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KNAPP, C. M. AND C. KORNETSKY. The effects of amfonelic acid alone and in combination with naloxone on brain-stimulation
reward. PHARMACOL BIOCHEM BEHAV 32(4) 977-982, 1989.—Thresholds for rewarding brain stimulation delivered to the
medial forebrain bundle-lateral hypothalamus were determined by means of a rate-free psychophysical method. Amfonelic acid (AFA),
an indirect dopamine agonist, alone caused a significant dose-dependent lowering of the rewarding threshold. Although naloxone
treatment by itself did not significantly alter the reward threshold, it blocked AFA’s threshold lowering effect in every animal at one
or more of the dose combinations of the two drugs tested. Naloxone was found to be more effective in blocking the threshold lowering
actions of a higher (1 mg/kg) dose as opposed to a lower (0.25 mg/kg) dose of AFA. Since a lowering of threshold for rewarding
intracranial stimulation is a model for drug-induced euphoria, the findings presented here indicate that AFA may have abuse potential.
Furthermore, these results suggest that endogenous opioid systems may begin to modulate the effects of AFA on the reward system
only when a certain level of activation of dopaminergic systems is reached.
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THIS study and the following report present findings concerning
the effects of amfonelic acid, an indirect dopamine agonist, on the
neuronal substrates associated with central reinforcement systems.
In this paper the effects of administration of amfonelic acid alone
and in combination with naloxone on the threshold for brain-
stimulation reward are described while the following report
discusses how brain-stimulation reward is affected by the interac-
tion of morphine with either amfonelic acid or nisoxetine, a
noradrenergic reuptake blocker.

The indirect catecholamine agonists, cocaine and d-amphetamine,
have been found to lower the threshold and to increase rates of
responding for rewarding brain stimulation (4, 11, 15, 23). These
findings indicate that cocaine and d-amphetamine may enhance the
sensitivity of the brain to the effect that rewarding brain stimula-
tion has on central reward processes. The effects of rewarding
brain stimulation have been shown to be attenuated by either
selective lesioning of dopaminergic neurons or by administration
of dopamine blocking agents (8, 10, 14, 27). Thus, there is
substantial evidence that dopamine plays a crucial role in the
neuronal systems involved in the mediation of the effects of
rewarding brain stimulation. Furthermore, selective lesion studies
suggest that d-amphetamine acts via dopaminergic neurons to

facilitate the effects of brain-stimulation reward (8,9). Therefore,
there is reason to believe that as a class, psychomotor stimulants
like cocaine and d-amphetamine influence the effects of rewarding
brain stimulation through their direct actions on dopaminergic
systems. There is, on the other hand, little evidence which
indicates that psychomotor stimulants can enhance the effects of
rewarding intracranial stimulation through their actions on nor-
adrenergic systems. Neither selective lesioning of noradrenergic
neurons nor inhibition of norepinephrine synthesis has been shown
to attenuate the increases in rates of responding for rewarding
brain stimulation produced by administration of d-ampheta-
mine (8,9).

While psychomotor stimulants may alter the effects of reward-
ing brain stimulation via their direct actions on dopaminergic
neurons, it has also been found that the opioid antagonist naloxone
can either reverse or attenuate the lowering of reward thresholds
which results from treatment with either cocaine or d-amphet-
amine (4,11). Increased response rates for rewarding stimulation
produced by d-amphetamine administration have also been signif-
icantly decreased by concurrent treatment with naloxone (15,23).
These results suggest that endogenous opioid systems may be
involved in the regulation of the actions of agents like cocaine and
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d-amphetamine on reward systems. The precise nature of the
neuronal mechanism involved in this regulatory process has yet to
be determined. It has been shown that opioid receptors exist in
association with dopaminergic neurons in both the mesolimbic and
nigrostriatal systems (34,35). There is also evidence that opioid
agents can increase dopamine synthesis and metabolism in both
mesolimbic and nigrostriatal systems (47). Both systemic and
local administration of morphine have been found to increase the
firing rates of dopaminergic neurons in the ventral tegmental area
(32). Opioid systems, then, appear to exist which may, if
activated, act synergistically with psychomotor stimulants to
increase the activity of dopaminergic systems.

The present study was undertaken to assess the effects of
amfonelic acid, an indirect dopamine agonist, on brain-stimulation
reward thresholds when administered alone and in combination
with naloxone. In vitro, amfonelic acid, when compared to either
d-amphetamine or cocaine, appears to be more selective as an
inhibitor of dopamine reuptake as opposed to norepinephrine
reuptake (20,46). Unlike d-amphetamine, pretreatment with alpha-
methyltyrosine does not antagonize amfonelic acid’s central ac-
tions, suggesting that these actions are not dependent on dopamine
derived from newly synthesized pools (40). Instead, amfonelic
acid appears to mobilize granular dopamine stores for impulse-
dependent release. This has been shown to occur at doses which do
not affect norepinephrine turnover (31). Norepinephrine reuptake
may be inhibited in vivo by relatively small doses of amfonelic
acid, but this appears to result in reduced noradrenergic impulse
flow with no net increase in norepinephrine turnover (16).

METHOD

Bipolar stainless steel electrodes (0.13 mm in diameter and
insulated except at the tips) were stereotaxically implanted bilat-
erally in the lateral hypothalamic region of the medial forebrain
bundle (MFB-LH) of 4 male F-344 albino rats (300 g, Charles
River Laboratories). Surgical anesthesia was produced by sys-
temic administration of xylazine (13 mg/kg) and ketamine (87
mg/kg). MFB-LH coordinates were 4.0 mm posterior to bregma,
1.4 mm lateral from the midline suture, and 8.5 mm ventral to the
skull surface. The electrodes were placed through small burr holes
in the skull and attached permanently to the surface with an acrylic
platform. After surgery, animals received 60,000 units of penicil-
lin (Bicillin) IM and were given at least one week for postoperative
recovery before behavioral testing was begun. Animals were
maintained on a 12-hour light/dark cycle,housed individually in
stainless steel cages and had ad lib access to food and water.

During the initial phase of animal training each of the two
electrodes was tested to determine the current intensity needed to
produce appetitive behavior and to determine the presence or
absence of motor artifact. The electrode which produced appetitive
behavior at the lowest current intensity and had the least or no
motor artifact was used in the subsequent study. Animals were
trained and tested in a plastic chamber (20 X 20 X 35 cm). A wheel
manipulandum was located within one wall of the test chamber.
Four equally spaced cams on one endplate of the wheel manipu-
landum operated a microswitch which resulted in the immediate
delivery of a stimulation when the wheel was rotated one-quarter
of a turn. A constant current stimulator (Sunrise Systems, Pem-
broke, MA) was used to deliver the biphasic symmetrical pulses.
Each stimulus consisted of a 500-msec train with a pulse width of
0.2 msec and a delay of 0.2 msec between the positive and
negative pulses at a frequency of 160 Hz.

Thresholds were determined by a rate-independent procedure
involving the use of discrete trials systematically presented over a
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range of stimulus intensities. A trial began with the delivery of
noncontingent intracranial stimulus. A response of one-quarter
wheel turn within 7.5 sec of this stimulus resulted in the delivery
of contingent stimulus, identical in all parameters to the noncon-
tingent stimulus, and terminated the trial. Failure to respond had
no scheduled consequences and the trial was terminated after 7.5
sec. The interval between trials were randomly varied around an
average of 15 sec (7.5 to 21.5 sec) and responses made during the
intertrial interval (error responses) resulted in a 15-sec delay
before the start of the next trial.

Stimulus intensities were varied using a modification of the
classical psychophysical method of limits. Stimuli were presented
in alternating descending and ascending series with five trials
presented at each intensity level before the next lower or higher
intensity was presented. The step size was adjusted to either 5 or
10 pA depending on the sensitivity of the individual animal. A
step size that is too large would result in an abrupt change from
responding to all stimuli at a particular intensity to failure to
respond at the next lowest intensity. Subjects completed 4 series
(i.e., descending, ascending, descending, and ascending) prior to
injection and 8 series postinjection. The duration of the preinjec-
tion and the postinjection testing sessions was approximately 45
minutes and 90 minutes respectively. All experimental data were
collected and stored by an on-line microcomputer. Each series’
threshold value was defined in microamperes as the midpoint
between the level at which the animal responded to three or more
of the 5 stimulus presentations (a plus score) within the 7.5 sec
available response time and the level where less than 3 correct
responses (a minus score) were made. The pre- and postinjection
thresholds were based on the means of their respective series
thresholds. Thresholds determined in this manner are a close
approximation to the intensity level at which an animal will
respond 50 percent of the time. In correct responses, those
responses during the intertrial interval and extra responses within
the 7.5 sec available response time are not used to determine
threshold levels, but provide additional information as to whether
or not the animals are under stimulus control. We have found that
after training, a response during the intertrial interval is a rare
occurrence.

Animals required approximately 6 one-hour training sessions to
learn the task and approximately 4 additional sessions for the
establishment of a stable threshold level, whereupon saline injec-
tions were begun. Animals were tested with saline injections for 5
days before drug administration was initiated. Also, saline days
were interspersed with drug treatment days so that animals
received drug only twice weekly.

Experiment [—Amfonelic Acid Alone

Four animals were injected intraperitoneally with either saline
or amfonelic acid. All injections were in volumes of 1 ml/kg body
weight. Postinjection testing sessions were begun 1 minute after
either drug or saline administration. The doses of amfonelic tested
ranged between 0.063 mg/kg to 1 mg/kg and the sequence of doses
was balanced amongst animals.

Experiment II—Naloxone Alone and in Combination With
Amfonelic Acid

The four animals used in Experiment I were used in Experi-
ment II. On drug days animals received intraperitoneal injections
of naloxone followed five minutes later by an injection of either
saline or amfonelic acid. On control days animals received
isotonic saline intraperitoneally. The doses of naloxone used were
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TABLE 1

THE MEAN PRE-SALINE THRESHOLD AND POST MINUS PRE-SALINE
THRESHOLD DIFFERENCE +SD FOR EACH ANIMAL IN pA

Pre-saline Post Minus Pre-saline
Animal Threshold Difference +SD*
242 85.1 10.3 = 8.1%
245 72.7 7.4 = 8.3
255 56.2 129 = 8.6
260 77.5 143 = 7.1

*z-Scores after drug treatment for each animal are based on these
difference scores.

2.5, 5 and 10 mg/kg. Either 0.25 or 1 mg/kg doses of amfonelic
acid were used.

Drugs

Naloxone was dissolved in isotonic saline. Amfonelic acid was
prepared by first dissolving the drug in 1 N NaOH and a few
milliliters of normal saline. This solution was then brought to pH
8 with 1 N HCI. Saline was then added to bring this solution up to
volume. Aliquots of this solution were added to saline to obtain
solutions of the desired concentrations. Amfonelic acid solutions
were prepared weekly.

Data Analysis

Threshold values were calculated for both the preinjection and
the postinjection sessions, with the difference between the two
scores taken as the dependent measure (post — pre). These
difference scores were transformed to standard scores (z-scores)
based on the mean and standard deviation of the difference scores
for all saline days. A minimum of 20 control scores for each
animal were used in determining each z-score value. A z-score of
+2.0 or greater (95% confidence limits) was preselected as the
level of significance.

Dose-response curves were generated for amfonelic acid alone
in Experiment I. In Experiment II, dose-response curves for
naloxone and combinations of amfonelic acid and naloxone were
obtained.

Histology

Following testing, the animals were sacrificed with an over-
dose of nembutal and perfused intracardially with saline followed
by formalin. The brains were subsequently removed from the
skull, fixed, embedded, and sliced at 40 . Mounted sections were
stained with cresyl violet and luxol fast blue and examined under
a light microscope to determine the placement of the electrode tips.

RESULTS

Table 1 shows the mean pre-saline threshold in pA plus the
post minus pre-saline threshold difference and its standard devi-
ation for each animal. z-Scores after drug treatment were based on
these difference scores.

Figure 1 shows the mean z-score for all animals after the
administration of amfonelic acid. As shown, the dose response
curve is characteristic of the effects of drugs that increase an
animal’s sensitivity to a drug. If higher doses are tested the curve
turns up even more with the animals eventually unable to complete
the task if the dose is sufficiently high. Each of the animals
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FIG. 1. Mean z-score changes in the threshold for rewarding brain
stimulation after various doses of amfonelic acid for four animals. A
z-score of =2 (shaded area) indicates the 95% confidence limits.

showed this U-shape curve with maximum lowering for an
individual animal occurring at 0.125 mg/kg for one animal, 0.25
mg/kg for 2 animals, and 0.5 mg/kg for one animal. The lowest
dose at which all animals had significant lowering of the threshold
was 0.25 mg/kg with all subsequent doses significantly lowered
for each of the animals.

Figure 2 shows the mean z-score for all animals after naloxone
alone and naloxone in combination with 0.25 and 1.0 mg/kg of
amfonelic acid. As shown, naloxone blocked the threshold effect
of 1.0 mg/kg of amfonelic acid. In all four of the animals naloxone
blocked the threshold lowering effect of 1.0 mg/kg of amfone-
lic acid.

A t-test comparison at the 5 mg/kg dose of naloxone gave a
value of 2.99 (p<<0.05 single tail) between 1.0 mg/kg of amfonelic
acid alone and the amfonelic acid plus the naloxone. (Since there
was no expectation that naloxone would potentiate the effect of
amfonelic acid, single-tail test was appropriate.) Two animals
receiving 1.0 mg/kg of amfonelic acid plus naloxone, 5 mg/kg in
one case and 10 mg/kg in another case, were not able to complete
the task. In order to group this data a z-score of 0.0 was assigned
to these animals. It should be noted that amfonelic acid or
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FIG. 2. Mean z-score changes in the threshold for rewarding brain
stimulation for naloxone alone, and naloxone plus 0.25 mg/kg or 1.0
mg/kg of amfonelic acid (AFA). A z-score of =2 (shaded area) indicates
the 95% confidence limits.
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naloxone alone never resulted in the inability of the animal to
complete the task. Also shown is the failure of the threshold
lowering effect of 0.25 mg/kg of amfonelic acid to be blocked by
any dose of naloxone.

Histological verification showed that electrode tips in all the
subjects were located in the caudal aspect of the lateral hypothal-
amus, one placement being superior to the MFB (#242), one
lateral to the MFB (#245) and two inferior to the MFB (#255 and
#260).

DISCUSSION

The ability of amfonelic acid to lower the threshold for
rewarding brain stimulation, an effect that is similar to that seen
with abuse substances including cocaine, d-amphetamine, and
heroin, strongly suggests that amfonelic acid has potential for
abuse in humans. In accord with this idea is the recent finding that
rats will readily self administer amfonelic acid (17). It has also
been shown that both cocaine and d-amphetamine will generalize
to amfonelic acid and that amfonelic acid will generalize to
d-amphetamine in a drug discrimination test (1,39).

The finding that amfonelic acid can lower threshold for
rewarding brain stimulation adds support to the view that enhanced
activation of dopaminergic systems can have a facilitory effect on
central reward processes. Nomifensine and bupropion which act as
indirect dopamine agonists also appear to facilitate the effects of
rewarding brain stimulation (18,30). Direct dopamine agonists
such as 3-PPP, and T1-99, which may act selectively on dopamine
autoreceptors to decrease dopamine release, on the other hand,
have been reported to decrease rates of responding for rewarding
intracranial stimulation (13,18).

Many reports have shown that the opioid antagonists naloxone
and naltrexone can markedly decrease response rates for rewarding
brain stimulation (5, 15, 24, 36, 38, 42). Other reports indicate
that naloxone does not significantly affect rates of responding for
intracranial self-stimulation (23,44). As demonstrated here and in
previous work, treatment with naloxone alone does not alter the
threshold for brain stimulation reward (4,11). The reason for the
discrepancy between these studies is not at present clear. There is
a difference in the number of stimulations received per unit of time
in case of animals performing in response rate studies as compared
to the number of stimulations received by animals in threshold
studies of the type described here. Electrical stimulation of the
medial forebrain bundle has been shown to result in the release of
dopamine in the neostriatum and biochemical evidence indicates
that dopamine turnover is increased in the neostriatum and
mesolimbic areas (28, 33, 41). Consequently, high rates of
stimulation may place excessive demands on presynaptic dopa-
mine neurons. Thus, when the demand becomes great enough,
endogenous opioid systems may come into play. Some support for
this view is provided by the finding that there appears a direct
relationship between the rates at which animals will work for
rewarding brain stimulation and the levels of beta-endorphin in the
hypothalamus and whole brain (43). Endogenous opioids may act
on dopaminergic neurons so as to allow them to function effi-
ciently under taxing conditions. Thus naloxone’s inhibitory ac-
tions may become manifest only when dopaminergic systems
reach a certain level of activation. Dopamine metabolism in the
striatum does not appear to be altered under basal conditions by
treatment with either naloxone or the opioid antagonist WIN
44,441-3 (47). This suggests that dopaminergic neurons are not
affected tonically by endogenous opioids. Similarly, treatment
with naloxone alone has been shown to have no effect on the
release of dopamine from either caudate nucleus or nucleus
accumbens tissue slices (21). Naloxone, however, has been found
to attenuate the increase in dopamine release seen in caudate
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nucleus and nucleus accumbens tissues treated with d-amphetamine.

The hypothesis that opioid peptide systems will influence the
system activated by rewarding brain stimulation only when acti-
vation of dopaminergic systems reaches a certain critical level may
explain why naloxone has been found to reverse or attenuate the
threshold lowering effects of cocaine and d-amphetamine while
having no effect on the threshold when administered alone.
Furthermore, it may provide an explanation as to why naloxone, as
shown here, more effectively blocks the effects of a high as
opposed to a lower dose of amfonelic acid.

In two instances the combination of naloxone and amfonelic
acid completely disrupted responding for rewarding brain stimu-
lation. The reason for this disruption is not at present clear.
Naloxone’s blockade of amfonelic acid’s threshold lowering
effects in most cases resulted in thresholds which did not deviate
significantly from thresholds obtained with administration of
saline alone suggesting that performance of the task was not itself
impaired. Some additional factors may be coming into play in
those instances when responding is impaired. It was also observed
that administration of a higher dose of naloxone sometimes failed
to block the effects of a dose of amfonelic acid which had been
reversed by a lower dose of the opioid antagonist. It is not clear
why this occurred. A similar pattern, however, was observed in
studies of the effects of concurrent administration of either cocaine
(4) or d-amphetamine (11) with naloxone on the brain-stimulation
reward threshold.

Opioid antagonists have been reported to interact with cocaine
or d-amphetamine in several studies which have focused on
behaviors other than responding for rewarding brain stimulation.
Increased avoidance responding and locomotor activity produced
by administration of low doses of d-amphetamine have been found
to be antagonized by naloxone administration as has d-amphetamine
induced increases in rates of responding for food on a DRL
schedule (2,22). Chronic naltrexone treatment has been shown to
potentiate the effects of both d-amphetamine and apomorphine on
locomotor activity (3).

Despite the attenuation or blocking of psychomotor stimulant
effects on brain-stimulation reward by opioid antagonists, these
antagonists have not altered, with one exception, the self admin-
istration of psychomotor stimulants. A recent report indicates that
treatment with naltrexone increased the number of cocaine infu-
sions self administered over a twenty-four-hour period (6). This
interaction was not observed, however, when the effects of
naltrexone on the self administration of cocaine over a three-hour
period were studied (12). Naloxone and naltrexone have also been
reported to have no effect on the self administration of either
cocaine or methamphetamine, respectively, in rhesus monkeys
(19,25). Periods of access to psychomotor stimulants were all
much shorter in the studies in which opioid antagonists had no
effect on stimulant self administration compared to the study in
which an effect was observed. This difference may explain why a
disparity exists between the results reported in the one study as
opposed to the other reports.

In summary, the results presented here show that amfonelic
acid can lower the threshold for rewarding brain stimulation
which, in turn, indicates that this agent may have abuse potential.
It has been demonstrated that the opioid antagonist naloxone can
block amfonelic acid’s threshold lowering effects and that nalox-
one is more effective at blocking the effects of higher as opposed
to lower doses of this psychomotor stimulant. This suggests that
naloxone’s inhibitory actions may become apparent only when
dopaminergic systems reach a sufficiently high level of activation.
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