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KALHORN, T F , D M BOWDEN AND J T SLATTERY Effet ts of food, mdd stress, and d:strtbuted retake on the 
absorption and plasma con~entratton-t:me profile of orally ingested ethanol m plgtaded macaques PHARMACOL 
BIOCHEM BEHAV 24(3) 491--496, 1986 - -To  evaluate the posslbdJty of estimating ethanol plasma level from a record of 
voluntary intake, the effects of food, mdd stress, and distributed dosing on the fracUon of ethanol absorbed and the relative 
exposure to orculatmg blood ethanol were determined m four adult male p~gtatled macaques (Macaca nemestrma) The 
animals received 0 6 g/kg ethanol IV and orally after an 18-hour fast, after a small meal, and under mild stress, distributed 
dosing was evaluated for the oral route only The concentrat~on-t~me profile for the oral/fasting condition was very similar 
to that foUowmg an IV dose The dose was completely absorbed and peak plasma level occurred about 30 mm after 
ingestion Peak plasma concentration was reduced by 42% following a small meal, 29% following todd stress, and 18% 
following distribution of the dose over 60 mm The time to peak concentration was more than doubled by distributed 
dosing Relattve exposure was reduced by 18 to 27% by all condmons of oral admm~stranon except feeding, which caused a 
52% reduction The fraction of ethanol absorbed was influenced only by feeding, which caused a reductLon of 20% The 
magnitude of changes m concentrat~on-Ume profile produced by such factors precludes accurate estimation of blood levels 
from records of voluntary retake Furthermore, the effects of social factors on voluntary ethanol consumpUon may be 
medmted by centrally controlled changes m gastrointestinal function that alter the rate and extent of absorption of the drug 

Ethanol Pharmacoklnet~cs Feeding Stress Monkeys 

E V I D E N C E  is accumula t ing  tha t  socml con t ex t  and o the r  
e n v i r o n m e n t a l  fac tors  m ay  inf luence  the  c o n s u m p t i o n  of  
e thanol  m n o n h u m a n  p r ima te s  [1-4, 6, 8, 12] as they  do  m 
h u m a n s  A l t h o u g h  the  a m o u n t  of  e thano l  inges ted  is usual ly  
the  on ly  d e p e n d e n t  var iable  m e a s u r e d  in such  s tudies ,  it is 
o f ten  a s s u m e d  tha t  the  sub jec t  m ay  be  dr ink ing  to a ch i eve  an  
e thano l - r educed  effect  tha t  co r re l a t e s  wi th  p l a s m a  concen -  
t ra t ion  of  e t hano l  To the  inves t iga to r  seeking to ident i fy  the  
physiological  m e c h a m s m s  tha t  m e d m t e  changes  m e thano l  
c o n s u m p t i o n  u n d e r  d~fferent e n v i r o n m e n t a l  cond i t ions ,  ~t is 
e ssen tml  to know the  degree  to wh ich  those  cond i t ions  rater-  
ac t  w~th dose  to d e t e r m i n e  p l a s m a  levels  of  the  drug This  
mformat~on is not  usual ly  avai lable ,  h o w e v e r ,  because  it is 

t echnica l ly  d~fficult to ob ta in  b lood  samples  for  measu re -  
m e n t  of  p l a s m a  levels  w i thou t  d is rupt ing  the  behav io ra l  con-  
text  w h o s e  in f luence  is be ing  s tud ied  

In a p rev ious  s tudy,  we d e m o n s t r a t e d  tha t ,  to the  ex t en t  
tha t  the  concen t r a t i on - t ime  profi le d e p e n d s  on  the  phar-  
macok lneUcs  of  e thano l  e h m m a t l o n  f rom the  c i rcu la t ion ,  one  
can  es t ima te  the c o n c e n t r a t i o n  of  e thano l  m p l a s m a  with 
accep tab le  a c c u r a c y  f rom a deta i led  r ecord  of  c o n s u m p t i o n ,  
body  weight ,  and  a d t s t n b u t e d  input  model  ba sed  on  
M l c h a e h s - M e n t e n  kinet ics  [13] The  pu rpose  of  the  p r e sen t  
s tudy  was  to de t e rmine  the  degree  to wh ich  severa l  en- 
w r o n m e n t a l  fac tors ,  u n a v o i d a b l e  in behav io ra l  s tudies  of  
s p o n t a n e o u s  dr inking  in m o n k e y s ,  may  inf luence  the  ab- 

~Requests for repnnts should be addressed to John T Slattery, Ph D ,  Department of Pharmaceutlcs BG-20, Umverslty of Washington, 
Seattle, WA 98195 
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sorptlon and plasma concentration-time profiles The three 
factors studied were ingestion of a small amount of Monkey 
Chow, penodlc nuld stress, and distribution of the ethanol 
dose over a 60-mln interval 

METHOD 

The subjects were four male pigtailed macaques ( M a c a c a  
n e m e s t r m a )  weighing 4 to 13 kg To allow drug admlmstra- 
tion and blood sampling without disturbing the monkey, a 
catheter was implanted chronically with its tip in the mon- 
key's  supenor or referrer vena cava It was led out through 
the jugular or femoral veto, and thence outside the cage 
through a tether [13] This arrangement allowed the monkey 
to move freely about the cage without compromising IV 
ethanol adnumstratlon and blood sampling procedures After 
the implantation, the animals recovered normal eating and 
behavior (2 to 4 days) before studies were begun 

The monkeys were taught to drank approximately 20 ml of 
ethanol solution (20% v/v in normal salme or apple juice) 
within 3 mm from a plastic syringe The vehicle, saline or 
apple juice, had no effect on the area under the plasma 
concentration-time curve (AUC) An oral dose of ethanol 
(0 6 g/kg) was administered to each monkey m separate 
series of studies under the following condmons fasting, fed, 
todd stress, and as a series of dlstnbuted doses (six 0 1-g/kg 
doses at 10-mm intervals) The 0 6 g/kg dose was prevmusly 
determined to be suitable for pharmacokmetlc studies [13], 
whde the distributed dose regimen was designed to simulate 
dlstnbuted dnnkmg that would produce a peak concentra- 
tion of ethanol later than oral administration in a bolus An 
IV dose (0 6 mg/kg) was administered under all except the 
distnbuted dose condmon to test for potential effects of the 
environmental interventions on ehnunatlon of the drug 
Animals were fasted for 18 hr before each tnal except in the 
fed condltmn, and were not handled or agitated except in the 
stress condition 

In the fed condition, the monkeys ingested 1 5 biscults/kg 
of Punna Monkey Chow (average biscuit weight, 5 8 g) 
under observation 15 mm before receiving ethanol (In a 
regular meal, monkeys consume 5 to 10 blscmts per kg ) 
Stress was induced by an unfanuhar animal handler, wearing 
catclung gloves, who rattled and opened the cage and ap- 
proached the monkey as ff to catch ~t, but did not touch the 
animal The procedure lasted 10 sec and was repeated every 
10 nun for the first 3 hr after adnunistratmn of ethanol The 
stress condmon was always the last condltmn studied, so 
that the monkey would not assocmte ethanol adnumstration 
with a stressful situation The ammals were rested for 3 days 
between studies 

After each dose, blood samples were collected through 
the tether every 5 nun for the first 20 nun, every 10 nun for 
the next 40 ram, and every 15 mm for the next 3 hr Plasma 
was separated and ethanol concentration was determined by 
gas chromatography [13] 

The data were analyzed to assess effects on four param- 
eters peak time, peak concentration, fraction of dose ab- 
sorbed, and relative exposure based on AUC Ordinarily, 
fraction of dose absorbed would suffice as a measure of an 
animal's relative exposure to ethanol if the drug were ehml- 
nated linearly, but the concentration-dependent clearance of 
ethanol causes the AUC to vary not only as a function of the 
fraction of dose absorbed but also of the rate at which It is 
absorbed [24] Relative exposure was therefore used as one 
means of companng the actual plasma concentrations ob- 
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FIG, 1 Representative concentratmn-ame profiles of plasma 
ethanol followmg 0 6 g/ml doses administered IV and orally to sub- 
ject 78329 

served in a given experimental state with those observed m a 
standard state (IV/fasting), it is affected by both the rate and 
the extent of absorption 

Pharmacoklnetic parameter values were determined from 
the IV studms using the MKMODEL program [11] of the 
PROPHET computer system (Bolt, Beranek and Newman, 
I n c ,  Cambridge, MA) Values of Co, Vmax and Km were 
determined by fitting the data obtmned m the IV/fasting 
condition to the equation 

dC/dt = C(, - (Vma x * C/(K m + C)) 

where C ~s ethanol concentration at ume t, Vmdx tS the 
maximum velocity of ellnunation, and Km ~s the apparent m 
vtvo Mlchaehs constant C0 is the concentration at time zero 
extrapolated from the linear portion of the plot of concentra- 
tion versus time Although ethanol is ehmlnated by enzymes 
in addmon to alcohol dehydrogenase [7, 14, 16-18], the 
equation above was adequate to describe the data [13, 21- 
23] AUC was determined by the trapezoidal rule [9] The 
fraction of dose absorbed was determined by the method of 
Martls and Levy [15] According to the method, instantane- 
ous values of clearance were calculated from Vma~ and Km 
values obtained from the IV dose and the concentration val- 
ues from the data being evaluated, and were used to deter- 
mine the amount of ethanol that would have had to reach the 
systemic circulation to produce the observed 
concentration-time profile Relative exposure for a given 
condmon was determined as the ratio of AUC observed 
under that condition to the AUC in the IV/fasting condmon 

RESULTS AND DISCUSSION 

The ethanol ehmlnation curve following admlmstratlon of 
0 6 g/kg in the oral/fasting condition was very similar to that 
following the same dose m the IV/fasting condition (Fig 1) 
Concentration-time profiles in the IWfed and IWstress con- 
ditions were indistinguishable from those in the IV/fasting 
condition, and are not shown m the figure The peak plasma 
level with oral adrmnistration under fasting condmons oc- 
curred about 30 mm after dosing (Table l) The amount ab- 
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T A B L E  1 

MAGNITUDE AND TIME OF PEAK PLASMA ETHANOL CONCENTRATION FOLLOWING 0 6 g/kg ETHANOL 
ADMINISTERED ORALLY UNDER FOUR EXPERIMENTAL CONDITIONS 
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Peak Concentration, ~g/ml Peak Ttme, ram* 

Distributed Distributed 
Monkey Fasting Fed Stress Dose Fasting Fed Stress Dose 

71038 799 368 ND 542 20 38 ND 75 
70066 585 447 515 650 38 30 50 60 
78329 587 322 395 459 30 50 60 75 
80369 536 310 431 414 30 30 75 90 
Mean 627 366? 447? 516, 29 37* 62, 75t 
SD 117 63 62 104 7 9 13 12 

*Determined from h~ghest observed concentratton 
~-Stgmficantly different from fasting condRlon, p<0  05. paired t-test 
~:Not s~gmficantly d~fferent from fasting condition 
ND. not determmed because of loss of catheter patency 

T A B L E  2 

FRACTION OF ETHANOL DOSE (0 6 g/kg) ABSORBED UNDER FOUR EXPERIMENTAL CONDITIONS 

Oral Route 
IV Route 

Distributed 
Monkey Fasting* Fed Stress Fasting Fed Stress Dose 

71038 1 0 ND ND 1 0 0 78 ND 0 99 
70066 1 0 0 94 1 07 0 88 0 77 0 86 0 96 
78329 1 0 1 03 0 94 1 02 0 81 1 03 0 96 
80369 1 0 0 99 ND 0 99 0 85 0 93 1 0 
Mean 1 0 0 99 1 01 0 97 0 80t 0 94 0 98 
SD 0 05 0.09 0 06 0 04 0 09 0 02 

*Value ts 1 0 by defimtton 
?95% Confidence hmlts exclude 1 0 
ND. not determined because of loss of catheter patency 

T A B L E  3 

RELATIVE EXPOSURE* TO ETHANOL FOLLOWING ADMINISTRATION 
EXPERIMENTAL CONDITIONS 

(0 6 g/kg) UNDER FOUR 

Oral Route 
IV Route 

Dtstnbuted 
Monkey Fastmgt Fed Stress Fasting Fed Stress Dose 

71038 1 0 ND ND 0 91 0 42 ND 0 68 
70066 1 0 0 96 1 09 0 67 0 57 0 75 0 85 
78329 1 0 0 96 0 87 0 85 0 44 0 72 0 68 
80369 1 0 1 0 ND 0 83 0 49 0 87 0 69 
Mean 1 0 0 97 0 90 0 82~ 0 48~t§ 0 78~t 0 73:~ 
SD 0 02 0 15 0 10 0 07 0 08 0 08 

*Ratio of AUC under the given route/condlUon to AUC under IV/fasting condition 
tValue ts 1 0 by defimuon 
~95% Confidence limits exclude 1 0 (comparison with IV/lasting condmon) 
§S~gmficantly different from oral/fasting condRton (p <0 05 by pmred t-test) 
ND, not determined because of loss of catheter patency 
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TABLE 4 

SIMULATED EFFECT OF ABSORPTION RATE CONSTANT ON ETHANOL PEAK CONCENTRATION, TIME OF 
PEAK CONCENTRATION, AND AUC 

Peak Concentration Peak Time AUC 
AbsorpUon 
Half-hfe, mm /~g/ml % change* mm % change* (~g/ml) hr % change* 

6 9 540 0 27 0 872 0 
8 3 516 -4  27 0 856 -2  

10 4 490 -9  36 +33 831 -5  
13 9 445 -18 45 +67 790 -9  
20 8 375 -31 54 + 100 710 - 19 
41 6 239 -56 63 + 133 512 -41 

*Percent difference from value with absorption half-life of 6 9 mln 

l 

° L,,,' 
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FIG 2 Representative concentration-time profiles of plasma 
ethanol following 0 6 g/k8 doses administered orally, under condi- 
tions of fasting (O), prefeedmg (F), stress (S), and distributed dosing 
(D) to subject 78329 

sorbed into the circulation m the oral/fasUng condmon was 
not significantly different from the amount admlmstered 
(Table 2), and whale the relative exposure, as measured by 
the AUC, was 18% less than that following IV injection (Ta- 
ble 3), the rate of decline in plasma concentration was almost 
identical (Fig 1) 

Feeding, mild stress, and distributed dosing, however, 
produced major distortions of the concentration-time profile 
(Fig. 2) The changes were most pronounced in the mag- 
mtude of the peak plasma ethanol concentration (Table 1) 
The mean peak concentration after feeding 1.5 blscmt/kg was 
366/zg/ml, 42% less than in the fasting condmon In separate 
experiments in whach two monkeys were tested once each, 
an effect of similar magmtude was produced by prior feeding 
of as httle as 2 g of glucose. Minor stress reduced the mean 
peak concentration by 29% Distributed dosing appeared to 
reduce ~t by 18%, but that effect was not statistically slsnifi- 
cant The time to peak concentration was sigmficantly de- 
layed only m the distributed dosing condRion (Table 1) The 
ume to peak concentration appeared to be delayed by stress, 

but because technical dttIiculties allowed only three mon- 
keys to be included m the pmrwlse comparison, the differ- 
ence relative to oral/fasting was not sigmficant by paired 
comparison t-test (By unpmred t-test, the difference was 
significant at the p =0 02 level ) 

Comparing the oral/fasting condmon with other condi- 
tions of oral administration revealed that the fraction of the 
dose absorbed into the circulation was not influenced by 
mild stress or distributed dosmg, but was significantly re- 
duced (18%) if the animal had eaten (Table 2) Likewise, 
relative exposure under the conditions of oral admimstration 
was unaffected by mild stress and distnbuted dosing, but 
was significantly reduced (41%) by feeding (Table 3) The 
fact that feeding and stress did not influence the extent of 
absorption (Table 2) or relative exposure (Table 3) when 
ethanol was admimstered IV suggests that feeding and stress 
affect the absorption of ethanol rather than its elmunation 

Because of the apparent contradiction in the peak time, 
peak concentration, and relative exposure results with re- 
gard to the effect of the various conditions on ethanol ab- 
sorption rate, a simulation was done to determine the rela- 
tive sensmvlty of those three parameters to absorption rate 
The simulation was based on the mean values of Vmax, Kin, 
and volume of distribution determined in the IV/fasting con- 
dltion Different rates of absorption (Table 4) were simulated 
on the basis of a first-order absorption rate constant that was 
vaned from values of 1 0 hr -1 to 6 0 hr -~ These values 
correspond to absorption half-lives of 41 6 rain to 6 93 mm 
Fastest absorption, produced by an absorption half-life of 
6 93 min (absorption rate constant of 6 0 hr 1), gave the 
highest peak concentration, earhest peak time, and greatest 
AUC The relative senslUvlty of the three parameters to 
changes in absorption rate constant can be determined by 
comparing the percent change as a function of the absorption 
rate constant Peak time was the most sensmve to changes m 
the value of the absorption rate constant, followed by peak 
concentration and AUC Thus, slower absorption might 
cause a change in peak t~me with less effect on peak concen- 
tration and httle effect on relative exposure The apparent 
absence of a strong effect on peak concentratmn in the mon- 
keys is attributed to the fact that the interval between blood 
samples was 10 to 15 nun during the tnue of interest Thus, 
the resolution of measurement of peak time was not 
adequate to detect variation as a function of absorption rate 

Integrating the results obtained from the monkeys and the 
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simulations, one finds that oral admimstratIon substantmlly 
diminishes relative exposure to ethanol Under conditions of  
oral admimstratlon, feeding and stress cause reductions in 
peak concentration and a trend to later peak Umes, probably 
by reducing the rate of absorption into the circulation In 
addition, food reduces the extent to which ethanol is ab- 
sorbed following oral adrmnlstratlon, which leads to reduced 
relative exposure and a further reduction of peak concentra- 
tion Mild stress and dIstnbuted dosing do not greatly influ- 
ence the fraction of the dose that is absorbed 

Theoretically, the decrease in the apparent fraction of 
ethanol absorbed in the fed condition, as judged by plasma 
levels, could have been due either to a decrease in the frac- 
tion of dose absorbed from the gastrointestinal tract or to an 
enhanced first-pass effect At concentrations close to the 
value of Kin, ethanol has a rather high (0 75) hepatic extrac- 
tion ratio in several species, but the value drops to less than 
0 05 as concentration increases [5] The value of  Km in our 
monkeys was about 60 /~g/ml [13] When ethanol was ad- 
ministered in the oral/fed condition, the plasma concentra- 
tion quickly rose well above K m (Fig 1) The first-pass effect 
under these conditions would be quite small Also, there was 
no first-pass effect apparent when ethanol was administered 
in the oral/fasting condition Thus, the decreased relative 
exposure observed under the oral/fed condition in this study 
most likely resulted from a decrease in the fraction of the 
dose absorbed from the gastrointestinal tract This finding 
coincides with results of other studies that have shown that 
eating can diminish the AUC of orally administered ethanol 
in humans [19, 20, 23] It also supports the view of Hen- 
ningfield and Melsch [10] that feeding increases the amount 
of alcohol that must be ingested to achieve a plasma level 
assocmted with a given effect In their study, rhesus 
macaques that had been drinking ethanol almost dally for 
about a year showed a preference for ethanol over water, 
and drank to intoxication when ethanol was available Pre- 
session feeding was associated with, on average, 64% greater 
intake of ethanol than post-session feeding Consistent with 
our findings, the authors proposed that the increase in 
ethanol consumption seen in macaques following a meal re- 
sulted primarily from decreases In the rate and extent of 
ethanol absorption 

The results of this study show that consumption of  a min- 
imal amount of  food, exposure to mild stress, and distnbuted 
dosing alter the time course of ethanol concentration in 
plasma after oral ingestion to a degree that is doubtless suf- 
ficient to affect the relation between behavior and dose The 
findings have two major imphcations for the behavioral sci- 
entist interested In investigating the influence of environ- 

mental factors on ethanol intake First, one cannot accu- 
rately estimate plasma ethanol concentration or exposure 
simply on the basis of a record of  the schedule of intake and 
pharmacoklnetic parameters such as Vmax and Km for 
ethanol in the circulation [ 13] Unscheduled eating is difficult 
to control In macaques on a Monkey Chow diet, for they can 
sequester several biscuits in their cheek pouches and swal- 
low them at any time for many hours after ingestion In most 
behavioral studies, this ~hff'iculty can be avoided only by 
withholding food and ethanol for a relatively long period, 
e g , overmght [10] Even if feeding, schedule of ethanol 
intake, and exposure to handlers were totally controlled or 
recorded, one could not assume that threatening behavior by 
other animals in the social group did not have the same kind 
of effect on peak concentration as the approach of an un- 
familiar person Ironically, to eliminate the social factor 
would be to eliminate the possibility of answenng the ques- 
tions of greatest interest from a neurobehavloral standpoint 

The second implication is of consMerable theoretical In- 
terest, namely, environmental stimuli may influence ethanol 
intake more by influencing the rate at which ethanol ms ab- 
sorbed into the circulation than by resetting a cerebral 
threshold mechanism that regulates the blood levels of 
ethanol at which ethanol ingestion commences and ceases 
On the basis of the findings reported here, it is quite conceiv- 
able that the variations in ethanol intake seen in animals and 
people under different social circumstances are greatly, if 
not predominantly, determined by centrally mediated 
changes in absorption, 1 e ,  the rate and extent to which 
ethanol is transferred from the gastrointestinal tract into the 
blood stream Changes in the rate of  gastric emptying, gut 
peristalsis, and mesentenc blood flow are among the periph- 
eral mechanisms subJect to central neural control that could 
medmte such changes An important question for future re- 
search on the social deternunants of voluntary ethanol con- 
sumptlon in the nonhuman primate model will be whether 
the effects of environmental stimuli are mediated directly 
through the central nervous system, e g ,  by action on neural 
circuits that mediate taste preferences, threshold of the 
blood level necessary for a reinforcing effect and the hke, or 
indirectly through changes in gastrointestinal function that 
enhance or impede absorption of the drug 
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