to the new photoperiod.

Because the amplitude of the phase shifts induced by light is an important factor in the
reentrainment of circadian rhythms (Aschoff et al., 1975; Pittendrigh & Daan, 1976), we
examined the activity rhythms of adult rats subjected to neonatal alcohol treatment in separate
experiments for evidence of long-term alterations in their phase-shifting responses to light.
Based on our previous finding that light-induced phase advances and delays of the activity
rhythm are increased in EtOH-treated rats (Farnell et al., 2004a), these experiments were
conducted to compare the phase-shifting responses in control groups with rats that were
exposed to neonatal alcohol at the same doses used in our reentrainment study. During exposure
to DD, all animals (n = 57) showed stable free-running rhythms of wheel-running activity.
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Although precise determination was not feasible because of the light pulsing paradigm, the
free-running period of the activity rhythm tended to be shorter in EtOH-exposed rats than in
control animals. This general observation is consistent with our results demonstrating that
neonatal alcohol treatment produces decreases in the circadian period of the activity rhythm
in adult rats (Allen et al., in press). In both control and EtOH-exposed rats, 15-min light pulses
consistently induced phase delays at CT 14 and phase advances at CT 22, but failed to elicit
any appreciable change in the phase of the activity rhythm when administered during the
subjective day at CT 6. The direction and amplitude of the light-induced phase shifts in SC
and GC animals were comparable to those observed previously in Sprague-Dawley rats (Farnell
et al., 2004a; Summer et al., 1984), with average delays and advances of about 2 h in response
to light pulses administered during the subjective night (Fig. 2). SC rats exhibited light-induced
phase delays of -1.4 to -3.4 h at CT 14 (mean ΔΦ = -2.2 ± 0.2 h) and advances of +1.4 to 2.7
h at CT 22 (mean ΔΦ = +2.0 ± 0.2 h). In GC animals, light pulses produced phase delays and
advances ranging from -1.3 to 23.2 h (mean ΔΦ = -2.3 ± 0.2 h) and +1.5 to 2.5 h (mean ΔΦ =
+2.0 ± 0.2 h), respectively. Although neonatal exposure to the lowest dose of alcohol (EtOH3.0)
only had a minor impact on the amplitude of the light-induced phase shifts during the subjective
night (mean ΔΦ = -2.6 ± 0.2 h at CT 14 and + 2.3 ± 0.2 h at CT 22) relative to that found in
controls, animals in the EtOH4.5 and EtOH6.0 groups were distinguished by increased phase-
shifting responses to the same light stimulus. The mean phase delays at CT 14 in EtOH4.5 and
EtOH6.0 rats (mean ΔΦ = -3.8 ± 0.4 and -3.6 ± 0.3 h, respectively) were significantly greater
[F(4, 34) = 7.49; p < .05] than the light-induced shifts observed in the SC, GC, and EtOH3.0
groups at this CT. Likewise, EtOH4.5 and EtOH6.0 animals showed significant increases in
the amplitude of lightinduced phase advances at CT 22 (mean ΔΦ = +3.4 ± 0.2 and +3.2 ± 0.3
h, respectively) relative to both control groups and EtOH3.0 rats [F(4, 34) = 11.72; p < .01].
There were no treatment-related differences in the phase-shifting responses to light at CT 6
with all animals exhibiting negligible shifts that ranged from delays of -3 min to advances of
+12 min. In all control and EtOH-treated groups, two to three transient cycles were necessary
to complete light-induced phase delays whereas advancing shifts typically required four to
seven cycles before a new steady state was established in which the period of the activity rhythm
was stable and similar to that observed prior to the light pulse.

4. Discussion
The results of this study demonstrate that alcohol exposure during a critical period of CNS
development produces interconnected changes in the photic regulation of circadian behavior
in adult rats. Adult rats exposed to alcohol from PDs 4 to 9 required four to five fewer days
than control animals for reentrainment of the activity rhythm to an abrupt 6-h advance of the
light-dark cycle. The long-term impact of neonatal alcohol exposure on the rate of
reentrainment was coupled with its effects on the phase-shifting responses of the rat activity
rhythm to light. In rats exposed to alcohol at doses of 4.5 or 6.0 g·kg-1·day-1, the amplitude of
light-induced phase delays and advances during the subjective night was greatly increased
relative to that observed in controls and animals treated with a lower dose of alcohol. The
enhanced phase-shifting responses of alcohol-treated rats were comparable to those observed
previously when alcohol was administered during the same neonatal period at 4.5
g·kg-1·day-1 (Farnell et al., 2004a), suggesting that this alcohol dose consistently produces
BACs necessary for altering the mechanism by which light regulates the phase of circadian
rhythms. The observed dissociation between the impact of alcohol on the rate of reentrainment
to a shifted light-dark cycle, but not on light-induced phase shifts, in the 3.0 g·kg-1·day-1 EtOH
group suggests that neonatal alcohol exposure at a low dose may differentially affect the
regulation of these two circadian processes by light. Importantly, neonatal alcohol exposure
had no effect on phase-shifting responses to light during the midsubjective day; all control and
EtOH-treated groups showed no appreciable change in the phase of their activity rhythms when
exposed to a light pulse at CT 6, which corresponds to the “dead zone” of the phase response
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curve to light (Daan & Pittendrigh, 1976; Summer et al., 1984). This observation indicates that
neonatal alcohol exposure alters the amplitude, but not the time-dependent gating, of phase
shifts in the clock mechanism induced by nocturnal illumination. In addition to the link with
increased phase-shifting responses to light, the observed acceleration of the reentrainment
process may be related to the effects of alcohol on circadian period because alterations in this
fundamental property of the clock mechanism influence the time required for reentrainment
of the activity rhythm (Aschoff et al., 1975; Pittendrigh & Daan, 1976). Although stable free-
running period could not be determined in the present study because of experimental design,
recent findings indicate that neonatal alcohol exposure alters the free-running period of the
activity rhythm in adult rats (Allen et al., in press). In EtOH-exposed rats, the free-running
period of the activity rhythm was shorter relative to that found in control animals and consistent
with the present results, and accelerated reentrainment in response to an advance in the light-
dark cycle would be expected in association with this effect of neonatal alcohol exposure. Thus,
neonatal alcohol exposure has complementary effects on circadian period and phase-shifting
responses to light that may collectively serve to expedite the rate of reentrainment when the
light-dark cycle is advanced.

The specific mechanisms by which neonatal alcohol exposure permanently modulates
photoentrainment of circadian rhythms and their phase-shifting responses to light are unknown,
but presumably involve alcohol-induced changes in the development of the SCN and/or the
neural substrates responsible for conveying light information to the SCN. Because the brain
growth spurt in rats is marked by a series of critical neurodevelopmental events, including
cellular proliferation, accelerated synaptogenesis and myelination, the long-term functional
effects of neonatal alcohol exposure on the photic regulation of SCN circadian clock may result
from the disruption or abnormal progression of these processes. One possibility is that neonatal
alcohol exposure may alter the regulation of circadian rhythms by light-dark signals by
inducing cell loss in the developing SCN similar to the neurotoxic effects of EtOH on other
brain regions (Bonthius & West, 1990; Bonthius et al., 1992; Chen et al., 1998; Goodlett et al.,
1998; Ikonomidou et al., 2000). Indeed, neonatal exposure to alcohol at 4.5 g·kg-1·day-1 causes
a small, but significant, reduction in SCN neuronal density that may reflect changes in
intranuclear synaptic connections (Farnell et al., 2004a). Because the SCN clock consists of
an ensemble of cell-autonomous oscillators that are independently capable of generating
endogenous rhythmicity (Welsh et al., 1995), alcohol-induced alterations in synaptic
communication may perturb the coupling and synchronization of multiple oscillators and
thereby affect fundamental clock properties such as its regulation by light.

Another potential explanation for the altered rate of reentrainment and phase-shifting responses
to light in EtOH animals is that neonatal alcohol exposure may permanently impact upon
development of the visual system. Evidence for the effects of alcohol on the developing visual
system has emerged from studies demonstrating that perinatal alcohol exposure causes
hypoplasia and decreased myelination of optic nerve axons (Harris et al., 2000; Pinazo-Duran
et al., 1997). In addition, recent findings indicate that neonatal alcohol administration induces
apoptotic neurodegeneration of both retinal ganglion cells and neurons in brain regions
receiving visual system projections such as the lateral geniculate nucleus (Tenkova et al.,
2003). It is noteworthy that the alcohol treatment interval from PDs 4 to 9 was coincident with
critical period for the synaptogenesis of RHT projections to the SCN (Speh and Moore,
1993). However, it is unlikely that the observed effects of neonatal alcohol exposure on the
photic regulation of circadian behavior are caused by damage to retinal ganglion cells or optic
nerve fibers that form the RHT because these structural defects would be expected to decrease,
rather than increase, both the rate of reentrainment and phase-shifting responses to light in
EtOH animals. Instead, other neurodevelopmental changes in the RHT or its communication
of photic signals to the SCN may be responsible for these effects of neonatal alcohol exposure.
For example, alcohol exposure during the early postnatal period may permanently enhance
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clock responsiveness to photic signals by disrupting the latter stages of RHT development
during which retinal fiber projections to the SCN and surrounding hypothalamic regions are
normally pruned back between PD 6 and PD 10 (Moore, 1991b). If neonatal alcohol treatment
interferes with this remodeling process, then the resultant excess in RHT connections with
SCN neurons would presumably augment the communication of photic signals that mediate
the reentrainment and phase-shifting responses of circadian rhythms. Although retinofugal
projections to the SCN were not examined in this study, the possible influence of alcohol
exposure on RHT development and remodeling warrants further consideration because alcohol
exposure, albeit during the prenatal period, has been shown to inhibit the loss of unmyelinated
axons in the developing optic nerve and thereby increase their proportion relative to myelinated
fibers (Samorajski et al., 1986).

Alternatively or perhaps in conjunction with neuroanatomical changes in RHT development,
neonatal alcohol exposure may affect the rate of reentrainment and phase-shifting responses
to light by modulating neurochemical substrates responsible for the communication of
entraining light signals to the SCN (for review, see Hannibal, 2002; Meijer & Schwartz,
2003). The putative photopigment, melanopsin, and the neurotransmitters, glutamate and
pituitary adenylate cyclase-activating polypeptide (PACAP), are thought to mediate the
communication of light information to the SCN because (1) melanopsin is distinctly localized
in retinal ganglion cells that are endogenously responsive to light (Hattar et al., 2002); (2)
glutamate and PACAP have been identified as the principal neurotransmitters of the RHT (De
Vries et al., 1993; Hannibal et al., 2000; van den Pol, 1993); (3) transgenic deletion of genes
encoding melanopsin, PACAP, and PACAP receptors influences the phase-shifting responses
of the murine circadian clock to light (Colwell et al., 2004; Hannibal et al., 2001; Harmar et
al., 2002; Ruby et al., 2002); and (4) infusion of glutamate or PACAP into the SCN phase shifts
circadian rhythms in a manner comparable to light (Harrington et al., 1999; Meijer et al.,
1988). Thus, neonatal EtOH exposure may chronically increase both the entraining and phase-
shifting effects of light on the SCN clock by enhancing melanopsin-mediated
phototransduction or by potentiating glutamate and/or PACAP function in the communication
of photic signals to the SCN. Although the effects of alcohol on melanopsin expression and
on PACAP neurotransmission have not been assessed, glutamatergic input to the SCN is a
plausible target for alcohol-induced modulation because previous studies indicate that perinatal
alcohol exposure increases serum glutamate levels (Karl et al., 1995) and upregulates NMDA-
type glutamate receptors in some brain regions (Naassila & Daoust, 2002; Nixon et al.,
2002). Similarly, changes in the regulation of serotonin or gamma-aminobutyric acid (GABA)
neurotransmission with the SCN may play some role in the long-term effects of neonatal
alcohol exposure on the reentrainment and phase-resetting properties of the clock mechanism
because these neurotransmitter systems are involved in the photic regulation of circadian
rhythms (Cardinali & Golombek, 1998; Pickard & Rea, 1997; Rea et al., 1995; Smale et al.,
1990) and their functional regulation is vulnerable to EtOH-induced insult during development
(Ledig et al., 1988; Sari & Zhou, 2004).

The present data, coupled with previous findings (Allen et al., 2004, in press; Farnell et al.,
2004a, 2004b; Sei et al., 2003), provide clear evidence for the effects of developmental alcohol
exposure on circadian rhythms and their synchronization to light-dark signals. It remains to be
determined whether these abnormalities in the regulation of circadian rhythms contribute to
long-term neurobehavioral manifestations of fetal alcohol syndrome (FAS) and fetal alcohol
spectrum disorders (FASD) (Chudley et al., 2005; Hoyme et al., 2005). The enhanced rate of
reentrainment and increased phase-shifting responses to light in EtOH-treated subjects might
be first perceived as useful or at least inconsequential changes in circadian clock function.
However, these findings may have some detrimental implications in the behavioral correlates
of FAS and FASD especially when considered in relation to the recent finding that the
reentrainment and phase-shifting responses of another circadian rhythm, the oscillation in deep
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body temperature, are conversely affected in adult rats exposed to alcohol during brain
development (Sei et al., 2003). In contrast to our finding that the responses of the activity
rhythm to photic cues are permanently enhanced in EtOH-treated animals, the rhythm of deep
body temperature was marked by decreases in both the rate of reentrainment to an advance in
the light-dark cycle and the amplitude of light-induced phase shifts during the subjective night
following prenatal exposure to alcohol. This directional disparity in the effects of alcohol on
circadian responses to light may be simply related to differences in the timing of alcohol
treatment (i.e., postnatal vs. prenatal). Nevertheless, it is possible is that the effects of alcohol
exposure on resetting responses to photic signals may vary between different circadian rhythms
irrespective of the time of treatment during brain development. If developmental alcohol
exposure differentially affects the rhythms of wheel-running activity and deep body
temperature with regard to their resetting by photic signals, then internal desynchronization
between these and perhaps other circadian rhythms would be expected to temporarily occur in
EtOH-treated animals until reentrainment or phase-shifting responses are completed and a new
steady state is achieved. Such alterations in the phase relationships between various circadian
rhythms (e.g., sleep-wake cycle and oscillations in hormone levels) have been linked to bipolar
affective disorder and depression (Moore, 1991a; Wehr et al., 1983). Consequently,
disturbances in the photic regulation of circadian rhythms similar to those observed in this
study may represent important neurobehavioral consequences of human alcohol exposure in
utero that contribute to the incidence of affective disorders in FAS and FASD (Famy et al.,
1998).
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Fig. 1.
Effects of neonatal alcohol exposure on reentrainment of the rat activity rhythm to a shift in
the light-dark cycle. (A) Representative activity records of 5 adult rats from the suckle-control
(SC), gastrostomy control (GC), and three alcohol-treated groups (EtOH3.0, EtOH4.5,
EtOH6.0) maintained under 12-h light:12-h dark photoperiod (LD 12:12) conditions. On the
indicated day, the LD 12:12 cycle was abruptly shifted such that the timing of lights-on and
lights-off was advanced by 6 h. Actograms are double plotted over a 48-h 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) Rate of reentrainment in control (SC and GC) and alcohol-exposed (EtOH3.0,
EtOH4.5, EtOH6.0) rats to an abrupt shift in the light-dark cycle. Bars denote the mean
(+S.E.M.) number of days required for the activity rhythm to reentrain after the LD 12:12 cycle
was advanced by 6 h. The time for reentrainment to the shifted light-dark cycle in all three
EtOH-treated groups was significantly less (*p < .05) than that observed in SC and GC animals.
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Fig. 2.
Effects of neonatal alcohol exposure on the phase-shifting responses of the rat activity rhythm
to light at circadian time (CT) 6, 14, and 22. Mean (+S.E.M.) phase shift (ΔΦ) in hours of the
free-running rhythm of wheel-running behavior in suckle-control (SC), gastrostomy control
(GC), and EtOH-treated (EtOH3.0, EtOH4.5, EtOH6.0) rats maintained in constant darkness
and exposed to a 15-min light pulse at CT 6, 14, or 22. Phase delays are denoted by negative
values and advances are signified by positive values. Control and EtOH-treated groups
exhibited no significant differences in their phase-shifting responses to light at CT 6. Light-
induced phase delays at CT 14 and phase advances at CT 22 in the EtOH4.5 and EtOH6.0
groups were significantly greater (*p < .05; **p < .01) than those observed in the SC and GC
animals.
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