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NIELSEN, J. A., L. H. FOSSOM AND S. B. SPARBER. Metabolism ~f :~H-dopamine continuously perfused throu~,,h 
push-pull c'annulas in rats' br~dns: Modification by amphetamine or prostaglandin F..,o. PHARMAC. BIOCHEM. BEHAV. 
13(2) 235-242, 1980.--Using perfusion cannulas implanted in the lateral cerebroventricles, the metabolism of a trace 
concentration of aH-dopamine, continuously presented, was investigated in rats performing an operant for food reinforce- 
ment. The subjects were mature, drug-naive, male Long-Evans rats. Perfusate contained measurable quantities of :~H-3,4- 
dihydroxyphenylacetic acid (:~H-DOPAC), :~H-3-methoxy-4-hydroxyphenylacetic acid (~H-homovanillic acid, :~H-HVA). 
~H-3-methoxytyramine (aH-3-MT) and the :~H-noradrenaline metabolite, :~H-3-methoxy-4-hydroxyphenylethyleneglycol 
(:~H-MHPG). Systemic injection of d-(l.5 mg/kg) or I-(3.0 mg/kg) amphetamine resulted in decreased quantities of :~H- 
DOPAC, :'H-HVA and aH-MHPG in perfusate with a concurrent decrease in fixed-ratio 20 behavior. Addition of prosta- 
glandin F_,, (10 ng//zl perfused at a rate of 10 /zl/minute) had no effect on the rats' fixed-ratio 20 behavior or rectal 
temperature, but resulted in decreased quantities of :*H-DOPAC, :~H-HVA and :~H-MHPG in perfusate. It is concluded that 
this methodology allowed us to monitor drug-induced changes in CNS dopaminergic and noradrenergic function in con- 
scious rats engaged in schedule-controlled operant behavior. Furthermore, a trace concentration of PGFe,, in perfusion 
medium caused changes in :~H-dopamine metabolism in a manner similar to that of systemically administered am- 
phetamines. 

Brain perfusion Dopamine Noradrenaline Amphetamine Prostaglandin Operant behavior 

ANALYSIS of fluid withdrawn from the brain can tell us 
much about the dynamics of central nervous system (CNS) 
neurotransmission and thus may indirectly reflect changes in 
the activity of neurons. Several techniques have been used 
to withdraw fluid from the CNS. Feldberg and coworkers [4] 
developed a technique for perfusing the cerebral ventricles. 
Gaddum I11] suggested the use of the push-pull cannula for 
perfusion of localized brain regions. Several laboratories 
have used this system to study CNS neurochemistry (eg. 
13,21]). One aspect of CNS neurochemistry that has been 
studied involves drug- and other experimentally-induced 
changes in quantities of putative neurotransmitter metabo- 
lites in brain perfusate [18, 19, 22]. In most studies the 
animals have been anesthetized, thus complicating the use of 
this technique for studying the CNS, since sedative-hypnotic 
agents have been shown to variously affect neuronal activity 
113] or neurochemical parameters [2,8]. We have attempted 
to overcome this problem by using techniques which allow 
us to measure neurochemical and behavioral changes con- 

currently in conscious, freely-moving rats engaged in com- 
plex operant behavior 128]. 

This report presents a detailed description of the refined 
push-pull perfusion technique presently employed in our 
laboratory. The major thrust of this communication should 
be viewed as a demonstration that continuous perfusion of 
the ventricular space with 3H-dopamine (:~H-DA) is one method 
of determining if changes in catecholaminergic activity in brain 
are measurable in vi~'o in conscious animals engaged in oper- 
ant behavior. We will also show that low doses of d- and 
I-amphetamine, injected systemically, produced concurrent 
changes in fixed-ratio 20 behavior and reflections of changes 
in dopaminergic and noradrenergic neuronal function. Hav- 
ing established the utility of this approach, we initiated a 
series of studies to determine ifa prostaglandin (PO), at concen- 
trations devoid of behavioral or thermal effects, could signif- 
icantly alter the way in which brain metabolizes catechola- 
mines. The prediction that this should be the case is based 
primarily upon neuropharmacological studies which report 
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FIG. 1. A rat chronically implanted with a push-pull cannula responding for food reinforcement during a perfusion session. The custom made 
enclosure allows closed circuit television monitoring of behavior sessions. Adequate lengths of silastic tubing allow complete freedom of 
movement. Samples are collected in microsample tubes in the small fraction collector. 

interactions between catecholamines and prostaglandins in 
restricted cell populations [14]. 

We have included a multivariate experimental design, ex- 
amining complex behavior, :~H-DA metabolism and drug ac- 
tion, for several reasons. Firstly, the surgical and perfusion 
procedure itself may result in sufficient trauma to alter CNS 
function, manifest as a behavioral change and/or biochemical 
change. Secondly, presentation of exogenous :~H-DA and/or 
PGF.,,, alone or in combination, might alter CNS function 
(i.e. pharmacologically relevant concentrations). Thirdly, 
these experiments were a prelude to more extensive ones in 
which the multidisciplinary approach to behavioral/ 
biochemical analyses of drug action, which we have used 
successfully in the past to study psychoactive agents such as 
amphetamine, LSD-25, mescaline, morphine and other drugs 
[30,32], would be expanded to include the PG's and other 
substances found in the CNS (and elsewhere). In essence, 
we are attempting to study these agents under conditions 
which approximate the so-called physiological state, a 
condition not nearly approached so closely in studies which 
rely upon extirpation, slicing, chopping, homogenizing or 
otherwise separating neuronal tissue from the remainder of 
the organism. 

METHOD 

Opera,t Beharior 

Eleven mature, male Long-Evans rats (Simonsen, Gilroy, 
CA) were caged individually in a room on a 12 hour day-night 
cycle. Food and tap water were available ad lib for several 
weeks. The rats were then gradually food deprived to ap- 
proximately 80cA of their free-feeding weights (375-450 g) 
and were shaped to lever press for 45 mg food pellets (P. J. 
Noyes Company, Lancaster, NH) on a continuous rein- 
forcement schedule in a small-animal operant chamber 
(Model 143-22, BRS/LVE, Beltsville, MD). The number of 
responses necessary for reinforcement was gradually in- 
creased to 20 (FR 20). The operant chamber was enclosed in 
a custom made environmental isolation chamber which was 
sound and light attenuating and equipped with a closed- 
circuit video system (Fig. I). A computer-based Interact sys- 
tem (BRS/LVE) was programmed to control environmental 
contingencies and record and reduce the behavioral data. At 
the termination of each session there was a printout of the 
number of reinforcers earned and the responses emitted by 
the rat during each minute. Behavioral sessions were run 
daily and were approximately one hour in length. When the 
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FIG. 2. Parts for and completed push-pull per'fusion cannula made of stainless steel and silicone rubber 
components. 

rats" responding was stable they were implanted with perfu- 
sion cannulas. 

CGntllll~l CotlSlt'llcgiotl 

Stainless steel injection cannulas (model 220, D. A. Kopf, 
Tujunga, CA) were modified as follows to serve as perfusion 
cannula bases (Fig. 2). The needle tubing was removed. The 
flat portion of the base was trimmed to approximately half its 
original size. The hole in the bottom of the base was enlarged 
by drilling to accommodate a length of 20 ga. thin wall stain- 
less steel needle tubing which was secured with polyester 
retaining compound (No. 35, Loctitc, Newington, CT)jus t  
inside the well at the bottom of the base. The tubing was then 
trimmed to extend 6 mm beyond the base. However, the 
gauge and length of tubing may be varied depending upon the 
brain perfusion site. Two O-rings (size 32-55, Silicone com- 
pound 19711, Precision Associates Incorporated, Min- 
neapolis, MN) were fitted into the base to assure a complete 
seal between cap and implanted cannula. 

All caps were made by securing (with Loctite retaining 
compound) stainless steel wire or tubing in a hole drilled 
through a stainless steel socket head screw (l/8th inch, 6/32 
thread size). For a stylus, 0,025 inch wire was secured in a 
screw and trimmed to extend 0.5 to 0.75 mm beyond the 
tubing in the base when screwed down firmly on the O-rings. 

A perfusion cap consisted of two pieces of tubing: one length 
of 30 ga. which extended 0.5 to 0.75 mm through the base (to 
serve as the push tube), and a shorter piece of 23 ga. tubing 
which extended 0.5 mm through the cap screw itself(to serve 
as the pull tube). The 30 ga. push tubing was reinforced by 
cementing 23 ga. tubing around the 30 ga. tubing above the 
cap. 

The same cannula base can be used as a guide tube in 
chronic studies to infuse substances into the brain. If it is to 
be used to simply administer substances directly into the 
brain, an infusion cap consisting of 23 ga. tubing secured in a 
screw and trimmed to extend 0.5 to 0.75 mm through the 
base is sufficient. 

Implantation Procedure 

A cannula base was permanently implanted in the brain of 
each rat with the tip in the right lateral ventricle. Animals 
were anesthetized with sodium pentobarbital (45 mg/kg). 
Using stereotaxic (Model 900, D. A. Kopf) coordinates for 
reference [27], the base was positioned perpendicular and 
anchored to the skull with three stainless steel screws t0-80 
thread size, 3/16th inch) and dental acrylic cement. After 
implantation, the stylus was screwed into the cannula base 
and the rat was returned to its home cage. The perfusion 
experiments were begun about 2 weeks after surgery. 
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Pet;t'usion Procedure 

A four channel peristaltic pump (Minipuls II, HP 4, Gil- 
son Electronics, Middleton, WI), used to control the perfu- 
sion. was calibrated daily to perfuse at 10 ~l/minute. The 
pump was connected to the perfusion cap with silicone tub- 
ing (Dow-Corning Silastic Medical tubing, Dow Corning 
Corporation, Midland, MI). One piece of tubing, threaded 
through a 0.060 inch manifold tube (supplied with the pump) 
in one channel of the pump, connected the push tube to a 
reservoir containing perfusion medium. Another piece of 
tubing connected the pull tube, through a manifold tube in a 
second channel in the pump (in the opposite direction), to a 
miniature fraction collector. Enough tubing was left between 
the cannula and the pump to allow the animal free movement 
in the operant chamber (Fig. 11. The two pieces of tubing 
between the perfusion cap and the pump were cemented 
togcther with silicone adhesive (Dow Corning, Midland, MI) 
to strengthen the tubing and keep it from becoming tangled. 

The first experiment involved perfusion of the rats" lateral 
ventricles for 40 minutes while they were lever pressing for 
food reinforcement. Our goal was to determine whether we 
could recover significant quantities of :~H-DA metabolites in 
perfusate, upon continuous presentation of the tritiated 
monoamine. It was deemed necessary to try this in vivo 
superfusion procedure, since preliminary experiments 
(Sparber, unpublished observations) in which :~H-DA was 
injected into the ventricle as a bolus were unsuccessful. In 
those experiments very little unchanged :~H-DA and negligible 
quantities of metabolites appeared in perfusate starting 5 to 
30 minutes after pulse labeling. Our inability to successfully 
use this method was not surprising in light of a subsequent 
report that greater than 75% of:~H-DA was no longer present 
as soon as 5 minutes after injection into the lateral ventricle 
of the rat 161. Subsequently, we determined whether d- or 
I-amphetamine would alter the recovery of metabolites. Am- 
phetamine was chosen because it has a well-defined action 
on catecholamine neurons (for review see 1171). Four rats 
were used in this study. The behavior session and perfusion 
began simultaneously. Approximately 22 minutes later saline 
was injected lIP). One or two days later d- or I-amphetamine 
was injected instead of saline. Half of the rats were injected 
with d-amphetamine first, and then I-amphetamine. The 
other half of the rats were administered the isomers in the 
reverse order. At least 6 days separated amphetamine injec- 
tions. 

The second experiment was similar to the first, except 
there were no injections and the rats" rectal temperature was 
recorded throughout the session. After cannula base implan- 
tation each of the seven rats was adapted to having a tem- 
perature probe (Model 402, Yellow Springs Instrument Co., 
Yellow Springs, OH) inserted approximately 5 cm into its 
rectum and taped to its tail throughout the behavioral ses- 
sion. Perfusion and behavioral sessions were begun simul- 
taneously and terminated at the end of 40 minutes. Four rats 
were perfused with the :~H-DA perfusion medium first, fol- 
lowed not less than 4 days later by the :~H-DA perfusion 
medium plus PGF:~ ( 10 ng//zl). Three rats were perfused with 
these solutions in the opposite order. Because of the varia- 
bility between rats in the amount of :'H-DA metabolites in 
perfusate (vide inJra), we decided to use each rat as its own 
control. To determine the effects, if any, of:'H-DA on behav- 
ior and rectal temperature, an experiment was performed in 
which :~H-DA was omitted from the medium. 

Changes in behavior [29] or body temperature [24] alter 

the quantity of catecholamine metabolites in rat brain. PGF2,~ 
is not very potent in altering behavior [23] or body tempera- 
ture [9], but it alters function ofcatecholamine neurons in the 
autonomic nervous system [7]. Therefore, we hypothesized 
that a low concentration of PGF.,o would alter the quantity of 
catecholamine metabolites in perfusate by a direct action on 
neurons in close proximity to the ventricles as opposed to an 
indirect action due to effects on behavior or temperature. 
PGF~,, was administered rather than some other PG because 
it is one of the major PGs in rat brain [1,33]. PGF:,  was 
added to the perfusion medium because systemic injection of 
PG results in little increase in CNS prostaglandin levels 
112,151. 

PetJitsion Medium 

The rats were perfused with a sterile, 0.9% saline solution 
containing 2.3 mM CaCle. Tritium labeled DA (~H-2-DA, 
Spec. Act. 7.5 Ci/mM, New England Nuclear, Boston, MA; 
0.1 ng/#l final concentration) or :~H-DA and PGF:,, (kindly 
supplied by Dr. J. Pike, The Upjohn Company, Kalamazoo, 
MI) were added to the perfusion medium in some experi- 
ments. PGF~,, was stored in absolute ethanol at -20°C. For 
administration, an aliquot of the stock solution of PGF._,,~ was 
evaporated under nitrogen and added to the perfusion 
medium so that the final concentration of PGF:~ was 10 
ng//.d. 

Collection and Analysis o./PerJitsate 

Sequential 5 minute samples of perfusate were collected 
into polyethylene microsample tubes, in a small fraction col- 
lector, containing 1 p.g each of 13 various catecholamines 
and metabolites in 10 ~1 1.0 N formic acid. The following 
substances were used as cold carriers for subsequent thin- 
layer chromatographic separation: NA, DA, DOPAC, HVA, 
3-MT, MHPG, 3,4-dihydroxyphenylalanine (DOPA), 3- 
methoxy-4-hydroxyphenylethanolamine (normetanephrine, 
NM), 3-methoxy-4-hydroxymandelic acid (VMA), 3,4-dihy- 
droxymande[ic acid (DHMA), 3,4-dihydroxyphenylethyl- 
eneglycol (DHPG), 3,4-dihydroxyphenylethanol (DHPET), 
and 3-methoxy-4-hydroxyphenyl-ethanol (HVET). At the 
conclusion of the behavioral session the animal was discon- 
nected from the perfusion apparatus, the stylus was screwed 
into the cannula base, and the animal was returned to its 
home cage. 

Perfusate samples 2, 4, 6 and 8 were analyzed using the 
two-dimensional thin-layer chromatographic separation sys- 
tem of Fleming and Clark [10]. One 10 tzl aliquot of each 
sample was spotted under nitrogen 2.5 cm from the edges, in 
the lower left corner, of the thin-layer chromatrography plate 
(20×20 cm glass plates coated with 100 p, microcrystalline 
cellulose, EM Laboratories, Elmsford, NY). A second 10 p,I 
aliquot was spotted in the upper right corner where it would 
not be exposed to the solvents (except their vapors). This 
aliquot was used to control for loss of tritium on drying and 
visualization. The plates were then developed 13-15 cm in 
each direction. The separated compounds were visualized 
with p-nitroaniline [10] and the resulting 14 spots were 
scraped into counting vials. One-tenth ml of 1.0 N formic 
acid was added to each vial to elute the tritiated compounds 
from the cellulose. Ten ml of cocktail (0.9c~ n-butyI-PBD and 
3% BBS-3, Beckman Instruments, Fullcrton, CA, in toluene) 
were added to each vial. Radioactivity (disintegrations per 
minute, dpm) was determined using liquid scintillation spec- 
trometry and a standard quench curve. Counting efficiency 
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was approximate ly  45%. An aliquot of  the perfusion 
medium,  col lected from the tip of  the perfusion cap upon 
terminat ion of  the session, served as a control  for background 
radioact ivi ty present  in the per-fusion medium. It was added 
to formic acid containing cold carriers and analyzed as de- 
scribed above.  

In order  to de termine  which metabol i tes  were  present in 
significant quanti t ies in perfusate,  the amount  of  radioactiv-  
ity which cochromatographed  with each compound  was 
compared  between perfusion medium samples and non-drug. 
perfusate samples (i.e., sample 4 from the first exper iment  
and samples from perfusion with :~H-DA without PGF:,, in 
the second experiment) .  Background radioact ivi ty at each 
spot was consistent  across  chromatograms  from perfusion 
medium samples when data were expressed as a percentage 
of  the total non-volati le tritium. Because total non-volat i le  
tritium was approximate ly  lff' dpm in perfusion medium and 
perfusate  samples alike, the radioact ivi ty found at each 
compound  was calculated as dpm per dpm of  non-volat i le  
t r i t ium× 10 ~ for each sample. A compound  was considered 
detectable  in perfusate if significantly more radioact ivi ty  (per 
dpm non-volat i le  tritium × I(Y') cochromatographed  with it in 
perfusate samples than in perfusion medium samples.  

In the first exper iment ,  : 'H-metaboli tes which were de- 
tectable in the perfusate  were  correc ted  for the background 
radioact ivi ty found in the perfusion medium.  This net 
amount  of  radioact ivi ty for each metabol i te  from samples (6 
and 8) col lected after injection of  saline or  amphetamine  was 
expressed as a percentage of  that before injection (in sample 
4). Behavioral  data were handled similarly, with response 
rates from periods after saline or  amphetamine  injection 
(occurring concurrent ly  with the col lect ion of  perfusion 
samples 6 and 81 expressed as a percentage of  that before 
injection (occurring concurrent ly  with col lect ion of  sample 
4). Drug effects were determined by compar ing  results after 
d- and I-amphetamine with those after saline, using a corre-  
lated t-test. 

In the second exper iment ,  :~H-metabolites which were de- 
tectable in perfusate were correc ted  for background 
radioact ivi ty found in the perfusion medium.  The average 
net amount  of  each :~H-metabolite (in samples 2, 4, 6, and 8), 
FR 20 behavior  and rectal tempera ture  during perfusions 
with PGF: ,  in the medium were compared  with per'fusions 
without PGF: , .  using Fr iedman ' s  one-way analysis of  vari- 
ance by ranks test. Significant differences be tween  t reatment  
means  were determined by Wi lcoxon ' s  signed rank test. 

A critical value of  0.05 was set as that required to indicate 
a statistically reliable effect of exper imental  manipulat ion.  
Unless  o therwise  noted,  all values are M +_ SEM.  

R ESU I,TS 

FR 20 Behavior 

In exper iment  one,  the average rate of  lever  pressing dur- 
ing the 5 minutes immediate ly  before injection was 1.6 ÷ 0.1 
responses /second.  Behavior  was unaffected by saline, while 
injection of  ei ther isomer  of  amphetamine  significantly de- 
creased behavior ,  to a similar extent ,  within 7.5 minutes 
after injection and behavior  remained suppressed throughout 
the rest of  the session (Table I). 

In exper iment  two.  the average rate of  lever  pressing for 
the rats the day before cannula implantat ion was 1.5 - 0.2 
responses /second.  Cannula  implantat ion,  the procedure  used 
to measure  rectal tempera ture ,  or  perfusion with the various 
media (with or  without PGFe,,) had no effect upon behavior .  

T A B L E  1 

d-AND I-AMPHETAMINE DECREASED FIXI-D-RATI() 20 BEHAVIOR 
AND THE QUANTITY OF :'H-DOPAC. :~H-HVA ANt) :'H-MHPG IN RAT 

BRAIN VENTRICUI,AR PERFUSA'I E 

Injection* 

Dependent Saline d-Amphetamine I -Amphetamine 
variable- ( 1.5 mg;kg) (3 mg;kg) 

Behavior 99 "_ 7 I _'_ I:i: 10 • 6~: 
:~H-DOPAC 192 • 50 74 • 24~: 29 . 14- 
:'H-HVA 187 _- 65 112 _- 45:!: 47 -_ 20:i: 
:~H-MHPG 152 "- 35 68 t 16:1: 62 • 7:1: 

*Injections were made (IP) in the midst of the fifth 5 minute seg- 
ment of the sessions. 

:Values are from the eighth 5 minute segment and are expressed 
as a percentage of the fourth 5 minute segment which occurred 
immediately prior to the injection. Mean + SEM (N-4).  

:]:p<0.05 compared with saline control sessions: 2-tailed corre- 
lated Student's t-test. 

Rcclal TCml~cr¢tlure 

in the second exper iment  the rats" average initial tem- 
perature was 37.4 ,- 0.2°C and a slight, but significant eleva- 
tion in tempera ture  (0.6 _+ 0.1 °) was observed  at the end of  
the 40 minute session. Perfusion with the various media did 
not prevent  or otherwise  alter the increase in temperature .  

Rcco~~,ry ~1 Metaholilc.~ o J W-DA am/ :IH-NA itl PelJltsate 

Perfusion of  the lateral ventr icular  space with a solution 
containing : 'H-DA resulted in recovery  of  significant quan- 
tities of  tritium labelled metabol i tes  of  :~H-DA and :~H-NA. 
Trit ium which cochromatographed  with authentic  DOPAC,  
HVA,  3-MT and M H P G  was recovered  in quantit ies signifi- 
cantly above that in perfusion medium not presented to brain 
(Table 2), while tritium which cochromatographed  with 
H V E T ,  D H P E T ,  DHPG,  D H M A ,  VMA,  NA or NM was not 
significantly elevated.  Approximate ly  85c/c of  the radioactiv- 
ity recovered  from DA and NA metaboli tes  chromato-  
graphed with DOPAC and HVA.  

There  was a great deal of  variability be tween  rats in the 
quanti t ies of  metabol i tes  of  :~H-DA and : 'H-NA in perfusate.  
Howeve r ,  the ratio of  :'H-HVA::~H-DOPAC::~H-3-MT::~H - 
M H P G  was quite similar for all subjects (Table 3). 

When ei ther  d- or  I-amphetamine were administered in- 
t raperi toneal ly,  approximate ly  22 minutes into the perfu- 
s ion-behavioral  session, a concurrent  suppression of  FR-20 
behavior  and alteration of  : 'H-DA metaboli tes  ensued.  
Figure 3 demons t ra tes  these effects in one rat (M-3 I). As can 
be seen, under condit ions in which saline was injected (IP) 
the subject cont inued to respond at baseline rates. The 
metabol i tes  of  :~H-DA in perfusion samples 6 and 8 were 
be tween  100'~ and 200cA of  those found in sample 4, which 
was col lected immediately before injection. The effect of  the 
amphetamines  upon :~H-3-MT in perfusate was variable and 
inconsistent ,  while :~H-DOPAC, :~H-HVA and : 'H-MHPG 
were diminished,  especial ly in sample 8 which was col lected 
approximate ly  15 minutes after injection (Table 11. 

The administrat ion of  PGFe,, in the perfusion medium de- 
creased the quanti t ies of  :~H-DOPAC {X~ ~= 13.68), :~H-HVA 
(X~, ~= 18.90) and :~H-M HPG IX,  e= I 1.801 recovered  from per- 
fusate (Table 21. The effect of  PGF._,,, on :~H-MHPG recovery  
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T A B L E  2 

RECOVERY OF SIGNIFICANT QUANTITIES OF METABOI.ITES OF :'H-DOPAMINE AND 
:~H-NORADRENALINE IN RAT BRAIN PERFUSATE. PGF2, , DECREASED 
THE QUANTITY OF :~H-I)OPAC. :'H-HVA. AND :~H-MHPG IN PERI.:USATE 

~H-DA perfusion medium :~H-DA perfusale :'H-DA , PGF2, perfusale 

:'H-HVA 7 _" 2* 495 _+ 174+ 88 -* 40:i: 
:'H-DOPAC 17 ' 5 331 -~ l i d  43 ± 12:1: 
:~H-3-MT 21 - 2 107 • 26t 50 • 13 
:'H-MHPG 18 +- 2 41 _* 10 + 26 +- I 

*Quantities of :'H-metabolites are expressed as dpm per dpm of nonvolatile tritium x 10". 
Nonvolatile tritium averaged 1.2 (=0.1) × 10:' dpm (mean +_ SD, n -14)  in perfusion 
medium. 1. I ( ~0.11 × 10:' dpm (n = 7) in :'H-DA perfusate and 1,1 (~(). 1 ) × I(F' dpm In=7) in 
:~H-DA peffusate with PGF2.. Perfusate data are the average of values from perfusion 
samples 2 . 4 . 6 .  and 8. Mean ~ SEM. 

+p.zO,05 compared with samples of the perfusion medium that were not exposed to the 
rats" brains, but otherwise were analyzed in a manner identical to the perfusate. (Friedman's 
one-way analysis of variance by ranks test and Wilcoxon's signed rank test.) 

.:p<O.05 compared with the appropriate data from experiments where the perfusion 
medium contained only :'H-DA (Friedman's one-way analysis of variance by ranks test and 
Wilcoxon's signed ranks test). 

T A B I . E  3 

VARIABILITY AMONGST RATS IN THE QUANTITY, BUT 
CONSISTENCY IN THE RATIO, OF METABOIdTES OF :'H-DOPAMINI- 

IN RAT BRAIN VENTRICULAR PERFUSATE 

Rat :'H-HVA:~H-DOPAC :'H-3-MT :~H-MHPG Ratio 

1 83* 50 25 10 3 : 2 : 

2 1251 737 128 92 10 : 6 : 
3 1004 673 280 140 4 : 2 : 
4 91 54 25 14 4 : 2 : 
5 195 135 48 4 4 : 3 : 
6 608 487 102 23 6 : 5 : 
7 241 170 50 4 5 : 3 : 

: 0 . 4  

:0.7 
:0.5 
: 0.6 
:0.1 
:0.2 
:0.1 

'~Quantities of :~H-melabolites are expressed as dpm per dpm 
non-volatile tritium × lff'. Non-volatile tritium averaged 1.1 ( ,  0,1) 
× 10; dpm (mean ± SD, n-7) .  Values represent the average of data 
from perfusion samples 2, 4, 6 and 8, and have been corrected for 
blank values. 

is ev iden t  f rom the f inding that  inc lus ion o f  PGF:,,  in the  
per fus ion  med ium p r e v e n t e d  the r ecove ry  of  s ignif icant  
quant i t i es  of  :~H-MHPG. To e n s u r e  tha t  these  effects  of  
PGF~,, were  not  due to its in ter fer ing with the assay  for 
:~H-DOPAC, :~H-HVA or a H - M H P G ,  per fus ion  samples  were  
d iv ided ,  PGF:~, (500 ng) was added  to hal f  of  each  sample ,  
and  all samples  were  a s sayed  as desc r ibed  prev ious ly .  This  
in vitro addi t ion  of  PGF._,, had no  effect  on the r ecove ry  of  
any of  the  :~H-metabolites. 

DISCUSSION 

Perfus ion  of  the lateral  ven t r i cu l a r  space  with a solut ion 
con ta in ing  :~H-DA resul ted  in r ecove ry  of  rad ioac t iv i ty  which  
c o c h r o m a t o g r a p h e d  with au then t i c  D O P A C ,  H V A ,  3-MT, 
and  M H P G .  N o n e  of  the  o the r  DA or  N A  metabo l i t e s  
ana lyzed  appea red  in pe r fusa te  in quan t i t i e s  s ignif icant ly 
a b o v e  b lank levels.  The  major  por t ion  of  the  metabo l i t e s  

r ecove red  were :~H-DOPAC and :~H-HVA. These  f indings are 
in ag reemen t  with repor t s  that  the ma jo r  metabo l i t e s  of  DA 
in the  CNS are the acid me tabo l i t e s  D O P A C  and HVA,  while 
the ma jo r  metabo l i t e  of  N A  in the CNS is M H P G  ffor rev iew 
see  S h a r m a n  [26]). The  fact that  we did not  r e cove r  signifi- 
can t  quant i t i es  of  the  mino r  me tabo l i t e s  of  :~H-DA and 
: 'H-NA suggests  that  we were not  measu r ing  some 
nonspec i f ic  me tabo l i sm of  :~H-DA, but  were  p robab ly  ob- 
se rv ing  ref lec t ions  of  changes  in dopamine rg ic  and norad-  
renergic  neurona l  funct ion .  

T h e r e  was a great  deal of  var iabi l i ty  be tween  rats  in the 
a m o u n t  of  metabo l i t e s  of  :~H-DA in perfusa te .  This  variabil-  
ity may be due  to one  or more  of a n u m b e r  of  factors .  Small 
d i f fe rences  in the p l acemen t  of  the cannu la  in the ventr ic le  
may  change  the a m o u n t  of  :~H-DA taken  into neu rons  and 
the re fo re  the a m o u n t  of  :~H-DA avai lab le  for metabo l i sm 
in t raneurona l ly .  Even  if the  same a m o u n t  of  :~H-DA were 
t aken  into neu rons  in all rats ,  there  are likely to be individual  
d i f fe rences  in d o p a m i n e  t u r n o v e r  rates .  To cont ro l  for this  
individual  var iabi l i ty ,  we used a wi th in - sub jec t s  experi-  
menta l  design,  each  animal  se rv ing  as its own  control .  

Braes t rup  and c o w o r k e r s  16] found that  i n t r aven t r i cu la r  
in ject ion of  :~H-DA resul ted  in the fo rma t ion  of  :~H-HVA, 
:~H-DOPAC, :~H-3-MT and :~H-MHPG, in the rat io of  about  
70:70: 10:1, in rat bra in  t issue.  We found the  ratio of  these  
c o m p o u n d s  in rat brain ven t r i cu la r  per fusa te  was similar,  
abou t  50:30:10:2. This  suggests  tha t  some  of  the :~H-DA 
pushed  into the  ven t r ic les  was  reach ing  brain  t issue and 
be ing  me tabo l i zed  in a m a n n e r  s imilar  to : 'H-DA injected into 
the  ventr ic les .  Addi t ional ly ,  some of  the :~H-DA was 
me tabo l i zed  to :~H-NA and subsequen t l y  to :~H-MHPG. 

Myers  and  Mora  1201 pre labe led  the medial  pref ronta l  cor- 
tex of  unanes the t i z ed  rats  with 1.65 /xg '"C-DA and then 
per fused  the site with artificial ce rebrosp ina l  fluid. Thir ty  
minu te s  af ter  the  beg inning  of  the per fus ion ,  a t ime corre-  
spond ing  to the col lec t ion of  per fusa te  in the expe r imen t s  
desc r ibed  a b o v e ,  they found '4C-DOPAC,  " C - H V A  and 
' "C-3-MT in pc r lusa te  in a rat io of  abou t  40:20:3. They  did 
not assay  for '~C-MHPG.  The i r  da ta  were qui te  s imilar  to 
ours ,  and  suppor t s  the sugges t ion  that  D O P A C  and H V A  are 
the major  metabo l i t e s  of  DA in unanes the t i z ed  rats.  



:*H-DOPAMINE M E T A B O L I S M  BY T H E  C N S  241 

i -31  

~-AMPHETAMINE,3mglkg 

//, 
I "  I I ( 

123 ,,, [ ~ 

F 

',O 

o,~ 
I.- LU 
O r , 

(3. Lz_ 

24C 
20( 
16C 

t2C 
8( 
4( 

( 

DOPAC 21 ~ 

'it 
4 6 8 C 

4• 
3 -MT  

24O 

I 

°'c' ~ N  6 8 

60 MF 

1 30 

20 

I 

C 

HVA 

4 6 8 
,J 

6 8 

s A 

SALINE 

24C DOPAC 

20( I 
12C 

8C 

O ~  
4 6 8 

P k E 

4• 
3-MT 

24 

I 

4 6 8 
A M P L E  

d - A M P H E T A M I N E , I . 5 m g / k g  

240 HVA 240 DOPA¢ 

:2 l 20°  

2OO 2O0 

160 160 L ~  

C 4 6 8 C 4 6 8 C 
N U M B E R e. 

200 MHPG 
480 l 

I L:=O 320 

240 8 

I ,  O" C 4 6 8 C 
N U M B E R I, 

HVA 

6 8 

6 8 C 4 6 8 

FIG. 3. Concurrent effects of d- and I-amphetamine on fixed ratio 20 behavior and recovery of :'H-dopamine metabolites in 
pedusate from rat M-31. Rat M-31 was perfused with a solution containing ~H-dopamine for 40 minutes. At the same time 
its behavior was controlled by a fixed-ratio 20 schedule of food reinforcement. Amphetamine or saline was injected 22 
minutes into the sessions: a time corresponding to the collection of the fifth perfusion sample and indicated on the 
cumulative records by arrows. The hatch marks at the bottom of the behavioral records indicate intervals of one minute. 
Sample numbers represent sequential 5 minute samples. Sample C represents background radioactivity found in the 
perfusion medium (not exposed to brain) for the metaboliles depicted. Sample 4 (open bars) represent the quantity of 
recovered tritiated compound in the perfusate just prior to injection. The quantity of :~H is expressed as dpm per dpm 
non-volatile tritium x Iff'. Non-volatile tritium averaged 1.3 ( _~0. I)x Iff' dpm (M _+ SD, n= 3) for perfusion medium (sample 
C) and 1.2 ( :0 .  I)x 10-; dpm (M + SD, n =9) for perfusate samples (4.6 and 8). The striped bars. samples 6 and 8, represent 
the amount of metabolite in the perfusate as a percentage of sample 4, the values on the ordinates being the same for both 
dpm and ~ .  

The  first exper iment  resulted in ev idence  which indicated 
that :~H-DA metabol i tes  could be systematical ly  altered as a 
consequence  of  amphetamine  injection. It did not allow us to 
conclude that the cortical  stimulant was directly affecting the 
disposit ion or  metabol ism of transmitter(s) or  if the change in 
metabol ic  profile was secondary  to behavioral  changes,  
which in turn may have been responsible  for changes in cate- 
cholaminergic  act ivi ty [25,28]. H o w e v e r ,  it was not our in- 
tention to de termine  whether  amphetamine  alters catechol-  
aminergic act ivi ty:  count less  in v i t ro  and in v i v o  demonstra-  
l ions of  this effect have already been published. We used the 
amphe tamines  as a posi t ive control  to validate the continu- 
ous perfusion procedure .  Amphetamine  should lower  the 
levels of  acid metabol i tes  of  : 'H-DA by facilitating release 
and secondari ly  blocking reuptake (uptake) of  :~H-DA, 
thereby diminishing its accessabi l i ty  to intraneuronal  
monoamine  oxidase.  We had to verify that ext racel lu lar  
:~H-DOPAC and :*H-HVA (i.e. that found in perfusate) would 

reflect this situation, especial ly in a dynamic system. Be- 
cause the actions of  PG 's  in the CNS are little unders tood,  
unlike those of  amphetamine ,  we chose  to control  for poten- 
tial indirect effects  of  behavior  and/or  body temperature  
upon :~H-DA metabol ism by using a behavioral ly  and thermi- 
cally inact ive dose of  PGF~,,. 

PGF~, decreased  the quanti t ies of  :~H-DOPAC, :~H-HVA 
and :~H-MHPG in perfusate without changing the rats'  fixed- 
ratio behavior  or rectal temperature .  More recent ly we have 
observed  that higher doses  of  PGF~,, significantly decreased 
the quantit ies of  :~H-DOPAC, :~H-HVA, :~H-3-MT and :~H- 
M H P G  in perfusate without affecting f ixed-interval  behavior  
or  rectal temperature  (Nielsen and Sparber ,  in preparation).  
This suggests that PGF~, is affecting C N S  dopaminergic  and 
noradrenergic  function without having to alter physiological 
or  behavioral  variables,  thereby ruling out, to a great extent ,  
the possibility that changes in the metabol ic  profile were 
indirectly induced. PGF~, 's  actions on CA neurons can be 
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interpre ted  by compar i son  with a m p h e t a m i n e ' s  effects .  Am- 
phe tamine  is known to increase  the release and decrease  the 
reuptake of  DA and NA (for review see L e w a n d e r  [17]). In 
our  hands ,  d- and I -amphetamine  dec reased  the amounts  of  
radiolabelled DOPAC,  HVA and M H P G  in ventr icular  per- 
fusate.  This would suggest  that c o m p o u n d s  like PGF~, which 
p roduce  this metabol ic  profile are also altering the release 
and/or  reuptake  of  ca techo lamines .  

The push-pull  perfusion technique  has been cri t icized be- 
cause  of  the t issue damage  p roduced  by cannula  implanta- 
tion and perfusion [5,16]. Although the ex is tence  of  some 
damage to cerebral  t issue cannot  be denied ,  we found that 
nei ther  the implantat ion p rocedure  nor  perfus ion with or 
without  :+H-DA (1 ng/10 p,I/minute) affected behavior  or 
t empera ture .  Howeve r ,  at this rate of  perfusion and 
concen t ra t ion  of  aH-DA, we found quant i t ies  o f  :~H-DA and 

:+H-NA metabol i tes  significantly above blank and in the same 
relative amounts  repor ted  in brain tissue using o ther  
methodologies .  Addit ional ly,  we were  able to recover  
metabol i tes  with or without  concur ren t  changes  in FR 20 
behavior ,  thereby indicating that changes  in behavior  and 
neurochemis t ry  can occur  and be moni tored  together ,  but 
that they do not necessar i ly  covary.  There  are certainly limi- 
ta t ions in de te rmin ing  the mechan ism of  drug effect based on 
changes  in the amount  of  metabol i tes  of  putat ive neuro- 
t ransmi t te rs  in perfusate .  Our approach to this problem in- 
volves  compar ing  the effects  o f  unknown drugs,  eg. PGs. 
with drugs having wel l -known mechan i sms  of  action,  eg. 
amphe tamine  1311. Never the less ,  within the limits of  the 
methodology ,  we feel that push-pull perfusion of  the lateral 
ventr ic les  is a useful technique  for moni tor ing ongoing neu- 
rochemical  and behavioral  even ts  concurren t ly .  
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