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SMITH, J. E., C. CO AND J. D. LANE. Limbic acetylcholine turnover rates correlated with rat morphine-seeking 
behaviors. PHARMACOL BIOCHEM BEHAV 20(3)42%442, 1984.--Acetylcholine (ACh) turnover rates were measured 
in fourteen brain regions of rats intravenously self-administering morphine and in yoked-morphine and yoked-vehicle 
infused littermates to identify cholinergic neuronal pathways potentially involved in opiate reinforcement processes. Rats 
receiving chronic passive administration of morphine had increased ACh turnover rates in the frontal cortex and diagonal 
band and decreased rates in the medial septum. The significant changes in animals self-administering the drug were 
prominent in limbic regions with increases in the frontal cortex and decreases in the pyriform cortex, nucleus accumbens, 
amygdala and ventral tegmental area. Some components of opiate reinforcement may be mediated by increases in the 
activity of cholinergic ventral pallidal and diagonal band fibers innervating the frontal cortex and by decreases in activity of 
cholinergic fibers innervating the ventral tegmental area. These data and turnover rates for dopamine, norepinephrine, 
serotonin, aspartate, glutamate and gamma-aminobutyric acid previously determined in similarly treated animals are 
consistent with two neuronal circuits that may be involved in opiate seeking behaviors and opiate reinforcement processes. 
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THE self-administration of opiates is thought to result 
primarily from the reinforcing properties of these drugs. 
Animal behavioral studies have shown response-contingent 
presentation of morphine and heroin to be reinforcing stimuli 
that will maintain high rates of responding on intermittent 
schedules of reinforcement [34,64]. At the cellular level, the 
reinforcing properties of opiates must result from drug inter- 
actions with brain opiate receptors initiating neuronal events 
in specific pathways. Most opiate receptors are probably 
localized on membranes of neurons that release neuro- 
transmitters and neuromodulators other than the endoge- 
nous ligands for these receptors. Activation or inhibition of 
subpopulations of neurons by the opiate results in the initia- 
tion and propagation of neuronal activity indicative of the 
occurrence of a reinforcing event. The location and nature of 
these neurons have been under vigorous investigation. The 
involvement of cholinergic [8,16], dopaminergic [ 16, 4 I, 57] 
and noradrenergic 19] neurons have been implicated by dec- 
rements in self-administration observed after treatment 
with drugs that interfere with these neuronal systems. The 
locus of the catecholamine and amino acid neurotransmitter 
involvement has been suggested from turnover rate meas- 
urements in intravenous morphine self-administering rats 
[53,54]. Turnover rates of dopamine (DA), norepinephrine 
(NA), serotonin (5-HT), aspartate (Asp), glutamate (Glu), 
glycine (Gly) and gamma-aminobutyric acid (GABA) 
were concurrently measured in small brain regions with the 
results suggesting two neuronal circuits that may be involved 

in these reinforcement processes [56] (Fig. 1). Several 
cholinergic tracts were hypothesized to participate in these 
circuits. The present study was initiated to directly assess 
cholinergic involvement by measuring acetylcholine (ACh) 
turnover rates in brain regions of rats intravenously self- 
administering morphine and in yoked-morphine and yoked- 
vehicle infused littermates. 

METHOD 

Subjects 

Fourteen litters of three adult male Fischer F-344 rats 
(90-150 days old) were used in this investigation to identify 
neurochemical changes that result from the reinforcing prop- 
erties of morphine. One littermate in each litter was allowed 
to intravenously self-administer morphine, while a second 
litlermate received a simultaneous equivalent infusion of 
morphine and a third littermate the equivalent volume of 
vehicle (saline). This experimental design permits the gen- 
eral effects of the drug (analgesia, physical dependence, 
tolerance, etc.) on brain neurotransmitters to be estimated 
(yoked-morphine littermate compared with yoked-vehicle in- 
fused littermate) and isolated from the reinforcing effects of 
the drug-taking milieu (self-administering littermate com- 
pared with the yoked-morphine infused littermate). 

Surgical 

The rats were implanted with chronic jugular catheters 
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FIG. I. Neuronal circuits proposed to mediate opiate reinforcement processes. The circuits include a 
hippocamp',d formation--nucleus accumbens--amygdaloid complex--entorhinal-subicular cortex-- 
hippocampal formation circuit and a frontal cortex--caudate nucleus-putamen--globus pallidus--- 
frontal cortex circuit. Activity in these circuits may be modulated by the substantia nigra, ventral 
tegmental area, locus coeruleus and raphe nuclei. Feedback pathways to the brainstem in turn could 
modulate activity in these centers. The septum and preoptic region may also be important in these 
neuronal circuits. 

using previously described procedures [40,63]. The catheter 
(0.76 mm o.d.×0.25 mm i.d. polyvinylchloride tubing) was 
inserted into the right posterior facial vein and lowered into 
the right jugular vein until it terminated just outside the right 
atrium of the heart. The catheter was anchored to tissue in 
the surrounding area and continued subcutaneously to the 
back where it exited immediately behind the scapulae 
through a plastic-stainless steel harness. The plastic portion 
of the harness was implanted under the skin providing a 
point of attachment for a needle tubing and metal spring 
leash which enclosed the catheter and passed through the top 
of the animal chamber to a leak-proof swivel [5] which was 
attached to one syringe in a three-syringe infusion pump with 
polyvinyl chloride tubing. The leash and swivel were counter 
balanced to permit freedom of movement. The patency of 
each catheter was checked periodically (every 2 weeks and 3 
days prior to sacrifice) by injecting 100/.tl of 5% (w/v) sodium 
thiopental. Immediate anesthesia (2-3 seconds) indicated a 
functional catheter. 

Self-Administration 

Each litter was housed in a large sound-attenuated 
chamber in individual self-administration cages with unlim- 
ited access to food and water. Each chamber was equipped 
with a house light that was illuminated on a reversed 12-hr 
light and 12-hr dark cycle and a speaker which maintained a 
constant level of white noise to mask external auditory 
stimuli. Each self-administration cage contained a lever 
(which was not present initially) and a stimulus light above 
the lever. 

The three littermates in each group received hourly infu- 
sions of 200/zl of heparinized saline the first two days after 
surgery. Two of the rats in each litter were then made physi- 
cally dependent with hourly infusions of morphine sulfate in 
increasing dosages (2 days each of 1.25, 2.5, 5.0 and 10.0 
mg/kg, 24 infusions per day). The third littermate continued 
to receive hourly heparinized-saline infusions. These hourly 
injections were paired with a tone and light stimulus of 30 sec 
duration to facilitate reinforcing efficacy and later develop- 
ment of lever pressing by the self-administering littermate. 
On the eleventh day after surgery, hourly infusions were 

discontinued and levers introduced into each self- 
administration cage. One of the physically dependent 
animals was allowed to self-administer morphine (10 mg/kg 
in 200/.d delivered over 5.5 sec) by pressing the lever with 
continued presentation of the tone and light stimuli to all 
three littermates. The other physically dependent littermate 
received an identical yoked-morphine infusion and the third 
littermate, yoked-vehicle whenever the self-administering 
animal received an infusion. Initially, one lever press re- 
sulted in an infusion, however, 10 lever presses were even- 
tually required (fixed ratio 10 schedule). A fixed ratio 10 
schedule was utilized to require some minimal response cost 
to decrease the likelihood of adventitious reinforcement yet 
small enough so that no motor differences were introduced. 
Both yoked-infused littermates had identical levers in their 
cages, but lever presses had no programmed consequences. 
The self-administering animal in each litter had 24-hr access 
to the drug from the day of initial self-administration until the 
pulse label period immediately preceding sacrifice. 

Pulse Labelling 

After stable baselines of self-administration developed, 
an average interinjection interval was calculated from the 
injection record for the previous 72 hr of each self- 
administering rat. At 5 (n=7 litters) or 10 (n=7 litters) min 
prior to a predicted morphine self-infusion, 0.5 mCi [methyl- 
:~H] choline chloride (Spec. Act. 15 Ci/mmol; New England 
Nuclear) in 100 p,I of saline was injected through the jugular 
catheter from outside the chamber. Infusions were not deliv- 
ered during the pulse-label interval to control for non- 
specific general drug effects. However, the tone and light 
stimuli (conditioned reinforcers) were presented during this 
period if the response requirement was met. The three rats in 
each litter were sacrificed at the predicted infusion time by 
simultaneous immersion of the self-administration cages in 
liquid nitrogen for 5 minutes (completely frozen). Thus, each 
litter was sacrificed at a time when the self-administering 
animal would predictably seek an infusion of morphine. 

The heads were removed and stored at -70°C for future 
analyses. The heads were warmed to -20°C, the brains re- 
moved, cut into 1.0 mm coronal sections and micro- 
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dissected at -20°C into the following discrete regions: fron- 
tal cortex, pyriform cortex, cingulate cortex, motor- 
somatosensory cortex, entorhinal-subicular cortex, nucleus 
accumbens, caudate nucleus-putamen, globus pallidus, 
diagonal band, medial septum, hippocampal formation, 
amygdaloid complex, ventral tegmental area and substantia 
nigra. The larger tissue samples were individually pulverized 
in liquid N~ in a stainless steel mortar and stored at -70°C 
until extraction and assay. Smaller samples were pulverized 
singly or pooled and pulverized immediately before extrac- 
tion and assay. 

Acetvh'holine atul Choline Assay 

ACh and Choline (Ch) were extracted from 10-100 mg of 
pulverized frozen tissue into 1 ml 1 N formic acid/acetone 
(15/85:v/v). A reagent blank and tissue blanks with different 
levels of ACh and Ch standards added were processed in 
parallel. [:IH]-ACh or [:~H]-Ch were also added to the tissue 
blanks for correction of radioactive recovery. The formic 
acid/acetone extraction was repeated and the pellets saved 
for protein determinations 1301. Lipids and lipo- 
proteins were removed with a wash of 3 volumes of hep- 
tane/chloroform (8/l:v/v) and the organic layer and inter- 
phase aspirated and discarded. The aqueous solutions were 
dried under a stream of dry nitrogen and stored at -20°C. 

The dried extracts were reconstituted with 170 ~1 of pH 4 
water, centrifuged at 1000 × g for 10 rain and 160 p,l trans- 
ferred to a I ml test tube containing 5 p,l 0.01 M tet- 
ramethylammonium bromide and 50 ~1 periodide solution 
(0.5 g potassium iodide + 1.0g iodine crystals in 10 ml H~O). 
The tubes were mixed thoroughly and incubated in an ice 
bath for 20 rain, centrifuged at 2000 × g for 15 rain and the 
supernatant discarded. The precipitates were dissolved in 
100/,tl pH 4 water and excess periodide removed with 400 tzl 
ether washes. The ether washes were repeated until the 
aqueous solutions were colorless (2 to 3 times) and then 
placed in a boiling water bath for I0 min to remove excess 
ether and iodine. After cooling, the tubes were dried in a 
vacuum desiccator centrifuge and stored at -20°C. 

The dried ACh and Ch extracts were reconstituted with 
100 p,l pH 4 water, four 15 /zl and one 35 p.l aliquots were 
transferred to separate microfuge tubes and dried again in 
the vacuum desiccator centrifuge. Two of the dried 15 tzl 
portions were used for measurement of ACh and the other 
two for Ch. The 35 p,I portion was used to separate [:~H]-Ch 
and [:~HI-ACh by paper elcctrophoresis for specific radioac- 
tivity determinations. 

ACh and Ch were assayed with a previously reported 
radioenzymatic procedure using choline kinase and choline 
acetyltransferase [51]. Briefly, for ACh measurements, 30 tzl 
of a choline kinase reaction mixture were added to one set of 
tubes, final concentration: 0.15 M sodium phosphate pH 8.0, 
15 mM neutralized adenosine triphosphate, 15 mM MgCI~ 
and 0.005 units choline kinase (Sigma). The tubes were incu- 
bated for 30 rain at 37°C and then the ACh hydrolyzed with 
20 /xl of 2 N NHaOH by allowing the samples to stand at 
room temperature for 20 rain. The samples were taken to 
dryness in a vacuum desiccator centrifuge. The Ch freed by 
the hydrolysis of ACh was then measured by adding 25 p,I of 
a choline acetyltransferase reaction mixture (final concen- 
tration: 60 mM sodium phosphate, pH 8.0, 0.1 mM eserine 
salicylate, 0.06 mM acetyl [~4C]-coenzyme A and 0.00045 
units of choline acetyltransferase). The tubes were mixed 
thoroughly and incubated at 37°C for 1 hr, the [~~C]-ACh 

extracted with 100 /xl of sodium tetraphenylboron in 
3-butenenitrile (30 mg/ml), 85 ~zl of the butenenitrile solution 
transferred to scintillation vials, 10 ml of Aquasol-2 (New 
England Nuclear) added and the radioactivity in each sample 
determined by liquid scintillation spectrophotometry. Ch 
was measured in the other two samples by omitting the 
choline kinase and alkaline hydrolysis steps and proceeding 
directly to the choline acetyltransferase reaction. 

Separation of  [:~tl]-Acetylcholine and [3H]-Choline 

The 13H]-ACh synthesized endogenously was separated 
from [3H]-Ch by paper electrophoresis using a previously 
reported precedure [10]. Briefly, 10 ~1 of 3 mM tet- 
raethylammonium bromide and I0 ~1 ethanol were added to 
the dried 35 tzl aliquots of the tissue extracts. The mixture 
was applied to a SS No. 2043-A paper electrophoresis strip 
(Schleicher and Schnell) and the tubes washed with 20 ~1 
ethanol which was applied to the same spot. ACh and Ch 
were separated by electrophoresis for 90 min at 500 volts in a 
buffer of 7.5% acetic acid:2.5% formic acid. The paper strips 
were removed, placed in an iodine vapor tank, the tet- 
raethylammonium bromide (which co-migrates with ACh) 
visualized, marked, separated from the strips and placed in 
scintillation vials. The Ch region determined from the tissue 
blanks with added [3H]-Ch was also separated from the paper 
strips and placed in scintillation vials. [:~HI-ACh and [:~HI-Ch 
were eluted with 0.5 ml pH 4 water, 10 ml HP/b Ready Solv ~ 
(Beckman) added and the radioactivity measured by liquid 
scintillation spectrophotometry. 

Calculation of Turnover Rates 

Turnover rates were determined with a previously re- 
ported method with the assumption that radiolabel was dis- 
appearing from a single open pool [66] since there is no ac- 
ceptable method for determining CNS intraneuronal com- 
partmentation in vivo. Thus, turnover ACh = K × content 
ACh where the apparent fractional rate constant (K) was 
talc ulated: 

I n 2  
K -  

tl/2 

and the t I/2 was extrapolated from a semilogarithmic plot of 
the specific radioactivities (dpm nmol l) obtained at the two 
pulse times on the linear portion of the decay in radioactivity 
curve. The apparent fractional rate constants (K) were de- 
termined by calculating a grand mean from the average val- 
ues obtained by comparing each specific radioactivity value 
at the 5 rain pulse interval with each at the 10 rain pulse 
interval. The rate constant is the mean and the error esti- 
mates the standard deviation of these average K values. The 
turnover rate is expressed as nmol mg protein- '  hr ' and is 
the product of the rate constant (hr ') and the content values 
(pmol mg protein "). These turnover rates are assumed to be 
representative of the utilization of ACh. 

R|-SULTS 

Behavioral 

Stable rates of intravenous morphine self-administration 
were observed by the fourth week of exposure with an aver- 
age interinjection interval of 132 minutes. Typical fixed ratio 
patterns of responding were observed in the self- 
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T A B L E  1 

CONTEN'I OF ACETYLCHOLINE IN FOURTEEN BRAIN REGIONS OF GROUPS OF RATS 
INTRAVENOUSLY SELF-ADMINISTERING MORPHINE (10 mg/kg) AND IN 

YOKED-MORPHINE AND YOKED-VEHICLE INFUSED LIIq'ERMATES 

Content (pmoles mg protein-') 

Morphine Yoked-Morphine Yoked-Vehicle 
Brain Area Self-Administration Infused Infused 

Frontal Cortex 132.5 z 26.2 130.5 ~ 23.0 115.3 - 12.6 
Pyriform Cortex 158.6 ~- 59.1 145.4 _+ 51.4 164.2 +_ 69.5 
Cingulate Cortex 73.0 +_ 22.9 75.1 • 12.1 69.0 • 15.2 
Motor-Somatosensory 73.1 +_ 17.5 78.8 _+ 15.5 74.7 -,- 11).8 

Cortex 
Entorhinal-Subicular 114.4 +_ 24.3 116.7 - 12.9 128.1 _+ 23.2 

Cortex 
Nucleus Accumbens 165.1 t 60.2 205.7 ± 60.3 179.6 ± 85.4 
Caudate Nucleus 556.8 +_ 32.4 587.1 +_ 73.0 577.8 -- 64.4 

Putamen 
Globus Pallidus 109.6 _* 5.0* 147.0 7_ 4.6 141.6+ 
Diagonal Band 115.4 -_ 35.9 121.6 , 39.4 114.2 :~_ 43.0 
Medial Septum 147.2 - 26.8* 202.6 +_ 19.6 203.0 ± 23.9 
Hippocampal 125.2 ± 33.5 140.5 _+ 17.8 126.3 + 21.2 

Formation 
Amygdaloid Complex 409.2 _+ 113.3 416.0 _+ 117.6 435.3 _+ 66.7 
Ventral Tegmental 110.0 ~ 20.1 119.5 _-. 23.6 136.9 ~. 42.0 

Area 
Substantia Nigra 83.1 z 7.5 98.5I 65.1 ± 0.6 

Values are means ~_ S.D. for N= 14 per treatment condition. The significance of the 
difference between means determined with Students" t-test were *p<0.05. The self- 
administering group was compared with the yoked-morphine infused group and the latter 
with the yoked-vehicle group. 

+Represents value for a single pooled sample determination. 

admin i s t e r ing  an imals  wi th  a modera te ly  rapid ra te  o f  suc- 
cess ive  l eve r  p resses  occur r ing  jus t  pr ior  to each  inject ion.  
Fo r  10 of  the  14 l i t ters,  the  first comple t ed  rat io  for  an injec- 
t ion occu r r ed  with 92___8% ( m e a n + S . D . )  of  the  p red ic ted  in- 
t e r in jec t ion  in terva l  had e lapsed  (52_+25% for the o the r  four  
l i t ters)  suggest ing that  the  ca lcu la ted  in te r in jec t ion  in tervals  
were  genera l ly  accura te  e s t ima tes  for mos t  of  the l i t ters  and 
tha t  the p robabi l i ty  of  seeking a n o t h e r  in jec t ion inc reased  as 
this  t ime app roached .  The  an imal s  were  sacr i f iced when  they 
were  mos t  likely to seek a n o t h e r  infusion.  L e v e r  press ing  by 
the  yoked  an imals  were  in f requen t  and  appea red  r andomly  
d i s t r ibu ted  as would be e x p e c t e d  for  n o n - c o n s e q u a t e d  be- 
havior .  The  m e a n  n u m b e r  of  l ever -p ress  r e sponses  dur ing  
the  t h r e e - h o u r  in terval  jus t  pr ior  to sacrif ice were  28 .4 .8 .5  
and  0.3 for the  se l f -adminis te r ing ,  y o k e d - m o r p h i n e  and  
yoked-veh ic l e  infused groups ,  respec t ive ly .  

Acetyh'holine and Choline Content 

The  con t en t  of  ACh  in all t h ree  g roups  was dif ferent ia l ly  
d i s t r ibu ted  t h r o u g h o u t  bra in  regions  (Table  I); h ighest  in the  
cauda t e  n u c l e u s - p u t a m e n  and  amygda la  and  m o d e r a t e  in the  
medial  s ep tum where  the  cell bod ies  of  the chol inerg ic  
s ep to -h ippocampa l  t rac ts  or iginate .  All o the r  regions  were  
s imilar  in con t en t  excep t  tb r  the c ingula te  cor tex ,  motor -  
s o m a t o s e n s o r y  cor tex  and  s u b s t a n t i a  nigra,  which  were  all 
lower .  Only  two signif icant  changes  in ACh con ten t  were  
o b s e r v e d  be tween  the  expe r i m en t a l  t r e a tmen t  cond i t ions  
( lower  levels  in the g lobus  pal l idus and medial  sep tum of  the  

se l f -adminis te r ing  animals) .  Ch con ten t  ( 'Fable 2) was  highest  
in the c ingulate  cor tex ,  cauda te  nuc l eus -pu t amen ,  diagonal  
band ,  h ippocampa l  t b r m a t i o n  and  amygda lo id  complex ;  
mode ra t e  in the  frontal ,  pyr i form,  m o t o r - s o m a t o s e n s o r y  and 
en to rh ina l - sub icu la r  cor t ices ,  nuc leus  a c c u m b e n s ,  medial  
s ep tum and  vent ra l  t egmenta l  a rea ;  and lowes t  in the  g lobus  
pal l idus and  subs t an t i a  nigra.  The re  were  no signif icant  
d i f fe rences  in Ch con ten t  b e t w e e n  the expe r imen ta l  condi-  
t ions.  

Flux of Choline Through Acetyh'holine 

Radioac t iv i ty  rapidly appea r s  in brain ACh  af ter  in t rave-  
nous  pulse  label l ing with rad io labe l led  Ch with peak specific 
rad ioac t iv i t ies  seen at 2 to 4 min pos t - in jec t ion  [I,22]. ACh 
specific rad ioac t iv i ty  then  d e c r e a s e s  in a log-l inear  fash ion  
o v e r  the next  30 min.  The  specific rad ioac t iv i t ies  of  ACh  in 
the  four t een  brain  regions  at  the 5 and 10 min pulse in tervals  
(Table  3) were  cons i s t en t ly  h igher  at  the  5 min point  and 
were  h ighes t  in the  pyr i form,  c ingula te  and motor -  
s o m a t o s e n s o r y  cor t ices ,  nuc leus  a c c u m b e n s  and  diagonal  
band  and  lowest  in the cauda t e  nuc l eus -pu tamen ,  g lobus  
pal l idus,  medial  spe tum,  amygda lo id  complex ,  vent ra l  teg- 
men ta l  a rea  and  subs t an t i a  nigra.  Ch specific rad ioac t iv i t ies  
(Table  4) were  lower  than  ACh  excep t  in the  cauda te  
n u c l e u s - p u t a m e n ,  g lobus  pal l idus ,  amygdalo id  complex  and 
ven t ra l  t egmen ta l  area.  Values  were  s imilar  in the exper i -  
men ta l  t r e a tmen t  g roups ,  e x c e p t  in the ven t ra l  t egmenta l  
a rea  where  lower  specific rad ioac t iv i t ies  were  seen  in the  
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T A B L E  2 

CONTENT OF CHOLINE IN FOURTEEN BRAIN REGIONS OF GROUPS OF RATS 
INTRAVENOUSLY SELF-ADMINISTERING MORPHINE <10 mg/kg) AND IN 

YOKED-MORPHINE AND YOKED-VEHICLE INFUSED LITTERMATES 

Brain Area 

Content Ipmoles mg protein -t) 

Morphine Yoked-Morphine 
Self-Administration Infused 

Yoked-Vehicle 
Infused 

Frontal Cortex 426.9 _+ 97.4 
Pyriform Cortex 701.8 _+ 66.2 
Cingulate Cortex 849.0 _+ 156.0 
Motor-Somatosensory 551.4 _+ 152.0 

Cortex 
EntorhinaI-Subicular 553.8 _+ 157.6 

Cortex 
Nucleus Accumbens 592.9 ± 76.2 
Caudate Nucleus 860.1 ,- 156.2 

Putamen 
Globus Pallidus 228.3 +_ 7.9 
Diagonal Band 918.7 +_ 133.5 
Medial Septum 558.4 _+ 32.9 
Hippocampal 812.3 ± 134.0 

Formation 
Amygdaloid Complex 934.7 *- 108.9 
Ventral Tegmental 555.8 -+ 185.5 

Area 
Substantia Nigra 271.6 +_ 60.5 

425.4 _+ 93.4 435.3 ± 76.7 
630.1 + 149.4 638.2 _+ 79.8 
748.6 -,- 123.7 744.1 _+ 257.4 
424.6 _+ 172.2 523.3 -- 149.2 

593.2 x 96.7 599.1 -- 126.8 

554.1 *_ 174.4 549.6 _+ 93.4 
829.9 _+ 125.9 850.6 _+ 146.5 

249.2 _+ 30.8 275.8* 
903.8 _± 119.0 826.5 _+ 196.6 
596.3 ± 89.6 ~16.8 ~ 35.9 
790.1 ± 120.7 814.2 ÷ 184.5 

894.3 -+ 162.0 921.9 -'- 129.1 
420.5 ± 145.0 390.7 + 95.0 

217.2" 307.9 "- 35.9 

Values are means _+ S.D. for N = 14 per treatment condition. 
*Represents value for a single pooled sample determination. 

se l f -adminis te r ing  group  at the 5 min pulse t ime than  in the  
y o k e d - m o r p h i n e  infused group.  The re fo re .  any changes  in 
t u r n o v e r  ra tes  are not  likely to resul t  f rom di f fe rences  in the  
avai labi l i ty  o f  label led p r e c u r s o r  excep t  poss ib ly  in the  ven-  
tral  t egmen ta l  area .  H o w e v e r .  w h e t h e r  this lower  specif ic  
rad ioac t iv i ty  r ep resen t s  inc reased  t u r n o v e r  of  A Ch  or  de- 
c r eased  avai labi l i ty  o f  p r e c u r s o r  is unc lea r  s ince Ch is bo th  
p r e c u r s o r  and  p roduc t  o f  ACh.  

Acetvh'holine Turnover 

The  f rac t ional  t u r n o v e r  ra tes  ( that  f rac t ion of  the  pool 
tu rn ing  o v e r  per  hour ,  K × 100) in the vehic le - infused  g roup  
were  h ighes t  in the  medial  s ep tum,  pyr i form cor t ex  and  nu- 
c leus  a c c u m b e n s  (750% hr - t )  wi th  m o d e r a t e  ra tes  ( 4 0 0 - 5 0 ( ~  
hr  -~) seen in all o t h e r  a reas  excep t  the cauda te  nucleus-  
p u t a m e n ,  d iagonal  band ,  ven t ra l  t egmenta l  a rea  and  sub- 
s tan t ia  nigra,  which  had  ra tes  less than  300% hr-~ (Table  5). 
The  t u r n o v e r  ra tes  for  A C h  in the  yoked-veh ic le  infused 
group  were  di f ferent ia l ly  d i s t r ibu ted  in brain  regions  (Table  
6). The  h ighes t  t u r n o v e r  ra tes  were  o b s e r v e d  in the amyg-  
daloid complex ,  c auda t e  n u c l e u s - p u t a m e n  and  media l  
s ep tum (1.5 nmoles  mg pro te in  -~ h r - ' ) .  Mode ra t e  ra tes  ( I .0  
nmoles  mg p r o t e i n  ~ hr  ~) were seen  in the  pyr i form cor tex  
and  nuc leus  a c c u m b e n s  with lowest  ra tes  (0.5 nmoles  mg 
prote in-  ' hr  t) in the  f rontal ,  c ingula te ,  motor -  
s o m a t o s e n s o r y  and  en to rh ina l - sub i cu l a r  cor t ices ,  g lobus  
pal l idus,  d iagonal  b a n d ,  h i ppocam pa l  fo rmat ion ,  vent ra l  
t egmenta l  a rea  and  s u b s t a n t i a  nigra.  Chron ic  pass ive  mor-  
ph ine  infus ion  (compar ing  the  y o k e d - m o r p h i n e  with the  
yoked-veh ic le  infused group)  did not  affect  the  s t eady-s t a t e  
levels  of  ACh  or  Ch,  but  did resul t  in s ignif icant  inc reases  in 

ACh  t u r n o v e r  in the  f ronta l  cor tex  (78%) and  d iagonal  band  
(I 14%) and  in a s ignif icant  dec rea se  in the  medial  sep tum 
( - 5 9 % ) .  The  se l f -adminis t ra t ion  of  m o r p h i n e  (self- 
admin i s te r ing  group  c o m p a r e d  with the  y o k e d - m o r p h i n e  in- 
fused group)  resul ted  in s ignif icant  changes  in ACh  t u r n o v e r  
in five bra in  regions;  dec rea se s  in the  pyr i form cor tex ,  nu- 
cleus a c c u m b e n s ,  amygda lo id  complex  ( - 4 6 % )  and vent ra l  
t egmenta l  a rea  (to unde t ec t ab l e  levels)  and  an  increase  in the  
f ronta l  cor tex  (44%). 

DISCUSSION 

The  signif icant  t u r n o v e r  rate changes  suppor t  the  in- 
v o l v e m e n t  of  chol inerg ic  p a t h w a y s  in the neurona l  c i rcui ts  
sugges ted  to media te  c o m p o n e n t s  of  opia te  r e in fo rcemen t  
[56]. The  ACh  t u r n o v e r  ra te  changes  cor re la ted  with self- 
admin i s t r a t ion  s h o w e d  d i rec t ional  changes  cons i s t en t  with  
the  i n v o l v e m e n t  of  specific chol inergic  pa thways .  Inc reases  
in t u r n o v e r  were  o b s e r v e d  in the pallidal f ronta l  cor tex  
pa thway  while dec rea se s  were  seen in the  preopt ic  pa thway  
inne rva t ing  the  pyr i form cor tex ,  nuc leus  a c c u m b e n s  and  
amygda la  and  in the pa thway  inne rva t ing  the ven t ra l  t egmen-  
tal area.  Inves t iga t ions  of  the neurobio logica l  basis  of  behav-  
ior are f raught  with difficult ies,  par t icular ly  s tudies  that  in- 
volve  a s s e s s m e n t  of  n e u r o t r a n s m i t t e r  changes .  These  
s tudies  of ten p roduce  informat ion  that  is not  cons i s t en t  wi th  
o the r  f indings which  is a direct  resul t  of  the inheren t  charac-  
ter is t ics  of  n e u r o t r a n s m i t t e r  sys tems .  Bra in  neu ro t r ansmi t -  
ters  have  been  hypo the s i zed  to exis t  in mult iple  pools.  Gen-  
erally,  the total  n e u r o t r a n s m i t t e r  in a n e u r o n  is though t  to be 
divided into a large, f irmly b o u n d  pool that  is not  readily 
re leasable  and  a funct ional  pool. R e s p o n s e  d e m a n d s  on  the  
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T A B L E  3 

SPECIFIC RADIOACTIVITIES OF ACETYLCHOLINE IN FOURTEEN BRAIN REGIONS OF GROUPS OF RATS INTRAVENOUSLY 
SELF-ADMINISTERING MORPHINE (10 mg/kg) AND IN YOKED-MORPHINE AND YOKED-VEHICLE INFUSED I.ITTERMATES 

Specific Radioactivities (DPM pmole-~) 

Morphine Yoked-Morphine Yoked-Vehicle 
Self-Administration Infused Infused 

Brain Area 5' pulse 10' pulse 5' pulse I0' pulse 5' pulse 10' pulse 

Frontal Cortex 4.32 2.44 4.80 3. I I 4.59 3.57 
_-0.78 _+0.85 "_(I.57 ,0.64 = 1.25 z0.86 

Pyriform Cortex 4.27 4.23 6.74 3.25 5.90 3.74 
_+2.00 _+ 1.57 ,2.71 -0 .98 _+3.48 = 1.11 

Cingulae Cortex 5.76 4.39 5.68 4.50 6.76 4.62 
_+0.80 =0.92 _- 1.32 - 1.06 :':0.93 ~: 1.01 

Motor-Somatosensory 6.33 4.12 5.96 4.20 6.48 4.62 
Cortex ~- 1.26 +(I.53 - 1.45 +0.95 ~- 1.08 _+ 1.17 

EntorhinaI-Subicular 3.74 2.58 4.01 2.66 3.80 2.61 
Cortex = 0.63 _+ 0.50 _+ 1.21 ± 0.70 • 0.63 - 0.35 

Nucleus Accumbens 5.43 4.41 4.36 2.57 6.61 3.78 
-_ 1.67 _+ 1.66 = 1.07 =0.57 =2.02 ,-0.82 

Caudate Nucleus 1.50 1.38 1.61 1.42 1.76 1.49 
Putamen _+0.25 _+0.28 -:0.26 -:-0.26 +0.14 ~I).25 

Globus Pallidus* 2.14 1.40 1.74 1.20 2.43 1.74 

Diagonal Band 5.99 4.08 6.02 4.17 5.78 4.64 
=0.28 -4- 1.40 ' 2.33 ~ 1.43 ~. 1.66 +_0.80 

Medial Septum 2.07 1.59 1.68 1.31 2.43 1.26 
_+0.51 _+0.20 _+0.12 ::0.27 +0.65 -0.14 

Hippocampal 3.06 2.43 2.86 2.14 3.67 2.52 
Formation _+0.64 _+0.64 _+(I.60 ~: ().64 - I.I)6 :0.64 

Amygdaloid Complex I. 10 I).99 1.16 1.32 1.25 0.99 
=0.25 +0.19 ±(I.44 ±0.54 _~0.23 =0.32 

Ventral Tegmental 1.27 1.46 1.36 1.09 1.27 1.02 
Area +:0.17 _+0.03 ±0.01 _+0.15 -0.13 +0.19 

Substantia Nigra* 1.92 0.95 2.40 1.14 2.17 2.27 

Values are means _+ S.D. for N ~7 at each of the pulse intervals. 
*Represents value for a single pooled sample determination. 



A C h  T O  A N D  M O R P H I N E - S E E K I N G  B E H A V I O R S  435 

T A B L E  4 

SPECIFIC RADIOACTIVITIES OF CHOLINE IN FOURTEEN BRAIN REGIONS OF GROUPS OF RATS  INTRAVENOUSLY 
SELF-ADMINISTERING MORPHINE (10 mg/kg) AND IN YOKED-MORPHINE AND YOKED-VEHICLE INFUSED LIT'FERMATES 

Specific Radioactivit ies (DPM pmole -~) 

Morphine Yoked-Morphine  Yoked-Vehicle 
Self-Administrat ion Infused Infused 

Brain Area 5' pulse 10' pulse 5' pulse 10' pulse 5' pulse 10' pulse 

Frontal Cortex 3.29 1.98 3.12 2.28 3.44 1.97 
_+0.37 _+0.55 -'- 1.34 '-0.53 _+ 1.00 _+0.45 

Pyriform Cortex 2.14 1.33 1.91 1.71 2.79 1.52 
_+0.44 _+0.28 _+0.49 _+0.32 --0.90 _+0.57 

Cingulate Cortex 2.26 1.46 2.25 1.71 2.02 1.32 
_+ 0.73 _+ 0.43 _ 0.43 _+ 0.32 _+ 0.45 _+ 0.39 

Motor -Somatosensory  3.27 2.22 2.77 2.27 3.15 2.38 
Cortex _+ 1.23 _+ 1.18 _+0.81 _+0.72 _+0.78 _+ 1.18 

EntorhinaI-Subicular  2.41 1.76 2.04 1.55 2.14 1.63 
Cortex _+0.67 _+0.81 -+0.78 +_1).34 -+0.67 -+0.54 

Nucleus  Accumbens  2.21 2.02 2.79 1.91 2.42 2.25 
-+0.45 --0.36 -+0.97 _+0.73 _+0.69 _+0.31 

Caudate  Nucleus  1.78 1.49 1.75 1.69 1.90 1.65 
Putamen +_0.28 _+0.33 _+0.51 _+0.49 _+0.51 _+0.30 

Globus Pallidus* 2.93 1.94 3.69 1.82 - -  1.81 

Diagonal Band 1.32 1.00 1.28 1.09 1.26 0.97 
-+_0.18 _+0.35 -+0.22 _+0.24 _+0.29 _+0.16 

Medial Septum 1.61 1.27 1.72 1.43" 1.90 1.03" 
_+0.26 ±0.09 _+0.15 _+0.33 

Hippocampal  1.54 1.15 1.39 1.07 1.29 1.20 
Format ion _+0.38 _+0.43 _+0.24 _+0.18 _+0.69 ±0.44 

Amygdaloid Complex  1.38 0.97 1.21 1.22 1.16 1.20 
_+0.25 _+0.13 _~0.23 _+0.33 _+0.25 _+0.30 

Ventral Tegmenta l  1.39 1.32 2.21 1.25 2.28 1.70 
Area _+0.23 _+0.14 _+0.88 _+0.45 _+0.52 .+_0.42 

Substant ia  Nigra* 2.02 1.55 - -  1.66 2.45 1.79 

Values are means  _+ S.D. for N =7 at each of  the pulse intervals.  
*Represents  value for a single pooled sample determinat ion.  
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T A B L E  5 

FRACTIONAL RATE CONSTANTS FOR ACETYLCHOLINE IN FOURTEEN BRAIN REGIONS 
OF GROUPS OF RATS I N T R A V E N O U S L Y  SELF-ADMINISTERING MORPHINE ( 10 mg/kg) AND 

IN YOKED-MORPHINE AND YOKED-VEHICLE INFUSED LITYERMATES 

Brain Area 

Fractional Rate Constants (hour ~) 

Morphine Yoked-Morphine Yoked-Vehicle 
Self-Administration Infused Infused 

Frontal Cortex 7.64 ± 1.82 5.35 ,_ 1.37 3.87 _+ 2.38 
Pyriform Cortex 4.46 + 2.49 9.11 • 4.11 7.00 = 4.47 
Cingulate Cortex 3.89 _+ 1.28 3.72 * 1.96 4.94 _+ 1.38 
Motor-Somatosensory 5.06 ± 2.38 4.72 ± 2.19 5.00 = 1.89 

Cortex 
Entorhinal-Subicular 4.92 ± 1.42 5.76 _+ 2.57 4.64 ± 1.73 

Cortex 
Nucleus Accumbens 4.24 _+ 2.36 6.34 ± 2.89 6.60 -'- 3.58 
Caudate Nucleus 2.52 _+ 1.17 2.45 ~ 1.24 2.76 _+ 0.31 

Putamen 
GIobus Pallidus* 5.14 4.43 4.02 
Diagonal Band 5.17 ± 0.55 6.31 _+ 2.63 3.14 ± 2.01 
Medial Septum 3.61 _+ 2.22 3.16 + 0.85 7.68 _+ 3.22 
Hippocampal 4.19 _+ 1.21 4.89 + 1.96 5.26 +_ 2.57 

Formation 
Amygdaloid Complex 2.41 ± 1.24 4.45 _+ 2.70 4.5[) .: 1.37 
Ventral Tegmental t 2.74 -- 0.09 3.11 +- 0.78 

Area 
Substantia Nigra* 8.49 8.90 ' 

Values are means _+ S.D. Fractional rate constants (K) were calculated as: 
In2 

K -  
t 1/2 

and the t l '2 was obtained from a semilogarithmic plot of the specific radioactivities at the 
two pulse times on the linear portion of the decay in radoactivity curve. The K values in this 
table were determined by calculating a grand mean fractional rate constant (K) from average 
values obtained by comparing each specific radioactivity value at the short pulse interval 
with those at the long pulse interval. The fractional rate constant is the mean and the error 
estimates the S.D. of these individual average K values. 

*Represents values from a single pooled sample determination. 
-Fractional rate constants below 1.0 hour -~. 

n e u r o n s  tha t  are within normal  physiological  l imits likely 
util ize the  func t iona l  pool  exc lus ive ly  while  ex t r ao rd ina ry  
d e m a n d s  resul t  in ut i l iza t ion of  the f i rmly-bound  pool.  The  
func t iona l  pool  may  r ep re sen t  on ly  10-15% of the  total  neu-  
r o t r a n s m i t t e r  p resen t .  Because  o f  the  surviva l  va lue  o f  an 
a d e q u a t e  func t iona l  pool,  mos t  behav io ra l  man ipu la t ions  are 
p robab ly  within normal  l imits of  the  r e sponse  capabi l i ty  o f  
the neu rona l  popula t ion .  It is l ikely tha t  only  the  funct ional  
pool  is no rmal ly  invo lved  in neu rona l  t r an s m i s s i on  require-  
m e n t s  for  s enso ry  input ,  s enso ry  in tegra t ion ,  in fo rmat ion  
p roces s ing  and  r e s p o n s e  output .  The re fo re ,  in s tudies  cor-  
re la t ing n e u r o t r a n s m i t t e r  con t en t  with  behav io r ,  only  
changes  in a small  por t ion  of  the  total  n e u r o t r a n s m i t t e r  pool  
is involved .  Even  if a 50% dec rea se  in the  size of  the  func- 
t ional  pool  occurs ,  this may only  r ep re sen t  a 5 -7% decl ine  in 
con t en t  and,  the re fore ,  may  not  be  of  sufficient  magn i tude  to 
be  d i s t ingu i shed  f rom expe r i m en t a l  error .  These  changes  
may also be  de t ec t ab l e  for  only  a few s econds  s ince syn the t i c  
p r o c e s s e s  would rapidly  r each  h o m e o s t a t i c  condi t ions .  For  
these  r easons ,  it is not  surpr is ing  tha t  few changes  in the  
levels  of  n e u r o t r a n s m i t t e r s  have  been  repor ted  to cor re la te  
with  b e h a v i o r  [21, 32, 48, 53]. Such  inves t iga t ions  mus t  em-  
ploy me thodo log ie s  that  de tec t  modu la t i ons  in the neuro-  

t r a n s m i t t e r  func t iona l  pool  wi thou t  ar t i factual ly  modifying 
the  o b s e r v e d  behav io r .  There fo re ,  this s tudy util ized meas-  
u r e m e n t  of  n e u r o t r a n s m i t t e r  t u r n o v e r  ra tes  a f te r  pulse label- 
ling with a rad ioac t ive  p r e c u r s o r  to inves t iga te  chol inerg ic  
i n v o l v e m e n t  in opia te  r e in fo rcemen t .  

The  s ignif icant  d i f fe rences  in ACh  t u r n o v e r  are a s sumed  
to resul t  f rom changes  in the  ac t iv i ty  of  chol inergic  neu rons  
invo lved  in morph ine - seek ing  behav io r s .  The  l i t ters  were  
sacr i f iced at a t ime when  the se l f -adminis te r ing  rat would 
mos t  likely seek a n o t h e r  infusion.  This  drug-seeking  behav-  
ior is a s s u m e d  to be  an  integral  par t  of  the  r e in fo rcemen t  
p roces se s  and  may  resul t  in neu rona l  changes  that  are even  
more  specif ic  than  those  occur r ing  fol lowing the  presen ta -  
t ion of  the  re inforcer ,  which  would include a l te ra t ions  in 
n e u r o n s  resul t ing  from o the r  pharmaco log ica l  ac t ions  of  the 
drug.  Al though  it is t rue tha t  the  p r e sen t a t i on  of  morph ine  to 
the  yoked-pass ive ly  infused an imals  may  be adven t i t ious ly  
re inforc ing,  there  is no p r o g r a m m e d  con t i ngency  and there-  
fore,  these  an imals  c a n n o t  cont ro l  the  del ivery  of  the  rein- 
forcer .  While  it is p robab le  that  some  of  the changes  seen in 
this  g roup  may  resul t  f rom re in fo rcemen t ,  the  changes  seen 
in the  se l f -adminis ter ing  an imals  are a s s u m e d  to be more  
indica t ive  o f  r e in fo rcemen t  p rocesses .  It is also poss ible  tha t  
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T A B L E  6 

TURNOVER RATES FOR ACETYLCHOLINE IN FOURTEEN BRAIN REGIONS OFGROUPS OF 
RATS INTRAVENOUSLY SELF-ADMINISTERING MORPHINE tl0 mg/kg) AND IN 

YOKED-MORPHINE AND YOKED-VEHICLE INFUSED LITTERMATES 

Brain Area 

Turnover Rates (nmoles mg protein -J hour -J) 

Morphine Yoked-Morphine Yoked-Vehicle 
Self-Administration Infused Infused 

Frontal Cortex 1.01 +_ 0.24:[: 0.70 +_ 0.18- 0.45 _+ 0.27 
Pyriform Cortex 0.71 _+ 0.39t 1.32 ± 0.60 1.15 _+ 0.73 
Cingulate Cortex 0.28 _+ 0.09 0.28 _± 0.15 0.34 ± 0.10 
Motor-Somatosensory 0.37 _+ 0.17 0.37 -" 0.17 0.37 _± 0.14 

Cortex 
Entorhinal-Subicular 0.56 _± 0.16 0.67 _+ 0.30 0.59 ± 0.22 

Cortex 
Nucleus Accumbens 0.70 z 0.39* 1.30 *- 0.59 1.19 ._'- 0.64 
Caudate Nucleus 1.40 ± 0.65 1.44 _+ (I.73 1.59 _~ 0.18 

Putamen 
Globus Pallidus§ 0.56 0.65 0.57 
Diagonal Band 0.60 _+ 0.06 0.77 + 0.32 + 0.36 +_ 0.23 
Medial Septum 0.53 _+ 0.33 0.64 ± 0.17" 1.56 +_ 0.65 
Hippocampal 0.52 ± 0.16 0.69 _~ 0.28 0.66 _+ 0.32 

Formation 
Amygdaloid Complex 0.99 -'- 0.50 + 1.85 :- 1.12 1.96 _+ 0.60 
Ventral Tegmental ~ 0.33 :' 0.01 0.43 -- 0.11 

Area 
Substantia Nigra§ 0.71 0.88 ¶ 

Values are means _~ S.D. for N = 14 per treatment condition. The turnover rates were 
calculated as the product of the content and the fractional rate constants (K) and the error 
values the product of the content and the fractional rate constant error values. The signifi- 
cance of the difference between means determined with Students" t-tests were: *p<O.05; 
tp<0.01; -p<0.(~)l. The self-administration group was compared with the yoked morphine 
and the latter with the vehicle infused group. 

§Represent values for a single pooled sample determination. 
f l u rnove r  rate below 0.1 nmole mg protein -~ hour -~. 

some input-output s ys t em s  may  be identif ied in the self- 
admin i s t e r ing  an imal s  and  a t t r ibu ted  to r e in fo rcemen t  proc-  
csses .  Such  e r roneous l y  des igna ted  p a t h w a y s  can  be differ- 
en t ia ted  with in t racrania l  se l f -admin i s t ra t ion  p r o c e d u r e s  
[20]. Inpu t -ou tpu t  sys t ems  should  not  sus ta in  in t racran ia l  
se l f -admin is t ra t ion ,  since neu rona l  ac t iv i ty  indica t ive  o f  the  
o c c u r r e n c e  of  a re inforc ing  s t imulus  should  not  be t ransmi t -  
ted by ac t iva t ion  o f  these  neurons .  Such  s tudies  can be ini- 
t ia ted af te r  neu rona l  s y s t em s  potent ia l ly  invo lved  are iden- 
tified with t u r n o v e r  ra te  m e a s u r e m e n t s .  

Inves t iga t ion  of  the i n v o l v e m e n t  of  chol inergic  sy s t ems  in 
b e h a v i o r  is a difficult  cha l lenge  for  the  neurosc ien t i s t .  Neu-  
rochemica l  me thodo log ie s  are  rout ine ly  e m p l o y e d  thai  in- 
c lude p r o c e d u r e s  incompa t ib l e  with  behav io ra l  s tudies .  Fo- 
cused  m i c r o w a v e  f ixat ion is cons ide red  the o p t i m u m  m e t h o d  
of  t i ssue  f ixat ion for  n e u r o c h e m i c a l  s tudies  of  ACh.  This  
p rocedure  requi res  p l acemen t  and  c o n f i n e m e n t  o f  the  animal  
in a small  res t ra in ing  a p p a r a t u s  which  in t roduces  s t ress  ar- 
t i facts  [ 1 ! ]. It also in t roduces  a de lay  b e t w e e n  the  behav io ra l  
even t s  and  t i ssue  f ixat ion s ince  it requi res  handl ing  and  re- 
moval  of  the animal  f rom the behav io ra l  e n v i r o n m e n t .  If  
neu rona l  ac t iv i ty  is indeed  c losely  t ied to behav io r ,  then  this  
p rocedu re  would  also p roduce  n e u r o c h e m i c a l  a r t i fac ts ,  
poss ibly  obscu r ing  those  co r re la t ed  di rect ly  wi th  the  behav-  
ioral p roces s  o f  in teres t .  N e u r o c h e m i c a l  inves t iga t ions  of  
b e h a v i o r  requi re  p r o c e d u r e s  tha t  are  c o n d u c i v e  to bo th  the  

neurochemical and the behav iora l  process .  In m a n y  in- 
s t ances ,  a c o m p r o m i s e  me thodo logy  mus t  be adopted .  Total  
f reezing was used in this  s tudy because  it is the  mos t  accept -  
able  m e t h o d  for  rapid t issue f ixat ion that  is compa t ib le  wi th  
the  behav io ra l  methodolog ies .  H o w e v e r ,  it is t hough t  to re- 
sult in changes  in chol inergic  pa rame te r s .  Both  me thods  re- 
sult in ar t i fac ts ,  but  of  a different  na ture .  M e t h o d s  of  sac- 
rifice o the r  than mic rowave  f ixat ion have  been  repor ted  to 
resul t  in dec rea se s  in ACh  con ten t  (decapi ta t ion)  or  changes  
in Ch (near  freezing).  H o w e v e r ,  ACh  con ten t  values  ob-  
ta ined here  (Table  D are in a g r e e m e n t  with  those  found with 
m i c r o w a v e  f ixat ion [l l, 42-45,  52, 58]. 

ACh  t u r n o v e r  ra tes  in the  vehic le  con t ro l  group agree  
with p rev ious ly  publ i shed  va lues  for mos t  bra in  regions  ob- 
ta ined with mic rowave  f ixat ion and  non- i so topic  m e t h o d s  
I l l , 50 ]  or with  rad io iso topic  p rocedure s  [6, 42-45,  65, 67]. 
H o w e v e r ,  in severa l  bra in  regions  (cauda te  nucleus-  
pu t amen ,  h i p p o c a m p u s  and  nuc leus  a c c u m b e n s )  values  are  
th ree  to eight  t imes  h igher  than those  p re sen ted  here.  One  
could conc lude  that  this resul t s  f rom p o s t m o r t e m  dec rea se s  
with total  freezing.  It is also poss ib le  tha t  the  m e t h o d  of  
res t ra in t  for m i c r o w a v e  f ixat ion and  for i n t r avenous  adminis -  
t ra t ion  o f  p r ecu r so r  were s t ressful  and  resul ted  in inc reased  
ACh  t u r n o v e r  as p rev ious ly  d i scussed  [1 I]. Ou r  me thods  of  
intravenous administration of label led precursor involves 
minimal ,  if any  s t ress  and no res t ra in t .  If  hypo the t i ca l  fluc- 
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PERCENT AND DIRECTION OF C H A N G E  IN T U R N O V E R  RATES OF DOPAMINE,  
N O R E P I N E P H R I N E ,  S E R O T O N I N ,  A S P A R T A T E ,  G L U T A M A T E  A N D  G A M M A -  

AMINOBUTYRIC ACID IN ELEVEN BRAIN REGIONS OF RATS INTRAVENOUSLY 
SELF-ADMINISTERING MORPHINE COMPARED TO YOKED-MORPHINE 

INFUSED LITTERMATES 

Brain Area DA NE 5-HT Asp Glu GABA 

Frontal,Pyriform 270% T - -  - -  83~: 1" 106% T 42% 1" 
Cortex 

Nucleus Accumbens 87% ,L 92% J, 33% ~ - -  - -  71% 
Caudate Nucleus 144% T - -  - -  95% T 115% ~' 55% '~ 

Putamen 
Septum I11% T 157% I" - -  - -  - -  207% T 
Hippocampal - -  - -  - -  92% I' 108% ]' 8 ~  1' 

Formation 
Amygdaloid Complex - -  - -  - -  84% T 103% '~ 86% T 
Hypothalamus . . . . .  67% T 
Thalamus - -  - -  - -  78% '[' - -  100% ]' 
Motor-Somatosensory - -  - -  - -  6 ~  ~' 101% 1" 9(~r, 1' 

Cortex 
EntorhinaI-Subicular . . . . . .  

Cortex 
Brainstem - -  - -  - -  63% T - -  45% T 

The turnover rates from which these percentages were derived have been previously 
published (Smith et  al .  [53.54]. 

tuations in the Ch precursor  pool did occur ,  they would be 
unlikely to affect the significant differences found be tween  
the exper imenta l  groups for several  reasons.  First of  all, val- 
ues for ACh and Ch content  and specific radioact ivi ty  were  
not different in the three t rea tment  groups (Tables I--4). Sec- 
ondly,  the tu rnover  rate changes obtained may reflect  only 
relative and not absolute  values.  Howeve r ,  relat ive values 
are significant in invest igat ions of  brain function when ap- 
propriate  control  groups are utilized that permit  accura te  and 
re levant  conclusions  to be made from the data. 

Ano the r  possible reason for these differences is the 
method  of  tu rnover  calculat ion.  The  log-linear decay in spe- 
cific radioact ivi ty of  a neurot ransmit te r  can be used to calcu- 
late tu rnover  rates [13, 25-27, 53-55, 66] and was used to 
calculate the tu rnover  rates shown in Table  6. Al ternat ive  
methods  have also been employed.  Non- isotopic  procedures  
utilize drugs that inhibit Ch uptake with the resulting decline 
in ACh content  used to calculate rate constants ,  yielding 
tu rnover  rates that are similar to those presented  here 
[ 11,50]. Values obtained with pulse labelling procedures  and 
the finite difference method of  calculat ion [33] are somet imes  
in agreement  and somet imes  higher [29] than the values cal- 
culated from the log-linear decay  curve.  Another  method 
using constant  perfusion with [~3Cl-labelled phosphoryl-  
choline results in values that are identical to those calculated 
with the finite difference method  [42]. Both of  these calcula- 
tions utilize the specific radioact ivi ty or  rate constant  for Ch 
which is both product  and precursor  to ACh as well as a 
const i tuent  of  o ther  biochemical  pathways.  H o w e v e r ,  the Ch 
pool appears  to be independent  of  the ACh pool. First of  all, 
Ch loading may not alter ACh turnover  rates [6]. Secondly ,  
there is no correlat ion be tween Ch specific radioact ivi ty and 
ACh specific radioact ivi ty or  with cholinergic neuronal  ac- 
tivity [i]. Thirdly,  this pos tmor tem increase is independent  
o f  cholinergic neurons since it is still seen in the h ippocam- 

pus after removal  of  cholinergic innervat ions with septal le- 
sions [12]. Fourthly,  ACh  specific radioact ivi ty correlates  
with cholinergic neuronal  act ivi ty while Ch specific radioac- 
tivity does not [1]. Fract ional  rate constants  calculated with 
the finite difference method from the data presented in Ta- 
bles 1-4 are three to five t imes greater  than those shown in 
Table 5, and result in ACh tu rnover  rates three to five t imes 
higher than those shown in Table 6, thus making the values 
more in agreement .  This would not be a problem except  this 
calculat ion procedure  also results in significant differences 
in tu rnover  be tween t reatment  groups in several  regions 
where  the specific radioact ivi ty of  ACh is not different and, 
thus, totally the result of  differences in Ch specific radioac- 
tivity. Methods  of  calculat ion of  fractional rate constants  for 
ACh that utilize Ch parameters  in brain regions where  it has 
major metabol ic  roles o ther  than neurot ransmit ter  precursor  
could result  in er roneous  tu rnover  estimates.  This error  oc- 
curs when G A B A  turnover  is calculated with the finite 
difference method using glutamate as precursor  [2]. Such 
calculat ions result in G A B A  turnover  rates that are 10 to 20 
t imes higher than those obtained by using the log-linear 
decay after pulse labelling with glucose [13, 27, 53, 54], the 
rise in G A B A  after gamma-aminobutyr ic  acid t ransaminase 
inhibition [7, 24, 31, 61] or  the pos tmor tem increase in 
G A B A  specific radioact ivi ty [391. In brain regions where 
glutamate has metabolic funct ions o ther  than precursor  (i.e., 
a neurot ransmit ter  role), fractional rate constants  calculated 
by the finite difference method would result in errors in turn- 
ove r  est imates.  This would be similar to using DA specific 
radioact ivi ty in the calculat ion o f  NA turnover  which would 
clearly result  in errors in regions where  DA has a role o ther  
than precursor  to NA.  The same error  appears  to occur  when 
Ch is used to calculate ACh turnover .  The  use of  a rate 
constant  or  specific radioact ivi ty values for a precursor  that 
could and does have other  biochemical  functions,  whose  
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FIG. 2. Frontal cortex circuit proposed to mediate opiate reinforcement. This circuit includes a 
glutamatergic efferent from the frontal cortex to the caudate nucleus-putamen, an enkephalin or 
substance P efferent from the caudate nucleus-putamen to the globus pallidus, a cholinergic efferent 
from the globus pallidus to the frontal cortex and intrinsic aspartatergic and gamma-aminobutyric acid 
neurons in the frontal cortex. Activity in this circuit may be modulated by the biogenic monoamines at 
the level of the caudate nucleus-putamen and the frontal cortex. These brainstem centers could be 
modulated by gamma-aminobutyric acid and possibly substance P feedback pathways from the cau- 
date nucleus-putamen. 

specific activity does not correlate with the specific activity 
of the neurotransmitter or with the activity in neurons releas- 
ing that neurotransmitter [ I] would appear to have question- 
able utility. Especially, when it alone is responsible for sig- 
nificant differences and since the decay in radioactivity of 
the neurotransmitter itself can be used to accurately deter- 
mine turnover rates [66]. However, whether the turnover 
rates obtained here are accurate estimates of absolute rates 
is not crucial to the relevance of the significant changes be- 
tween the experimental groups. The control groups make 
meaningful interpretation of the data possible. 

When turnover rate changes for all the neurotransmitters 
monitored in the two experiments (Table 7) were integrated 
with information of neurotransmitter specific pathways [28] 
and with studies of the parameters of opiate self- 
administration using lesions [ 14-- 15, 17-19], neuronal block- 
ing agents [8, 9, 16, 41, 57] and intracranial self- 
administration mapping procedures [3, 4, 20, 35-38, 59, 60] 
two neuronal circuits were identified that may be involved in 
opiate reinforcement (Fig. 1). The two neuronal systems in- 
clude a frontal cortex-caudate nucleus putamen-globus 
pallidus-frontal cortex circuit (Fig. 2) and a hippocampal 
formation-nucleus accumbens-amygdaloid complex-ento- 
rhinal-subicular cortex-hippocampal formation circuit 
(Fig. 3). The significant increase in ACh turnover in the fron- 
tal cortex of the self-administering animals is consistent with 
the involvement of the pallidal cholinergic fibers innervating 
this region [23]. The dopaminergic innervation of the caudate 
nucleus-putamen which showed increased turnover rates in 
the self-administering rats are inhibitory to cholinergic inter- 
neurons and would be expected to decrease ACh turnover, 
but this was not observed. This suggests that some other 
excitatory system innervating these neurons is negating this 
inhibitory effect (Glu releasing fibers from cortical 
neurons?). DA neurons innervating the frontal cortex are 
thought to be under tonic inhibition by cholinergic fibers 
innervating the ventral tegmental area [29]. The increase in DA 
turnover in the frontal cortex [54] and decrease in ACh turn- 
over in the ventral tegmental area support involvement of these 
two pathways in opiate reinforcement. Opiates could directly 

initiate activity in this circuit at the caudate nucleus- 
putamen, globus pallidus or brain stem DA centers, resulting 
in the transmission of information indicative of the occur- 
rence of a reinforcing event. Interaction of opiates with re- 
ceptors in the globus pallidus from the caudate nucleus- 
putamen enkephalinergic pathway [62] might directly mod- 
ulate the activity of the pallidal cholinergic pathway inner- 
vating the frontal cortex. 

The other neuronal system consistent with these data is a 
hippocampal formation-nucleus accumbens-amygdaloid 
complex-entorhinal subicular cortex-hippocampal formation 
circuit. Cholinergic fibers from the medial septum innervat- 
ing the hippocampal formation, from the amygdaloid com- 
plex innervating the entorhinal-subicular cortex and from the 
preoptic region innervating the amygdaloid complex were 
proposed to be involved in this circuit. Involvement of 
cholinergic innervations of the amygdaloid complex is sup- 
ported by the decrease in ACh turnover observed in the 
self-administration group. However, hippocampal formation 
cholinergic activity was not altered. The hippocampal for- 
mation was assayed in toto which may have masked regional 
changes in turnover. DA and NA turnover in the septum 
were elevated in the self-administering rats [54]. Septal DA 
input is inhibitory and NA input excitatory to hippocampal 
cholinergic turnover [46, 47, 49]. It is possible that both in- 
creases and decreases in activity of subpopulations of hip- 
pocampal cholinergic neurons may have occurred as a result 
of these septal biogenic amine innervations since increases in 
Asp, Glu and GABA turnover rates were seen [54]. The data 
do not support the proposed cholinergic innervation of the 
entorhinal-subicular cortex. No turnover changes in any of 
the eight neurotransmitters in this structure were found to 
correlate with morphine self-administration [54]. However, 
the increased turnover of Glu in the hippocampal formation 
suggests that perforant pathways from the entorhinal- 
subicular cortex may be activated. If this is true, the mech- 
anism is not obvious from the turnover rates that have been 
measured. 

The ACh turnover rate changes seen with self- 
administration support the role of cholinergic neurons in 
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FIG. 3. Hippocampal circuit proposed to partially mediate opiate reinforcement. This includes a 
glutamatergic efferent from the hipI~acampal formation to the nucleus accumbens, intrinsic gamma- 
aminobutyric acid neurons in the nucleus accumbens, glutamatergic efferents from the nucleus accum- 
bens to the preoptic nuclei, a cholinergic efferent from the preoptic nuclei to the amygdaloid complex, 
an efferent from the amygdaloid complex to the entorhinal-subicular cortex (cholinergic ?), a 
glutamatergic efferent from the entorhinal-subicular cortex to the hippocampal formation and intrinsic 
aspartatergic and gamma-aminobutyric acid neurons in the hippocampal formation. Brainstem biogenic 
monoamine neurons may modulate activity in this circuit at the nucleus accumbens and scptum. In 
turn, activity in these brainstem centers could be modulated by gamma-aminobutyric acid feedback 
pathways from the nucleus accumbens. 

opiate  r e in fo rcement  d e m o n s t r a t e d  by the a t tenuat ion  of  
these  p roces se s  with sys temic  adminis t ra t ion o f  cholinergic 
blocking agents  [8,16] and by involvement  in the reinforce-  
ment  circuits  p resen ted  here.  The role of  neuronal  pa thways  
outl ined in these  r e in fo rcement  circuits  are current ly  under  
invest igat ion in our  laborator ies  using intracranial  self- 
adminis t ra t ion  methodologies  and neurotoxin  lesion 
methodolog ies  to select ively des t roy  discre te  neuronal  popu-  

lations and de te rmine  the effect  upon concur ren t  opiate ,  
food and water  re inforced responding.  
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