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561-565. 1983.--The hot plate method was used to assess tolerance in rats following daily injections of morphine. Fol- 
lowing analgesia assessment, or a time equated rest period, rats were injected with either saline or a pituitary peptide. 
Arginine vasopressin, but not ACTtt 4-10. prolonged the retention of morphine tolerance when assessed five weeks after 
the last injection. Neither the rate nor the degree of tolerance development were influenced by either peptide. These 
hormones had no effect on retention of tolerance in rats not assessed for analgesia during the period of tolerance develop- 
mont. The effects of pituitary peptides on morphine tolerance are analogous to the effects they have on learning and 
memory processes, suggesting that similar adaptational processes are occurring in both phenomena. 
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VASOPRESSIN, adrenocorticotropin I ACTH), and related 
pituitary peptides have been implicated in learning and 
memory processes [4, 12. 16, 35.45]. Vasopressin facilitates 
both retention and retrieval of avoidance and appetitive re- 
sponses 12,131, and is believed to act on the central nervous 
system to aid consolidation of memory 135.45]. Administered 
following training, it retards extinction of learned behaviors 
13, 6, 111; given prior to a retention test, it facilitates retrieval 
[61. Vasopressin also reverses impaired avoidance behavior 
produced by hypophysectomy 151, corrects impaired mem- 
ory in rats with hereditary diabetes insipidus 1141, and re- 
verses experimentally produced amnesia 131, 36, 371. Con- 
versely, vasopressin antiserum hampers the retention of 
avoidance behavior 1461. 

ACTH and behaviorally active ACTH analogs facilitate 
acquisition and delay extinction of both avoidance and ap- 
petitive reslx)nses if administered prior to training trials, and 
enhance retrieval if administered prior to tests of retention 
14, 10, 16, 19, 24, 25, 34, 35]. These effects vary depending 
on dose employed, training parameters, and time of adminis- 
tration 1351, and appear to be mediated by sensory, atten- 
tional, motivational, or other performance enhancing effects 
of the peptides 14,351. If administered post-training, how- 
ever, only ACTH enhances retention 121-23]: shorter 
analogs are generally without effect (134,441 of., 118,41 I). The 
effects of ACTH analogs, therefore, are possibly restricted 
to enhancement of acquisition and retrieval, and possibly do 
not include enhancement of consolidation or retention 
116,351. 

The development of morphine tolerance has many 
similarities to the acquisition of learned responses. Inhibitors 
of protein synthesis interfere with the acquisition of learned 

behaviors, and also prevent the development of morphine 
tolerance [9,33]. Electroconvulsive shock and cortical stimu- 
lation similarly interfere with both learned responses and 
morphine tolerance 1291. Additionally the development of 
morphine tolerance is topographically similar to learning 
[32,401. 

Since morphine tolerance and learning appear similar in 
many ways, and since pituitary peptides influence learned 
behavior, it is quite possible that these hormones will also 
influence tolerance to morphine. Rats unable to synthesize 
vasopressin are both slower to develop tolerance to mor- 
phine and slower to acquire a learned response 114,15], and 
normal rats given vasopressin antiserum demonstrate im- 
paired tolerance development [471. 

The effect of vasopressin on morphine tolerance devel- 
opment has not been clearly determined 1431. Using ex- 
tremely large doses of desglycinamide~'-Iysine vasopressin 
tDG-I,VP), investigators found that this peptide facilitated 
the development of morphine tolerance 130]. Similarly, van 
Ree and de Wied 142] reported that physical dependence on 
morphine developed more rapidly in rats treated with 
desglycinamide'%arginine vasopressin (DG-AVP) rather than 
a placebo. Others, however, were unable to find this 
facilitory effect of vasopressin on tolerance development and 
concluded that the role of vasopressin as an endogenous 
modulator of opiate effects is minimal or nonexistent 138]. 

Holaday, Dallman, and Loh reported that A C T H  had lit- 
tle effect on the magnitude of tolerance and physical depend- 
ence following morphine pellet implantation 1271. This study, 
however, did not evaluate the rate of development or the 
maintenance of morphine tolerance as a consequence of 
ACTH administration. In addition, the morphine pellet 
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technique may not be as effective as repeated injections of 
morphine in maximizing the learning components of mor- 
phine tolerance. 

Thus far, the data suggesting an effect of vasopressin on 
morphine tolerance are promising, but unclear, and no effect 
of ACTH-like peptides has yet been reported. The present 
study evaluated the effects of both arginine vasopressin 
(AVP) and ACTH 4-10 on the development and maintenance 
of tolerance to morphine. Procedural improvements permit 
clarification of previous contradictory reports. 

MFTHOD 

Stthiect.~ 

The subjects were 48 naive, female, Sprague-Dawley de- 
rived rats, 150-180 days old, and weighing between 300 and 
400 grams. They were housed individually in a normal 12- 
hour light-dark cycle (light from 0700-1900) with Purina 
I,aboratory Chow and water continuously available. Rats 
were allowed to acclimate to the colony room maintained at 
70°F, and to the light-dark cycle for two weeks prior to the 
beginning of the study. 

Apparatu.~ 

Analgesia was assessed using a modified hot plate tech- 
nique I17]. Animals were placed onto a metal plate, heated to 
55~C (~.0.5°C), and the latency with which a rat either licked 
one of its paws or attempted to jump out of the restraining 
Plexiglas cylinder was recorded. Following 60 seconds 
elapsed time, the animals were removed from the hot plate 
apparatus whether or not they had already responded. 

l)rtt~,,s 

The compounds employed were: morphine sulphate IS. 
B. Penick, Lyndhurst, N J), synthetic arginine vasopressin, 
100 IU/mg (U. S. Biochemical Corporation. Cleveland, OH), 
and ACTH 4-10 (Peninsula Laboratories, Inc., San Carlos, 
CA). All drugs were dissolved in 0.99; NaCI and injected 
subcutaneously (SC). A volume of 1 ml/kg was used for all 
injections. 

J)t'O( "~;'dtlr(" 

Rats were divided into 4 groups of 12 rats each. On Days 
1-7, all rats received two daily injections 30 minutes apart. 
Three of these groups were administered morphine (30 
mg/kg) on the first daily injection and either ACTH 4-10 (80 
/xg/kg), AVP ( 100/zg/kg), or saline on the second daily injec- 
lion. The fourth group received saline injections on each 
daily drug administration. Half the rats in each group were 
tested for analgesia on the hot plaie immediately prior to the 
second injection on each of the seven treatment days. ACTH 
4-10 was used, rather than the whole peptide, because it has 
no adrenal effects but does have complete behavioral po- 
tency [12]. Rats were injected at the same time each day, 
between 1600 and 1700 hours. 

Following the seven treatment days all animals were left 
undisturbed in their home cages for the next 35 days. On Day 
42, all rats were injected with morphine (30 mg/kg) and as- 
sessed for analgesia on the hot plate 30 minutes following the 
injection. 

RESUI .TS 

Logarithmic transformations of hot plate response latch- 

ties were computed to normalize skewed distributions. A 
two-way analysis of variance of the logarithmic transforma- 
tions of hot plate response latencies on Days 1-7 was per- 
formed. The factors were drug combination Imorphine/saline 
lMSI---morphine/ACTH ~MA)---morphine/AVP (MV)--- 
saline/saline (SS)) and days (1 through 7) with subjects 
nested within drug combination. A significant main effect 
was found for days, F(6,120)-12.82, p~,0.0001, with 
tolerance increasing from Day I to Day 7. The main effect for 
drug combination was not significant, but a significant inter- 
action was found t\)r drug combination × days, 
F(18,120)-2.92, p----0.0003. This effect was due to shorter 
latencies on subsequent days for groups hot plate tested fol- 
lowing morphine but not for the group tested following saline 
injections (Fig, 1). There were no differences in either the 
rate or the degree of tolerance development among the three 
groups that received seven daily injections of morphine fol- 
h)wed by hot plate assessments, indicating that neither AVP 
nor ACTH 4--10 had any effect on tolerance development. 

A two-way analysis of variance of the logarithmic trans- 
formations of hot plate response latencies on Day 42 was 
also performed. The factors were hot plate (yes--no) and 
drug combination (MA--MS--MV--SSt .  When all animals 
were hot plate tested on Day 42, those that had been as- 
sessed for analgesia on the hot plate on each of the treatment 
days demonstrated more tolerance than animals that were 
not assessed for analgesia on each treatment d ~ ,  
F(1,22)-13.26, p-=.0.0008. The main effect for drug combi- 
nation was not significant. However, there was a significant 
interaction effect for hot plate × drug combination, 
F13,5)= 3.37, p<0.05. Animals fiom groups MA and MV that 
were hot plate tested on Days I-7 demonstrated response 
latencies on Day 42 that were significantly shorter than those 
demonstrated by MA and MV animals that were not tested 
on Days I-7, t(15)-2.28, p~-0.05 and t(15)~3.46, p,: 0.01, 
respectively. There were no differences between animals 
tested and not tested on the hot plate on Days I-7 for drug 
combinations MS and SS on Day 42 {Fig. 2). 

To directly determine the effect of AVP and ACTH 4-10 
on tolerance retention in hot plate tested animals, the mean 
response latency change from Day 7 to Day 42 was com- 
pared across groups MS, MA, and MV. On l)ay 42. MV 
animals had retained significantly more tolerance than both 
MS and MA animals, t(15)=3.1 I, p-:q).{)05 and t l l 5 ) -  1.79, 
p<0.05, respectively tone tailed testsl. MS and MA animals 
did not differ significantly on tolerance retained. Thus, AVP 
prolonged the retention of morphine tolerance. 

I)lsc'ussl()N 

The previously reported facilitory effect of vasopressin 
on the development of tolerance to morphine was not l\~und 
in the current study 130.42]. Krivoy ct ./. 131)1. howeve,. 
employed extremely large doses of I)G-LVP and van Ree 
and de Wied [42] measured tolerance indirectly, by evaluat- 
ing the antagonistic effects of naloxone. That is. they ob- 
served a naloxone-precipitated weight loss and the blockage 
of hyperthermia after fewer daily trials in morphine-treated 
animals i f  they were also injected with I)G-AVP rather than 
saline. The present study emphLved doses of the peptides 
closer to those used in the majority of previous behavioral 
research and evaluated tolerance in a more direct manner. 
The lack of an effect of AVP and ACTH 4-10 on tolerance 
development found in the current study is consistent with the 
results of Schmidt ct , / .  1381 who recently found no facilitory 
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FIG. 1. Meam, of logarithmic transformations of hot plate response 
latcncics for groups hot plate tested on Days I-7. Groups received 
drug combinations of morphine/ACTH (MA), morphine/saline ( MS), 
morphine/AVP (MV). or saline/saline (SS). There were no differ- 
ences in the rate or degree of tolerance development among MA, 
MS, and MV groups. 

effect of  ei ther  vasopressin or oxytocin on the deve lopment  
of  tolerance to morphine and with Holaday r l t t / .  [271 who 
failed to find ev idence  of  a dircct role of  pituitary peptides in 
chronic  opiate effects. 

The ability o f  AVP,  but not A C T H  4-10, to prolong the 
rctcntion of  morphine tolerance arc findings largely consis- 
tent with the reported effects of  these peptides on acquired 
behaviors .  Vasoprcssin has consistent ly been shown to 
enhance  retention,  whereas  A C T H  4-10 more likely affects 
only retrieval and other  per formance  measures.  Since pep- 
tides wcrc administered only after daily trials, and since a 
relatively long retention period was employed  in this study, 
it is unlikely that processes  o ther  than retention were in- 
volvcd.  In a related study. Hoffman c t a / .  1261 found a similar 
AVP-cnhanced  retention of  tolerance in ethanol  tolerant 
mice. 

That tolerance deve lopment  was not enhanced is also 
consistent  with behavioral  research.  The most frcquent  find- 
ing involving pituitary peptides is their ability to retard ex- 
tinction of  act ive and passive avoidance  responses.  Their  
influence on the acquisi t ion of  avoidance  responses  in not 
nearly as well documcnted .  The variability across studies 
regarding response acquisit ion may be due to diffcrenccs in 
dosage,  target responses ,  degree of  stressfulness of  training, 
timing of  hormone administrat ion,  or other  procedural  vari- 
ations. 

In thc present study, peptides were administcred follow- 
ing each treatment  session,  thus allowing only for a test of  
retention to be made. It remains to bc determined whether  
peptides administered prior to training or  retention trials will 
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VIG. 2. Mean logarithmic transformations of hot plate response 
latencics on Days I. 7. and 42 for groups treated with drug combina- 
lions of morphine,'saline (MS), morphinc:ACTH (MA), mor- 
phine/AVP (MV). and saline/saline (SS). and either tested or not 
tested on the hot plate on Days I-7. 71= Hot plate tested animals on 
Day I. ~+:-Hot plate tested animals on Day 7. II.- Hot plate tested 
animals on Day 42. ~=Non-hot  plate tested animals on Day 42. On 
Day 42, tier rats previously hot plate tested, animals that received 
AVP (MV) demonstrated significantly shorter latencies than all 
other groups, p',< 11.05. 

faci l i tate tolerance deve lopment  or  ret r ieval ,  respect ively.  
perhaps via enhanced mot iva t iona l  or  at tent ional  mech- 
anisms. These findings would not be unexpected given pre- 
v ious behaviora l  research with these peptides. 

That tolerance was not demonstrated on Day 42 in any of  
the groups that were not assessed on the hot plate apparatus 
prior to this t ime can be explained several  ways. Siegel has 
reported [391 that tolerance to morphine,  as measured by 
shorter  latencies on the hot plate, does not develop in the 
absence of  hot plate assessments  repeatedly paired with the 
systemic effects of  morphine.  ()thor invest igators have 
demonst ra ted  that tolerance to morphinc will deve lop  in the 
absence of  hot plate assessments ,  but to a lesser degree or  
less rapidly I 1,28[. This may be due to the fact that the hot plate 
apparatus functions as part of  a complex conditioned stimulus 
in the Pavlovian conditioning of  morphine tolerance [391. 

A second possibility is that morphine tolerance,  at least in 
part, involves instrumental  condit ioning processes .  It has 
been suggested that the performance  of  an adapt ive response 
while under the influence of  a drug is the mediating factor in 
tolerance deve lopment  to that drug [8,321. It is conceivable  
that paw-licking on a hot plate is an adapt ive response,  and 
therefore facilitative of  tolerance deve lopment .  

As a third al ternat ive,  Carder  [7] has presented a stress 
model  of  tolerance.  According to this model,  hot plate test- 
ing would facilitate tolerance development  simply because it 
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is it s t r e s s f u l  e x p e r i e n c e ,  and  not  b e c a u s e  it i n v o l v e s  Pav lo -  
v i an  o r  o p e r a n t  c o n d i t i o n i n g  p h e n o m e n a .  He  s u g g e s t e d  tha t  
s t r e s s  i n d u c e d  c h a n g e s  in b i o c h e m i s t r y  m c d i a t c  t o l e r a n c e  
d e v e l o p m e n t .  

Ho t  p la te  t e s t i n g ,  b e i n g  a s t r e s s f u l  e x p e r i e n c e ,  s h o u l d  
a l so  c a u s e  t h e  r e l e a s e  o f  p i t u i t a r y  p e p t i d c  h o r m o n e s .  If th i s  
e x p e r i e n c e  p r o d u c e s  t h e  r e l e a s e  o f  a d d i t i o n a l  h o r m o n e s ,  be -  
y o n d  t h o s e  r e l e a s e d  in r e s p o n s e  to m o r p h i n e  a d m i n i s t r a t i o n .  
t h e n  it m i g h t  fac i l i t a te  t he  d e v e l o p m e n t  o f  m o r p h i n e  
t o l e r a n c e .  It w.as r e c e n t l y  r e p o r t e d  [20] tha t  s t r e s s  c a n  aug-  
m e n t  t h e  r e l e a s e  o f  a d d i t i o n a l  p i t u i t a r y  p c p l i d e s  in 
m o r p h i n e - t r e a t e d  m i c e .  T h e s e  d a t a  po in t  1o t he  pos s ib i l i l y  
tha t  m o r p h i n e  t o l e r a n c e  is f ac i l i t a t ed  by  a n a l g e s i a  a s s e s s -  
mer i t  o n  t h e  ho t  p la te  b e c a u s e  ho t  p la te  t e s t i n g  p r o d u c e s  t he  
r e l e a s e  o f  a d d i t i o n a l  p e p t i d c  h o r m o n e s  a n d  t h e s e  h o r m o n e s  
fac i l i t a t e  a d a p t a t i o n s  It) m o r p h i n e  a n d / o r  to a n a l g e s i a  

a s s e s s m e n t .  H o w e v e r .  t he  p r e s e n t  r e s u l t s  i nd i ca t e  tha t  add i -  
t iona l  h o r m o n e s  a r c  w i t h o u t  e f fec t  in n o n - h o t  p la te  t e s t e d  
a n i m a l s ,  i n d i c a t i n g  tha t  t he  e x p e r i e n c e  i t se l f  is an  in tegra l  
par t  o f  t h e  fac i l i to ry  m e c h a n i s m .  

T h e  p r e s e n t  f i n d i n g s ,  tha t  t o l e r a n c e  d e v e l o p m e n t  is de-  
p e n d e n t  u p o n  c o n t e x t u a l  a n d / o r  b e h a v i o r a l  e x p e r i e n c e s ,  an d  
tha t  A V P  e n h a n c e s  t o l e r a n c e  r e t e n t i o n ,  p r o v i d e  f u r t h e r  s u p -  
por t  for  t he  h y p o t h e s i s  tha l  m o r p h i n e  t o l e r a n c e  is m e d i a t e d .  
at l eas t  in pa r t ,  by  c e n t r a l  n e r v o u s  s y s t e m  a d a p t a t i o n s  s imi-  
lar  to t h o s e  i n v o l v e d  in l e a r n i n g  a n d  m e m o r y .  
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