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LUMENG, L. AND T.-K. LI. 771¢, d(,vel~qmlent ~/'metabolic toleram'e in the ah'ohol-pr¢:/~,rrin~ P rats: Comparison ~/' 
fi~rced andJ?ee-choice drinking of ethanol. PHARMACOL BIOCHEM BEHAV 25(5) 1013-1020, 1986.--Experiments were 
performed to determine whether metabolic tolerance to alcohol develops in the alcohol-preferring P rats during free-choice 
drinking. In Experiment 1, alcohol elimination rates (AERs) in female Wistar and P rats were measured as a function of age 
from 26 to 180 days old. AERs calculated as mmol hr ~ per kg body weight fell with age, whereas AERs expressed as mmol 
hr ' per rat increased to reach a constant value after 60 days of age. These data indicate that the chronic effects of ethanol 
on AER are most easily interpreted if experiments are performed in animals 60 days of age or older and AERs are 
calculated as mmol hr ~ per rat. In Experiments 2 and 3, P female rats were exposed to alcohol for 6-7 weeks either by 
free-choice drinking or by forced feeding with liquid diets. With free-choice drinking of alcohol, solid food containing 31 
percent of the calories as protein, 10 percent ethanol (v/v) and water were made available ad lib. The liquid diets used for 
forced ethanol feeding were the Bio-Serv-711 diet, a protein-supplemented Bio-Serv-711 diet and the AIN diet and they 
contained 18, 32 and 22 percent calories as protein, respectively. When compared with pair-fed or ad lib controls, all the P 
rats exposed to alcohol by either free-choice or forced-feeding exhibited increased AERs (i.e., metabolic tolerance) after 
6-7 weeks. However, if AERs before and after alcohol exposure in the same animals were compared, a net increase in AER 
was evident only in the P rats on free-choice drinking or forced-fed diets which contained at least 22 percent protein. 
Alcohol consumption and blood alcohol concentrations of the P rats exhibited diurnal variation during free-choice drinking 
or when they were forced-fed alcohol diets which contained at least 22 percent protein. The high BACs attained in the P rats 
given the ethanol-containing Bio-Serv-711 diet, presumably because of the lower AERs under this condition, disrupted the 
diurnal cycling of alcohol ingestion and blood alcohol concentrations. The studies demonstrate that the P rats on chroinic 
free-choice drinking of alcohol develop metabolic tolerance to much the same degree as animals forced fed ethanol 
contained in liquid diets. Additionally, they demonstrate that, in animals fed ethanol-containing liquid diets, a net increase 
in AER after alcohol exposure is evident only if dietary protein constitutes at least 22 percent of the total calories. 

Ethanol Metabolic tolerance Alcohol-preferring P rats Alcohol elimination rate Alcohol dehydrogenase 

T H E  P (alcohol-preferr ing)  and NP  (a lcohol-nonpreferr ing)  
lines of  rats have been  raised by select ive breeding as an 
animal model  to invest igate the b iochemical ,  physiological  
and behavioral  concomi tan t s  o f  voluntary  alcohol consump-  
tion [7]. The P rats orally se l f -adminis ter  e thanol  solut ions 
(e.g. ,  10 percen t  v/v) when food and water  are freely avail- 
able and their  blood alcohol concen t ra t ions  rise to as high as 
218 mg percen t  during the dark cycle [18,30]. Recent  s tudies 
indicate that  blood alcohol concen t ra t ions  as low as 16 mg 
percent  are pharmacologica l ly  act ive in the P rats since they 
exhibit  a st imulation of  spon t aneous  motor  activity af ter  
given doses  of  e thanol  that  p roduce  peak blood alcohol con- 

cen t ra t ions  in the range of  16--70 mg percen t  [29]. The P but 
not the NP rats also se l f -adminis ter  e thanol  by the 
intragastr ic route in a f ree-choice  si tuation,  when food is 
available ad lib [27]. Thus ,  the post - inges t ive  effects  o f  
e thanol  is reinforcing.  We have also shown that ,  with 
chronic  f ree-choice  drinking, the P rats deve lop  physical  de- 
p en d en ce  as ev idenced  by signs of  wi thdrawal  when the 
alcohol solution is r emoved  [28]. 

The d e v e l o p m e n t  of  to lerance  to the effects  o f  e thanol  is a 
we l l -documented  c o n s e q u e n c e  of  chronic  exposu re  and its 
acquisi t ion with f ree-choice  drinking is a necessa ry  cri terion 
for an animal model  o f  a lcohol ism.  We have been  explor ing 
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T A B L E  1 

C O M P O S I T I O N  O F  D I E T S  

Protein Fats Carbohydrates Ethanol Total 

Bio-Serv-711 (BS-711) 
Control Kcal/ml 0.18 0.35 

%Kcal 18 35 
Ethanol KcalYml 0.18 0.35 

%Kcal 18 35 

Supplemented Bio-Serv-711 (SBS-711) 
Control KcalYml 0.39 0.35 

%Kcal 32 29 
Ethanol Kcal/ml 0.39 0.35 

%Kcal 32 29 

Wayne-Blox solid food (WB) 
Kcal/g 1.04 0.36 
%Kcal 31 11 

Bio-Serv-AlN-76 rAIN) 
Control Kcal/ml 0.22 0.115 

%Kcal 22 11.5 
Ethanol Kcal/ml 0.22 0.115 

%Kcal 22 11.5 

0.47 - -  1.00 
47 - -  - -  

0,11 0.36 1.00 
11 36 - -  

0.47 - -  1.21 
39 - -  - -  

• 1 1  .36 1.21 
10 29 - -  

1.99 - -  3.39 
58 - -  - -  

0.665 - -  1.00 
66.5 - -  - -  
0.31 0.355 1.00 

31 35.5 - -  
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GROWTH CURVES OF P AND WISTAR FEMALE RATS 
MAINTAINED ON COMMERCIAL SOLID RAT DIETS 
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FIG. I. Growth curves of a group of female Wistar rats and two 
groups of female P rats maintained on a commercial solid rat diet 
(Wayne-Blox). The coefficients of variation ranged from 2 to 7 per- 
cent. 

w h e t h e r  the  P rats  will deve l op  me tabo l i c  and  neu rona l  
to l e rance  to a lcohol  wi th  ch ron ic  f ree -choice  dr inking.  This  
r epor t  desc r ibes  s tudies  on the  d e v e l o p m e n t  of  me tabo l i c  
t o l e rance  as a resul t  of  ch ron ic  e thano l  in take.  We inc luded  
as pos i t ive  con t ro l s  in these  s tudies ,  P ra ts  tha t  were  forced-  
fed e thano l  i nco rpo ra t ed  into liquid diets .  Because  liquid 
diets  differ  in prote in  c o n t e n t  [12], we also e x a m i n e d  the 
effect  of  d i f ferent  diet  fo rmula t ions  on the d e v e l o p m e n t  of  
me tabo l i c  t o l e rance  and  on the  diurnal  var ia t ion  of  a lcohol  
inges t ion and  b lood a lcohol  c o n c e n t r a t i o n s .  

M E T H O D  

Anima l s  

Female  Wis ta r  and P rats  were housed  individual ly  in 
wi re -mesh  cages  and  in a con t ro l l ed  t empe ra tu r e  and  humid-  
ity e n v i r o n m e n t  with fixed l ight-dark cycles  (7 a .m.  to 7 
p .m. ,  light and 7 p .m.  to 7 a .m. ,  dark) .  The  Wis ta r  rats  were 
p u r c h a s e d  f rom Har lan  Indus t r ies ,  Indianapol i s ,  IN and  rats  
f rom the P line were  f rom the S-21 genera t ion  of  the  
a lcohol -pre fe r r ing  rats se lec t ive ly  bred in our  l abora tory ,  in 
E x p e r i m e n t  1. the g rowth  cu rves  and  a lcohol  e l imina t ion  
ra tes  (AERs)  of  2 g roups  of  P rats  and  a g roup  of  Wis ta r  rats  
( n - 6  per  group)  were mon i to r ed  as a func t ion  of  age (26 day 
old to 180 day old). The  mean  age of  the P rats  at the  start  of  
Expe r imen t  2 was 68+2  days  and  that  at the start  of  Exper i -  
men t  3 was 60_  + 1 days.  

Diets 

In E x p e r i m e n t  1. the  Wis ta r  and  P rats  af ter  wean ing  were  
given W a y n e - B l o x  food pel lets  and  wa te r  ad lib. 

In E x p e r i m e n t  2, the P rats  were  d iv ided into 6 g roups  
( n = 6  per  group)  and  g iven  dif ferent  feeding reg imens  for 7 
weeks .  The  first two groups  were  pair-fed the cont ro l  and  the 
e thanol  Bio-Serv-711 (BS-711) liquid diet  (Bio Serv,  Inc.+ 
F r e n c h t o w n ,  NJ).  The  BS-711 liquid diet  was  l b r m u l a t e d  
acco rd ing  to the  diet  compos i t i on  pub l i shed  by DeCarl i  and  
L e i b e r  in 1967 and  is s imilar  to the Le iber -DeCar l i  1982 reg- 
ular  l iquid diet  [12]. The  th i rd  and four th  g roups  were  also 
pair-fed but  the  cont ro l  and  e thano l  liquid diets  were the 
" s u p p l e m e n t e d  B i o - S e r v "  diet  (SBS-711) desc r ibed  by Rog- 
ers  et  al. [22]. The  s u p p l e m e n t a t i o n  cons i s t ed  o f  adding  
v i tamin- f ree  case in  and  zinc to the Bio-Serv-711 diet (Table  
I). The  fifth group was given W a y n e - B l o x  food pel lets  (WB) 
and wa te r  ad lib, and  the sixth group was g iven  ad lib 
W a y n e - B l o x  food pellet  and  the f ree-choice  dr inking  of  10 
pe rcen t  (v/v) e thanol  and water .  The  an imals  g iven  the liquid 
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A L C O H O L  E L I M I N A T I O N  R A T E  OF P AND V I ISTAR 
FEMALE R A T S  AS A F U N C T I O N  OF ,AGE 

5 
2_ 

E 
E 

E 
< 

2 .0  

1 .5  

~ .0  

/ 
/ 

I 
/ , * *  , 

/ 

I 0 
50 200 

g 

R 

~ )  P R A T S  (n=6/cJroup)  :i: 

I - I - - I ' - I  W ISTAR R A T S  (n=6)  

100 150 200 0 5Q lO0 I50 

~2 

> 
rn 

- 1 0  o 

- i  

= 

Z 
7 ~ © 

6 

A G E , d  

FIG. 2. Change in alcohol elimination rate (AER) of the P and Wistar rats as a 
function of age. AERs were expressed as either mmol hr ' per rat (left panel) or 
mmol hr ' per kg body weight (right panel). The coefficients of variation ranged 
from 1 to 11 percent. Values marked with an asterisk are not different from each 
other and are statistically different from those without an asterisk. 

T A B L E  2 

M E A N  D A I L Y  C A L O R I C  I N T A K E  I N  P R A T S  G I V E N  T H E  D I F F E R E N T  D I E T A R Y  R E G I M E N S  I N  E X P E R I M E N T  2 

Mean daily caloric intake per rat, Kcal/day 

Week 1 Week 3-4 

Total Pr Ethanol Total Pr Ethanol Total 

Week 7 

Pr Ethanol 

BS-711 (C) 50.0* 9.0* - -  51.7" 9.3* - -  58.6 10.6" - -  
BS-711 (E) 51.6" 9.3* 18.6 51.7" 9.3* 18.6 59.2 10.6" 21.3 
SBS-711 (C) 59.2 19.2 - -  59.4 19.2 - -  61.3 20.2 - -  
SBS-711 (E) 60.6 19.6 17.7 59.4 19.2 17.3 61.2 19.8 17.9¢ 
WB (C) 59.3 18.8 - -  60.2 19.1 - -  58.5 17.0 - -  
WB (Free-choice) 59.2 14.2 14.4t 60.4 14.2 16.4 59.4 14.0 15.1" 

*Significantly different from the SBS-711 (C), SBS-711 (E), WB (C) and WB (Free-choice) 
tSignificantly different from the BS-711 (E) diets (by analysis of variance). 
Abbreviations: Pr, protein; C, control; E, ethanol. 

diets (by analysis of variance). 

diets  were  acc l imated  to increasing concen t ra t ions  o f  e thanol  
in the diet in the manne r  sugges ted  by the manufac turer .  

In Exper imen t  3, the P rats were  separa ted  into four 
groups  (n=5 per  group).  The first two groups  were  pair-fed 
the contro l  and the e thanol -AIN liquid diet (Bio-Serv AIN-76 
diet) [16,21]. The third group was fed powdered  Wayne-Blox  
solid food and a sucrose  solut ion,  while the fourth group was 
given the powde red  Wayne-Blox  solid food,  water  and 10 
percent  e thanol .  The third and fourth groups  of  rats were  
pair-fed by providing to the control  rats (the third group) the 
amount  of  solid food and an amount  of  the sucrose  solut ion 

that is isocaloric to the amount  of  I0 percen t  e thanol  con- 
sumed by the rats on f ree-choice  drinking (the fourth group).  

Dcterntination o f  AIchol Elimimttion Rate (AER) in Viro 

Ethanol  (2 g/kg) was adminis te red  by the intraper i toneal  
injection of  a 10 percen t  (v/v) solution.  Tail blood samples  
were  col lected as a funct ion of  t ime after e thanol  injection 
and the blood ethanol  concen t ra t ions  were  measured  by a 
head space me thod  with a gas-liquid ch roma tograph  [13]. 
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T A B L E  3 

EFFECT OF DIETARY REGIMENS ON ETHANOL INTAKE IN EXPERIMENT 2 

Ethanol Intake, g/kg/day 

Diet Week 1 2 3 4 5 6 7 

BS-711(E) 10.8-+ 0.5 13.6 ± 1.3 12.5 ± 0.3 12.1 ± 0.4 12.8 + 0.4 12.9 ± 0.4 13.2 ± 0.2 
SBS-711 (E) 11.7_+0.4 10.3-+0.3" 10 .0+0 .3"  9.8_+0.2 * 9.8-+0.2* 10.4-+0.3" 9.5-+0.3* 
WB (Free- 8.5 ± 0.6* 8.3 -+ 0.3* 9.3 _+ 0.7* 7.2 _+ 0.7* 7.8 ± 0.4* 11.5 + 0.7 8.4 ± 0.3* 

choice) 

*Significantly different from the BS-711 (E) group (by analysis of variance). 
Abbreviations: E, ethanol. 

T A B L E  4 

EFFECT OF DIFFERENT DIETARY REGIMENS ON BODY WEIGHT AND ALCOHOL EI.IMINATION RATE IN EXPERIMENT 2 

Alcohol Elimination Rate 

Body Weight 
g mmol/hr/rat mmol/hr/kg 

Diet Before 7th Week Before 7th Week Before 7th Week 

BS-711 (C) 205 + 10 

BS-711 (E) 208 ± 3 

SBS-711 (C) 209 -+ 7 

SBS-711 (E) 204 ± 6 

WB (C) 208 ± 6 

WB (Free-Choice) 227 ± 12 

204 "+ 7 - 

262 + 

~-270 + 8 

263 "+ 4 -- 

274 ± 8 

1.90 ± .12 1.66 -+ .051 9.25 + .39 6.95 _+ .28-I 
L I J l I J 2.07 ± .04 2.02 + .06 9.97 ± .31 9.08 ± .18 

I • 
, .97+.06[  1'72-+'0511 9"50+'481 6"60-+283l  

1.92 + .07 2.22 + .09 9.59 + .32 8.25 _+ .26 
I J I I 

2.03 -+ .05 2 .10 -+ .133  9.71"+.28 I 7 " 5 9 + ' 5 0 3  I 

2.11,1 ± .08 2.50 + .11 9.36 "+ .17 9.14 + .27 
- . J  

Brackets indicate that the compared values are significantly different. Body weight differences were analyzed by analysis 
of variance. Alcohol elimination rate differences were analyzed by two-tailed t-test. 

Abbreviations: C, control: E, ethanol. 

The  rate  of  e thano l  d i s a p p e a r a n c e  was p s eudo - ze ro  order ,  
and  the  A E R  was ca lcu la ted  using W i d m a r k ' s  equa t ion  [6]. 

Measurement of  Liver Alcohol Dehydrogenase 
(ADH) Activity 

L i v e r  h o m o g e n a t e - s u p e r n a t a n t  f rac t ions  were  p repa red  
[13] and  a lcohol  d e h y d r o g e n a s e  (ADH)  act iv i ty  was a s sayed  
s p e c t r o p h o t o m e t r i c a l l y  by  measu r ing  the r educ t ion  of  N A D  + 
to N A D H .  The  assay  buffer  con t a ined  0.5 M Tris-HC1 (pH 
7.2 and  I - 0 . 2 ) ,  2.8 m M  N A D  ~ , and  5 mM e thano l ,  and  the  
t e m p e r a t u r e  was m a i n t a i n e d  at 37 ° [14]. These  subs t r a t e  
c o n c e n t r a t i o n s  sa tu ra te  the  e n z y m e  88 pe rcen t ;  t he re fo re ,  
the  m e a s u r e d  e n z y m e  ac t iv i ty  was  mul t ip l ied  by  1.14 to cal- 
cula te  the  m a x i m u m  A D H  veloc i ty  (or  Vmax)  [14]. 

Statistical Analysis 

Resul t s  are p r e s e n t e d  as means_+SEM.  The  two-ta i led  
s t u d e n t ' s  t - tes t  for  unpa i r ed  data  was used for  s tat is t ical  
c o m p a r i s o n s .  Di f fe rences  were  c o n s i d e r e d  to be s ignif icant  
w h e n  the  p values  was less than 0.05. W h e r e  resul ts  a m o n g  
dif ferent  e x p e r i m e n t a l  g roups  were  c o m p a r e d  in E x p e r i m e n t  

2, ana lys is  of  va r iance  and  pos t -hoc  N e w m a n - K e u l s  tes t s  
were  used to eva lua te  s tat is t ical  d i f ferences .  

RESULTS 

Experime/lt I 

In p rev ious  s tudies  of  metabo l ic  to l e rance  [3, 10, 11, 15, 
20, 24, 26], ra ts  were  pair-fed cont ro l  and e thano l - con ta in ing  
diets  for  severa l  weeks ,  and the A E R s  of  the two groups  
were  then  c o m p a r e d  with the resul ts  e x p r e s s e d  in most  
s tudies  as mmol  of  e thanol  me tabo l i zed  per  hou r  per  kg body 
weight .  In o the r  s tudies ,  only the  d i s a p p e a r a n c e  ra tes  of 
e thanol  in p la sma  (mmol/100 ml per  hr) were  compared .  In 
all of  these  s tudies ,  no a t t empt s  were  made  to d iscern  if 
e thanol  inges t ion had  actual ly  inc reased  the A E R  when  
c o m p a r e d  with tha t  before  e thanol  exposu re  in the same 
animals .  

To set the stage for  E x p e r i m e n t s  2 and  3, we de t e rmined  
in E x p e r i m e n t  I the g rowth  cu rve  of  P female  rats  and the  
change  in A E R  as a func t ion  of  age. The  pu rpose  was to find 
the  mos t  appropr ia t e  re fe rence  unit  to exp res s  A E R s  for 
c o m p a r i s o n  of  data .  Since the  P line of  rats was  originally 
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TABLE 5 

E F F E C T  O F  D I F F E R E N T  D I E T A R Y  R E G I M E N S  O N  H E P A T I C  

A L C O H O L  D E H Y D R O G E N A S E  A C T I V I T Y  I N  E X P E R I M E N T  2 

Alcohol Dehydrogenase Activity 
Diet (mmol hr ~ liver) 

BS-711 (C) 2.88 +_ 0.18 
BS-711 (E) 2.41 +_ 0.09 
SBS-711 (C) 2.95 +_ 0.13 
SBS-711 (E) 3.24 +_ 0.16 
WB(C) 3.18 _+ 0.15 
WB (Free-Choice) 2.93 _+ 0.12 

derived from outbred Wistar rats [7], we also measured these 
parameters in a group of Wistar female rats. 

Figure 1 indicates that the growth curves of the P and 
Wistar female rats were similar. Figure 2 depicts the change 
in AER as a function of age in the P and Wistar female rats, 
when AER was expressed either as mmol of ethanol elimi- 
nated per hour per rat (left panel) or as mmol of ethanol 
eliminated per hour per kg body weight (right panel). When 
expressed as rate per rat+ AER increased rapidly from 26- 
days of age to about 60-days and it remained constant there- 
after, By comparison, AER expressed as rate per kg body 
weight declined sigmoidally with age and it reached a con- 
stant low only when the rats were about 120- to 180-days old. 
The patterns of change were similar in the P and Wistar 
female rats, with the curves for the Wistar rats slightly dis- 
placed to the right. 

Experiment 2 

In this experiment, the P rats were given different dietary 
regimens: groups 1 and 2 were pair-fed the ethanol and con- 
trol BS-711 diet; groups 3 and 4 were pair-fed the ethanol and 
control SBS-711 diet: group 5 was given solid food and water 
ad lib and group 6 was given the solid food ad lib and the 
free-choice of 10 percent (v/v) ethanol and water. Table 2 
summarizes the mean daily caloric intake of the P rats receiv- 
ing the different dietary regimens. In the first 4 weeks of 
feeding, the daily caloric intake of the rats placed on the 
BS-711 diets was about 15 percent lower than the other 
groups. More importantly, owing to the low protein content 
of the BS-711 diets, the protein caloric intake throughout the 
7-week period was only one-half of that consumed by the 
other groups. The daily caloric intake as ethanol in the SBS- 
711 group tended (not statistically significant) to be lower 
than that in the BS-711 group. By comparison, calorie con- 
sumption as ethanol in the free-choice group was clearly 
lower (12 to 29 percent) than that in the BS-711 group (at 
least for weeks 1 and 7). 

Table 3 shows the effect of the different dietary regimens 
on ethanol intake expressed as g of ethanol kg ; per day. 
Partly owing to the higher daily ethanol intake per rat (cf. 
Table 2) and to the lesser weight gain of the rats on the 
BS-711 diet (Table 4), ethanol intake expressed as g kg ' per 
day was the highest in the BS-711 group. 

Table 4 shows the effect of the different dietary regimens 
on body weight and AER. Rats on the BS-711 diet failed to 
gain weight in the 7-week study. By comparison, rats in all 
the other groups gained at least 40 g over this period. AERs 
were expressed both as mmo! hr ~ per rat and mmol hr ; per 
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FIG. 3. Blood alcohol concentrations of P rats placed on three dif- 
ferent dietary regimens. Horizontal bar indicates the mean value. 
BS-711(E), SBS-711(E) and WB(FC) are abbreviations for the 
ethanoI-Bio-Serv-711 diet, the supplemented ethanoI-Bio-Serv-711 
diet and the Wayne-Blox free-choice drinking regimen. 

kg body weight. Before initiation of the feeding experiment, 
the mean AERs of the 6 groups of rats were similar regard- 
less of the manner of expressing the AERs: the mean AERs 
varied from 1.90 to 2.11 mmol hr ; per rat and from 9.25 and 
9.71 nmol hr ' per kg body weight. By the end of the 7-week 
experiment, the AERs of all the groups treated with alcohol 
were 19 to 29 percent higher than their respective controls 
indicating that chronic alcohol ingestion, regardless of how 
ethanol was consumed, produced metabolic tolerance in the 
P rats. However,  a real increase in AER over the 7-week 
experiment was evident in only 2 groups of animals, when 
AERs were expressed as mmol hr ' per rat, i.e., those 
placed on the ethanoI-SBS-711 diet and those given solid 
food and the free-choice drinking of 10 percent ethanol ver- 
sus water. Except for the group of rats given solid food and 
free-choice drinking, all other groups exhibited an actual, net 
decline in AER at the end of the 7-week period when AER 
was calculated as mmol h r '  per kg body weight. These data, 
therefore, demonstrate that: (1) The P rats given solid food 
and the free-choice drinking of 10 percent ethanol and water 
develop metabolic tolerance; (2) the BS-711 diet, unless 
supplemented with protein, will not produce a net increase in 
AER in ethanol-fed animals; and (3) interpretation of data 
with AERs expressed as mmol of ethanol eliminated per hr 
per rat is less complicated than when AERs are expressed as 
mmol hr ' per kg body weight. This is due to the fact that, in 
female Wistar and P rats, the gain in body weight and the 
increase in AER as they mature from 50 to 200 days of age 
follow different time courses. 

Table 5 summarizes the effect of the different dietary reg- 
imens on ADH activity in liver. In agreement with the bulk 
of the literature [2, 9-11, 24, 26], chronic alcohol treatment 
did not lead to a discernible increase in the total ADH activity. 
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T A B L E  6 

MEAN DAILY CALORIC INTAKE 1N THE P RATS FORCED-FED ALCOHOL BY THE AIN DIET OR GIVEN SOLID FOOD AND THE 
FREE-CHOICE DRINKING OF ALCOHOL 

Total 

Mean daily caloric intakes per rat 

Week 1 Week 2 Week 4 Week 6 

Pr E Total Pr E Total Pr E Total Pr E 

AIN (C) 53.3 14.9 52.2 14.6 - -  54.2 15.2 - -  48.1 
AIN (E) 54.1 15.1 19.2 53.9 15.1 19.1 54.1 15.1 19.2 48.3 
WB (C) 59.4 14.6 - -  54.5 12.7" - -  57.8 12.7" - -  46.7 
WB (Free-choice, 61.2 15.2 13.3' 58.9 14.1 14.3" 64.0 14.7 17.7" 49.1 

water vs. 10 
percent E) 

13.5 
13.5 17.1 
10.4" 
11.4" 14.6" 

Abbreviations: C, control; E, ethanol; Pr, protein. 
*Significantly different from either the AIN (C) or the AIN (E) diet (by analysis of variance). 

T A B L E  7 

EFFECT OF ETHANOL GIVEN IN THE AIN LIQUID DIET AND BY 
FREE-CHOICE ON BODY WEIGHT AND ALCOHOl, ELIMINATION 

RATE (EXPERIMENT 3) 

Diet 

Body Weight Alcohol Elimination Rate 
g mmol/hr/rat 

Before 6th Week Before 6th Week 

AINC 78+6 230+i]78 009 7+0091 
AIN (E) 176 -+ 6 246 + 1.74 + 0.08 2.09 + 0.07 .3 

I I 
WB (C) 166 -+ 5 2t-4 + 1.67 + 0.09 2.03 _+ 0.05-'1 

I I / 
WB(Free-choice) 166 _+ 5 239 + 4 1.68 + 0.10 2.36 + 0,08 .3 

I I 

Brackets indicate that the compared values are significantly 
different. 

Abbreviations: C, control; E, ethanol. 

Figure 3 c o m p a r e s  the blood alcohol concen t ra t ions  of  the 
P rats receiving alcohol with the different  dietary regimens .  
Only those  on the ethanol-BS-711 diet exhibi ted  pers i s ten t ly  
e levated  blood alcohol concen t ra t ions  when measured  at 6 
a .m. ,  2 p.m. and l0 p.m. The animals given the higher 
protein diets ,  i .e.,  the SBS-711 or the WB diet,  exhibi ted 
much lower  blood alcohol concen t ra t ions  and mainta ined a 
diurnal cycling of  blood alcohol concen t ra t ions .  In P rats 
given f ree-choice  drinking of  alcohol,  b lood alcohol concen-  
t ra t ions  ranged f rom 5 mg pe rcen t  to as high as 137 mg per- 
cent  during the dark cycle at the t imes of  measu remen t .  

L:vperimenl 3 

The AIN liquid diet is a formulat ion that  has a higher 
prote in  con ten t  than the BS-711 diet (Table 1). Table 6 com- 
pares  the mean total daily caloric intake per  rat and the mean 
cont r ibut ion  of  prote in  and ethanol  to the total daily caloric 
intake. With forced feeding of  ethanol  (i.e., the AIN liquid 
diet with 6 pe rcen t  e thanol) ,  the daily intake of  e thanol  per  
rat was  initially 44 pe rcen t  (week 1) and then 8 and 17 per- 
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FIG. 4. Blood alcohol concentrations of P rats placed on the 
ethanol-AIN diet and the Wayne-Blox free-choice drinking regimen. 

cent  (weeks  4 and 6) higher than that with f lee-choice  drink- 
ing of  ethanol  (i.e., WB and f lee -cho ice  drinking of  10 per- 
cent  e thanol  vs. water).  When the alcohol intake was ex- 
p ressed  as g/kg/day, forced-feeding  of  ethanol  as part of the 
AIN liquid diet also led to initially 40 percent  (week I) and 
then 15 percent  (week 6) higher alcohol intake than that with 
f lee-choice  drinking. The daily alcohol intake of  the P rats on 
the e thano l -AIN liquid diet and those  on f lee-choice  alcohol 
intake ranged from 10.1 to 13.8 g/kg/day and from 8.8 to 11.5 
g/kg/day, respect ive ly .  Table 7 shows  the amount  of  weight 
gain and the change in A E R s  as a funct ion of time in the P 
rats pair-fed the AIN liquid diets (with or without  ethanol)  
and in those  pair-fed the Wayne-Blox  solid laboratory  food 
and 10 pe rcen t  e thanol  or an isocaloric amount  of  a sucrose  
solution.  Weight  gain of  29 to 47 percen t  was evident  in all 
the groups  over  the 6-week period.  A E R s ,  exp res sed  as 
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mmol hr ~ per rat, increased over the 6-week period in the 
AIN(E), WB(C) and the WB (free-choice) groups. Metabolic 
tolerance was demonstrated in the P rats given ethanol either 
by forced-feeding or by free-choice. The mean increases in 
AERs when the P rats were forced-fed and when they were 
given alcohol by free-choice were 22 and 16 percent, respec- 
tively. 

Figure 4 depicts the blood alcohol concentrations of the P 
rats when they were on the ethanol-AIN liquid diet and when 
they were given ethanol by free-choice. Both groups exhib- 
ited diurnal cycling of alcohol consumption, which was re- 
flected in the diurnal variations of blood alcohol concentra- 
tions. With free-choice drinking, the blood alcohol concen- 
trations in the P rats ranged from 17 to 127 mg percent during 
the dark cycle and they were similar to those of the P rats 
given the ethanoI-AIN diet. 

DISCUSSION 

Recent studies [7, 19, 27] of the selectively-bred Pand NP 
rats indicate that the P line of rats satisfies almost all of the 
perceived requirements for an animal model of alcoholism 
and that the P and NP lines are relevant models to study the 
biochemical, physiological and behavioral concomitants of 
alcohol drinking behavior. The data presented above clearly 
show the development of metabolic tolerance in the P rats 
following the free-choice drinking of ethanol for 6 to 7 
weeks. In two separate experiments (Tables 4 and 7), AERs, 
expressed as mmol/hr/rat, increased 18-40 percent when 
compared with values before alcohol exposure and increased 
16-20 percent when compared with values from the pair-fed 
and ad lib controls. In one experiment, the controls were 
free-fed, whereas in the other, the controls were pair-fed an 
amount of sucrose solution that is isocaloric to the amount of 
ethanol consumed by the experiment group. These findings 
are not unexpected because Hawkins ~'t a/. [3] have reported 
earlier that chronic alcohol ingestion of 8 g/kg/day can 
produce metabolic tolerance in vA'o in the rats. Additionally, 
Videla c t a / .  [251 have reported that liver slices from rats 
exposed to alcohol in the range of 3 to 8 g/kg/day exhibited 
enhanced alcohol metabolic rates in vitro. Since the female P 
rats consumed 7-12 g of ethanol/kg/day during free-choice 
drinking (Tables 3 and 7), metabolic tolenmce should have 
developed and it did. 

The biochemical basis of the development metabolic 
tolerance in rats remains controversial. An increase in 
ethanol oxidation rate mediated by induction of the micro- 
somal ethanol-oxidizing system (MEOS) has been proposed 
as one mechanism [8,9]. An increase in ethanol oxidation 
catalyzed by the ADH pathway has also been advocated as 
another [5. 15, 20, 23]. Although some investigators [1,17] 
have reported an increase in the actual amotmt of ADH in 
liver when rats were exposed to alcohol chronically, most [2, 
9-1 I, 24, 26] have found no change. No change was observed 
in the P rats in this study (Table 5). At the present, an in- 
crease in ethanol oxidation mediated by the ADH pathway 
after chronic exposure to alcohol is best explained by en- 
hanced turnover of NADH. The latter can arise from in- 
creased rate of mitochondrial oxidation of NADH and/or 
from an increased rate of transhydrogenation and NADPH 
turnover due to induction of MEOS. 

In most of the previous studies of metabolic tolerance in 

rats, alcohol elimination was compared using simply plasma 
ethanol disappearance rates (mg ethanol/100 ml plasma per 
hr) or AERs calculated and expressed as mmol hr ' per kg 
body weight [3, 10, 11, 15, 20, 24, 26]. Plasma ethanol disap- 
pearance rate is not a good basis for comparison because it 
does not take into account changes in the volume of distri- 
bution of ethanol. Expressing the AER as mmol of ethanol 
eliminated hr ~ per kg is probably also less than ideal. This is 
because the ethanol oxidizing capacity located primarily in 
the liver may bear no relationship or at best, a complex 
relationship, with body weight. As shown by Fig. 2, when 
AERs expressed as mmol hr ~ per kg are plotted as a func- 
tion of age, they decreased sigmoidally and became constant 
only at 120 to 180 days of age. By comparison, when AERs 
are expressed as mmol hr ~ per rat, the relationship of AERs 
with age increases curvilinearly and becomes constant in 
early adulthood. Thus, as long as the rats at the beginning of 
the experiment are of the same age and body weight, the 
effect of any variable on AERs as a function of time can be 
more confidently interpreted if AERs are calculated as mmol 
hr ~ per rat. Of note, Israel e ta / .  [4] have reported earlier a 
sigmoidal decline in AERs with growth, calculated as mmol 
hr ~ per kg body weight, in male Spontaneous Hypertensive 
and male Wistar rats. The data shown here in Fig. 2 indicates 
that a similar curve obtains in female Wistar and P rats. 

Previous studies on metabolic tolerance in rats also have 
not compared AERs before and after alcohol exposure. The 
present study examined specifically this relationship and as- 
sessed the effect of different dietary regimens. The develop- 
ment of metabolic tolerance to alcohol could be demon- 
strated with the feeding alcohol with any of the dietary regi- 
mens used by comparing the AERs of alcohol-fed rats with 
their concomitant controls at the end of the feeding experi- 
ment. However,  a net increase through comparison of AERs 
before and after alcohol exposure was evident only in the P 
rats fed the alcohol-containing SBS-711 and AIN diets and in 
those given the solid food and alcohol by free-choice drink- 
ing (Tables 4 and 7). The lack of net increase in AER as a 
function time in the P rats fed the ethanol containing BS-711 
diet is best explained by the low protein content of this diet 
(Table 2). The low dietary protein content is also most likely 
responsible for the disruption of the normal diurnal cycling 
of alcohol ingestion and the persistently elevated blood alco- 
hol concentrations in the P rats given alcohol in the BS-711 
diet (Fig. 3). With all the other dietary regimens wherein the 
protein intake was higher, food and alcohol consumption 
followed a diurnal rhythm. Accordingly, blood ethanol con- 
centrations also cycled in a diurnal manner, i.e., they were 
low during the light cycle and high in the dark cycle. These 
results are in accord with those reported earlier by Rogers ¢,t 
a/. [22]. Since the P rats developed metabolic tolerance when 
they were fed alcohol with diets which did not produce per- 
sistently elevated blood alcohol concentrations, it is clear the 
persistent intoxication is not a necessary condition to 
metabolic tolerance development. 
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