
Phurma~olot,.~ Biochemi~tt 3 & B,,Im~ior, Vol. 17, pp. 733-740. 1982. Printed in the U.S.A. 

Interaction Between Nicotine and 
Endogenous Opioid Mechanisms 

in the Unanesthetized Dog 

S. G. K A M E R L I N G ,  J. G. W E T T S T E I N ,  J. W. S L O A N ,  T.-P.  SU 
A N D  W. R. M A R T I N  

Department  ~?f Pharmacology, Universtiy o f  Kentucky Colh, ge o f  Medicine. Lexington. K Y 40536 
and NIDA Addicthm Research Center. Lexington, K Y 

R e c e i v e d  10 F e b r u a r y  1982 

KAMERLING, S. G., J. G. WETTSTEIN, J. W. SI,OAN, T.-P. SU AND W. R. MARTIN. Interaction between nicotine 
and endo~,enou,~ opioid mechani,~ms in the unanesthetized dog. PHARMAC. BIOCHEM. BEHAV. 17(4) 733-740, 
1982.--Nicotine produced a distinct reproducible syndrome in the conscious dog when injected intravenously or intracere- 
broventricularly. Intravenously administered nicotine (40/xg/kg/min for 20 minutes) increased cardiac and respiratory rates 
and produced analgesia, miosis, hypothermia, behavioral restlessness and emesis. When microinjected into the third 
cerebral ventricle, nicotine (100-200 /zg) similarly increased cardiac and respiratory rates and pupillary diameter; and 
produced behavioral restlessness, emesis, erratic analgesia and maintained wakefulness and a desynchronized EEG. 
Microinjection of nicotine (5-25 ,ttg) into the periaqueductal gray failed to alter any of the parameters studied. Intravenous 
pretreatment with the opioid antagonist naltrexone (2 mg/kg) influenced the action of intravenous nicotine on certain 
physiological systems. While naltrexone alone produced a significant degree of tachycardia, miosis, and analgesia, it 
potentiated the tachypnea and antagonized the miotic response evoked by nicotine. Methionine-enkephalin was detected in 
pcrfusates obtained from the lateral cerebral ventricles of conscious dogs. Nicotine produced a non-significant decrease in 
enkephalin levels. These observations suggest that there are interactions between endogenous opioid and nicotinic proc- 
esses. However. they are complex and may differ from one functional system to another. 
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RECENT studies from a number of laboratories suggest an 
interaction between opiates (and opioids) and nicotine on 
several behavioral and physiological processes. The narcotic 
antagonist, naloxone, reduces both the frequency and 
amount of tobacco smoking in chronic smokers [21] and de- 
creases the intake of other positive reinforcers such as 
ethanol [2]. Mecamylamine (a centrally acting nicotinic 
antagonist) exacerbates the behavioral severity of early 
withdrawal from morphine in rats [43]. Opioids can reduce 
the number of functional nicotinic receptor sites on adrenal 
chromaffin cells and decrease nicotine-induced secretion of 
catecholamines [23]. Cross-tolerance to the analgesic effects 
of chronically administered morphine and nicotine in the 
mouse has been suggested [38]. These data suggest that there 
may be interactions between nicotine and endogenous opioid 
mechanisms. This study explores interactions between 
nicotine and enkephalinergic processes in the dog central 
nervous system. The actions of nicotine on the skin twitch 
reflex and autonomic function were characterized in the in- 
tact dog in the presence and absence of naltrexone. Studies 
were conducted to establish which of these actions of 

nicotine were of central origin. Further, the effect of a 
nicotine infusion on the release of methionine-enkephalin 
into lateral ventricle perfusates was studied. The un- 
anesthetized dog was chosen because the pharmacology of 
the opioid analgesics have been extensively investigated in 
this species [34,35] and [2] methods have been developed for 
simultaneous measurement of several neurochemical, phys- 
iological and behavioral parameters. There are relatively few 
reports of the action of centrally or peripherally administered 
nicotine in the unanesthetized dog [15, 16, 24, 28, 29]. 

METHOD 

Female beagle type dogs weighing between 8.5 and I 1.0 
kg were used in studies of the effects of nicotine in the intact 
dog. Approximately 10 days prior to experimentation two 10 
mm stainless steel guide cannulae (18 gauge, 10 mm in 
length) were placed in the brain stereotaxically (Anterior 15, 
Lateral 8) approximately 5 mm below the dura which al- 
lowed the painless introduction of perfusion cannulae into 
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the right and left lateral ventricles of the unanesthetized dog. 
Before surgery and during the surgical recovery period, 
animals were acclimated to both the laboratory personnel 
and environment and trained to remain quietly in a sling 
support for two or more hours. Following conditioning, 60 
minute experimental sessions were conducted at weekly 
intervals. Electrocardiogram (ECG), respiratory rate, and 
body temperature were recorded continuously and sampled 
every 5 minutes for analysis. The skin twitch reflex (a 
nociceptive response) was evoked and pupillary diameter 
measured at 5 minute intervals. Heart rate was obtained 
from electrocardiograms while respiration was measured 
using a chest bellows and a pressure transducer (Statham P 
23BC). Respiratory and cardiac rates were quantified by 
counting the respective number of breaths and beats per 
minute displayed on strip chart recordings (Grass Polygraph 
Model 7D). Rectal temperature was monitored using a 
thermister probe and digital thermometer (Bailey, Model 
BAT 8). Autonomic, motor and behavioral signs were eval- 
uated continuously by the presence or absence of lacrima- 
tion, salivation, rhinorrhea, vomiting, shivering and relax- 
ation of the nictitating membrane and recorded on a check 
list. State of sleep or arousal was classified on the following 
scale: (1) sleep; eyes closed, (2) quiet; calm, eyes open, no 
body movements, (3) restless; repetitive movements of head, 
forelimbs or hindlimbs without vocalization. The skin twitch 
reflex was evoked by application of radiant heat focused 
upon a blackened 3 cm ~ area of depilated skin [17]. Its la- 
tency was the time interval between the onset of the light and 
the twitch. A stimulus cutoff of 10 seconds was used. Pupil- 
lary diameter (mm) was measured from Polaroid photo- 
graphs of the eye [32]. 

In the first experiment each animal participated in three 
treatment conditions; (1) a 20 minute intravenous infusion of 
nicotine (40 ~g/kg/min), (2) a 20 minute intravenous infusion 
of physiological saline at a volume and rate equal to that of 
nicotine and (3) no treatment. Each animal was concomit- 
antly subjected to ventricular perfusion for 40 minutes. 

A twenty minute infusion was selected since it was desir- 
able to have a sustained nicotine effect during the cerebral 
perfusion. The selection of the dose and infusion was based 
on several theoretical and practical considerations. These 
included the short half life of nicotine, the obtaining of a 
marked but not overtly toxic response to nicotine and the 
attainment of nicotine levels which would approximate those 
achieved by the smoking of several high nicotine cigarettes. 
During the course of infusion the effects of nicotine in- 
creased and for some effects did not become maximal until 
after the end of the infusion. Initially 9 animals were em- 
ployed using a 3× 3 (dogs and treatments) Latin square cross- 
over design. Since some animals died during the course of 
the experiment and were replaced, a balanced design was 
obtained in only six animals. For these six animals, data was 
analyzed using an analysis of variance (ANOVA) in which 
between dogs, weeks and treatments variance was segre- 
gated. Since neither between weeks variance nor between 
saline and no treatment condition variance were significant, 
a two-way analysis of variance (treatments and dogs) com- 
paring the saline and nicotine treatment conditions was done 
for data from 8 or 9 animals for all parameters. Observations 
were grouped into three, 20 minute epochs. The first epoch 
consisted of 4 pre-drug observations which were averaged 
for each animal and each treatment. Nicotine or saline was 
administered only during the second (20 minute) epoch. Re- 
sponses for each parameter obtained during the second and 

third epochs were expressed as a percent of the pre-drug 
means. 

Prior to ventricular perfusion two 23 gauge stainless steel 
perfusion cannulae (fitted with 29 gauge stylets) were low- 
ered into the lateral ventricles to a depth at which cerebros- 
pinal fluid (CSF) flowed freely from both cannulae. The ven- 
tricles were perfused with artificial cerebrospinal fluid (ASF) 
warmed to 37°C [37] at a rate of 1. I ml/min, using a Harvard 
Apparatus model 475 pump. The perfusate was administered 
into one lateral ventricle and collected from the contralateral 
ventricle under a slight vacuum. Separate perfusate samples 
were collected during the 20 min infusion epoch (To-T,_,,) and 
a 20 min post infusion epoch (T~,,-T~,). Perfusion experi- 
ments were conducted between the hours of I:00 and 5:00 
p.m. The methionine-enkephalin (ME) RIA procedure used 
was a modification of methods previously described [7, 12, 
39]. Antiserum was generated in rabbits from a ME-poly-L- 
lysine conjungate prepared according to a previously de- 
scribed procedure [48]. The cross reactivity of the antiserum 
was 1.05% with LE and 0.12% with fl-endorphin. The 
antisera had a sensitivity greater than 0.1 pmol of ME per 
RIA tube, and was used in a final dilution of 120:1. 

All intravenous infusions were administered through an 
indwelling hypodermic needle inserted into the radial vein 
prior to the control period. Anhydrous (-)nicot ine base was 
prepared in sterile saline at a concentration of 1 mg/ml, just 
prior to administration. 

In another experiment 8 dogs participated in 4 treatment 
conditions (I) a 20 minute intravenous infusion of nicotine 
(NIC) at a dose/rate of 40 p,g/kg/min, (2) a 2 minute intrave- 
nous infusion of 2 mg/kg naltrexone (NAL), (3) a 2 minute 
intravenous infusion of physiological saline (SAL) at a vol- 
ume and rate equivalent to that of the naltrexone injection 
and (4) a nicotine infusion (40 p,g/kg/min for 20 minutes), 20 
minutes after a 2 mg/kg dose of naltrexone (NN). The dose of 
naltrexone (2 mg/kg) selected was one which would occupy 
most of the/z and K receptors and which can be presumed to 
antagonize the physiologic effects of endogenous g or K 
agonists. The animals participated in these 4 treatments at 7 
to 10 day intervals according to a Latin square crossover 
design, but did not undergo concomitant ventricular per'fu- 
sion. Control and post-treatment observations were calcu- 
lated according to the method described above. The areas 
under the time action curve was calculated for each param- 
eter according to the sampling intervals indicated in Table 2. 
Using an analysis of variance, the between sessions or be- 
tween animals variance was not significant. Treatments 
(NAL, NIC, NN and SAL) were compared using a paired 
t-test. The NN-tNAL + NICO) comparison (Fable 2) was 
made to determine if the treatment effects which were signif- 
icantly greater than (i.e., potentiation) or less than (i.e., an- 
tagonism) would have been expected if the treatments were 
independently additive. Naltrexone HCI was prepared in 
sterile physiological saline at a concentration of 10 mg/ml. 

In a third experiment dogs were stereotaxically implanted 
with third ventricle (lateral 1.0 mm. anterior 14.0, 24.0 mm 
below dura) and/or periaqueductal gray cannulae (lateral 1.5 
ram, anterior 8 or 1 I mm, 26 mm below dura l  Beginning ten 
days after surgery each animal received 4 injections into the 
third ventricle at weekly intervals according to a crossover 
design: (1) nicotine 50 gg/10 p,l/2 min, (2) nicotine 100 p.g/10 
ixl/2 min, (3) nicotine 200/zg/10 ,o,1/2 min and (4) 0.9~ saline 
10 p,l/2 min. The 50/zg dose of nicotine did not alter any of 
the physiologic parameters studied and was therefore not 
included in statistical analyses. Doses of 100 and 200/zg are 
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within the range of  those reported which produced phar- 
macologic  effects  in the consc ious  dog [24], cat [13] and 
monkey [14]. Nicot ine  (5, 10 and 25 ptg) was adminis tered 
into the per iaqueducta l  gray at a rate of  1 /zl/min ove r  one 
minute through a 30 g injector  cannula.  Prior to sacrif ice 1.0 
p.I of  1% bromophenol  blue was injected into the PAG for 
histologic localizat ion of  the cannula.  The pH of the saline 
solutions was adjusted to 9.2 with N a O H .  Prior to third ven-  
tr icular microinject ion free flow of cerebrospinal  fluid was 
obtained.  Pre- and post- t reatment  observat ions  were made 
according to methods  descr ibed above.  In this exper iment  
cort ical  EEG was obtained from skull screws chronical ly 
implanted bilaterally over  the parietal lobe. E E G  elec- 
t rogenesis  was determined using a Drohocki  integrator  
(Grass Model  7PIDC).  The mean elect rogenesis  for the pre- 
t reatment  condit ion (control) was obtained by averaging the 
e lect rogenesis  of  20 consecut ive  one minute intervals prior 
to t reatment .  Fol lowing t reatment ,  c lect rogenesis  was meas-  
ured for consecu t ive  minute intervals and was expressed  as 
percent  mean electrogenesis .  Since no significant difference 
be tween  the effects  of  the two nicotine doses  were  found.  
areas under  t ime action curves  for both doses were pooled 
and compared  with saline. The significance of  sal ine-nicotinc 
diffcrences was assessed using a paired replicate analysis.  

RESULTS 

l~['['ects ~1" Nicotine Administered Intravenously 

The t ime course  of  the effects  of  in t ravenous nicotine in 
the intact dog on 5 physiological  parameters  are presented in 
Fig. I. Data in Table I presents  the compar isons  be tween  
nicotine and saline effects on areas under  the t ime-act ion 
curves  for the second (nicotine and saline infusion) and third 
(post- t reatment)  epochs .  No statistically significant differ- 
ences  in var iance in areas under  t ime-act ion curves  were  
found for animals (between dogs),  sessions (between weeks) 
or  be tween  the saline and the no t reatment  condit ions for any 
parameter .  As can be seen in Fig. I the nicotine infusion 
produced a rapid accelera t ion in respiratory and heart rates 
and increased in skin twitch latency. Pupillary constr ic t ion 
and hypothermia  had a s lower  onset  of  action. The effects of  
nicotine infusion in compar ison to a saline infusion were also 
determined in the nal t rexone-nicot ine  interaction experi-  
ment.  Nicot ine  infusion produced behavioral  rest lessness.  
Panting and hypervent i la t ion general ly preceded these signs. 
Two  or  more episodes  of  vomit ing and retching occurred  
consis tent ly  in each animal 13 to 18 minutes after the start of  
the nicotine infusion and did not occur  thereafter .  Sal ivat ion.  
lacrimation and rhinorrhea usually preceded and fol lowed 
emesis .  Although the nictitating membrane  relaxed when the 
animal appeared to sleep, it was retracted during the second 
and third epochs  in the nicotine treated group. 

l:f['ects o./'Nicotine Administered into the l'eriaqueductal 
Gray and Third Cerebral Ventricle 

Nicot ine,  (5, 10 and 25 /xg) was microinjected into the 
per iaqueductal  gray of  five dogs and failed to alter any 
physiologic parameters  studied. Dye studies showed that the 
tip of  the chemot rode  was in the per iaqueductal  gray o f  all 
dogs. Nicot ine  injected into the third ventricle produced a 
significant increase in respiratory and heart rate and in pupil- 
lary d iameter  and a significant decrease  in EEG elec- 
t rogenesis  relat ive to saline t rea tment  (Table 2). Nicot ine  
evoked  tachycardia ,  tachypnea  and miosis were apparent  

T A B L E  1 

EFFECTS OF NICOTINE (40 .u.gdkg/min) AND SALINE INFUSIONS ON 
RESPIRATORY AND CARDIAC RATES. SKIN TWITCH REFLEX 
I.ATENCY. PUPILLARY DIAMETER, RECTAL TEMPERATURE 

2nd Epoch 3rd Epoch 

Parameters N Nicotine Saline Nicotine Saline 
To-T2. lo-T2,, T~:,-T.,, ,  T.,:,-T,, 

Respiratory 9 517 _+ 66* 334 ,z_ 39 293 ~ 32 337 -~ 42 
Rate 

Heart 9 603 + 39 + 401 +_ 10 485 + 49 391 _~ 8 
Rate 

Skin Twitch 9 581 • 59* 395 ~- 19 511 ___ 39 430 +_ 35 
I.atency 

Pupil 8 325 ± 19 375 "- 12 302 ± 25* 360 '- 15 
Diameter 

Temperature 8 397 -_ 1 399 ~_ 0 394 + I,  398 ÷ 0 

Areas under time action curves of nicotine and saline are com- 
pared during the second (treatment) and third (post-treatment) 
epochs. Statistically significant differences are indicated at the 
*p<0.05 and ,p<0.01 levels. N=the  number of experimental 
animals. Numerical values indicate mean areas (+S.E.M.). 

within 5 minutes after injection and persisted for 20 to 30 
minutes and prevented  the increase in EEG electrogenesis  
seen in the saline treated dogs. None  of  the dogs slept or 
demons t ra ted  any episodes of  drowsiness  or  sleep spindles 
after nicotine. Most dogs were  aroused and restless follow- 
ing nicotine administrat ion.  One or  more episodes of  vomit-  
ing and slight amounts  of  accompanying  rhinorrhea and sali- 
vat ion were also seen in the subjects.  Three o f  six dogs 
showed marked analgesia (200-300% above  control)  while 
the others  showed none. Dogs which demonst ra ted  analgesia 
were  those in which nicotine produced marked changes in 
the o ther  parameters .  In addition, increaaes in skin twitch 
reflex latency occurred  erratically ove r  the time course  of  
drug action. 

Naltrexone-Nicotine Interaction in the Intact Dog 

Nal t rexone  produced significant increases in heart rate 
and skin twitch latency and decreases  pupillary diameter  
(Table 3). it did not alter respiration rate or  body tempera-  
ture. When the dogs were  pretreated with nal t rexone,  
nicotine also significantly increased heart rate and skin 
twitch latency and decreased pupil diameter .  As can be seen 
from Table  3 nicotine produced a greater  increase in respira- 
tory rate and lesser degree  of  miosis in the nal t rexone treated 
dogs than is predicted by assuming that nal t rexone and 
nicotine exert  their effects independent ly.  There  was a non- 
significant trend for the effect of  nicotine on heart rate to be 
less in the nal t rexone treated dog. Animals  receiving nal- 
t rexone prior to nicotine showed copious,  watery salivation 
during the nicotine infusion. Salivation of  this magnitude was 
never  observed  after ei ther nicotine or nahrexone .  Nal- 
t rcxone prc t rca tment  failed to alter the f requency of 
nicot ine- induced emesis.  Nal t rexone did not produce vomit-  
ing. 

Methionine-Enkephalin in Ventricular Perfusates 

The volume of  perfusates col lected ove r  a twenty minute 
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FIG. 1. The time course  of  the effects of  a 20 minute  infusion o f  nicotine (40/.tg/kg/min) and saline on respiratory and cardiac rates, skin twitch 
reflex latency, pupillary diameter  and rectal temperature .  Each point represents  the mean response  (_*S.E.M.) o f  8 or 9 animals.  
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T A B L E  2 

EFFECTS OF NICOTINE ADMINISTERED INTO THE THIRD VENTRICLE ON RESPIRATORY 
AND CARDIAC RATES. SKIN TWITCH REFLEX LATENCY. PUPIL DIAMETER. 

RECTAL TEMPERATURE AND EEG ELECTROGENESIS 

Nicotine l.evel 
Sampling minus  p of  Sample 

Parameter  Interval Saline Value Significance size in) 

Respiration 1,.: :.z 
Rate 

Heart  T...~,, 
Rate 

Skin "1., : .  
Twitch 
Latency 

Pupil T,,_~:, 
Diameter  

Tempera ture  Tz :~ 
EEG T~ ~ 

434 + 117, 3.82 <~0.025 6 

201 "_ 42 4.78 <0.005 6 

109 _+ 55 1.99 <0.20 6 

36 ±_ 11 3.18 <0.025 6 

39.5 "_ 38.1 1.04 <0.40 6 
244 + 61 4.00 <0.025 6 

The  sampling interval includes the time after injection during which nicotine produced signifi- 
cant  changes  in a given parameter .  No  significant differences between 100/.tg and 200 ~g doses  
o f  nicotine were found.  Therefore,  differences in areas  under  the t ime-action curve between 
saline and nicotine were averaged for both doses ,  for each animal.  Mean differences (_+_SEM) 
are indicated in the nicotine minus  saline co lumns ,  p Values and levels of  significance were 
determined using a paired t-test.  The same 6 animals  participated in all t rea tment  condit ions.  

p e r i o d  r a n g e d  f r o m  6 to 25 ml  ( M e a n =  15 ml)  w h i c h  is o n  t h e  
a v e r a g e  70% o f  t he  ar t i f ic ia l  sp i na l  f luid a d m i n i s t e r e d .  T h e  
c o n c e n t r a t i o n  o f  m e t h i o n i n e - e n k e p h a l i n  in t he  p e r f u s a t e  w a s  
no t  r e l a t e d  to t h e  v o l u m e  c o l l e c t e d  as  d e t e r m i n e d  by  b o t h  a 
r e g r e s s i o n  a n a l y s i s  a n d  c a l c u l a t i n g  a c o r r e l a t i o n  c o e f f i c i e n t .  
T h e  c o m b i n e d  v o l u m e  o f  t h e  l a t e ra l  a n d  th i rd  v e n t r i c l e s  o f  
t h e  d o g  is 1.6 to 2 .4  ml [5]. T h e s e  f i g u r e s  m e a n  t ha t  t he  f lu id  
in t he  v e n t r i c u l a r  s y s t e m  w a s  c h a n g e d  10 to  20 t i m e s  d u r i n g  
t h e  40 m i n u t e  p e r f u s i o n .  T h e r e  is no  s i g n i f i c a n t  d i f f e r e n c e s  

b e t w e e n  t he  c o n c e n t r a t i o n  o f  m e t h i o n i n e - e n k e p h a l i n  in t h e  
p e r f u s a t e s  c o l l e c t e d  d u r i n g  t h e  t w o  p e r i o d s  (Tab l e  4). T h e  
d a t a  o b t a i n e d  in t he  L a t i n  s q u a r e  c r o s s o v e r  e x p e r i m e n t s  
w e r e  a n a l y z e d  u s i n g  a t h r e e - w a y  a n a l y s i s  o f  v a r i a n c e .  T h e  
v a r i a n c e  a t t r i b u t a b l e  to t r e a t m e n t s ,  a n i m a l s  o r  t i m e  e p o c h s  
w a s  no t  s i g n i f i c a n t .  T h e  w i t h i n  a n i m a l  v a r i a n c e  w a s  l e s s  t h a n  
t h e  b e t w e e n  a n i m a l s  v a r i a n c e .  F u r t h e r ,  p a i r e d  c o m p a r i s o n s  
fo r  t i m e  e p o c h s  w e r e  m a d e .  A s  c a n  be  s e e n  f r o m  T a b l e  4 
t h e r e  w a s  no  d i f f e r e n c e  in c o n c e n t r a t i o n  o f  M E  b e t w e e n  t h e  

T A B L E  3 

EFFECTS OF NALTREXONE AND NICOTINE ALONE AND IN COMBINATION ON RESPIRATORY AND 
CARDIAC RATES. SKIN TWITCH REFLEX LATENCY, PUPII.I.ARY DIAMETER 

AND RECTAL TEMPERATURE 

Sampling 
Parameter  N Period NAt .  NICO NN N N - ( N A L + N I C O )  

Respiratory 7 T,o e,, - 1 3  _- 15 173 ± 82 394 + 164 234 ~ 90* 
Rate 

Heart 8 "I:, ~. 67 ÷ 25* 226 ~ 42* 195 ~- 33* - 9 8  _+ 67 

Rate 
Skin 6 T=, ~,, 108 -- 35* 149 = 45* 248 +- 88* 9 _+ 71 

Twitch 
Latency 

Pupil 7 T:, ~,~ - 5 4  _+ 19" - 8 8  : 16" - 5 3  +- 8 89 + 27* 

Diameter  
Tempera ture  8 T:, ~,, --6 + 13 19 ~: 7 -16 ' 11 9 ~ 18 

Nicotine t40 p.g/kg/min for 20 min IV) was adminis tered alune (NICO) and 20 minutes  after nal- 
t rexonc ~2 mg/kg IV) iNN). Nal t rexone (2 mg/kg IV) was also administered alone (NAL).  Sampling 
periods refer to the time after nicotine infusion began (NICO,NN).  N N - ( N A L  - NICO) is the 
difference between the sum of  the nicotine and nal t rexone t rea tments  alone and the nicotine-aftcr- 
nal t rexone t reatment .  Numerical  values in the t reatment  co lumns  are differences in areas  under  t ime 
action curves  ( ,_SEM) between each t reatment  and saline for the given sampling period. 
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TABLE 4 
EFFECT OF TIME AND TREATMENT ON METHIONINE-ENKEPHAI.IN 

IN BRAIN PERFUSATE 

Time Epoch 

Treatment T,,-Te,, r.,,,-T,, Combined Mean 

None 0.46 ___ 0.18 (6) 0.45 • 0.17 (6) 0.45 '- 0.12(12) 
Saline 0.85 *-- 0.28 (6) 0.94 + 0.31 (6) 0.90 _+ 0.20(121 
Nicotine 0.60 _- 0.17 (6) 0.56 '_ 0.34 (6) 0.58 • 0.18 [12) 

Combined Mean 0.64 ± 0.12 (18) 0.65 ~ 0.16 (18) 

Endogenous methionine-enkephalin was analyzed by RIA. Mean nanograms of 
methionine-enkephalin per ml of perfusate _+ S EM are reported. The number of observa- 
tions is shown in parentheses. 

first and second periods. Although there was a trend for ME 
to be higher in the saline-treated dogs than in the untreated 
dogs this was not statistically significant. There also was a 
trend for nicotine treatment to decrease ME levels in com- 
parison with saline treatment but this was not significant. 

DISCUSSION 

Intravenous nicotine produces a syndrome in the con- 
scious dog consisting of behavioral arousal, tachycardia, 
tachypnea, miosis, hypothermia, analgesia and emesis. The 
ability of nicotine to evoke some of these signs is well known 
while its ability to evoke others is somewhat controversial. 
The sites of action of nicotine are complex and involve ef- 
fects upon autonomic ganglia, peripheral chemoreceptors, 
chromaffin tissue and the central nervous system, however 
the importance of the contribution of these different sites to 
the actions of nicotine in the intact animal is not completely 
understood. 

The observations that nicotine produces tachycardia and 
tachypnea when administered intravenously and into the 
third ventricle confirm and extend other studies. Nicotine 
(20-60 ~g) administered into the lateral cerebral ventricles of 
the unanesthetized dog caused tachycardia and an increase 
in blood pressure [24]. When administered into the fourth 
ventricle nicotine produced tachypnea in the anesthetized 
dog [41] and panting in the unanesthetized cat [47]. In low 
doses ( 1.0 gg) nicotine increased ventilation and blood pres- 
sure when applied to the ventral surface of the medulla of 
anesthetized cats. Doses greater than 2 /zg produced a de- 
pressor response [9,11]. Wu and Martin (in preparation) have 
found that nicotine administered in the vicinity of the nu- 
cleus ambiguus slows heart rate and decreases blood pres- 
sure. The effect of nicotine on hypothalmic vasomotor and 
cardioaccelerator regions have not been studied. It is possi- 
ble that nicotine administered into the third ventricle is 
producing its cardiovascular effects by acting on the hypo- 
thalamus. Further, nicotinic processes may exert diverse ef- 
fects on the medulla. It is unlikely that the effects on respira- 
tion or pulse rate of intraventricularly administered nicotine 
are due to a peripheral action because when 100 and 2(10 ~g 
were administered in a bolus intravenously they produced 
only transient gasping and a brief tachycardia (15 sec or 
less). Further Mandel et  al. [291 found that doses of less than 
200/zg of nicotine administered into the circulation of un- 
anesthetized dog were without effect. Responses were most 
often observed at intravenous doses of around 2%50/.tg/kg. 
Thus the central effects of nicotine contribute to its respira- 
tory and cardiovascular effects. 

Prolongation of the skin twitch reflex in the dog observed 
after intravenous nicotine has not been previously reported. 
The maximum degree of analgesia produced by the nicotine 
infusion was modest and roughly equivalent to 0.1 to 0.2 
mg/kg of morphine [35]. Nicotine failed to produce consis- 
tent prolongation of the skin twitch latency when adminis- 
tered into the third ventricle of the dog. Some dogs however 
showed profound analgesia while others did not. These erra- 
tic results may reflect the variability in distribution or pene- 
tration of nicotine into caudal brain structures. Nicotines" 
ability to produce analgesia in rats has been studied and is 
controversial. Parenterally administered nicotine prolongs 
tail flick and hot plate latency in mice and rats [30, 38, 45], 
however little or no analgesia was reported using the flinch 
jump or tail pinch assays which are sensitive methods for 
assessing analgesia [20, 44, 45]. Intraventricular nicotine in- 
creases tail flick latency in the rat [45]. Mecamylamine but 
not hexamethonium blocks nicotine-induced analgesia in the 
mouse [38] and rat [45]. The periaqueductal gray is not in- 
volved in nicotines analgesic action in the dog since injection 
of nicotine into this site had no effect on skin twitch latency. 

Intravenously administered nicotine produced miosis 
while intraventricularly administered nicotine produced 
mydriasis. The effects of nicotine on pupillary diameter of 
the dog have not apparently been studied systematically. 
Studies of the actions of nicotine on the isolated cat iris 
support the idea that some of its effects are at the ganglia 
[46]. Further, both sympathetic and parasympathetic fibers 
have some potential for producing both miosis and mydriasis 
in the dog [26]. Injection of nicotine into the third ventricle 
produces mydriasis which may be part of its more general 
activating effect and is probably due to an action on the 
central nervous system. Miosis observed during intravenous 
infusion probably is a consequence of the dominance of 
nicotines" effect on the ciliary ganglion, however, this specu- 
lation is far from established. 

Nicotine produces hypothermia in the mouse when given 
subcutaneously 1311 and intraventricularly [3] and in the feb- 
rile mouse, rabbit and dog [311. Hall [131 found that nicotine 
(50-100 /~g) given into the lateral ventricle of the un- 
anesthetized cat produced hypothcrmia. When nicotine (5(1 
to 800 ~g) was injected into the lateral ventricle of the rhesus 
monkey an erratic hypothermia was produced, however 
when the ventricular system was perfused from the lateral to 
the fourth ventricle at a rate of 5 to 10 ,u.g/min, a slow onset 
dose related hypothermic response was produced [14]. Al- 
though nicotine causes hypothermia in the dog its site of 
action has not been identified. The failure to see hypother- 
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mia following administration into the third ventricle may 
have been a consequence of the fact that it was injected into 
the caudal part of the third ventricle and did not gain access 
to the anterior hypothalamus. 

A single bolus or short infusion of low doses of nicotine 
(around 5 to 20/xg/kg, IV) typically produces EEG desyn- 
chrony (cortical activation) a decrease in EEG amplitude and 
behavioral arousal in the dog [16,22] and in other species [I, 
4, 6, 27, 42, 47, 50]. However, the effects of longer term 
infusions (e.g., 20 minutes) of higher doses (greater than 25 
/zg/kg) of nicotine on EEG parameters and behavior is vari- 
able. An intravenous dose of nicotine (4 p,g/kg) administered 
every minute for 20 minutes produced both an increase and 
decrease in EEG activity in the cat [4]. Large doses of 
nicotine (250 to 500 #,g) injected into the vertebral artery 
produce arousal followed by sleep in the unanesthctized dog 
[15]. Intraventricular nicotine (2-10 /zg) produces a 
prostration-immobilization syndrome in the rat [1}. In our 
studies nicotine administered into the third ventricle did not 
alter EEG electrogenesis in the awake dog however, it pre- 
vented sleep and drowsiness as well as the associated in- 
crease in electrogenesis. 

Although naltrexone has been characterized as a com- 
petitive opioid antagonist it produced tachycardia, analgesia. 
and miosis. The tachycardia observed after naltrexone is 
consistent with the hypothesis that endogenous opioids toni- 
cally modulated cardiovascular function and that the actions 
of these peptides can be antagonized by naloxone or nal- 
trexone. Graded doses of naltrexone have been studied in 
the chronic spinal dog [33] and tended to increase pulse rate, 
prolong the skin twitch reflex latency but did not alter pupil- 
lary diameter. Wu and Martin (in press) have shown that 
naloxone (I mg/kg) increases blood pressure as well as pulse 
and respiratory rate and minute volume in the un- 
anesthetized acutely decerebrated dog. Laubie et  al. [25] 
found that /3-endorphin administered intracisternally 
produced a naloxone antagonizable bradycardia in the 
chloralose anesthetized dog. The effects of naloxone and 
nahrexone on pain and nociceptive reflexes and on pupillary 
diameter are both small and complex and are not readily 
reconciled by assuming that they are producing their effect 
by antagonizing an endogenous opioid ligand involved in the 
production of analgesia or by acting as a partial opioid 
agonist. 

Nicotine produced significantly less miosis and a greater 
increase in respiratory rate after naltrexone than was pre- 
dicted by adding the miotic or respiratory effects of nicotine 
and naltrexone. There was also a nonsignificant trend for 
naltrexone to antagonize nicotine induced tachycardia. Al- 
though it was not quantitated naltrexone markedly enhanced 
nicotine induced salivation. These data suggest that endoge- 
nous opioids enhance nicotines ability to produce miosis and 
antagonize its ability to evoke tachypnea and tachycardia 

and that there are interactions between the physiologic ac- 
tions of endogenous opioid peptides and nicotinic processes. 
These interactions are complex however and seem to vary 
from one functional system to another. It is well known that 
opioid analgesics and opioid peptides will inhibit the release 
ofacctylcholine from both peripheral tissues and the brain of 
several species and that this inhibitory effect can be antago- 
nized by opioid antagonists [10, 19, 49]. Feedback mech- 
anisms have been postulated for cardiovascular, respiratory 
and nociceptive reflexes. If endogenous opioid ligands are 
involved in feedback mechanisms regulating reflex pathways 
containing nicotinic synapses, the nature of the feedback 
process (positive or negative) will determine whether the 
interaction would be greater or less than additive. Further 
nicotinic and opioid processes could be serially related and 
be either facilitatory or inhibitory to each other. Wu and 
Martin (in preparation) have shown that the nucleus am- 
biguus is activated by both nicotinic and opioid processes 
which function independently and may be redundant parallel 
pathways. 

Methionine-enkephalin was identified in lateral ventricle 
perfusates. It was estimated that the ventricular volume was 
replaced 10 to 20 times during the course of the experiment. 
Since the concentration of methionine-enkephalin did not 
change appreciably during the perfusion these results 
suggest that tonic release of methionine-enkephalin into the 
lateral ventricular system must have been significant. 
Nicotine produced a nonsignificant decrease in ventricular 
pcrfusate levels of methionine-cnkephalin when compared to 
the appropriate control (saline). It is not possible to exclude 
a possible interaction between methionine-enkephalin and 
nicotinergic mechanisms. Although methionine-enkephalin 
as well as opioid and nicotinic binding sites have been iden- 
tified in forebrain, it has not been possible to identify func- 
tions that are unequivocally mediated by forebrain structures 
which involve nicotinic processes. Failure to obtain a statis- 
tically significant change may indicate that nicotine may both 
increase and decrease enkephalinergic processes, as the nal- 
trexone data suggests, with little change in the net release. 

In conclusion, nicotine evokes a reproducible syndrome 
in the intact unanesthetized dog involving several functional 
systems. The actions of nicotine on the central nervous sys- 
tem contributes to the manifestation of the signs of the syn- 
drome. Many of the effects produced by nicotine may reflect 
its actions on the hypothalamus, mcsencephalon and 
medulla. The data further suggests that there are interactions 
between enkephalinergic or endorphinergic and nicotinic 
mechanisms in the dog and that these interactions may differ 
from one functional system to another. Finally methionine- 
enkephalin has been identified in the dog ventricular fluid 
perfusate and seems to be continuously released. The data 
on the influence of nicotine on the release of methionine- 
enkephalin into the ventricular fluid is ambiguous. 

REFERENCES 

1. Abood, L. G., K. Lowy and H. Booth. Acute  and Chronic 
Effect.~ c~f Ni¢'otine in Rats attd Eviden¢'e for  a Notwholinergi~" 
Sits" ~tf Action.  National Institue on Drug Abuse Research 
Monograph Series 23. Washington. DC: U.S. Government 
Printing Office, 1979, pp. 136-149. 

2. Altschuler, H. L., P. E. Phillips and D. A. Fcinhandler. Altera- 
tion of ethanol self-administration by naltrexone, l,(fe Sci. 26: 
679-688, 1981). 

3. Ankier, S. 1., R. T. Brittain and D. Jack. Investigation of central 
cholinergic mechanisms in the conscious mouse. Br. J. Phar- 
mac.  42: 127-136, 1971. 

4. Armitage, A. K., G. H. Hall and C. M. Sellers. Effects of 
nicotine on elcctrocortical activity and acetylcholinc release 
from cat cerebral cortex. Br. J. Pharma~'. 35: 152-160, 1969. 

5. Bering, E. A. and O. Sato. Hydrocephalus: Changes in forma- 
tion and absorption of cerebrospinal fluid within the cerebral 
ventricles. J. Ncurosurg.  20: 1050-1063, 1963. 

6. Bhattacharya. I. C. and I,. Goldstein. Influence of acute and 
chronic nicotine administration on intra- and inter-structural re- 
lationships of the electrical activity in the rabbit brain. Neuro- 
pharmaso logy  9: 109-118, 1970. 



740 K A M E R L I N G  El" A L .  

7. Childers, S. R., R. Simantov and S. H. Snyder. Enkephalin: 
Radio-immunoassay and radioreceptor assay in morphine de- 
pendent rats. Eur. ,1. P/tarmac. 46: 28%293, 1977. 

8. Dev, N. B. and H. H. Loeschke. Topography of the respiratory 
and circulatory responses to acetylcholinc and nicotine on the 
ventral surface of the medulla oblongata. P.lli~g, er,~ Arch. 379: 
19-27, 1979. 

9. Dev, N. B. and H. H. Loeschke. A cholinergic mechanism in- 
volved in the respiratory chemosensitivity of the medulla oblon- 
gata. Pillagers Arch. 379: 29-36. 1979. 

10. Domino. E. F., M. R. Vasko and A. E. Wilson. Mixed de- 
pressant and stimulant actions of morphine and their relation- 
ship to brain acetylcholine. L(fe Sci. lg: 361-376, 1978. 

I I. Feldberg, W. and P. G. Guertzenstein. Vasodepressor effects 
obtained by drugs acting on the ventral surface of the brainstem. 
,I. Physiol.  258: 337-355. 1976. 

12. Gros, C. P., C. Pradelles, C. Rouget. F. Bepoldin, M. C. I)ray. 
B. P. Fournie-Zaluski, H. Roques. H. Pollard, C. Llorens- 
Cortes and J. C. Schwartz. Radioimmunoassay of methionine- 
and leucine-enkephalins in regions of rat brain and comparison 
with endorphins estimated by a radioreceptor assay..I, gcuro-  
chem. 31: 29-39, 1978. 

13. Hall, G. H. Changes in body temperature produced by 
cholinomimetic substances injected into the cerebral ventricles 
of unanesthetized cats. Br. ,I. Pharmac.  44: 634-641, 1972. 

14. Hall. G. H. and R. D. Myers. Hypothermia produced by 
nicotine perfused through the cerebral ventricles of the un- 
anesthetized monkey. Neuropharmacology  10: 391-398, 1971. 

15. Haranath. P. S.. G. Indira and A. Krishnamurthy. Effects of 
cholinometric drugs and their antagonists injected into vertebral 
artery of unanesthetized dogs. Pht trm,c .  Biochem. lh 'h ,v .  63: 
259-263. 1977. 

16. Haranath. P. S. and H. Venkatakrishna-Bhatt. Sleep induced by 
drugs injected into the inferior horn of the lateral cerebral ven- 
tricle in dogs. Br. J. Pharmac.  59: 231-236, 1977. 

17. Hardy, J. D.. H. G. Wolffand H. Goodell. Studies on pain. A 
new method for measuring pain threshold. Observations on 
spatial summations of pain. J. olin. In fes t .  19: 649-657, 1940. 

18. Henriksen, S. J,, F. E. Bloom, F. McCoy, N. Ling and R. 
Guillemin. Beta-endorphin induces nonconvulsivc limbic sei- 
zures. I'roc. hath. Acad.  Sci. U.S .A.  75: 5221-5225, 1978. 

19. Jhamandas, K. and M. Sutak. Action of enkephalin analogues 
and morphine on brain acetylcholinc release: differential rever- 
sal by naloxone and an opiate pentapeptide. Br. ,I. P h a r m m .  71: 
201-210, 1980. 

20. Kamat, U. G., R. J. Pradhan and U. K. Sheth. Potentiation of a 
non-narcotic analgesic, dipyrone by cholinomimetic drugs. Psy- 
chopharmacologia 23: 180-- 186, 1972. 

21. Karras, A. and J. M. Kane. Naloxone reduces cigarette smok- 
ing. 1,tlff" Sci. 27: 1541-1545. 1980. 

22. Knapp, D. E. and E. F. Domino. Action of nicotine on the 
ascending reticular activating system. Int. J. Nettropharntac.  I: 
333-351, 1962. 

23. Kumakura, K., F. Karoum, A. Guideotta and E. Costa. Mod- 
ulation of nicotinic receptors by opiate receptor agonists in cul- 
tured adrenal chromaffin cells. Nature  283: 489-492, 1980. 

24. Lang, N. J. and M. I,. Rush. Cardiovascular responses to in.iec- 
tions of cholinomimetic drugs into the cerebral ventricles of 
unanesthetized dogs. Br..I .  Pharmac.  47: 196-205, 1973. 

25. Laubie, M., H. Schmitt. M. Vincent and G. Remond. Central 
cardiovascular effects of morphomimctic peptides in dogs. I(tlr. 
.I. Pharmttc. 46: 67-71, 1977. 

26. l,caders, F. E. and R. Fray. Jr. Study of the biphasic response 
of the dog's iris to nerve stimulation. Archs int. Pharm,crJdyn.  
167: 194-205, 1967. 

27. Longo, V. G., F. Giunta and A. Scotti de Carolis. Effects of 
nicotine on the electroencephalogram of the rabbit. Antt. N .Y .  
Acad.  Sci. 142: 159-169, 1967. 

28. Mandel, W. J., M. M. l,aks. H. Hayakawa and A. McCullen. 
Cardiovascular effects of nicotine (N) in the conscious dog. 
('/in. Rex. 20: 172, 1972. 

29. Mandel, W. J., M. Laks. H. Hayakawa, K. Obayashi and A. 
McCullen. Cardiovascular effects of nicotine in the conscious 
dog. Am.  J. Cardiol. 32: 949-955, 1973. 

30. Mansner, R. Relation between some central effects of nicotine 
and its brain levels in the mouse. Annls Mcd. exp. Biol. Femz. 
50:205--212. 1972. 

31. Maren, T. H. Pharmacology of nicotine: Antipyretic. renal and 
adrenocorticotrophic effects. Proc. S ,w.  exp. Biol. Med. 77: 
521-523, 1951. 

32. Marquart, W. G., W. R. Martin and D. R. Jasinski. The use of 
the polaroid CV Camera in pupillography. Int. ,I. Addict.  2: 
301-304, 1967. 

33. Martin. W. R., C. G. Eades. J. A. Thompson, R. E. Huppler 
and P. E. Gilbert. The effects of morphine- and nalorphinc-like 
drugs in the non-dependent and morphine dependent chronic 
spinal dog. ,/. Pharma¢. exp. Thor. 197:517-532, 1976. 

34. Martin, W. R., P. E. Gilbert, J. A. Thompson and C. A. Jesscc. 
Use of the chronic spinal dog for the assessment of the abuse 
potentiality and utility of narcotic analgesics and narcotic 
antagonists, l)rtlg Ah 'o twl  l )epcnd.  3: 23-34, 1978. 

35. Martin, W. R. and D. R. Jasinski. Assessment of the abuse 
potential of narcotic analgesics in animals. In: Drug Addiction. 
I. edited by W. R. Martin. Berlin: Springer Verlag, 1977, pp. 
159-196. 

36. Martin, W. R. and D. C. Kay. Effects of opioid analgesics and 
antagonists on the EEG. In: Handbook ~1 Eh'ctrocnt cphalog- 
raphy and ('lint( al Ncurophysi~logy.  vol. 7, part C, edited by V. 
G. l,ongo. Amsterdam: Elsevier, 1977. pp. 97-109. 

37. Martin, W. R., J. W. Sloan, W. F. Buchwald and S. R. Bridges. 
The demonstration of tryptamine in regional perfusates of the 
dog brain. P.~ychopharma,'ologia 37:189-198, 1974. 

38. Matilla, M. J., I,. Ahtee and L. Saarnivaara. The analgesic and 
sedative effects of nicotine in white mice, rabbits, and golden 
hamsters. Annls Med. c.rp. Bi,d. ft'llll. 46" 78-84. 1068. 

39. Miller, R. J.. K. J. Chang. B. Cooper and P. Cuatrecasas. 
Radioimmunoassay and characterization of enkephalins in rat 
tissues. ,/. biol. ( 'hem.  253: 531-538, 1978. 

40. Neal, H. and P. E. Keane. The effects of local microinjections 
of opiates and cnkephalins into the forebrain on the elcctrocor- 
ticogram of the rat. I:]cctroenccph. olin. :'Vcurol~hy.~iol. 45: 
655-665, 1978. 

41. Nicholson, H. C. and S. Sobin. Respiratory effects from the 
application of cocaine, nicotine and Iobelinc to the floor of the 
4th ventricle. Am.  J. Phsyit,I. 123: 766--774. 1938. 

42. Philips. C. The EEG changes associated with smoking. 
Psy('hophysiolr~gy 8: (',4-74. 197 I. 

43. Pinsky. C., R. C. A. Frederickson and A. J. Vazquez. Morphine 
withdrawal syndrome responses to cholinergic antagonists and 
to a partial cholinergic agonist. Nature  242: 59-60, 1973. 

44. Rodgers. R. J. Effects of nicotine, mecamylaminc, and 
hexamethonium on shock-induced fighting, pain reactivity and 
locomotor behavior in rats. P~yclt,q)h,r,t ,cok,.L,y 66: 93-98, 
1979. 

45. Sahlcy, T. L. and G. G. Bernston. Antinociccptive effects of 
central and systemic administrations of nicotine in the rat. 
P~y~ h,~l~harm~tc~,l~gy 65: 279-283. 1979. 

46. Schaeppi. V., B. L. Dennison and M. Dodd. Non-ganglionic 
parasympathomimetic action of nicotine upon isolated cat iris. 
.I. Pharmac.  exp. Ther. 154: 216--223. 1966. 

47. Stadnicki, S. W. and U. H. Schaeppi. Nicotine changes in EEG 
and behavior after intravenous infusion in awake unrestrained 
cats. Archs int. Pharmacodyn.  197: 72-85, 1972. 

48, Su, T.-P., C. W. Gorodetzky and J. A. Bell. Radioimmunoassay 
of enkephalin: Distribution in the cat spinal cord and the effect 
of superficial peroneal nerve stimulation. Rcs. t',mtmun~" t'hcttt. 
Path. Pharmac.  29: 43-55, 1980. 

49. Waterfield. A. A. and H. W. Kosterlitz. Stercospecific increase 
by narcotic antagonists of evoked acetylcholine output in 
guinea-pig ileum. Life Sci. 16: 1787-1792. 1975. 

50. Yamomoto, K. and E. F. Domino. Nicotine induced EEG and 
behavioral arousal. Int. J. Ne , ropharmac .  4: 359-373, 1965. 


