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KALHORN, T F , D M BOWDEN AND J T SLATI'ERY Pharmacokmencs of ethanol m ptgtaded macaques 
lntersubject varmbihty and effect of subchromc administranon PHARMACOL BIOCHEM BEHAV 24(3) 485-489, 
1986 --The pharmacokanetics of IV ethanol (0 6 g/kg) were examined in 11 male colony-bred pigtmled macaques (Macaca 
nemestrma) aged 3 to 13 years The animals were either cha,red dunng blood samphng (4 hr) or connected to a tether 
system that allowed rejections and blood samphng while the ammal moved freely about its cage In all instances, ethanol 
pharmacokmet~cs could be described by a single Mlchaehs-Menten function, inclusion of a parallel first-order rate constant 
to account for non-alcohol dehydrogenase ehmmation of ethanol did not improve the fit Volume of distribution was 
0 802-+0 054 L/kg (mean___SD), Km (the apparent in vivo Michaells constant) was 0 063___0 022 ~.g/ml, and Vmax was 
0 199-----0 039 g/kg/hr The pharmacoklnetic parameter values of chaired and tethered monkeys did not differ Three of the 
tethered monkeys received 3 g/kg of ethanol dady for two weeks by IV infusion (subchromc admlmstratlon) Ethanol 
pharmacoklnetlcs, determined on five occasions before and five occasions after subchromc ethanol administration, showed 
that the treatment did not alter the volume of d~stnbutlon or Km m any of the three monkeys The value of Vma x increased 
approximately 23% m one of the three monkeys that received subchronic ethanol, this increase may have been due to a 
single, inadvertent administration of a 4 5-g/kg dose over a 20-mm period Vma~ did not change m the other two monkeys 

Ethanol Monkeys PharmacokmeUcs Enzyme reduction 

N O N H U M A N  primates provide culture-free models in 
which to test hypotheses regarding the influence of ethanol 
on social behavior Dose-related changes in both solitary and 
social behavior have been observed in several studies of 
alcohol consumpUon m pnmate subjects [1-4, 8, 9, 14, 16, 
19, 22] Ataxta, impairment of operant performance, and m- 
creased socml grooming, social play, sexual actlvtty, and 
passive-submissive behavior have commonly been de- 
scribed Increased levels of aggressive behavior have also 
been reported in some cases 

Because the blood level of ethanol cannot be determined 
without disrupting the SOClo-emotlonal context in which be- 
haviors of Interest are to be observed, investigators have 
been unable to test directly for correlations between blood 
level and behavioral state m monkeys that were allowed to 
consume ethanol voluntarily while hvmg in a social group 
We have used the pigtmled macaque model ongmally devel- 
oped by Elton and colleagues [5,6] to study the effects of 
social factors on voluntary alcohol consumpUon [11] Our 
modification [12,26] of Elton's apparatus, which provides 

minute-by-minute, round-the-clock dnnkang records from 
mdivldual animals living in social groups, may offer potential 
for testing for correlations between level of blood alcohol 
and social state If an animal's mmute-to-mmute ethanol 
consumption could be translated into a rehable minute-to- 
minute estimate of blood ethanol concentration for several 
hours dunng which behavior is recorded, tests for such cor- 
relations would be possible A mathematical model based on 
the pharmacoklnetlcs of  ethanol m the plgtmled macaque 
might provide such a runmng estimate 

Ethanol ehmmatlon m man has been described suc- 
cessfully by a mathematical model consisting of  a single 
Mlchaells-Menten process [27,28] The feasibility of  using a 
simulation model for on-line calculation of blood levels in the 
monkey would depend on the stabthty within subjects and 
comparabthty among subjects in the pharmacoklnetic pa- 
rameters that govern the elimination of ethanol from the cir- 
culation 

The present study addressed two issues First, we as- 
sessed the pharmacoklnetlcs of ethanol m pigtailed 

~Requests for repnnts should be addressed to John T Slattery, Ph D,  Department of Pharmaceutlcs BG-20, University of Washington, 
Seattle, WA 98195 
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macaques under cond,tlons that have been typical in our 
stud,es of voluntary consumption We focused on 
mtrasubject and lntersubject vanabdlty ,n the major phar- 
macoklnetic parameters apparent volume of distribution. 
Kin. the concentration at wh,ch the rate of ethanol ehmina- 
tion ts one-half the maximum possible, and V ...... the maxi- 
mal rate ofehmmatlon Second. inasmuch as chronic ethanol 
ingest,on in large doses is known to cause enzyme induction 
and accelerated ehmlnatlon in virtually all speoes tested 
[17]. we addressed the quest,on of whether subchronic expo- 
sure to ethanol m amounts equal to the higher voluntary 
retake levels encountered m our stud,es (3 g/kg/day) alters 
the pharmacokmetlc parameters 

METHOD 

Subjects were I I male colony-bred pigtailed macaques 
(Macaca  nemestrma).  3 to 13 years of age, weighing 4 to 12 
kg A wide age and weight range was selected to match the 
varlabd, ty ordinarily encountered in stud]es of sooal behav- 
ior S,x animals were stud,ed under temporary chair re- 
straint, the animal was anesthetized with l0 mg/kg ketamme 
IM and placed m the chair, and an mdwelhng catheter was 
placed m one saphenous vein Ethanol was administered one 
hour after the animal recovered from anesthesia The other 
five animals were stud,ed m their home cages (l × l × l 3 m). 
where a vest-and-tether device allowed them to move about 
the cage during measurements The tether, connected to a 
swivel outside the cage. camed a cannula that was chroni- 
cally implanted through either a jugular vein or femoral vein 
with the tip in the vena cava [13,20] 

The animals received Purina Monkey Chow and water ad 
hb We showed in a previous study that food does not alter 
the pharmacoklnetics of ethanol admlmstered IV [13] 
Ethanol was administered at 0900 hr in all studies For the 
determination of mtersubject variability in the phar- 
macokmetics of ethanol, a single 0 6-g/kg (20% v/v) dose of 
ethanol was admimstered IV as a bolus through the sampling 
catheter, and was followed by a 10-ml rinse of heparlnized (1 
/zl/ml) saline Catheter patency was maintained with a con- 
stant lnfus,on of 15 ml of hepannlzed saline per hour Pre- 
hmmary stud,es showed that this procedure did not intro- 
duce artifacts into the determinat,on of ethanol concentra- 
t,ons 

The effect of subchromc administration of ethanol on its 
pharmacoklnetics was determined in three of the tethered 
monkeys Basehne studies were carried out on five succes- 
sive days Each day, 0 6 g/kg of 20% v/v ethanol was ad- 
ministered IV and serial blood samples were obtained as 
described above The animals then recewed IV infus.ons of 
ethanol by syringe pump (0 5 g/kg/hr m 8 ml sahne for two 
3-hr periods separated by 3 hr for a total of 3 g/kg) each day 
for 14 days This regimen corresponded to the highest rate of 
spontaneous ingestion by monkeys m our previous behav- 
ioral experiments [11] Then determinations of phar- 
macokmetic parameter values were repeated over another 
four days as in the baseline stud.es 

Blood samples (0 75 ml) were collected serially for 4 hr at 
Intervals of 15 to 30 mm They were ant.coagulated with 1 0 
mg EDTA and stored on ,ce until the end of samphng Blood 
was then centnfuged at 12,000 g for 3 rain, and 100/zl of 
plasma was transferred to a small vial containing 0 4 ml of 
400/zg/ml n-propanol 

The samples were refrigerated untd analyzed for plasma 
concentration by gas chromatography (within 72 hr) One 
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F I G  1 T l m e c o u r s e o f e t h a n o l c o n c e n t r a t l o n l n p l a s m a f o l l o w l n g a n  
IV dose (0 6 g/kg) to monkey 208, plotted on linear (top) and semi- 
logarithmic (bottom) coordinates 

mlcrohter was injected into a Varlan Aerograph Series 1400 
GC eqmpped with a flame ionlzaUon detector and a l 8×2 
mm sdamzed glass column packed with 5% carbowax on 
60/80 mesh Carbopak (Sulpeco) Temperatures were 160 °, 
93 °, and 200°C for the injector, column and detector, respec- 
twely Column eluent was quantified by a Hewlett-Packard 
3390A recording integrator operating m the peak he,ght 
mode Response was hnear from 4 to 3000 /xg/ml plasma, 
coefficient variation was less than 5% 

Pharmacokinetlc parameter values were determined w,th 
the MKMODEL program [10] of the PROPHET computer 
system (Bolt, Beranek and Newman, Inc , Cambridge, MA) 
Values of C0, Vma~ and Km were determined from the IV data 
by fitting the equauon 

dC/dt = C. - (Vma~ * C/(Km + C)) 

where C ~s ethanol concentration at time t, Vma x IS the 
maximum velocity of ellrmnation, and Km IS the apparent In 
vtvo Mtchaelis constant Co is the concentration at time zero 
extrapolated from the hnear port~on of the plot of concentra- 
tion versus t ime , ,  e ,  the initial rap~d drop of ethanol con- 
centratlon, presumed to be a d~stnbut~onal phase, was d~sre- 
garded in obtmmng estimates of Vmax and Km Volume of 
distribution was determined by dwldlng Co by dose 

RESULTS AND DISCUSSION 

The time course of change m ethanol concentration fol- 
lowing administration of the standard dose (0 6 g/kg) to a 
representative monkey is presented In Fig 1 The concen- 
tration declines at a constant rate unUl it approaches 0 2 
mg/ml, at which point the kinetics exlublt more of a first- 
order character Substantml data have been accumulated to 
show that ethanol is oxadlzed to acetaldehyde by several 
enzyme systems, alcohol dehydrogenase (ADH), catalase, 
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TABLE 1 

PHARMACOKINETICS OF ETHANOL IN MALE PIGTAILED MACAQUES 

Monkey 
Number 

Volume of 
D i s t r i b u t i o n  Vmax 

Weight Km 
kg L L/kg mg/ml g/hr g/kg hr 

003 4 2 3 52 0 839 0 043 0 71 0 169 
479 4 2 3 31 0 793 0 052 0 76 0 181 
208* 4 5 3 54 0 786 0 053 1 10 0 232 
369* 4 5 4 10 0 912 0 026 0 90 0 201 
029 5 1 4 44 0 870 0 068 1 31 0 258 
329* 5 4 4 22 0 782 0 064 1 31 0 243 
023 6 5 4 76 0 732 0 097 1 01 0 156 
375 7 ! 5 50 0 775 0 102 1 27 0 179 
267 7 6 5 99 0 788 0 068 1 44 0 184 
038* 10 3 8 36 0 812 0 062 2 34 0 245 
066* 12 7 9 31 0 733 0 062 1 83 0 144 
Mean 5 19 0 802 0 063 1 27 0 199 
SD 1 99 0 054 0 022 0 48 0 039 
Coefficient 38 4% 6 77% 34 3% 37 7% 19 7% 

of Variation 

*Tethered monkeys, all others were chaired Parameter values were not sigmficantly different 
between chaired and tethered monkeys, t-test, 0 15<p<0 9 

and a mlcrosomal ethanol oxidizing system (MEOS) all con- 
tribute to the elimination of ethanol [15, 18, 21, 23-25, 28] 
ADH accounts for the majority of  ethanol elimination, but 
has a Km substantially lower than that of the other systems 
[28] We found, however,  that the fit of the data to a function 
that described the decline of ethanol concentration with a 
single MIchaehs-Menten term was not improved by adding a 
first-order term to represent the contribution of enzyme sys- 
tems other than ADH In fact, the fitted curves for each 
monkey were essentially Identical to those assuming a single 
Mlchaehs-Menten process only 

The results of  the mtersubject vanabdlty studies are 
summarized in Table 1 The value of Vmax agrees with the 
value determined by others in this species [7] Phar- 
macoklnetic parameter values did not differ between chaired 
and tethered monkeys The coefficients of variation for vol- 
ume of distribution and Vmax were quite large As might be 
expected, however, the values of these parameters corre- 
lated positively with body weight (r' for volume of distnbu- 
t lon=0 98, for Vm~.=0 71), and when parameter values 
were expressed relative to body weight, their coefficients of 
variation were remarkably low (6 73% for volume of distri- 
bution, 19 6% for Vm~x) The large coefficient of varmtlon for 
Km (34 3%) was not reduced by reference to body weight 

Even though the coefficients of variation for volume of 
distribution and Vm.x are small, it might seem that the rela- 
tively large coefficient of variation for Km would confound 
attempts to predict ethanol concentration given an adminis- 
tration h~story However ,  if the ethanol concentration ex- 
ceeds 0.5 mg/ml when ethanol is administered in a given 
study, the lnteranimal vanabihty in the value of Km would 
not substantially affect the plasma concentrations observed 
This fact is illustrated m Fig 2, which shows the results of 
simulations carried out with mean values of Vmax and volume 
of distribution, and the extreme values of Km listed in Table l 

The effects of subchromc administration of ethanol dally 
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FIG 2 Simulated time course of ethanol concentration m plasma 
following 0 8 g/kg (top panel) and 0 6 g/kg (bottom panel) Km=0 1 
mg/nd (upper hne), 0 06 mg/ml (m=ddle line) and 0 04 mg/ml (lower 
hne) V,n.~=0 25 g/kg/hr, volume of d=stnbutlon=0 80 L/kg 

for two weeks at doses similar to those ingested spontane- 
ously in behavioral studies are represented in Table 2 Val- 
ues of Km and volume of distribution did not change from the 
preexposure to the postexposure determination in any mon- 
key The value of Vmax was unchanged in two monkeys, but 
increased by 23% in monkey 329 Owing to a malfunction of 
the infusion pump and timing device, this monkey recewed a 



488 KALHORN,  BOWDEN AND SLATTERY 

TABLE 2 

PHARMACOKINETIC PARAMETER VALUES BEFORE AND AFTER INTENSIVE EXPOSURE TO ETHANOL* 

Monkey 
Number 

Volume ot 
Weight. kg Distribution L/kg K.,, mg/ml 

Before After Before After Before After 

V ...... g/kg hr 

Before After 

038 

329 

208 

10 3 11 5 0 812 0 790t 0062 0 059t 
±0 056 ±0 028 ±0004 ±0 011 
(6 85) (3 59) (6 20) f19 3) 

5 4 5 8 0 800 0 816t 0 064 0 072+ 
±0 080 ±0 013 ±0 015 ±0 016 
(10 0) (1 65) (23 0) (22 7) 

4 5 4 5 0 786 0 757t 0 053 0 041+ 
±0 033 ±0 038 ±0 014 ±0 012 
(4 15) (4 97) (26 9) (28 8) 

0 244 0 221~ 
±0 020 ±0007 
(8 35) (3 02) 

0 243 0 298~ 
±0 012 ±0 034 
(4 84) (ll 3) 

0 245 0 232t 
±0 038 ±0 017 
(15 4) (7 44) 

*Data are mean, standard devmUon, and, m parentheses. 
tNot stgn|ficantly dtfferent from before, p >0 05 
~Sigmficantly different from before, p<0 05 

coefficient of vanatlon m %, n=5 except for ammal 038 (n=4) 

dose of approxamately 4 5 g/kg over a 20-mln period on day 
10 of  the subchromc admImstratton regimen The monkey 
was comatose after tlus dose, tt recezved glucose for hypo- 
glycerma and was fully recovered two days later, at which 
time ethanol admimstratton was resumed for four days 

The results suggest that 3 g/kg/day ethanol admmistered 
over a two-week period does not mcrease the clearance of 
the drug However ,  a single large dose witlun this regimen 
apparently can increase clearance While enzyme induction 
has not previously been reported following a single dose of 
ethanol in primates, MEOS activtty is stimulated in mtce by 
a smgle injection of ethanol (4 g/kg) [23] 

Enhanced ethanol metabohsm due to repeated high-dose 
ethanol admzmstratlon has been clearly demonstrated by 
other studies m humans and nonhuman pnmates The clear- 
ance of  ethanol in nonjaundiced alcoholics has been reported 
to be 70% [18] to 100% [15] greater than that of  nondnnklng 
control subjects and jaundiced alcohohcs The enhanced 
clearance m alcohohc patients has been shown to revolve 
greater activity of  an NADPH-dependent  ethanol oxidizing 
system (presumably MEOS), ADH activity does not defter 
between alcoholics and healthy controls [18] Other studies 
m nonhuman pnmates have produced results compatible 
with those m humans [21, 24, 25] The dose used m those 
studies was quite large (as much as 50% of total caloric in- 
take for two to seven years) [21,25] and resulted in an ap- 
proximately 34% increase in ethanol clearance, which was 
attributed to increased MEOS activity [21] 

The results of our study of subchromc exposure do not 
support the conclustons drawn by Elton et al [7] from thetr 
study of  chromcally exposed monkeys They found a higher 
value of  Vma x in a pigtailed macaque that drank an average of 
3 1 g/kg/day for 230 days than in a monkey that drank 2 15 
g/kg/day over the same penod and m two monkeys that were 
not exposed to ethanol The dtfferences ranged from 6% 
when the high-dose antmal was compared with one of the 
naive monkeys to 25% when the lugh-dose monkey was 
compared with the other exposed animal The authors at- 
tnbuted those dtfferences to induction Either the period of 
treatment used in our study was insufficient to cause mduc- 
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FIG 3 Szmulated time course of ethanol concentration in plasma 
following 0 6 g/kg to monkeys 038 (top), 329 (middle) and 208 (bot- 
tom), before (B) and after (A) subchromc administration of ethanol 

tlon in the two monkeys that received ethanol according to 
our protocol, or the higher value of Vmax observed in the 
earlier study represented mtersubject varlablhty rather than 
induction The latter interpretation appears more hkely, 
given the range of values of Vmax presented m Table 1 

Enhanced clearance of  ethanol is relevant to behavioral 
studies only insofar as the effect on ethanol concentration Js 
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s ignif icant  m a behav to ra l  con t ex t  To  md the  behav io ra l  
sc ien t i s t  in a s sess ing  the  i m p h c a t l o n s  of  the  resu l t s  of  this  
s tudy ,  the  s~mulated t tme  cour se  of  p l a s m a  e thano l  concen -  
t r a t i on  us ing the  m e a n  p a r a m e t e r  va lues  be fo re  and  a f te r  
e t hano l  e x p o s u r e  for  e ach  of  the  t h r ee  m o n k e y s  in ou r  s tudy  
(Table  2) is s h o w n  in Fig 3 In  the  two m o n k e y s  t ha t  s h o w e d  
no changes  m p a r a m e t e r  va lues ,  the  c u r v e s  were  sl ightly 
a b o v e  the  c u r v e  s imula ted  on  the  basis  of  va lues  obtaaned 
before  a d m l m s t r a t l o n  of  e thano l  E v e n  w~th a 23% inc rease  
in Vmax a f te r  e x p o s u r e  to e t hano l  e x p e r i e n c e d  by  an imal  329, 
the  s imula ted  t ime  cour se  of  c o n c e n t r a t i o n  was  qui te  s~mdar 
to tha t  ob t a ined  before  e x p o s u r e  to e thano l  It r em a i ns  to be  

d e t e r m i n e d  w h e t h e r  r epea t ed  e x p o s u r e  to e thano l  concen -  
t ra t ions  lugher  than  those  p r o d u c e d  in our  s u b c h r o n l c  regi- 
men  would  cause  a s ignif icant  degree  o f  i nduc t ion  

T h e  resu l t s  o f  th~s s tudy  show tha t  the  in t e r sub jec t  varia-  
bil i ty of  the  p h a r m a c o k l n e t l c s  of  e thano l  in c o l o n y - b r e d  p~g- 
tai led m a c a q u e s  is small ,  e x c e p t  for  Km, and  tha t  the  influ- 
ence  of  Km on  es t ima tes  gene ra t ed  by  the  mode l  in the  dose-  
range  typical ly  e n c o u n t e r e d  m b e h a v i o r a l  e x p e r i m e n t s  ~s 

min imal  S u b c h r o m c  e x p o s u r e  to e thano l  tn doses  spon t ane -  
ous ly  inges ted  b y  m o n k e y s  m b e h a v i o r a l  s tud ies  are  insuffi- 
o e n t  to cause  a l t e ra t ions  in the  p h a r m a c o k l n e t i c s  of  the  
drug,  unless  i n t e r spe r s ed  wi th  occas iona l  ve ry  large doses  
Thus ,  to the  ex t en t  tha t  the  c o n c e n t r a t i o n / t i m e  profi le  de- 
p e n d s  on  the  pha rmacok ine t J c s  of  e l imina t ion ,  one  can  calcu-  
la te  it to  an  accep tab le  degree  of  a c c u r a c y  f rom a de ta i led  
r eco rd  of  c o n s u m p t i o n ,  b o d y  weight ,  and  a d~s tnbuted  input  
mode l  ba sed  on  M~chaehs -Men ten  k ine t ics  This  c o n s t r a i n t  
~s me t  only  w h e n  the  drug is a d m l m s t e r e d  IV The  resul t s  of  
a s tudy  of  addi t iona l  fac tors  tha t  c an  affect  the  a b s o r p t i o n  of  
oral ly admin i s t e r ed  e thano l  are r epo r t ed  separa te ly  [13]. 
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