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KIYATKIN, E. A. AND E. A. STEIN. Behavior-associated changes in blood pressure during heroin self-administration. 
PHARMACOL BIOCHEM BEHAV 46(3) 561-567, 1993.-Changes in arterial blood pressure (ABP) were studied in freely 
moving rats during the development and performance of operant IV heroin self-administration (SA) behavior (100/~g/kg/ 
injection). Heroin SA was accompanied by bidirectional, phasic ABP fluctuations in the absence of significant alterations in 
long-term, basal ABP levels. In trained rats, ABP gradually increased starting 5 min before each lever-press for the drug, 
reached a peak at the moment of lever-press and abruptly decreased after heroin infusion. This biphasic pattern corresponded 
to a preresponding behavioral activation followed by a postheroin sedation. These ABP fluctuations were absent during the 
initial heroin self-injections in drug-naive rats and during the first self-injections of a session in trained rats. A slight hypo- 
and hypertension were seen in these cases, respectively. The postdrug ABP decrease became more pronounced after rats 
received a double dose of heroin. With training, nonreinforced lever-presses and sound stimulation previously associated 
with heroin self-injections also significantly decreased ABP. Thus, a gradual ABP increase appears to be an essential correlate 
of drug-seeking and -taking behavior, while a subsequent ABP decrease may be related to the alleviation of these behaviors 
by heroin and possibly correlate to its rewarding (euphorigenic) action. 
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RATS rapidly learn to perform an operant task, such as lever- 
pressing, if the behavior is reinforced by an injection of  one 
of  several classes of  drugs. With the exception of  hallucino- 
gens, all drugs that are abused by man will be self-adminis- 
tered by animals and thus the self-administration (SA) para- 
digm is generally considered an excellent animal model for 
human addictive behavior (22,23). In the case of  opiate drugs, 
this behavior is characterized by cyclic alternations of  drug 
searching (motivated behavior) and temporary drug-induced 
"satiety" correlated with the drug's rewarding (euphorigenic) 
action (7,11,23). Through a better understanding of  the neu- 
roanatomic sites and physiological mechanisms involved in 
this behavior, a better understanding of  the human condition 
may be forthcoming. 

Heroin SA behavior is a complex interaction between a 
drug's pharmacological properties and its physiological and 
behavioral consequences. As a goal-directed behavior, rats 
rapidly learn to associate an operant response with drug deliv- 
ery. This response is a function of  the amount of  drug deliv- 
ered, the amount and timing of  drug previously received, and 
the state of  the animal (i.e., dependent, withdrawal, food de- 
prived) (6,22,23). Specific pharmacological effects of  opiates 
upon ongoing ("spontaneous") behavior and various auto- 
nomic and central nervous system processes will be influenced 

by the repetitive, cyclic nature of  the behavior. In humans, 
the intense euphoria and subsequent drug-induced relaxation 
associated with drug intake is finally transformed into an acti- 
rat ional  dysphoric state, which is only temporarily blocked 
by subsequent drug intake (6,11). 

In our previous work (7), we demonstrated that together 
with the behavioral activation leading up to drug SA and the 
cessation of  locomotion and other behaviors following drug 
delivery, parallel alterations in mesolimhic dopamine (DA) 
activity also occur. Using in vivo voltammetry, biphasic in- 
creases and decreases in nucleus accumbens DA-related signals 
were observed preceding and following each heroin self-injec- 
tion. 

The principal aim of the present study was to examine 
changes in arterial blood pressure (ABP), a strictly regulated 
homeostatic index, during the development and performance 
of  heroin SA behavior, to trace how heroin's pharmacological 
effects on ABP become organized and regulated during drug- 
taking behavior, as well as to determine the interrelationship 
between SA behavior and an index of  an organism's homeo- 
static state. We report herein that, as for mesolimhic DA, 
phasic changes in blood pressure develop during heroin self- 
injections with a slow increase in ABP leading up to the lever- 
press and a rapid decline immediately thereafter. 

' To whom requests for reprints should be addressed. 
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METHOD 

Animals and Surgery 

Six adult, male Sprague-Dawley rats (Sasco, Madison, WI) 
weighing 440-530 g were individually housed under a 12 L : 
12 D cycle (light off  at 0730 h) with food and water freely 
available. Two chronic catheters were implanted under Chlo- 
ropent anesthesia (2.5 ml/kg,  IP, 10 min after 0.05 mg/kg,  
SC, atropine sulfate). One silastic catheter was implanted into 
the right jugular vein and fed under the skin to exit on the 
dorsal side of the animal's neck. The second polyethylene 
catheter (o.d. 0.5-0.6 mm) was implanted into the abdominal 
aorta 9-12 cm from its entry via the caudal tall artery (24). 
The caudal artery was isolated via a small (12-14 mm) cutane- 
ous incision 15 mm from base of  the tail, and the catheter 
(with a wire stylet) was quickly inserted through a small hole 
in the artery and threaded into the abdominal aorta. To 
prevent thrombosis, the catheter was filled with a 40°70 solu- 
tion of  polyvinylpirrolidon (PVP, Sigma Chemical Co., St. 
Louis, MO; molecular weight 40 000). This biologically inert 
polymer is highly viscous, thereby preventing diffusion of 
blood into the catheter's tip. The catheter was refilled after 
each dally recording session with PVP, which prolonged cath- 
eter patency and increased the number of SA sessions a rat 
experienced. The IV catheter was flushed dally with sterile 
saline. Rats were allowed 2-3 days recovery before experimen- 
tation. 

Procedures and Equipment 

All experiments took placed in a light- and sound- 
attenuated operant chamber (30 x 40 x 60 cm) illuminated 
with a red light (25 W) and equipped with a lever mounted on 
one side wall 5 cm from the cage floor. Rats were habituated 
to the chamber for 2 days prior to catheter implantation. On 
the day of  experimentation, rats were connected to a pressure 
transducer (Statham P-23, Grass Instruments, Inc., Quincy, 
MA) via polyethylene tubing shielded with a stainless steel 
spring. Blood pressure and heart rate along with a self- 
injection marker were recorded on a polygraph (Model 7, 
Grass Instruments). The IV catheter was connected to an infu- 
sion pump (Razed through a length of  polyethylene tubing 
and a liquid swivel (Carnegie Medicine, Pittsburgh, PA). De- 
pression of the lever resulted in the delivery of  a single heroin 
infusion (100 #g/kg/injection) in a volume of between 0.165- 
0.203 ml. To maintain a fixed drug dose for each rat, the 
injection volume varied from 14.75 to 18.14 s. Each drug 
infusion was accompanied by a tone (4,500 Hz, 75 dB) deliv- 
ered through an overhead speaker that sounded for the entire 
drug delivery interval. 

At each experimental session, baseline physiological values 
were recorded for 20-30 min, during which time the rat was 
free to explore the chamber while access to the lever was pre- 
vented. Lever availability was signaled at the initiation of each 
session with an experimenter-delivered tone (4,500 Hz, 75 dB 
for 15 s). At  no time did animals received any heroin "prim- 
ing" injections, and all drug administrations were initiated by 
the animal. Two deviations from this scheme were used: a) 
To determine the dose-response nature of  the ABP effect, 
most SA sessions included one double-dose injection of heroin 
(200/~g/kg) delivered randomly during the session; and b) the 
last lever-press of each session was nonreinforced with no 
heroin delivered following the response. SA sessions lasted 
from 4 to 8 h, with each rat subjected to one to four daily 
sessions depending upon the quality of ABP recording. No 

experimenter intervention occurred once an experimental ses- 
sion commenced. Rats were observed throughout each session 
and general behavioral patterns (e.g., locomotion, grooming, 
sleeping, etc.) coded on the polygraph. 

Analysis 

Slow changes in ABP accompanying SA behavior were de- 
termined based upon the absolute value of  the mean ABP at 
the time of  each voluntary lever-press. Rapid, phasic changes 
in ABP associated with drug self-injections and/or  tone pre- 
sentation were determined based upon relative changes in 
ABP with respect to these events. Each lever-press or tone 
presentation was assumed as zero both for time and ABP, 
and the mean pressure preceding and following the event were 
quantified with a bin width of 30 s. One-way analyses of 
variance (ANOVAs) with repeated measures were used to ana- 
lyze data. Tests for simple effects (Scheffe or Mann-Whitney 
U-test) were performed as appropriate. 

RESULTS 

Self-Administration Behavior 

In all six animals, stable heroin self-administration behav- 
ior was observed from the first experimental session and con- 
tinued throughout each subsequent session. The mean interval 
between lever-presses for all sessions was 27.8 _+ 1.5 min 
(range 8-87 rain) with a mode of  15-25 min (40% of  all lever- 
presses). After double-drug injections, the latency to the 
next lever-press increased to 45.5 ± 9.5 min while after non- 
reinforced lever-presses it decreased to 8.9 + 1.4 min (p < 
0.001 compared to regular self-injections; Student's t-test). In 
trained rats, the interval between tone stimulation signaling 
lever availability and the first lever-press varied from 5 to 87 
min (mean 21.22 ± 8.8 rain). 

Biphasic changes in behavior were found to accompany 
all heroin self-injections with a decrease in locomotor and 
exploratory behavior seen immediately after heroin injections 
(latency 25-30 s) and slowly disappearing over an 8- to 14-min 
period. Rat activity level then increased beyond predrug levels 
and became most pronounced immediately preceding the next 
lever-press. Circular locomotion, washing, and grooming were 
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FIG. 1. Mean changes in arterial blood pressure (ABP, mm Hg) as- 
sociated with heroin self-administration (SA) behavior in rats. Data 
represent mean (+ SEM) ABP value at the beginning of each SA 
session (first point), at the moment of tone presentation that signaled 
drug availability (arrow), the first eight consecutive heroin self- 
injections, and the last SA of each session. Data were obtained from 
6 rats over 13 sessions for a total of 127 self-injections. 
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FIG. 2. Phasic changes in arterial blood pressure (ABP) preceding 
and immediately following heroin self-injections (6 rats, 55 self- 
injections). Each point represents the mean (+ SEM) ABP in succes- 
sive 30-s bins normalized to the moment of lever-press (arrow). 

most often seen at this stage. Subsequent injections within a 
session resulted in an apparent tolerance to the drug-induced 
sedation while the postsedative activation was more pro- 
nounced and occurred earlier. The interresponse interval de- 
creased slightly as a function of  injections both within, F(6, 
90) = 3.91, p < 0.002, and, to a lesser degree, across, F(3, 
199) = 3.03,p = 0.05, sessions. 

Changes in ABP Associated With Heroin SA Behavior 

ANOVA revealed no effect of  heroin SA on tonic changes 
in mean ABP across all SA sessions, F(14, 181) = 1.11,p > 
0.37. As can be seen in Fig. 1, ABP levels were stable through- 
out the 6-h SA session with no trend to either increase or 
decrease. 

To analyze the phasic changes associated with self-injec- 

tions, the mean values of  ABP preceding and following each 
self-injection were determined for all rats and across all ses- 
sions. All double-dose injections and nonreinforced lever- 
presses, as well as the first injection of  each session, were 
analyzed separately and are discussed below. A few self- 
injections with short inter-injection intervals of  < 5 min (6 of  
55 self-injections) were also excluded. 

As can be seen in Fig. 2, regular heroin self-injections were 
accompanied by significant biphasic changes in ABP. A one- 
way ANOVA with repeated measures revealed a powerful and 
highly significant effect of time, F(19, 1,099) = 13.225, p < 
0.001. ABP gradually increased during the 5 min before the 
lever-press for heroin, abruptly decreased after heroin injec- 
tions, and gradually increased again, reaching a peak at the 
moment of  the next lever-press. Figure 3 shows several origi- 
nal polygraph tracings of  ABP associated with heroin self- 
injections. Despite some between-injection and among-animal 
variability, biphasic ABP fluctuations, with transition at the 
moment of self-injections, were evident in almost all cases 
analyzed. 

In several instances, when lever-pressing resulted in a dou- 
ble dose (200 /~g/kg/injection) of heroin, the postinjection 
decrease in ABP became more pronounced (Fig. 4A). When 
the regular lever-press resulted in no drug delivery, a similar, 
"drug-like" decrease in ABP was seen immediately after the 
lever-press (Fig. 4B). In addition, a decrease in behavioral 
activation similar to that seen after heroin SA also ensued. 
However, this "sedation" quickly disappeared and, compared 
to heroin-reinforced self-injections, rats generally performed 
a subsequent lever-press earlier (6-8 min) with a concomitant 
ABP increase. 

In contrast to the above, "atypical" ABP changes were seen 
both before and after the initial heroin self-injections in naive 
rats (Fig. 4C) and the first self-injections of each session (Fig. 
4D). In both cases, the gradual prepressing ABP increase seen 
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FIG. 3. Original polygraph records of mean arterial blood pressure (ABP) 
changes associated with tone presentation (A) and heroin self-injections 
(A, 100-/~g/kg/injection; &A, 200-/~g/kg/injcction). Numbers represent 
rat, session, and self-injection number within the session, respectively. Cali- 
bration bars: time, I0 min; ABP, I0 mm Hg. 
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FIG. 4. Changes in mean (± SEM) arterial blood pressure (ABP) associated with: (A) double-dose 
(200/~g/kg) self-injections (0 ,  5 rats, 5 sessions), (B) nonreinforced lever-presses for heroin (4 rats, 
8 sessions), (C) the initial heroin self-injection in drug-naive rats (6 rats), and (D) the first injections 
of a session in trained rats (5 rats, 8 sessions). The moment of lever-press was set to zero for both 
time and ABP levels and is indicated by an arrow. (©), ABP changes associated with regular heroin 
self-injections repeated from Fig. 2 for comparison. *Significant between-group differences (p < 
0.05; Mann-Whitney U-test). 

in trained animals and discussed above was absent. Rather, a 
small, brief increase in ABP was seen associated with a naive 
rat's first heroin self-injection, followed by a brief (25-40 s) 
decrease in pressure immediately after drug injection. These 
pressure changes were associated with pronounced alterations 
in heart rate (arrhythmia, acute bradycardia). In these cases, 
ABP levels remained relatively stable after drug delivery with 
only a gradual decrease in pressure occurring with a latency 
of 8-10 rain. In contrast, a slight hypertension was observed 
in trained rats after the first heroin self-injection of a session. 
In some cases, the changes in ABP associated with the second 
and third drug self-injections were of a transitional type from 
a slight hypertensive response to the biphasic fluctuations 
commonly seen during the rest of the session and illustrated 
in Fig. 2. 

Figure 5 shows the effects of tone alone on ABP as a 
function of drug conditioning. As can be seen, a significant 
effect of time was seen in drug-naive rats after the initial 
sound stimulation, with tone causing an increase in ABP [n 
= 5; F(10, 54) = 2.23, p < 0.05], while after training the 
same auditory stimulus elicited a small prolonged, nonsignifi- 
cant ABP decrease In = 10, F(10, 109) = 1.81; p = 0.069]. 
The differences between groups, however, were significant be- 
tween 2.5 and 5 rain (p < 0.05; Mann-Whitney U-test). 

Figure 6 is a record of ABP (top) and heart rate (lower) 
changes associated with several natural behaviors recorded 
during the present experiment. As can be seen, large pro- 
nounced ABP and heart rate alterations occurred during such 
behaviors as washing, grooming, and locomotion but not dur- 
ing sleep-like quiescence. 

D I S C U S S I O N  

The main finding of the present study is the strong relation- 
ship found between heroin SA behavior and phasic ABP 

changes. In trained rats, ABP gradually increased by about 5 
mm Hg before each lever-press for drug, reached a peak at the 
moment of lever-press, and abruptly decreased after heroin 
self-injection. A slow increase in ABP then ensued, reaching 
a new peak at the moment of the next lever-press. These phasic 
pressure changes occurred concomitant with biphasic alter- 
ations in behavioral activity levels as a function of heroin 
SA, Drug-induced "sedation" was temporally linked with the 
decreases in ABP, while the subsequent behavioral activation 
corresponded to ABP increases. No tonic alterations in the 
"basal" or resting ABP levels accompanied these phasic 
changes as pressure was relatively stable during the entire 6-h 
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FIG. 6. Changes in (1) mean and (2) systolic/diastolic (ram Hg) 
blood pressure and (3) heart rate (beats/rain) associated with various 
"natural" behaviors in a freely moving rat. 

SA session. These data appear to be the first demonstration of 
cyclic, biphasic behavior-associated changes in an autonomic 
(ABP) function during the performance of a highly motivated, 
reinforced goal-directed behavior. 

IV drug SA behavior combines pharmacological, physio- 
logical, and behavioral components. First, it is a prototypic 
learned, goal-directed behavior that quickly develops in drug- 
naive animals following the temporal association of an "acci- 
dental" motor act with a drug injection. There are both moti- 
vational and reinforced components to this behavior; trained 
animals respond on an intermittent, yet relatively regular 
schedule even when drug is continuously available. Drug deliv- 
ery, acting as a reinforcer, terminates the previous behavioral 
cycle for the drug and triggers a new one. Second, drugs in- 
duce specific pharmacological actions on numerous ongoing 
behaviors and various homeostatic (physiological) indices. 
When a drug is self-administered by an animal, each lever- 
press for the drug is influenced by the previous drug effects 
and/or changes in the organism's association with these ef- 
fects. Because there are repeated trials in a session, each of 
these individual pharmacological- or associative-induced alter- 
ations become superimposed and summate to drive the behav- 
ior. Finally, IV drug SA in animals is thought to model human 
addictive behavior, which is characterized by dramatic and 
bidirectional changes not only in physiological but also in 
emotional processes (6,11,13). In man, intense euphoria and 
relaxation associated with drug intake is gradually trans- 
formed into an activational, arousal state that is blocked (tem- 
porarily) by subsequent drug intake. Hence, drug SA is an 
integrative sequence of behaviors driven by pharmacological 
and physiological considerations. 

Multiple factors likely also contribute to the relatively 
rapid, biphasic changes in ABP seen. The preinjection in- 
crease appears to correlate with various aspects of the rat's 
drug-seeking behavior, including grooming, washing, locomo- 
tion, and finally organization and performance of the drug- 
taking operant act. Except for the first response of a session, 
a previous drug injection occurred, in general, 20-25 rain be- 
fore a given lever-press. Thus, the observed ABP increase also 
depends, in part, upon the drug's previous pharmacological 
actions. That the preinjection ABP increase was absent before 
the first-in-life and first-in-session self-injections speaks to the 
influence of previous heroin effects on these changes. 

The postinjection APB decrease developed quickly after 
heroin infusions and may be considered either as an effect of 
drug on specific blood pressure regulatory mechanisms or as 

a reflection of CNS processing of heroin's rewarding action. 
In should be noted that this pressure decrease also corres- 
ponded to a cessation of previous drug-seeking and drug- 
taking behavior and a profound drug-induced sedation. That 
this effect is not simply drug-induced, however, is suggested 
by the observation that the same ABP decrease and temporary 
"sedation" were also seen immediately after nonreinforced lev- 
er-pressing in trained rats. In addition, a brief, modest de- 
crease in ABP was seen following presentation of tone alone 
(acting as a conditioned stimulus) at the beginning of a session 
in trained rats, suggesting a possible contribution of condi- 
tioning factors in the mediation of this effect. Thus, it is likely 
that at least three factors contributed to the bidirectional, 
phasic fluctuations in ABP seen during heroin SA: direct 
pharmacological action of heroin, the development of drug- 
associative behaviors, and learned, conditional drug proper- 
ties. 

Systemic opiate administration has been shown to induce 
acute cardiovascular depression in several species, which is 
both state-dependent and subject to tolerance development 
after repeated drug administration. In general agreement with 
the rapid hypotension seen in the present experiment, Thorn- 
hill et al. (21) found a transient but precipitous decrease in 
ABP and heart rate following a slow IV infusion of a relatively 
high dose of morphine (7.5 mg/kg) in drug-naive rats. This 
hypotensive response changed into a pressor effect after 3 
days of twice-daily 5 mg/kg injections. Likewise, a pro- 
nounced bradycardia concurrent with a brief decrease fol- 
lowed by a rise in ABP was seen after an IV morphine injec- 
tion (10 mg/kg) in awake rats (20). Significantly, smaller doses 
of IV morphine (20-500 #g/kg) have also been shown to tran- 
siently decrease heart rate along with the rapid formation of 
tolerance (18). Similar decreases in heart rate, along with hy- 
potension, have also been seen following low doses of mor- 
phine (150 and 600 #g/kg) in monkeys (2) and dogs (1). In 
contrast, rabbits respond to IV morphine injections (3 mg/ 
kg) with a profound bradycardia associated with transitory 
hypertension (12). The absence of any significant changes in 
ABP, pulse, and respiration in human addicts were noted after 
injections of large (1-2 g morphine IV over a period of 2.5 h) 
doses of opiates (5). 

Numerous studies have demonstrated a positive correlation 
between changes in ABP and various natural behaviors. ABP 
increases have been noted during feeding (9,14), drinking 
(9,16), aggressive (10), and avoidance (8) behaviors. Because 
heroin SA is a cyclic behavior manifest as cycles of sedation 
and activation, behavior-associated changes in ABP therefore 
might also be expected to be cyclic, or bidirectional. A close 
correlation between various "spontaneous" behaviors (wash- 
ing, grooming, rearing, locomotion, etc.) and ABP was noted 
in the present experiments. All of these behaviors have been 
shown to be accompanied by significant increases in ABP 
compared to the resting condition of quiet wakefulness (9) or 
sleep (3). The fact that locomotion, grooming, and washing 
behaviors also usually preceded lever-pressing for heroin sug- 
gests a close correlation between the prepressing gradual ABP 
increase with goal-directed, behavioral activation. 

It is noteworthy that a comparable biphasic pattern to that 
observed herein for ABP has recently been reported in meso- 
limbic DA levels associated with heroin SA using in vivo volt- 
ammetry (7). Like ABP, DA-related signals were found to 
increase gradually before each lever-press for heroin and de- 
crease abruptly after drug injections. This correlation may 
suggest an interrelationship between these two processes. It 
has been postulated that the gradual DA activation is associ- 



566 KIYATKIN AND STEIN 

ated with an opiate-induced disinhibition of DA cell firing 
that may mediate some motivational, activation components 
involved in searching for and obtaining the drug. Phasic in- 
creases in ABP may be one autonomic, homeostatic manifes- 
tation of this CNS activational state. In contrast, the abrupt 
decrease in mesolimbic DA levels may be the result of an 
opiate-induced overactivation of DA cells (leading to a depo- 
larization blockade), which would induce a temporary inhibi- 
tion of DA release. This cellular mechanism may be responsi- 
ble for cessation of the preinjection activation (perhaps related 
to sedation in animals and euphoria in humans). The phasic 
ABP decrease may be a "nonspecific" component of this phar- 
macologicai state, which gradually transforms into accelerated 
activation preceding the next lever-press for the drug. Hence, 
if heroin SA is due to the unity of the drug's CNS effects, 
drug-associated behaviors and learning, our data suggests that 
this goal-directed behavior is accompanied by cyclic fluctua- 
tions in at least one index (ABP) of an organism's physiologi- 
cal, homeostatic state. It is not clear at this time whether the 
two phenomena-biphasic  mesolimbic DA and ABP alter- 
a t ions -a re  causatively related or are correlated phenomena 
with no functional relationship. To address this issue, future 
studies should be directed at determining the cellular mecha- 
nisms of each. 

That biphasic changes in ABP were manifest only follow- 
ing the development of drug-taking behavior appears to sug- 
gest an involvement of learning mechanisms in its mediation. 

In addition, both nonreinforced SA trials in trained rats as 
well as passive tone prior to a daily session also resulted in a 
cessation of behavioral activation and an abrupt ABP de- 
crease following the lever-press, Such drug-induced condi- 
tional responses have been previously reported in man and 
lower animals [for review, see (4,15)] and are thought to either 
mimic the direct, pharmacological effects of the drug (19) or, 
if manifest in an opposite direction, "compensatory" physio- 
logical processes (17). 

Hence, it appears that phasic increases in ABP are a corre- 
late of drug-seeking and drug-taking behavior and may repre- 
sent a manifestation of an internal drive state, while subse- 
quent phasic decreases in ABP are associated with cessation 
of these behaviors and may reflect the rewarding action of 
heroin. If true, similar biphasic changes in ABP may accom- 
pany other types of learned goal-directed behaviors estab- 
lished by natural and drug reinforcers. Thus, phasic ABP in- 
creases may be an essential, general component in the 
organization and performance of all highly motivated behav- 
iors related to the interaction of an organism with various 
biologically significant environmental stimuli. 
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