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Abstract

To investigate alcohol dependency and the potential role of age of initial alcohol consumption,

Long-Evans (LE) rats were fed an ethanol-containing liquid diet starting at postnatal (P) ages

(days): P23-27 (juvenile), P35-45 (adolescent) or P65-97 (young adult). Severity of subsequent

withdrawal symptoms was dependent on age when consumption began and on duration of alcohol

consumption. Frequency of withdrawal seizures was highest for rats starting consumption as

juveniles, intermediate for adolescents and lowest for adults. Normalized to body weight, alcohol

consumption was significantly higher for adolescent and juvenile rats than for adults. Sprague-

Dawley rats that began alcohol consumption as adolescents (P35) had a level of alcohol

consumption identical to that of the adolescent LE rats but showed much lower frequency of

withdrawal seizures when tested after 2, 3 and 5 weeks of alcohol consumption. Based on several

indicators, the capacity of the juveniles to metabolize ethanol is equal to or exceeds that of adults.

Recoveries from a single dose of ethanol (2.5g ethanol/kg body weight) were faster for juvenile

LE rats than adults. The rate of decline in blood ethanol concentration was identical for juvenile

and adult rats while the corrected ethanol elimination rate was higher for juveniles. The primary

isozyme of alcohol dehydrogenase (ADH) in rat liver, ADH-3, had a similar Km and higher

activity in liver preparations from juveniles. In conclusion, LE rats beginning alcohol consumption

as juveniles or adolescents develop a severe alcohol withdrawal syndrome that may not be

attributed entirely to higher levels of consumption and was not explained by any obvious

deficiencies in metabolism.
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Introduction

Specific components of human alcohol abuse can be demonstrated in animals (reviewed in

Crabbe et al., 1994; Becker, 2000). As a gauge of alcohol dependency in animal models, the

severity of alcohol withdrawal symptoms can be assessed when alcohol exposure is abruptly

terminated (e.g., Goldstein, 1972; Majchrowicz, 1975; 1981; Crabbe et al., 1991; Metten and

Crabbe, 1996; Becker et al., 1997; Finn and Crabbe, 1997; Becker, 2000). Among severe

withdrawal symptoms in humans, convulsive seizures are potentially lethal and occur in up

to 15% of chronic alcoholics (Booth and Blow, 1993).

The frequency with which human alcohol consumption begins during and before

adolescence has led to increased interest in studying the effects of alcohol on juvenile

animals (reviewed by Witt, 1994; Spear, 2000; Hiller-Sturmhöfel and Swartzwelder, 2004;

Spear and Varlinskaya, 2005; White and Swartzwelder, 2005). With a number of interesting

parallels to adolescent humans, adolescent rats can serve as a model for studying effects of

alcohol on the immature brain (reviewed by Spear, 2000). Important differences have

emerged in comparing the acute effects of alcohol in adolescent and adult rats. Adolescent

rats were more sensitive than adults to the effects of ethanol on memory processes and

associated hippocampal function (Swartzwelder et al., 1995; Markwiese et al., 1998; White

and Swartzwelder, 2005). In contrast, adolescent rats are less sensitive than adults to a

number of effects of ethanol that are seen as potential cues to moderate alcohol consumption

(reviewed in Spear and Varlinskaya, 2005). These include lessor sensitivities of adolescents

to the sedative effects of ethanol and to ethanol-induced motor impairment. In part, this

relative insensitivity has been associated with rapid development of acute tolerance during a

single ethanol challenge. Tendencies toward increased alcohol consumption and rapid

adaptation to the presence of ethanol could translate into a greater susceptibility to alcohol

dependency. It is of interest then that adolescent Sprague-Dawley (SD) rats showed less

signs of acute withdrawal following single sessions of alcohol exposure (Doremus et al.,

2003; Varlinskaya and Spear, 2004) and appeared to be less susceptible than adults to

induction of seizures during withdrawal from chronic alcohol (Acheson et al., 1999).

Comparisons among rodent strains and more direct selective breeding of new lines have

been useful approaches in moving towards understanding the genetics of alcohol abuse (e.g.,

Kosobud and Crabbe, 1986; Crabbe et al., 1985; 1991; 1994). During preliminary screening

of alcohol withdrawal symptoms, Long-Evans (LE) rats that began chronic alcohol

consumption at an early age (25-35 days old) showed more severe withdrawal symptoms

than either the more commonly used SD strain or LE rats that began alcohol consumption as

adults. The present study characterized the susceptibility of juvenile and adolescent LE rats

to the effects of chronic alcohol consumption and tested whether the difference in

withdrawal severity resulted from differences in ethanol consumption or deficiences in

ethanol metabolism.
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Materials and Methods

Animals

Male Long-Evans (LE) and Sprague-Dawley (SD) rats were obtained from Charles River

Laboratories (Wilmington MA; Raleigh NC) and used after 3-14 days of acclimation to our

animal facility. In addition, breeding pairs of LE rats (also obtained initially from Charles

River Laboratories) were maintained as an additional source of animals already acclimated

to our facility. Rats were maintained in a controlled temperature and humidity environment

with a light cycle from 0700 to 1900. In studies of chronic ethanol treatment, rats were

housed individually and fed for up to five weeks with a preformulated liquid diet (Lieber

and DeCarli, 1982; LD'82 Liquidiets, Bioserv Inc., Frenchtown NJ) that was presented in

feeding tubes (Bioserv Inc.). The diet was prepared and administered according to the

manufacturers specifications with a final ethanol concentration of 6.7% (v/v) achieved by

the end of the first week. Rats had unlimited access to the ethanol-containing diet and the

amount of diet consumed was recorded daily for each rat. Based on consumption of ethanol

diet the previous day, control rats were pair-fed an isocaloric ethanol-free formula (Bioserv

Inc.). Based on results of initial trials and the generally accepted developmental progression

for rats (Spear, 2000), rats were started on the liquid diets at one of three postnatal (P) ages

(days): P23 to 27 (juvenile), P35 to 45 (adolescent) and P65-97 (young adult). Although a

range of starting ages was used for each group, the administration period was as indicated.

So for three weeks of diet administration, a P25 rat was tested at P46 whereas a P35 rat was

tested at P56. Weights and average alcohol consumption were determined weekly. For

alcohol dehydrogenase studies, ethanol-naïve animals were sacrificed by decapitation, livers

and brains were removed by dissection and fractionated immediately or stored at −70°C

prior to use. All protocols involving rats were reviewed and approved by the Institutional

Animal Care and Use Committees of University of Rhode Island and/or Monmouth

University as prescribed in the Public Health Service Guide for Care and Use of Laboratory

Animals.

Alcohol withdrawal symptoms

Rats consumed the ethanol-containing diet for a period of 2, 3 or five weeks. Rats were

monitored for the appearance of specific ethanol withdrawal symptoms after being switched

from the ethanol-containing diet to the control formula (thereby affecting ethanol

withdrawal). Initial trials led to testing a single measure of withdrawal severity: frequency of

a stereotypic escalating response resulting from relatively mild handling and consisting of

hyperreflexia (frequently including vocalizations), induced running episodes and convulsive

seizures. These symptoms of alcohol withdrawal are well established for rats through the

work of Majchrowicz (1975; 1981). Testing began with routine sensory stimuli associated

with removing the cage from the rack and mild handling (rats were picked up by the tail and

returned to the cage). The frequency with which seizures resulted from handling in this

matter was calculated for each age group. A rat was scored as showing this withdrawal

symptom only if it went through the full escalating response ending in a seizure and, thus, it

is frequency of withdrawal seizures that is reported (see Figure 1). It should be emphasized

that this study is focused on a single measure of alcohol withdrawal. A minimum of 4 hours

of alcohol withdrawal occurred before testing began and handling occurred each hour
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thereafter until withdrawal symptoms were observed. For juvenile and adolescent rats, this

was between 4 and 6 hours. This withdrawal symptom was not observed in adults with

testing extended to 24 hours after withdrawal. The time when withdrawal symptoms might

occur depends more on when the individual rat had its last ‘drink’ than when the alcohol-

containing diet was removed. The latter represents the limit of minimum withdrawal time

but a given rat may not have consumed any of the diet for some period of time prior to

actual withdrawal. In addition, pair-fed control rats were handled and tested for each age

group to guard against the presence of any unusual seizure susceptibility that is independent

of alcohol consumption and withdrawal.

Injection of ethanol

Ethanol was administered as described by Lumeng et al. (1979) with minor modifications.

Juvenile (P23) and adult (P90) rats were given an intraperitoneal (i.p.) injection with a 20%

(v/v) solution of ethanol (2.5 g ethanol/kg of body weight) in sterile saline. Tail blood

samples were collected in heparinized capillary tubes at 30 min and again at additional 45

minute intervals following injection. A 20 μl sample of blood was drawn for each time point

after injection of ethanol.

Determination of blood ethanol concentration (BEC)

To analyze BEC, the micromethod of Roach and Creaven (1968) was used without

significant modification. Samples were analyzed for ethanol by gas chromatography (model

700 Capco Anaerobic Identification system, Sunnyvale, CA). The system included a thermal

conductivity-95 mA current detector and helium as the carrier gas (flow rate of 120 ml/min).

The temperature of the column and detector was 110°C while the injection port temperature

was 150°C. The glass capillary column was 6 ft × 1/4 inch (i.d.) and packed with 10% SP

1000 and 100/120 chromosorb W AW. Retention time for ethanol was 2 min under the

above conditions. The concentration of ethanol in the blood samples was calculated by

comparing the peak height with that of an ethanol standard. Additional determinations of

BEC were made using an enzymatic assay (NAD-ADH Assay Kit, Sigma Diagnostics, St.

Louis MO).

Intoxication scoring

Following injection with ethanol (see above), behavioral analysis was used to rate each rat

for signs of alcohol intoxication. At each time point before the tail blood sample was drawn,

each rat was scored for intoxication (Majchrowicz, 1975). According to Majchrowicz's

classifications, ethanol intoxication and the steps toward recovery following intoxication can

be categorized by degrees of severity from neutrality through sedation, ataxia 1, ataxia 2,

ataxia 3, loss of righting reflex (LRR), coma and death. No symptom more severe than LRR

was encountered with the dose used in this study. Therefore, the severity of ethanol

intoxication was scored: 5 for LRR (unable to right itself within 3 seconds of being placed

on its back), 4 for severe locomotor impairment (Majchrowicz's ataxia 3: broadly staggering

gait if moves forward at all, no elevation of abdomen and pelvis, heavy general sedation and

lethargy), 3 for intermediate locomotor impairment (Majchrowicz's ataxia 2: somewhat

staggering gait, some elevation of abdomen and pelvis when moving forward), 2 for mild
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locomotor impairment (Majchrowicz's ataxia 1: heavier sedation, sluggish and

uncoordinated but staggering gate not pronounced with sustained elevation of the abdomen

and pelvis when moving forward), 1 for sedation without motor impairment, and 0 for

neutrality (no sign of intoxication, normal body tone, startle reflex apparent). Five individual

investigator scores were used to assess each rat's behavior at each time point and used to

arrive at a composite intoxication score.

Alcohol dehydrogenase (ADH)

Alcohol dehydrogenase was enriched from liver and brain extracts using the method of

Dalziel (1961) with some modification. Rat livers and brains (stored at −70°C) were thawed,

cut into small pieces and homogenized in 10 volumes of 10 mM Tris/HCl (pH 7.0)

containing 0.5 mM dithiothreitol. The homogenates were centrifuged at 4°C at 10,400 xg for

1 hr and the supernatant was centrifuged at 85,000 xg for another hr. The supernatants were

collected for ammonium sulfate fractionation. Eighty percent of the enzyme is precipitated

between 0.5 and 0.67 ammonium sulfate saturation (Dalziel, 1961). Ammonium sulfate

(300g/l) was added to the supernatant with subsequent mixing at 4°C for 1 hr. After

centrifugation (20,000 xg for 30 min), ammonium sulfate (110g/liter) was added to the

supernatant. This was stirred for 1 hr and the suspension was centrifuged as before. The

resulting pale-red precipitate containing the enzyme was then resuspended in 3 ml of 10 mM

Tris buffer, pH 7.4, and desalted using a Bio Rad 10 DG desalting column. The enzyme

solutions were stored at −70°C and used for ADH activity and electrophoresis.

Measurement of ADH activity

The ADH activity was measured spectrophotometrically as described by Julia et al. (1987).

The absorbance change at 340 nm for NADH production was measured at 30°C in a Gilford

Response II spectrophotometer (Ciba Corning Diagnostics Corp., Oberlin, OH). The

activities of ADH isozymes from rat tissues were determined in 0.1M glycine/NaOH buffer

(pH 10.0) with coenzyme and different substrates: 4 mM NAD+ and 1 mM octanol,

respectively, for ADH-2, or 2.4 mM NAD+ and 33 mM ethanol, respectively, for ADH-3.

Enzyme activity was expressed as Units of activity (μmoles of NADH produced /min).

Kinetic constants for ADH-3 were estimated from a Lineweaver-Burk plot of activity

measured over a range of ethanol concentrations from 0.2 to 12.5 mM. Starch gel

electrophoresis using 2-buten-1-ol as the substrate for ADH activity staining was carried out

as described by Julia et al. (1987) but was used only to confirm the presence of ADH-2

and/or ADH-3 in the extracts.

Data Analysis

Comparisons among age groups and strains were evaluated by analysis of variance

(ANOVA) with Bonferonni post tests or where appropriate by repeated-measures ANOVA.

Significance was set at p<0.05.
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Results

Severity of withdrawal syndrome

Long-Evans rats showed marked differences in the frequency of severe ethanol withdrawal

symptoms as a function of the age at which alcohol consumption began and duration of

alcohol consumption (Figure 1). For rats that began consuming alcohol as juveniles (23-27

days old), 33% progressed through an escalating pattern of hyperreflexia, running episodes

and convulsive seizure during alcohol withdrawal after 2 weeks of alcohol consumption.

This seizure-frequency increased with length of time consuming the alcohol diet, reaching

nearly 100% after 5 weeks of alcohol consumption when consumption began as juveniles. In

addition, withdrawal seizures tended to be more severe after 5 weeks of alcohol

consumption with a mortality rate of 43% (13 out of 30) following prolonged convulsive

episodes. Rats beginning alcohol consumption as adolescents (35-45 days old) showed a

moderately high frequency of withdrawal seizures after 3 weeks and reached approximately

50% after consuming the ethanol diet for a total of 5 weeks. The severity of the convulsive

episodes was less with mortality reduced to 17% (5 out of 30) after completing five weeks

of the feeding paradigm. In sharp contrast to these results, LE rats beginning alcohol

consumption as young adults (65-97 days old) showed essentially no signs of alcohol

withdrawal following 5 weeks of alcohol consumption. Thus, there was an apparent

correlation between ethanol withdrawal severity and age of initial alcohol consumption in

these LE rats.

For comparison, age-matched pair-fed control rats were tested for all groups. The

stereotypic pattern of hyperreflexia, running episodes and convulsive seizures was not seen

in any pair-fed control rats at any age and thus was specific in this study to alcohol

consumption and withdrawal. This rules out a general sensitivity of this strain to convulsions

during handling or following administration of liquid diets. Also for comparison, one group

of adolescent (P35) Sprague-Dawley rats was tested. Subsequent withdrawal symptoms

were low with only 1 out of 12 rats showing the stereotypic alcohol withdrawal response

after 5 weeks of ethanol consumption. Thus, the sensitivity of LE rats to developing a strong

alcohol withdrawal syndrome when they begin alcohol consumption as adolescents is not a

characteristic of all adolescent rats.

Average alcohol consumptions differed significantly [F(3,34) = 23.41,p <0.001] among

groups with higher average alcohol consumption by younger rats when normalized to body

weight (Figure 2). Alcohol consumption by juvenile rats (P23-27) was significantly higher

than that of the P35-45 adolescent group (p<0.01) and than that of the P65-97 adult group

(p<0.001). Alcohol consumption by the adolescent group was also significantly higher than

that of the adults (p<0.01). In all three age groups, rats gained weight during the feeding

schedule (Table1). However, analysis of final weights showed significant differences with

ethanol-fed rats weighing up to 20% less than pair-fed controls (Table 1) at the end of the

five week period. The weight difference was significant within each age group (p<0.01 for

P25 LE, p<0.001 for P35 LE and P90 LE). Comparison of alcohol consumption by rats

starting alcohol consumption either as juveniles or as adults showed significant differences

between age groups [F (9,61) = 18.43, p<0.001] (Figure 3). Those that began alcohol

Chung et al. Page 6

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 August 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



consumption as juveniles consumed more diet normalized to body weight each week of the

5 week period.

Comparison of adolescent LE and SD rats showed nearly identical levels of average alcohol

consumption between the two strains (Figure 2). The SD strain showed weight gain

comparable to what was seen with the LE rats and, like LE, ethanol-fed SD rats weighed

significantly less (p<0.001) than the corresponding pair-fed controls (Table 1). Thus, in both

average alcohol consumption and weight gain, there was no significant difference between

the adolescents of the two strains. This is important because it contrasts sharply with the

marked difference in frequency of alcohol withdrawal seizures between the two strains

(Figure 1).

Ethanol elimination rates and recovery from intoxication

Following a single injection with ethanol, the blood ethanol concentration (BEC) of ethanol-

naïve adult LE rats (P90, mean weight = 349g) was significantly higher than that of

immature LE rats (P23, average weight = 50g) at all time points (p<0.01) (Figure 4).

Extrapolating to the y intercept of the regression lines for the decrease in BEC with time,

maximum BEC was significantly lower (p<0.005) for juveniles (285mg/dl) than for adults

(395mg/dl). The slopes of these regression lines were 67 mg/dl/hr for juveniles and 66

mg/dl/hr for adults indicating there was no significant difference in the rate of decrease of

BEC. However, accounting for the differences in mass and ethanol distribution (Widmark's

formula; Kalant, 1971), the corrected ethanol elimination rates were significantly higher

(p<0.01) for juveniles (587 mg/kg/hr) than adults (416 mg/kg/hr).

The severity of ethanol intoxication was scored for each rat prior to drawing blood samples

and averaged for each time point (Figure 5). Adult rats showed significantly more severe

intoxication responses than immature rats at each of the time points (p< 0.01 for all time

points). Adult rats required up to 255 minutes to recover to neutrality, compared to 165

minutes for juveniles. These results were consistent with the higher average BEC in adults

(Figure 4) and the faster corrected ethanol elimination rates in juveniles.

Comparison of ADH activity between juvenile and adult L/E rats

Liver ADH-3 activity (Table 2) was significantly higher (p<0.001) in juvenile LE rats

compared to their adult counterparts. Liver ADH-2 activity was also significantly higher

(P<0.001) in juveniles (Table 2). As expected, the brain ADH-2 activities of immature and

adult rats were very low (less than 10% of the liver activity) and there was no significant

difference between the two age groups (Table 2). Starch gel electrophoresis with activity

staining of ADH from brain and liver homogenates was used to verify the presence of

isozymes of ADH which had been operationally defined using different substrate specificity.

ADH from liver and brain of immature and adult rats had the same patterns in the starch gel

electrophoresis (data not shown). As expected, ADH-2 was detected as an anodic isoenzyme

in both brain and liver and ADH-3 was detected as a cathodic isoenzyme in liver but not

brain tissue. The Michaelis constants (Km values) from Lineweaver-Burk plots for ADH-3

were not significantly different for ADH-3 from juveniles (Km = 0.49 mM) and adults (Km
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= 0.51 mM). Thus, the difference in ADH-3 activities is most likely associated with the

amount of enzyme present rather than the kinetic properties of the enzyme.

Discussion

Cessation or reduction of alcohol consumption after periods of prolonged alcohol intake

results in an alcohol withdrawal syndrome in humans and other animals. Physical

withdrawal symptoms represent a gauge of the severity of alcohol dependency. Alcohol

withdrawal symptoms range from anxiety, mild tremors and hyperreflexia to severe

convulsions and seizures (Victor and Brausch, 1967; Goldstein, 1972; Majchrowicz, 1975;

1981; Ballenger and Post, 1978; Crabbe et al., 1991; Babor et al., 1992; Booth and Blow,

1993; Metten and Crabbe, 1996; Becker et al., 1997; Finn and Crabbe, 1997; Metten et al.,

1998; Becker, 2000). In general, the physical symptoms associated with alcohol withdrawal

reflect hyperexcitation in the central nervous system following chronic consumption of

alcohol. The physical symptoms associated with alcohol withdrawal are considered a potent

force in promoting further alcohol consumption (Becker et al., 1997) and thus it is of interest

to define any conditions or genetic factors associated with pronounced symptoms of alcohol

withdrawal (Crabbe et al., 1991).

The present study showed for alcohol withdrawal seizures such factors include the

developmental stage at which rats begin alcohol consumption. Given the relatively narrow

window through which sexual maturation occurs in rats (Spear, 2000), it is clear for the LE

strain that immature rats show a high frequency of alcohol withdrawal seizures that were not

seen when the rats begin alcohol consumption following sexual maturation as young adults.

There is a marked decrease in the severity of alcohol withdrawal symptoms that appears to

be correlated in the LE rats with the progression from juvenile to adolescent to adult in

terms of the age that alcohol consumption began. As a gauge of alcohol dependency,

differences in the frequency of withdrawal seizures when LE rats began alcohol

consumption as juveniles and adolescents were characterized by their overall severity

(mortality reached 42% after prolonged convulsive episodes), the ease with which they

could be triggered (mild handling), and the speed with which they developed. Withdrawal

symptoms began developing within two weeks for LE rats beginning consumption as

juveniles and within 3 weeks for those beginning consumption as adolescents. This was in

sharp contrast to rats that began consumption as adults and showed essentially no

withdrawal symptoms after five weeks of alcohol consumption. Although the adult LE rats

were resistant to alcohol dependency by the standard applied in this study, other approaches

have shown that a relatively severe alcohol withdrawal syndrome can be induced in adult LE

rats using ethanol vapor inhalation (Ruwe et al., 1986) which yielded BEC up to 400 mg/dl.

Liquid diets generally result in BEC below 200mg/dl (Gonzales et al., 1987; Gonzales et al.,

1991; Wang, Chung and Rhoads, unpublished results). Longer periods of ethanol

administration have been used in studying chronic effects of ethanol on adult LE rats

(Thinschmidt et al., 2003) and it appears that withdrawal symptoms can be elicited in adult

LE rats with significantly longer periods of chronic alcohol consumption (Chung, Wang and

Rhoads, unpublished) though these were much less severe than those reported here for LE

rats beginning consumption as juveniles or adolescents or for those induced using ethanol

vapor inhalation (Ruwe et al., 1986). Absence of seizures in any pair-fed control LE rats
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rules out any generalized seizure susceptibility independent of ethanol consumption and

withdrawal.

The relationship between the severity of withdrawal symptoms and BEC is relevant to

interpretation of the present results because immature rats consumed significantly more

ethanol, normalized to body weight, than the adults. On the most basic level, differences in

alcohol dependency at different ages could be explained by differences in alcohol

consumption or by deficiencies in alcohol metabolism or clearance. Spear and coworkers

have reported a tendency of immature rats to consume more liquids and food than their adult

counterparts (see Doremus et al., 2005). This is supported by the current study with

juveniles and adolescents consuming significantly more of the ethanol-containing diet and

thus consuming more ethanol. Monitoring consumption of the control diet helped confirm

that normalized to body weight more diet was being consumed by the immature animals,

presumably a reflection of the high caloric demands of relatively rapid periods of growth.

Followed over several weeks, the juvenile rats consistently consumed more diet and hence

more alcohol than their adult counterparts (Figure 3). Given the overall tendency of

immature rats to eat and drink more than their adult counterparts, the greater alcohol

consumption here is probably a secondary consequence of this more general tendency.

Nevertheless, this raises the question of whether the higher alcohol consumption may alone

explain the greater alcohol withdrawal syndrome. In relating alcohol consumption to

subsequent signs of dependency, the limited comparison betweeen adolescent LE and SD

rats is therefore crucial. Nearly identical levels of alcohol consumption (18 g ethanol/kg/

day) were observed with the two strains over the 5 week course of ethanol consumption with

alcohol consumption beginning as adolescents. However, SD rats that began alcohol

consumption as adolescents showed very low frequency of subsequent withdrawal seizures

compared to the LE strain. Thus, elevated consumption, which was identical between the

two strains, is not necessarily linked to withdrawal seizures when alcohol consumption

begins in adolescence. This implies that elevated consumption may not fully account for the

differences in withdrawal severity of LE rats when they begin consumption as juveniles or

adolescents when compared to the relative resistance of those that began consumption as

adults. That SD rats beginning alcohol consumption as adolescents did not show any

hightened withdrawal response is consistent with studies wherein there was no report of

unusual alcohol dependency using two-week-old SD rats (Sun et al., 1987). The extent of

strain specificity for this developmental stage-specific alcohol dependency requires more

study as does the underlying brain systems supporting this susceptibility.

If immature LE rats were deficient in some aspect of alcohol metabolism then actual ethanol

exposure might be even higher than expected. This was not the case. Ethanol metabolism

was assessed by both indirect and direct measures in a comparison of juvenile and adult rats.

Following a single injection of ethanol (2.5 g/kg), the corrected ethanol elimination rate of

immature rats was significantly higher than adult rats. It should be noted that the slope of the

line for the decrease in BEC with time was not different between the two age groups.

Therefore, the difference in ethanol elimination rate could be due to a difference in tissue

distribution of ethanol between the smaller immature and much larger adult rats.

Nevertheless, there was a good temporal correlation between BEC decline and recovery

from the intoxicating dose of ethanol with recovery faster in the immature rats than in their
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adult counterparts. Corrected elimination rates for LE rats are in reasonable agreement with

values reported by others for adolescent LE (Webb et al., 2002) and adult Sprague-Dawley

(Koivula & Lindros, 1975) rats. Direct measures of ADH activities in liver (which contains

ADH-2 and ADH-3 isoenzymes) of immature rats were significantly higher than those of

adult rats. Other studies have shown that ADH levels are fully developed by postnatal day

20-30 in other rat strains (Boleda et al., 1992; Horton & Mills, 1979; Lad et al., 1984) rats.

The ADH-2 isozyme cannot be saturated with short-chain alcohols (e.g., methanol, ethanol

and butanol) even at fairly high concentrations (Julia et al., 1987). Thus, it is the ADH-3

isozyme that it considered more important in ethanol elimination and it is significant that

ADH-3 activity was 44% higher in juvenile LE rat liver than in that of the adult liver. There

was no difference between the two age groups of LE rats in the low levels of ADH activity

detectable in brain (which contains only ADH-2). The Km values for liver ADH-3 showed

no difference between the two age groups, and the Km values were within the normal range

reported (0.10-1.96 mM) (Babor, 1992). The difference then in liver ADH enzyme activity

under Vmax conditions is most likely the result of higher enzyme content per mg protein

(Lad et al., 1984) in immature LE rats. Together, these results indicate there was no

deficiency in alcohol metabolism, and, if anything, a greater capacity to clear alcohol in the

juvenile LE rats. In general, studies of alcohol elimination and ADH activities in other

strains have indicated that adolescent rats have the same or higher levels of ethanol

metabolism compared to their adult counterparts (reviewed in Spear and Varlinskaya, 2005),

a conclusion that is supported by this study with LE rats. In a comparison of intoxication

(loss of righting reflex) and ethanol elimination rates between male and female P45 LE rats,

Webb et al. (2002) showed that LRR was induced in adolescent LE rats at a slightly higher

dose of ethanol (3 g/kg). They also reported ethanol elimination rates that support the

conclusion that there is no deficiency in ethanol metabolism in the less mature rats of this

strain.

Rats in each of the age groups gained weight while consuming the ethanol diet however they

weighed about 20% less on average than pair-fed controls. This was true for adults as well

as immature rats and for adolescents of both the LE and SD strains. Thus, it would not

appear to be a factor in the differences seen in appearance of alcohol withdrawal seizures.

The reduced weight gain of the ethanol-fed rats compared to the control rats agreed with the

findings of others (e.g., Gonzales et al., 1987; Gonzales et al., 1991). While the underlying

cause of weight differences in otherwise pair-fed rats is not known, it was eliminated within

two weeks of switching ethanol-fed rats to the control diet (Chung and Rhoads, unpublished

results) and appears to be fully reversible at this stage.

In conclusion, the availability of LE rats and the speed and severity with which alcohol

withdrawal symptoms appear in juvenile rats, make this an excellent model system both for

better understanding genetic factors associated with alcohol dependency and for identifying

the potentially unique risks associated with adolescent alcohol abuse.
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Figure 1.
Fequency of withdrawal seizures were determined to assess alcohol withdrawal severity in

rats fed alcohol as part of an ethanol-containing liquid diet starting at different postnatal

ages (P). After periods of 2, 3 or 5 weeks of alcohol consumption, ethanol consumption was

terminated and animals were assessed for escalating stereotypic pattern of induced

hyperreflexia, running episodes and convulsive seizures with relatively mild handling. Rats

began alcohol consumption within specific age ranges: P23-27 (N=30), P35-45 (N=30) and

P65-97 (N=15) and withdrawal severity was assessed after the specified number of weeks

consuming the ethanol-containing diet. For comparison, frequency of withdrawal seizures

was also determined for P35 SD rats (N=12).
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Figure 2.
Average alcohol consumption (g ethanol per day) was determined and normalized per body

weight (kg). Results are means±SEM and the age indicated represents the age at which the

rat cohort began alcohol consumption. *Alcohol consumption for adult LE rats was

significantly lower than that of LE juveniles (p<0.001) and LE adolescents (p<0.01). There

was no significant difference in consumption between adolescent LE rats and adolescent SD

rats.
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Figure 3.
Average alcohol consumption (g ethanol per day) was determined and normalized per body

weight (kg) for LE rats starting alcohol consumption at either P25 (circles) or P90 (squares).

Results are means±SEM (N=8-10). Time zero represents the day alcohol consumption began

and results are presented by week after alcohol consumption began. Rats that began

consumption at P25 had significantly higher (p<0.001) levels of normalized consumption at

each time point compared to the consumption of rats that began consumption at P90.
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Figure 4.
Mean blood ethanol concentrations (BEC) of ethanol-naïve juvenile (circles) and young

adult (squares) LE rats following a single injection with ethanol (2.5g/kg body weight, ip).

Blood was collected from the tail vein at various times after injection and analyzed by gas

chromatography to determine the ethanol concentration. Values represent the mean±SEM.

Juvenile rats (N=18) had significantly lower (p<0.01) BEC than the adults (N=12) at each

time point.
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Figure 5.
Mean intoxication scores of ethanol-naïve juvenile (circles) and young adult (squares) LE

rats after injection with ethanol (2.5g/kg body weight, ip). Values represent means±SEM.

Adults (N=12) had significantly higher (p<0.01) intoxication scores than juveniles (N=18) at

each time point.
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Table 1

Effects of chronic alcohol consumption on body weight

Body Weight (g)

Pair-fed Ethanol-fed

Strain, Age Initial Final Initial Final

LE, P25 59±3 164±9 61±4 138±5*

LE, P35 115±3 240±5 115±2 191±15*

LE, P90 344 ±17 509±25 350±12 422±14*

SD, P35 105±8 230±18 107±7 197±12*

Results are presented for one representative series of Long-Evans (LE) and one age of Sprague-Dawley (SD) rats weighed before (Initial) and then
after being maintained on an ethanol-containing diet (Ethanol-fed) or a control diet (Pair-fed) for 5 weeks. The postnatal (P) age (days) indicated is
the age at which the rats began consuming the ethanol-containing diet. Values are mean±SD (N=6).

*
Comparison of final weights between ethanol-fed and pair-fed rats showed that ethanol-fed rats in each age group weighed significantly less than

the corresponding pair-fed control rats (p<0.01 for P25 LE and p<0.001 for P35 LE, P90 LE and P35 SD).
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Table 2

Alcohol dehydrogenase activities in liver and brain

ADH Activities (U/mg protein) at Postnatal Age

Organ, Isozyme P25 LE P90 LE

Liver ADH-3 0.036 ± 0.001* 0.025 ± 0.002

Liver ADH-2 0.015 ± 0.001* 0.011 ± 0.001

Brain ADH-2 0.0026 ± 0.0002 0.0025 ± 0.0001

Liver and brain alcohol dehydrogenase (ADH) were determined using different substrates to distinguish ADH isozymes, ADH-2 and ADH-3.
Tissues were all from ethanol-naive Long-Evans rats at two postnatal ages, P25 (juvenile) and P90 (adult). Activity is expressed in Units (μmoles
NADH produced/min) and values presented are mean±SD (N=6).

*
Liver ADH-2 and ADH-3 were significantly greater (p<0.001) in liver preparations from P25 compared to P90 rats. There was no significant

difference in Brain ADH-2 levels.
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