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The purpose of this study was to determine whether behavioral contingencies or 

pharmacological exposure governs the development, loss and retention of 

tolerance to amphetamine-induced hypophagia in rats. In Expertment 1, rats 

that had developed tolerance by learning to suppress stereotypy that interfered 

with feeding from a bottle were divided into three groups to test the retention of 

tolerance. The Before group received injections of amphetamine (2.0 mg/kg) 

before access to milk, the After group received injections of amphetamine after 

access to milk, and the Saline group received injections of saline before access to 

milk. Both the After and Saline groups lost tolerance when later tested with 

amphetamine before milk tests. Thus, the loss of tolerance was not a function of 

drug withdrawal, because drug exposure remained constant in the After group. 

When milk reward was obtained noncontingently, tolerance was lost even though 
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pharmacological exposure was maintained. Behavioral strategies that were 

learned while intoxicated were replaced with new learning when the 

contingencies were changed. Experiment 2 determined that tolerance loss was a 

function of new learning and not simply ingesting milk in the unintoxicated state . 

Bottle-fed tolerant rats were given amphetamine prior to intraoral feeding of milk 

during a retention inteiVal. Subsequent testing with amphetamine in the bottle 

condition revealed that tolerance was lost. Because the cannula feeding 

condition does not require suppression of stereotypy, milk reward was available 

noncontingently in the intoxicated state and tolerance was lost even though drug 

exposure was maintained. In Experiment 3 rats were given chronic 

amphetamine injections and intraoral feeding. Subsequent tests with 

amphetamine and bottle feeding revealed that no tolerance developed. These 

results demonstrate that even when ingestion occurs in the intoxicated state, no 

tolerance develops if milk reward is available noncontingently. Animals that 

drank intraorally were not tolerant when tested in the bottle condition. 
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INTRODUCTION 

The main actions of amphetamine are CNS stimulation, euphoria, 

increased motor activity and modification of food intake (Nichols, 1994). It 

produces most of these effects through the action of the drug on neuronal 

catecholamines and serotonin. Among these effects, the hypophagic effect. 

commonly referred to as amphetamine-induced anorexia, has been widely 

studied. Currently, the mechanisms responsible for this phenomena have not 

been fully elucidated. Traditionally, amphetamine has been characterized as an 

anorexigenic agent that produces decreased food intake due to a loss of 

appetite. Although acutely administered amphetamine produces varying 

degrees of hypophagia depending on the dose, repeated administration results 

in tolerance. 

The idea that amphetamine produces anorexia was derived from 

evidence that showed that amphetamine activates the monoaminergic systems 

which in turn have been shown to play an important role in the regulation of 

feeding. Historically, the monoamine systems in the ventromedial and lateral 

hypothalamic nuclei were thought to represent satiety and feeding centers in 

the brain (Stellar, 1954). Presently that concept is viewed as too simplified 

now that it has been shown that differing effects can be found in the same 

area depending on which monoamine is present (Sugrue, 1987). 

For example, norepinephrine has been shown to be most effective in 

stimulating feeding by activation of alpha-2 adrenoreceptors within the 

paraventricular nucleus of the medial hypothalamus. Within this same area, 



serotonin inhibits eating. Furthermore, paradoxes exist in terms of what role 

individual transmitters play. 

For instance, norepinephrine elicits feeding in the paraventricular 

nucleus of satiated rats by activating alpha2-adrenoreceptors (Leibowitz, 1978; 

Leibowitz, Hammer and Chang, 1981). whereas electrolytic and neurotoxic 

lesions of this same area and the ventral ascending NE bundle produce 

overeating and body weight gain (Ahlskog & Hoebel , 1973; Ahlskog 1974) . 

These findings implicate norepinephrine as being necessary for satiety, 

although stimulation of this same system elicits feeding. 

Further studies show that stimulation of alpha-2 NE receptors 

potentiates food intake (Leibowitz, Weiss, Yee, and Tretter, 1985; Davies, 

Wellman, and Dicarlo, 1992). But selective stimulation by methoxamine of 

alpha-1 receptors in the PVN produces dose-dependent decreases in food 

intake. Thus, it has been proposed that these two populations of neurons 

work in opposition to modulate food intake (Wellman, Davies, Morien and 

McMahon, 1993). 

Some support of the assumption that amphetamine serves as an 

anorexic agent was generated by the demonstration that intracerebral injections 

of either dopamine or amphetamine into the lateral perifornical hypothalamus 

(PFH) produced a decrease in food intake apart from any motor activating 

effects. Conversely, the DA receptor antagonist haloperidol totally blocked the 

anorexic effect obtained by dopamine injections into this region. However, 

epinephrine and norepinephrine injected into this region also caused feeding 

suppression (Leibowitz and Rossakis, 1979a, 1979b). These results make it 
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difficult to pinpoint a particular transmitter as being responsible for producing 

anorexia. 

In addition, contradicting evidence was uncovered by Fibiger, Zis, and 

McGeer ( 1975 ) and Ahlskog and Hoe bel ( 1973) who found that amphetamine

induced anorexia was absent after 6-0HDA lesions of ventral noradrenergic 

bundle NE neurons. On the other hand, after injections of 6-0HDA in animals 

pretreated to preserve NE neurons, anorexia was present even though DA 

stores had been depleted (Breese, 1975). Taken together, these findings imply 

that a lack of dopamine is correlated with anorexia. This association would 

then suggest that activation of DA neurons would induce eating (Sugrue, 1987). 

However, this is not the case. As mentioned previously, dopamine infusion 

into intact animals produces a decrease in feeding. 

Terry, Gilbert and Cooper ( 1995) point out that even though the majority 

of evidence shows that dopamine agonists reduce feeding behavior, exactly 

which pharmacological and behavioral mechanisms cause that reduction remain 

largely unknown. Several studies have shown that dopamine agonists reduce 

the rate and duration of feeding (Cooper and van der Hoek, 1993; Blundell, 

1991). But whether or not appetite is reduced, indicative of an anorexic agent, 

remains unclear. Terry and colleagues suggest that investigation of the 

different dopamine receptor subtypes might clarify this issue. 

In examining dopamine receptor subtypes, Rusk and Cooper ( 1989) 

found that selective D2 receptor stimulation by the agonist N-0437 produced a 

decrease in food intake in rats. Microstructural analysis of their eating 

behavior revealed that the duration and frequency of eating bouts did not 

diminish. However, their local rate of eating was reduced. They suggest that 

this reduction in rate of eating leads to a suppression in food intake, not an 

anorexic action. In addition, YM -09151-2, a selective D2 receptor antagonist, 
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could reverse the effect of N-0437 on food intake. Further evidence that D2 

receptor stimulation alone is not enough to induce anorexia is that it does not 

reduce feeding in sham fed rats (Cooper, Rusk and Barber, 1989). 

Study of the D 1 receptor agonist SKF 38393 showed that food intake 

was also reduced after its administration. As with the D2 receptor agonist, 

microstructural analysis revealed that SKF 38393 changed several feeding 

parameters. Primarily, it reduces the total frequency of feeding bouts and the 

local rate of feeding, resulting in a significant reduction in the total duration of 

feeding. On the other hand, the duration of individual bouts of feeding is 

significantly increased (Cooper, Francis, and Rusk, 1990). Behavioral analysis 

also indicated that suppression of intake occurred at doses that did not 

produce stereotypic behavior. These findings are important for two reasons. 

First, they reveal that at the receptor level, dopamine is capable of producing 

varying effects on feeding. Secondly, they imply the possibility that more than 

one mechanism could be responsible for the hypophagic effect of 

amphetamine. For example, the hypophagic effect of low doses of 

amphetamine, which is an indirect dopamine agonist, is attenuated by the 

selective D 1 - type receptor antagonist SCH 23390, but not the D2 antagonist 

sulpiride (Gilbert and Cooper, 1985) . This data would seem to indicate that D 1 

receptors may underly the anorectic action of compounds that enhance 

dopaminergic transmission. However, whereas amphetamine does decrease 

the frequency and duration of feeding bouts, it differs from D 1 receptor 

agonists in at least two ways. It increases both the local rate of eating and the 

latency to begin feeding (Blundell and Latham, 1979; Towell, Muscat and 

Willner, 1988b; Wolgin and Wade, 1995). In addition, other studies have 

shown that different D2 antagonists, namely haloperidol and pimozide, do 
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reverse amphetamine-induced hypophagia at moderate to high doses (Burridge 

and Blundell, 1979; Towell, Muscat and Willner, 1988a). 

Consequently, it appears that one way amphetamine can reduce food 

intake at low doses is by stimulation of the 0 1 dopamine receptors . At higher 

doses, it appears that 0 2 receptors might produce amphetamine anorexia. A 

finding used to support this assumption is that when apomorphine, a 

nonselective D2 agonist, is infused into the nucleus accumbens there is a 

reduction in food intake (Towell et al. 1988a). However, amphetamine infused 

into this area also causes an increase in locomotion (Kelly, Gauthier, and Lang, 

1989). Therefore, the reduced food intake could be a secondary effect of 

competing motor behaviors. 

Microdialysis studies have shown an increase in dopamine turnover in 

the ventral tegmental area, nucleus accumbens and prefrontal cortex in 

response to eating and drinking (Yoshida et al., 1992; Hernandez and Hoebel, 

1988a; 1988b; Westerink, Kwint, and deVries, 1996). This finding illustrates 

that the mesolimbic dopamine system is activated during ingestive behavior, 

and that dopamine release occurs in both the cell body and nerve terminal 

regions. Also, electrical stimulation of the lateral hypothalamus elicits feeding 

and increased dopamine turnover in the nucleus accumbens, but not the 

striatum. This same stimulation that elicits feeding also elicits self stimulation 

that varies with appetite. Therefore, it has been postulated that this increase 

in dopamine turnover represents a response to the rewarding properties of the 

food (Hernandez and Hoebel, 1990). This implies that when administering 

amphetamine in the context of feeding, endogenous dopamine levels might be 

increased when eating and may even fluctuate along with the rewarding 

properties of the food. Thus, even when the same amount of amphetamine is 

administered, individual differences could occur in endogenous dopamine 
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levels thereby creating different behavioral consequences. In fact, researchers 

have noted increased feeding in response to small amphetamine infusions into 

the accumbens which they attribute to the enhanced aspects of feeding reward 

(Evans and Vaccarino, 1990; Wise and Colle, 1989; Wise, Fotuhi, and Colle, 

1989). In accordance with this idea, several studies report that mesolimbic 

dopamine neurons play a critical role in maintaining behaviors directed at 

obtaining food reinforcers (Kiyatkin, 1995; Salamone, 1992) . 

A different and relatively new experimental method for examining 

dopamine activity is the transplantation of rat fetal cells into adult rats. A 

prelude to this research was the finding that microdialysis sampling techniques 

uncovered an eating induced rise in lateral hypothalamic dopamine that 

correlated with increased meal size (Meguid, Yang, and Koseki, 1995). Also. 

obese Zucker rats were found to have higher basal levels of dopamine in the 

lateral hypothalamus, plus they showed exaggerated dopamine release in 

response to eating. Therefore, since it appeared that endogenous 

dopaminergic activity in this area might contribute to hyperphagia and obesity, 

increasing the number of cells in this area should increase food intake. To test 

this hypothesis, fetal cells were injected into the lateral hypothalamus of adult 

rats. Rats with the transplanted cells ate more food than controls resulting in 

a significant increase in body weight (Yang et al., 1996). These findings 

illustrate that heightened dopamine levels in the lateral hypothalamus have 

both decreasing and increasing effects on food intake. Therefore, it has not 

been clearly established that dopamine alone in the lateral hypothalamus is 

sufficient to produce anorexia. 

Another monoamine that plays a central role in feeding is serotonin 

(Simansky, 1996). It has been shown that intrahypothalamic injections of 

serotonin suppress food consumption in deprived rats . Conversely, serotonin 
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receptor antagonists prevent the appetite suppressant effect of intraventricular 

doses of serotonin in deprived rats (Kruk, 1973). It has been established in a 

series of experiments that serotonin uptake inhibitors reduce food intake by 

slowing the rate of eating (Blundell and Latham, 1978; 1979; Blundell, 1984). 

However, experiments undertaken to test the prediction that serotonin 

depletion should increase eating if serotonergic activation in the hypothalamus 

produces satiation, generated conflicting results with some reporting 

hyperphagia, while others did not (Diaz, Ellison, and Masuoka, 197 4; 

Waldbillig, Bartness, and Stanley, 1981; Hoe bel et al., 1978; Baez, Browning 

and Cusatis, 1980). Still, it has been shown that systemic injections of 

serotonin decrease food intake (Fletcher and Burton, 1984; Pollock and 

Rowland, 1981). 

Microdialysis measurement of neurotransmitter levels during and after 

amphetamine infusions into the lateral hypothalamus showed increases in 

serotonin, dopamine and norepinephrine. However, the magnitude of the 

serotonin increase was about 7 times greater than that of dopamine and 

norepinephrine. This was unexpected because basal levels of serotonin were 

undetectable prior to the beginning of the infusion whereas dopamine and 

norepinephrine had approximately equal concentrations. Comparison of the 

time course for all of the transmitter increases revealed that serotonin levels 

increased first, followed by dopamine and then norepinephrine after the 

amphetamine infusion. This temporal course of release indicates that each of 

the transmitters may play a dominant role in the observed behavioral changes 

over a time sequence (Parada, Hemandez, Schwartz and Hoebel, 1988). 

Considering that changes in dopamine have been the primary focus of studies 

involving amphetamine-induced anorexia, the disclosure of some of the 
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underlying mechanisms of amphetamine-induced hypophagia may have been 

hindered . 

Accordingly. Orosco and Nicolaidis (1992) measured different 

monoamine levels from the same dialysates before. after, and during 

spontaneous meals in the rostral medial hypothalamus. During the time of 

transition from a state of satiety (no feeding) to hunger (initiation of feeding). 

dopamine regularly increased following an ascending slope until the act of 

feeding. Serotonin remained unchanged during this time. This data suggests 

that growing hunger is detected by an ascending slope of dopamine and the 

beginning of satiation is accompanied by a descending dopamine slope. 

In contrast. during feeding, serotonin levels showed a sharp, short

lasting increase with a slower rise in its metabolite 5-HIAA. Orosco and 

Nicolai dis ( 1992) propose that the sharp increase in serotonin could serve as a 

signal of satiation to end the meal whereas the gradual increase in synthesis 

could reflect long term satiety. The same increases in both serotonin and 5-

HIAA were measured by microdialysis in studies that used imposed meals 

(Schwartz, McClane, Hemandez and Hoebel, 1989; Schwartz, Hemandez and 

Hoebel, 1990). These results demonstrate that feeding related changes which 

have been historically studied in the lateral hypothalamus can also be found in 

the median hypothalamus. Furthermore, when investigating an anorexic effect 

of amphetamine. these results also shed light on which monoamines would 

normally influence important parameters of feeding such as hunger and satiety. 

One other factor that should be mentioned when investigating anorectic 

drugs is the type of food used in the study. Several experiments have shown 

that palatability, macronutrient content and fat quantity can influence both the 

amount of food ingested and the meal pattem (Leibowitz, Shor-Posner, Maclow 

and Grinker, 1986; Kanarek. Glick and Marks-Kaufman; 1991; Blundell, 
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Lawton, and Halford, 1995). In addition, whether or not the animal is food 

deprived can influence basal levels of neurotransmitters prior to 

experimentation (Pathos, Hernandez, and Hoebel , 1995). 

As mentioned earlier, amphetamine produces effects on motor behavior 

at several levels. Increasing acute doses produce a biphasic response pattem. 

At low doses increased locomotion is observed, but with increasing doses, 

locomotion disappears as stereotyped sniffing, head scanning and oral 

movement emerge. It is important to note that individual differences abound in 

behavioral responses to amphetamine, both in the initial response and after 

repeated treatment (Segal & Kuczenski, 1987). Lyons and Robbins (1975) 

suggest that amphetamine increases all motor behavior resulting in a behavioral 

competition that allows only short sequenced behaviors to be expressed. 

Therefore, competing responses prevent elaborately sequenced behaviors such 

as eating to take place. 

The dissociation of stereotyped behaviors produced by amphetamine into 

different areas of the brain has been demonstrated by several researchers. 

Kelly, Seviour, and Iverson (1975) showed that if the striatum is lesioned, 

stereotyped sniffing and head scanning is abolished. Furthermore, if 

amphetamine is administered to rats with striatal lesions, there is a dose

dependent increase in locomotion (Joyce and Iverson, 1984). Therefore, if the 

behavioral competition produced by the nigrostriatal system is removed, 

increases in locomotion are observed at doses that normally produce no 

locomotion. Koob, Riley, Smith and Robbins (1978) verified that lesions of the 

nucleus accumbens eliminate locomotion, but have no effect on stereotyped 

behaviors. 

More evidence for localization of different forms of stereotypy was 

collected by microinjecting amphetamine directly into the striatum. Infusions 
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directly into the nucleus accumbens resulted in enhanced locomotion, while 

microinjections into the caudate nucleus results in stereotyped sniffing and 

head scanning (Kelly, Gauthier and Lang, 1989). Intercerebral stimulation of 

the middle ventrolateral portion of the dorsal striatum produced oral 

stereotypies (Kelly, Lang, and Gauthier, 1988). Thus, if each of these brain 

areas is responsible for each respective motor response to amphetamine, then 

antagonists infused into these areas should eliminate or reduce the response. 

Confirming this idea, Pijnenburg, Honig, and Van Rosum (1975a) found 

that intercerebral injections of haloperidol, a dopamine receptor antagonist, into 

the accumbens inhibited amphetamine-induced locomotion. Likewise, direct 

application of haloperidol into the caudate nucleus blocked stereotypy in 

response to a systemic injection of amphetamine (Pijnenburg, Honig, and Van 

Rosum, 1975a, 1975b). Later, Sharp, Zetterstrom, Ljunberg, and Ungerstedt 

( 1986) verified with microdialysis that dopamine levels after administration of a 

range of amphetamine doses (0.5, 2.0 & 5.0 mg/kg) reflected previous 

behavioral findings. They found that the duration and intensity of 

amphetamine-induced behaviors closely followed that of increased dopamine. 

Furthermore, they confirmed that the degree of stereotypy observed was well 

correlated with the amount of dopamine measured from the caudate. Finally, 

an increase in dopamine in the nucleus accumbens was associated with 

increased locomotion at doses 2.0 mg/kg and lower. However, even though a 

greater increase in accumbens dopamine was measured after 5.0 mg/kg, only 

stereotypy was observed. These researchers concur that stereotypy is 

expressed at the expense of locomotion which is consistent with previous 

findings. 

As the preceding evidence shows, it is not currently established whether 

or not amphetamine-induced decreases in food intake are due to a reduction in 
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appetite or the product of behavioral competition. or the joint effect of these 

two mechanisms. Behavioral observational data show that other responses 

induced by amphetamine can interfere with feeding; therefore. the reduction of 

food intake may be a secondary consequence and not the product of decreased 

appetite (Wolgin, Thompson, and Oslan, 1987; Towell, Muscat and Willner, 

1988). It has been established that dopamine is important in the regulation of 

motor activity. Thus the effects of amphetamine on feeding could be mediated 

by changes in motor control. For instance, even though the motor systems 

activated by amphetamine may be separate from those necessary for ingestive 

behavior, they can produce patterns of behavior that are incompatible with 

feeding. 

In fact. it has been shown that acute doses of amphetamine do produce 

stereotyped patterns of locomotion. sniffing, head scanning and oral motor 

behaviors. Repeated administration of the drug in the context of feeding leads 

to tolerance to amphetamine-induced hypophagia that is accompanied by a 

decrease in the amount of stereotyped behavior engaged in by the rat (Wolgin, 

et al., 1987; Wolgin and Kinney, 1992; Wolgin, 1995; Wolgin and Hughes, 

1996; 1997). Furthermore, when rats are implanted with intraoral cannulas, 

and then given doses of amphetamine (2 or 4 mg/kg) that completely eliminate 

milk intake in bottle fed rats, they show little or no decrease in milk intake 

(i.e., no anorexic effect). In this case, the direct infusion of milk into the rat's 

mouth negates the requirement to hold its head still which is necessary to 

drink from a bottle. In other words, the behavioral disruption produced by the 

drug is bypassed, thus no decrease in milk intake occurs. This data supports 

the idea that amphetamine decreases food intake predominately by producing 

behaviors incompatible with feeding, with a small, possibly anorexic effect 
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being observed only at high doses . (Salisbury and Wolgin, 1985; Wolgin et al. , 

1987) . 

Other studies also indicate that amphetamine reduces food intake 

predominately by producing behaviors incompatible with feeding. Joyce and 

Iverson ( 1984) found that rats with nigrostriatal lesions. which abolished 

stereotypy, showed no significant reduction in food intake after receiving 

systemic injections of a range of amphetamine doses (0.5, 1.0, 5.0 mg/kg). 

This finding eliminates lateral hypothalamic activation as a contributing factor 

in amphetamine anorexia at low to moderately high doses since this system 

was intact, yet no decrease in food intake was observed. 

Lastly, Bakshi and Kelly ( 1991) related changes in motor behavior to 

feeding by microinfusing amphetamine into the nucleus accumbens, 

ventrolateral striatum, and dorsolateral striatum and then assessing both 

locomotion and food intake. They found that high doses infused into the 

accumbens increased locomotion and decreased food intake. Microinjections 

into the ventrolateral striatum produced a decrease in food intake at only the 

highest dose (20 micrograms). with no increase in motor activity. However, 

they were only measuring locomotor activity. Therefore, changes in 

stereotyped behavior could have increased to account for the decrease in food 

intake. No change in either locomotion or food intake was observed in the 

group receiving dorsolateral infusions. This implies that amphetamine 

injections that are known to produce oral stereotypy do not necessarily 

facilitate food intake as a secondary consequence of motor activation (Kelly et 

al., 1988). 

After reviewing the evidence, an overwhelming amount of research into 

amphetamine-induced anorexia still has not answered conclusively whether or 

not amphetamine is indeed an anorexigenic agent. Attempts to pinpoint a 
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particular neurotransmitter or brain area in generating an anorexic response to 

amphetamine have produced conflicting data. It appears at this time that all of 

the monoamines influence food intake. In the lateral hypothalamus, the 

emerging picture indicates that perhaps increases in serotonin levels after an 

amphetamine injection could account for a small anorexic effect. Dopamine 

may play a similar role, but at much higher doses which does not account for 

the decreased food intake at lower doses. The noradrenergic system seems to 

play a modulatory role in adjusting food intake according to specific dietary 

needs. 

In light of this, an undisputed finding is that amphetamine serves as a 

psychostimulent that increases motor behaviors. These behaviors are 

incompatible with feeding, therefore food intake is decreased and a 

"hypophagic effect" can be observed. As first reported by Carlton & Wolgin 

(1971), tolerance develops to this hypophagic effect, however it is contingent 

on having access to food while in the drugged state. In their study, one group 

of rats (Before group) received injections of amphetamine prior to milk tests 

and saline immediately post test. Another group of rats (Mter group) received 

the same number of injections, but in the reverse order. Only rats that 

received pretest injections developed tolerance to the hypophagic effect of 

amphetamine, as revealed by a final test in which both groups were given 

pretest injections of the drug. Additional experiments have replicated this 

finding, firmly establishing that the relationship between the timing of the 

injection and the opportunity to eat as essential for the development of 

tolerance (Wolgin, 1995; Demellweek and Goudie, 1983; Poulos et al., 1981). 

Several different theories have been proposed to explain what 

mechanism is responsible for the development of contingent tolerance to 

amphetamine-induced hypophagia. These include the role of cumulative 
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deprivation, a lowered body weight set point, Pavlovian conditioning, and 

instrumental learning. Although all of these theories were formulated on 

empirical data, the interpretation of that data and subsequent findings more 

readily support the instrumental learning model as the most viable hypothesis. 

Demellweek and Goudie ( 1983) determined that cumulative deprivation 

could not singularly produce tolerance. Using the Before/ After paradigm, they 

demonstrated that manipulating deprivation levels by supplementing the Before 

and After groups with either 6, 12 , or 18g of chow did not prevent the Before 

group from becoming tolerant. Moreover, when rats in the After group were 

switched to pretest injections, none of the rats showed tolerance, even though 

the most deprived group of rats lost weight during chronic treatment. Also, 

during chronic treatment milk intakes never differed significantly between the 

Before groups supplemented with 6g and 18g of food. even though one group 

gained weight and the other group lost weight. Therefore, contingent tolerance 

cannot be explained by cumulative deprivation. 

A related explanation for contingent tolerance is that amphetamine 

lowers a regulatory body weight set point. an effect to which tolerance does not 

develop (Stunkard, 1982). According to this view, the initial period of drug

induced hypophagia is an active process to achieve a lower body weight. Once 

this has been reached, food intake increases to maintain this weight to offset 

the higher energy expenditure caused by drug-induced hyperactivity. Levitsky 

et al. (1981) provided support for this idea by demonstrating that 

amphetamine's hypophagic effect was attenuated in rats whose body weights 

were reduced prior to chronic drug treatment. Also, rats whose body weights 

were not reduced prior to treatment initially lost weight during chronic 

treatment, and then maintained lowered body weights even after food intakes 

had returned to normal. However, this evidence is not convincing because the 
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apparent reduction in amphetamine's hypophagic effect was based on a 

comparison between weight-reduced and non-weight-reduced drugged rats. 

Comparison of the drugged groups with their respective saline controls reveals 

that the hypophagic effect was still present, and was in fact greater in the 

weight-reduced group. 

A second experiment within the same study compared the effects of the 

anorexic agent fenfluramine on force-fed and non-force-fed rats' body weight 

levels. Although force-fed rats gained weight during chronic treatment, when 

force feeding was terminated these rats' body weights declined to the level of 

the non-force-fed group, which was below the level of the undrugged controls. 

The authors concluded that the maintenance of this lower body weight 

represented a new body weight set point. However, this interpretation is not 

supported by the results of other experiments. First, there is no cross 

tolerance between amphetamine and fenfluramine on a milk drinking task 

(Kandel et al., 1975), which is inconsistent with the view that both drugs lower 

a body weight set point. Secondly, the level of maintained body weight is not 

dose-dependent in amphetamine-treated rats. Rats treated with either 2.0 

mg/kg or 4.0 mg/kg ultimately maintained their body weights at the same 

level, which was 94%-96% of controls' (Wolgin and Salisbury, 1985). 

Increased energy expenditure from amphetamine induced motor activity could 

explain why rats' weights remained below control values after intakes had 

returned to control levels. Lastly, fenfluramine and amphetamine produce 

hypophagia in different areas of the brain (Leibowitz, 1975; McCabe et al., 

1986). act differentially on neurotransmitter systems (Parada et al., 1988, 

Schwartz et al., 1989) and produce distinct patterns of disruption on feeding 

(Blundell et al., 1980). which indicates that they produce hypophagia by 

different mechanisms. 
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An altemative explanation for contingent tolerance is that tolerance to 

amphetamine-induced hypophagia is mediated by a classically conditioned 

compensatory response that serves as an adaptation to restore nutritional 

homeostasis (Poulos , Wilkinson, and Cappell, 1981) . Poulos et al. (1981) 

replicated the study of Carlton and Wolgin ( 1971) and reported that if animals 

were tested in a novel environment, tolerance was lost. They attribute this 

finding to the fact that conditioned stimuli were not present in the novel 

environment to invoke the presumed compensatory response. They also 

confirmed that tolerance was found only in the group that was given 

amphetamine prior to access to milk. Because a Pavlovian model would have 

predicted tolerance in both the Before and After test groups, they suggested 

that behavioral interactions with food-related stimuli are necessary to activate 

the conditioned homeostatic adaptation. This implies that access to milk while 

in the drugged state is necessary in order for anorexia to be experienced, 

which in tum initiates a compensatory response. 

In contrast, a study by Demellweek and Goudie ( 1983) did not confirm 

this finding. In one experiment, rats that developed tolerance in an 

environment with distinct auditory, visual, and olfactory cues showed no loss 

of tolerance when tested in their home cages. Thus, tolerance was not 

situationally specific. A subsequent test on the same rats failed to reveal a 

compensatory hyperphagic response associated with the drug injection ritual 

when animals were given a placebo injection. Lastly, in another experiment, a 

direct attempt to extinguish the presumed compensatory response was not 

successful. In this latter study, tolerant rats were divided into two groups, 

with one receiving six placebo injections following chronic treatment, and the 

other receiving no treatment during that time. A retest for tolerance revealed 

no loss of tolerance in either group, and no significant difference between the 
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two groups. However, it is possible that too few extinction trials were given in 

this study. In their study, Poulos et al. ( 1981) did find a loss of tolerance after 

eleven extinction trials in the group that received milk tests after placebo 

injections . Also, as in the previous experiment. a subsequent saline test failed 

to find evidence for conditioned hyperphagia in the control group that had not 

received extinction trials. These results would not be expected if classical 

conditioning were responsible for tolerance. 

Finally . an explanation of tolerance that incorporates most of the 

findings is that rats learn through instrumental conditioning to compensate for 

the initial disruptive effect of the drug. An instrumental learning model would 

account for contingent tolerance by illustrating that an animal's behavior is 

shaped by experiencing regular arrangements between instrumental behaviors 

and their consequences (Young and Goudie, 1995). Preliminary evidence for 

this view came from a study by Schuster, Dockens and Woods (1966). They 

demonstrated that changes in behavioral consequences can lead to tolerance 

development when the disruption results in a loss of reinforcement. Smith 

( 1986) clarified the role of reinforcement loss in tolerance development by 

showing that the global density of reinforcement is more influential than local 

changes. This study emphasized the importance of the relative "costliness" of 

reinforcement loss within a particular behavioral context with regard to 

tolerance development. 

The role of instrumental learning in tolerance development is also 

implicated by the finding that tolerance develops in a behaviorally specific 

manner (Emmett-Oglesby et al, 1984). Rats were trained on both a milk 

drinking task and a DRL lever press task. During chronic treatment subjects 

engaged in either task on alternate days, but received amphetamine injections 

prior to only one task. When later tested with the drug on both tasks. rats 
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displayed tolerance only on the task that they had previously performed while 

under the influence of amphetamine. This experiment demonstrates that 

tolerance does not transfer from one task to another even though the drug 

initially produced a loss of reinforcement in both tasks. This implies that 

tolerance development is mediated by behavioral mechanisms in addition to 

reinforcement loss. This experiment also underscores the importance of 

intoxicated practice and implies that adaptive leaming is taking place during 

tolerance development. 

The instrumental leaming model of contingent tolerance to amphetamine 

hypophagia (Wolgin 1989}, proposes that when food is available, rats leam to 

suppress stereotyped movements that interfere with ingestion. However, when 

food is not available, they have no incentive to leam to maintain a stationary 

posture, and therefore do not acquire the strategies necessary for the 

development of behavioral tolerance. 

This model is based on the finding that amphetamine-induced 

stereotypy. characterized by repetitive sniffing and head scanning, is the 

behavioral disruption that prevents rats from drinking milk (Wolgin 1987). 

Using a rating scale, it was noted that rats suppressed these movements while 

drinking milk from a bottle, but not when drinking from a cannula. More 

direct evidence that rats can leam to suppress stereotypy in order to drink 

was found in a study by Wolgin and Wade (1995). In this study, rats 

implanted with cannulas were able to leam to hold their heads still between 

two pairs of intersecting photobeams in order to receive an infusion of milk into 

their mouths. This result clearly demonstrates that rats can leam to suppress 

stereotypy in order to drink. 

Another issue surrounding the instrumental learning interpretation of 

behavioral tolerance is whether or not the factors that produce tolerance also 
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govern the loss or retention of tolerance. Past studies using amphetamine and 

cocaine have reported that tolerance was retained after a period ranging from 2 

to 21 days (Gotestam and Lewander, 1975; Poulos et a l., 1981). while others 

have reported loss of tolerance after 10 to 51 days (Woolverton et al., 1978; 

Wolgin and Salisbury, 1985) . However, exactly which variables are important 

for the retention of tolerance remained unclear. 

For example, Poulos et al. (1981) found that tolerance to amphetamine is 

lost if rats are given milk tests during the period of drug withdrawal, but not if 

milk tests are suspended. Wolgin and Hughes (1996) confirmed that 

discontinuation of drug treatment for 4 weeks results in the loss of tolerance if 

milk test are given during this period. These findings only show that the loss 

of tolerance to amphetamine hypophagia is contingent on having access to food. 

But, they do not answer why that is the case. 

The instrumental learning model would predict that the loss occurs 

when feeding tests are continued while drug injections are suspended, because 

the previously held contingency is no longer in effect. In other words, if 

tolerant rats are allowed to drink milk from a bottle under conditions that do 

not require suppression of stereotypy, behavioral strategies previously acquired 

under the drug in order to hold still might be replaced by newly learned 

associations formed by receiving noncontingent reinforcement. This would not 

occur if milk tests were suspended during the period of drug withdrawal. 

In order to evaluate whether or not the instrumental learning model can 

account for the loss and retention of tolerance, three experiments will be 

conducted. The first experiment will examine if loss of tolerance is a function 

of drug withdrawal or unintoxicated practice of drinking from a bottle. The 

second experiment will determine if tolerance is lost due to new learning of 

behavioral contingencies or simply due to ingesting milk in the unintoxicated 
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state. The third experiment will attempt to isolate an anorexic effect (loss of 

appetite) of amphetamine independent of the hypophagic effect proposed to be 

caused by incompatible motor behaviors. In addition, the question of whether 

tolerance in the bottle condition is facilitated by prior drug and intraoral milk 

exposure will be examined. 
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Experiment l 

In Experiment l , two premises will be investigated. The first hypothesis 

tested will determine if it is the lack of the drug or receiving milk test in the 

undrugged state during the retention interval that produces the loss of 

tolerance. The instrumental learning model would predict that tolerance will be 

lost if rats are fed in the undrugged state, even if drug exposure remains 

constant by administering drug injections after the milk tests. The second 

hypothesis that will be examined is that following the loss of tolerance, 

strategies to suppress stereotypy should be "relearned" at a faster rate in 

previously tolerant rats than in naive rats. 
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Method 

Subjects 

The subjects were 29 experimentally naive male albino Sprague-Dawley rats 

(Charles River Laboratories, Wilmington, Del.) weighing 284-327 gat the 

beginning of the experiment. They were housed individually in hanging 

stainless steel cages under a 12-h alternating light/dark cycle (lights on 06.00 

h) in a room maintained at about 24 degrees C. The rats were maintained on 3 

Purina Lab Chow pellets (about 15 g) and unlimited water daily. 

Procedure 

Milk tests were conducted 6 days per week throughout the experiment. To 

establish a stable baseline of milk intake, the rats were given Eagle Brand 

sweetened condensed milk (Borden, Columbus, Ohio) diluted with water (l :3) 

in their home cages for 4 weeks. Throughout the experiment, subjects were 

given an extra food pellet (about 5 g) on days in which milk tests were not 

conducted. Preceding each test, water bottles were removed from the cages, 

the rats were injected with isotonic saline (lee/kg). and 20 min later, milk was 

presented for 30 min in calibrated drinking tubes attached to the front of the 

cages. At the end of the test session, the drinking tubes were removed, water 

bottles were returned, and the rats were fed. After the baseline period, an 

initial dose-response determination (DR 1) was conducted. Test doses of Q

amphetamine sulfate (0.5, 1, 2, and 4 mg/kg) and saline were administered in 

counterbalanced order, with at least 3 days between doses. On the 

intervening days, saline 
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injections were given . All injections were administered 20 min before the milk 

t es t . 

In addition to measuring milk intake a t the end of each test session, 

motor activity was rated beginning 5 min before milk acces s, a t 5 -min intervals 

during milk access, a nd 5 min a fter the milk bottles were removed. Motor 

activity was a ssessed u s ing a 6-point ra ting scale, which included the following 

categories: 0 = immobile : 1 = sta tionary activity: 2 = locomotion; 3 = 

stereotyped sniffing; 4 = stereotyped head scanning; 6 = oral stereotypy. In 

addition, the intensity and continuity of each behavioral category were also 

assessed. At each rating interval , each rat was observed for about 10 s by a 

trained observer, who scored the dominant behavior that occurred in that 

interval. The reliability of the raters was established using videotaped 

recordings and in pilot work. Interobserver agreement on these tests exceeded 

90%. During dose-response testing, raters were blind to the drug condition. 

After completion of DR 1, the rats received saline injections and milk 

tests for 1 week to ensure a return to baseline levels of milk intake. The rats 

were then randomly assigned to one of two groups for the tolerance phase. 

During the ensuing tolerance phase, the Amphetamine group (n = 22) received 

injections of amphetamine (2 mg/kg) and access to milk until milk intakes 

recovered to baseline levels (55 trials) . The Control group (n = 7) received 

saline injections during that time. To control for the potential effects of 

differences in milk intakes between the two groups, the intakes of the control 

group were yoked to those of the drugged group. This was accomplished by 

staggering the trials by 1 day so that the saline group was offered the mean 

amount consumed by the drugged group on the previous day. At the end of 

the tolerance phase, a second dose-response determination (DR 2) was 

conducted, in which test doses of amphetamine and saline were substituted for 
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the usual chronic treatment, with at least 3 days between each dose. The 

continuation of the ·chronic treatment was designed to maintain the level of 

tolerance previously established. 

At the end of DR 2, the retention phase began. The tolerant rats in the 

amphetamine group were assigned to one of three subgroups. Rats in the 

Before group (n = 7) continued to receive injections of amphetamine (2 mg/kg) 

prior to milk tests (as they had during the tolerance phase) and saline 

injections after the tests. Rats in the After group (n = 8) received the injections 

in the reverse order, i.e ., saline injections prior to milk and amphetamine 

injections after milk. Note that this group continued to receive the drug, but 

not when milk was available. Rats in the Saline group (n = 7) received 

injections of saline both before and after milk, as did the non-tolerant rats in 

the Control group (n=7). During this phase, all of the groups were given 

unlimited access to milk during the 30 min milk tests. A 4 week retention 

period was chosen on the basis of previous results (Wolgin and Hughes 1996). 

At the conclusion of this period, a third dose-response determination (DR 3) 

was conducted to assess the retention of tolerance. During these tests, saline 

and test doses of amphetamine were substituted for the usual retention phase 

treatment at 3 day intervals. 

Following DR 3, the tolerance reacquisition phase began. Rats in all four 

groups were given injections of amphetamine (2 mg/kg) prior to milk access for 

ll trials, by which time reliable differences between the groups could be 

discemed. A final dose response determination (DR 4) was then conducted. 

On the days intervening between test doses, each group continued to receive 

injections of amphetamine (2 mg/kg) prior to the milk tests. 
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Drugs 

d-Amphetamine sulfate (Sigma, St. Louis, Mo. , USA) was dissolved in 

physiological saline and injected in a volume of 1 ml/kg. Doses of the drug are 

expressed as the weight of the salt. 

Data analysis 

The dose-response data were analyzed by two factor (dose-response 

determination x dose) analyses of variance (AN OVA). with adjustments to the 

degrees of freedom when violations of the circularity assumption were detected 

(Kirk 1982). When significant interactions were obtained, tests of simple main 

effects were performed followed by planned comparisons using the test of 

Dunn and Sidak (Kirk 1982). Because intakes at the saline doses were not 

always consistent from one dose-response determination to another, the data 

were normalized by converting intakes under amphetamine to percentages of 

intakes under saline prior to statistical analysis. Recovery of intakes during 

the tolerance phase was assessed by comparing the means of the last seven 

baseline trials preceding the tolerance phase with those on the first and last 

drug trials, using t-tests . 

In analyzing the activity data, separate ANOVA were conducted on the 

frequencies of each of the behavioral categories. Data from the 5-min intervals 

when milk was available were analyzed separately from those collected before 

and after milk access. In addition, a composite activity score consisting of the 

sum of the frequencies of locomotion, sniffing, head scanning, and oral 

stereotypy was computed for each group and subject to a separate ANOVA in 

order to provide a more general index of activity. In presenting these data 

graphically, the combined frequencies of these categories of behavior was 

expressed as a percentage of the total number of observations from all 

categories. 
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Results 

Milk Intake 

During the tolerance phase, the Amphetamine group drank very little milk 

during the first week, but then recovered to baseline levels of intake by the 

end of the chronic treatment (Fig1). Statistical comparisons revealed that 

intakes on the first drug trial were significantly lower than those on the last 

seven baseline trials [t(21)=20.91, p<0.0005]. whereas intakes on the last drug 

trial did not differ from baseline (p>0.05). Tolerance was confirmed in each of 

the amphetamine-treated subgroups by comparing intakes on DR 2, conducted 

after the tolerance phase, with those on DR 1 conducted prior to that phase 

(Fig 2). In each case. intakes were higher on DR 2. as confirmed by significant 

dose-response x dose interactions [Before: F(9, 54)=6.85, p<0.0001; After: 

F(9,63)=4.56, p<0.0008; Saline: F(9. 54)=7.04. p < 0.0001). For the Before 

and After groups, significant increases in milk intake were found at the 1 and 

2 mg/kg doses, while for the Saline group, intakes were higher at the 0.5, 1, 

and 2 mg/kg doses . Increased milk intake on DR 2 was also found in the 

Control group [Finteraction (9, 54)=3.57, p<0.02]. but only at the 1 mg/kg 

dose. 

During the retention phase, when milk tests were conducted in the non

drugged state, the After and Saline groups drank more milk than they did on 

the last tolerance trial [Ftrial (21, 273)=6.96, p<0.0001). However, this effect 

was transient. On 12 of the last 15 trials, intakes were comparable to those 

on the last tolerance trial (Fisher's least significant differences test, Kirk 1982). 

On DR 3, conducted after the retention phase, both the After and Saline 
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Fig.l Mean milk intakes of the Amphetamine group during the tolerance 
phase. The intakes of the control groups were yoked, and identical, to 
those of the Amphetamine group. B = mean of last seven baseline trials. 
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Figure 2. Effect of various doses amphetamine on mean milk intake of the 
Before. After. Saline and Control groups prior to the tolerance phase (DRl). after 
the tolerance phase (Dr 2) . after the retention phase (DR 3). and after the 
reacquisition phase ( DR 4). The data are expressed as a percentage of intakes 
under the saline dose. 
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groups displayed a loss of tolerance, as compared to those on DR 2 (Fig. 2). 

For the Saline group, significant decreases were found at both the 1 and 2 

mg/kg doses, whereas for the After group, a significant decrease occurred only 

at the 2 mg/kg dose. 

The non-tolerant Control group also showed a significant decrease in 

intake, but only at the 1 mg/kg dose. Tolerance was maintained in the Before 

group, as expected . 

During the tolerance reacquisition phase, the After, Saline, and Control 

groups showed progressively greater milk intakes over trials (Fig. 3). Statistical 

analysis revealed that the After and Saline groups ingested more milk than the 

Control group, but did not differ from each other [F(2, 19)=6.37, p<0.0008). 

Moreover, the After and Saline groups showed higher intakes during the 

reacquisition phase than they did on the first 11 trials of the tolerance phase 

[After: Fphase (1,7)=28.33, p<0.002; Saline: Finteraction (10,60)=3.81; 

p<0.004]. In contrast, the intakes of the Control group, which received 

chronic injections of amphetamine for the first time, were comparable to those 

of the Before group on the first 11 trial of the tolerance phase. 

The development of tolerance in the After, Saline, and Control groups at 

the conclusion of the reacquisition phase was confirmed by increased intakes 

on DR 4 at the 1 and 2 mg/kg doses (Fig. 2). There were no significant 

changes in milk intake on DR 4 in the Before group. 

Motor Activity 

The frequency of composite activity (locomotion+stereotypy) for each 

group during the various dose response determinations is presented in Fig. 4. 

The data are expressed as a percentage of the frequency of responses from all 

categories of behavior. For all groups, composite activity was inversely related 

to milk intake. In the Before group, activity declined significantly at the 1 and 
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Fig. 3 Mean milk intakes of the Before, After. Saline, and Control 
groups during the tolerance reacquistion phase, during which all groups 
were injected with amphetamine ( 2mg/kg) prior to daily milk tests. 
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Figure 4. Effect of saline and various doses of amphetamine on composiite 
motor activity ( locomotion + stereotyped snitrmg + stereotyped head scanning) 
prior to the tolerance phase (DR 1), after the tolerance phase(DR 2), after the 
retention phase (DR 3), and after the reacquisition phase (DR 4). 
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2 mg/kg doses following the tolerance phase and remained suppressed during 

the remainder of the experiment. In the After and Saline groups, activity also 

declined significantly following the development of tolerance, then increased in 

conjunction with the loss of tolerance during the retention phase, and later 

declined again when tolerance was reacquired. In contrast, in the non-tolerant 

Control group, composite activity remained high following the tolerance and 

retention phases, but then decreased at the 1 and 2 mg/kg doses in 

conjunction with the development of tolerance during the reacquisition phase. 

These changes in activity were reflected in significant dose-response x dose 

interactions for each group [Before: F(7,4l}= 4 .37, p<0.002; After: 

F(ll,76)=5.86, p<O.OOOl; Saline: F(8,49)=4.0l, p<0.0009; Control: 

F(8,47)=2.52, p<0.03]. 
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Discussion 

In keeping with the instrumental learning model rats given chronic 

injections of amphetamine during the tolerance phase showed increased milk 

intakes and decreased motor activity when retested with the drug on DR 2. 

These effects were obtained at the chronic 2 mg/kg dose and the lower l and 

0 .5 mg/kg doses. In contrast, rats given saline during the tolerance phase 

showed no change in motor activity and increased milk intake only at the l 

mg/kg dose. This apparent tolerance in the Control group was probably . 

artifactual. Because milk intakes were constrained by the yoking procedure 

during the tolerance phase, all of the groups were subjected to an increased 

level of food deprivation during this phase of the experiment. The increase 

motivation to drink engendered by this experience probably accounts for the 

increased intake at the l mg/kg dose in the Control group and for the baseline 

shift observed in all of the groups at the saline dose. However, this increased 

deprivation was not sufficient to overcome drug induced hypophagia in the 

Control group at the chronic 2mg/kg and higher doses of amphetamine which 

induce stereotypy. Only when this group was given chronic injections of the 

drug before milk tests did its intakes increase at the 2 mg/kg dose (DR 4). As 

mentioned in the introduction, Demellweek and Goudie ( 1983) have already 

provided evidence that deprivation alone is not sufficient to explain contingent 

tolerance. 

Following the retention phase, tolerance to amphetamine-induced 

hypophagia was lost when rats ingested milk while in the undrugged state, 
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whether drug injections were suspended entirely (Saline Group) or 

administered after the milk tests (After Group). Thus, the loss of tolerance 

does not require withdrawal of the drug per se, but occurs when milk tests are 

conducted in the absence of the drug. These results are consistent with those 

of previous studies which demonstrated that tolerance to the anticonvulsant 

effects of ethanol (Mana and Pinel 1987), carbamazepine (Weiss and Post 

1991), and diazepam (Kalynchuk et al. 1994) was not retained when drug 

injections were administered after convulsant stimulation. 

Two explanations might explain the loss of tolerance in this experiment. 

First, because rats drank more milk during the retention phase than they did 

during the tolerance phase, their decrease in deprivation level might decrease 

their motivation to drink. In fact, the After and Control groups drank 

significantly less milk when tested with saline on DR 3, after the retention 

phase, than on DR 2, following the tolerance phase. However, several findings 

argue against the proposition that lowered motivation due to decreased 

deprivation produced the loss of tolerance. First, milk intakes during the final 

2 weeks of the retention phase were comparable to those during the final days 

of the tolerance phase. Second, the magnitude of the baseline shift was 

relatively small compared to the loss of tolerance at the chronic dose. For 

example, the decrease in milk intake in the After group at the saline dose was 

8 cc, compared to 18cc at the 2 mg/kg dose. Finally, the Saline group, which 

did not show a significant baseline shift on DR 3, showed an even greater loss 

of tolerance on than the After group. These results suggest that while changes 

in deprivation level might have contributed to the loss of tolerance to some 

extent, other factors were involved as well. 

The instrumental leaming model explanation for the current fmdings is 

based on the proposal that tolerance results when animals leam strategies to 
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suppress the drug-induced movements that interfere with feeding. Therefore, 

during the retention phase when rats are given milk without drug, they should 

learn that they no longer need to use such strategies in order to feed. When 

later given milk with the drug, they would have to reacquire the strategies, 

although some "savings" would be expected in the rate of reacquisition as a 

result of their prior experience. 

This experiment supports the instrumental learning model with several 

findings. First, composite activity decreased with the development of tolerance 

and increased with the subsequent loss of tolerance. Second, previously 

tolerant rats (After and Saline groups) reacquired tolerance at a faster rate and 

to a greater extent than rats that were not previously tolerant (Control group). 

Third, the After and Saline groups developed more tolerance during the 

reacquisition phase than they did during the initial ll trials of the tolerance 

phase. In contrast, the previously non-tolerant Control group developed 

tolerance at the same rate as did the Before group in the initial tolerance 

phase. 
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Experiment 2 

In Experiment l, it was shown tha t rats given amphetamine prior to milk 

in bottles learned to suppress stereotypy in order to feed. Later, when those 

tolerant ra t s were allowed to engage in the criterion response (drinking milk 

from a bottle) in an unintoxicated state, tolerance was lost even though drug 

exposure remained constant by administering the drug injections after the 

task. However, it remains unclear which factor is the primary determinant of 

the loss of tolerance, drinking without suppressing stereotypy, or drinking milk 

in the unintoxicated state. 

To clarify this distinction, rats in Experiment 2 were injected with 

amphetamine prior to milk tests in a bottle to enable them to learn strategies to 

suppress stereotypy which in tum should result in tolerance to the hypophagic 

effect. After tolerance was established, for the next 21 days these bottle-fed 

tolerant rats received injections of amphetamine prior to infusions of milk 

through intraoral cannulas. This method of feeding allowed them to engage in 

stereotypy and still obtain milk. Hence, drug and milk exposure remained 

constant, only the behavioral contingencies were changed. A subsequent dose 

response test was then conducted using bottles to determine whether or not 

tolerance had been lost or retained. 
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Methods 

Subjects 

The subjects were 10 experimentally naive male albino Sprague-Dawley 

rats (Charles River Laboratories, Wilmington, DE) weighing 305-370 g at the 

beginning of the experiment. The rats were housed in individual steel mesh 

cages with plexiglass extensions attached to the top of all four sides of the 

cages and maintained on 3 Purina Lab Chow pellets (about 15 g) and unlimited 

water daily. 

Surgery 

Intraoral cannulas were constructed from polyethylene tubing (PE 90) 

and implanted under sodium pentobarbital anesthesia (50 mg/kg) by the 

method of Phillips and Norgren (1970). The cannula was inserted just lateral 

and rostral to the first molar and guided subcutaneously along the cheek side 

to emerge at an incision made along the midline of the skull. They were 

implanted in the dorsorostral region of the mouth to prevent forced swallowing 

of milk. The externalized end of the cannula was placed over one end of an L

shaped piece of 20 gage stainless steel tubing, which was mounted in a teflon 

anchoring sleeve (Alice King Chatham Medical Arts, Los Angeles). After 

inserting four jeweler's screws into the skull, the entire assembly was 

cemented into place with dental acrylic. 

Procedure 

Milk tests were conducted 6 days per week throughout the experiment. 

Post-surgery, the rats were given Eagle Brand sweetened condensed milk 

(Borden, Columbus, Ohio) diluted with water (1 :3) in their home cages for 8 
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days until a stable baseline of milk intake was established. Subjects were 

given an extra food pellet (about 5 g) on days in which milk tests were not 

conducted. Preceding each test, water bottles were removed from the cages, 

the rats were injected with isotonic saline (lee/kg), and 20 min later, milk was 

presented for 30 min in calibrated drinking tubes attached to the front of the 

cages. At the end of the test session, the drinking tubes were removed, water 

bottles were returned, and the rats were fed . After the baseline period, an 

initial dose-response determination (DR 1) was conducted using the bottle 

feeding method. Test doses of £-amphetamine sulfate (0.5, 1, 2, and 4 mg/kg) 

and saline were administered in counterbalanced order, with at least 2 days 

between doses. On the intervening days, saline injections were given. All 

injections were administered 20 min before the milk test. 

In addition to measuring milk intake at the end of each test session, 

motor activity was rated beginning 5 min before milk access, at 5-min intervals 

during milk access, and 5 min after the milk bottles were removed. Motor 

activity was assessed using a 6-point rating scale as described in Experiment 

l. 

After completion of DR 1, the rats were randomly assigned to one of two 

groups for the tolerance phase. During the ensuing tolerance phase, the 

Amphetamine group (n = 5) received injections of amphetamine (2 mg/kg) and 

access to milk until milk intakes recovered to baseline levels ( 16 trials). The 

Saline group (n = 5) received saline injections during that time. At the end of 

the tolerance phase, a second dose-response determination (DR 2) was 

conducted, in which test doses of amphetamine and saline were substituted for 

the usual chronic treatment, with at least 1 day between each dose. 

At the end of DR 2, the retention phase began. The tolerant rats in the 

amphetamine group continued to receive injections of amphetamine (2 mg/kg) 
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prior to milk test; only now the milk was delivered via intraoral cannulas. Milk 

from a 50 cc glass syringe was fed by gravity to the cannula through a fluid 

swivel at a rate of about 1.5 cc/min. An attempt was made to monitor and 

adjust flow rates to keep intakes similar to those during the bottle phase. The 

swivel was placed in a counterbalance arm to allow relatively unrestrained 

movement of the rat. Milk was delivered through the tubing continuously 

throughout the 30 min session. The rat could either swallow it or let it spill 

out. Spillage was recovered from trays placed beneath the cage, measured, 

and subtracted from the volume missing from the syringe at the end of the 

session. The Saline group was tested identically, only they continued to 

receive injections of saline as they had during the tolerance phase. A 4-week 

retention period was chosen on the basis of previous results (W algin and 

Hughes 1996) . At the conclusion of this period, a third dose-response 

determination (DR 3) was conducted using the bottle feeding method to assess 

the retention of tolerance. During these tests, saline and test doses of 

amphetamine were substituted for the usual retention phase treatment with at 

least l day between doses. 

Drugs 

Same as described in Experiment l. 

Data Analysis 

Same as described in Experiment l. 
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Results 

Milk Intake 

As illustrated in Fig. 5, milk intakes in the Amphetamine group steadily 

increased from 4cc on the first trial to 30 cc on trial 16, the final trial of the 

chronic phase. On DR 1, which was conducted to assess the initial sensitivity 

of amphetamine on milk intake, the rats in the Amphetamine group drank only 

9% of their baseline intake at the 2.0 mg/kg dose (Fig 6}. Post hoc tests 

showed that after chronic administration of the 2.0 mg/kg dose during the 

tolerance phase, the rats in the Amphetamine group drank significantly more 

milk across all doses during DR 2. Statistical analysis of milk intakes revealed 

a significant main effect of dose response [F(1,4} = 28.03, p<0.006] with DR 2 

>DR l. In particular, milk intakes at the chronic 2.0 dose increased from 9% 

to 81%. Thus, the development of tolerance was clearly established (Fig 6). 

Following the retention phase, a significant main effect of dose response [F(l ,4) 

= 28.03, p<0.006) was also found in the Amphetamine group with intakes on 

DR 3 <DR 2 (Fig 6). These decreases in milk intakes on DR 3 reflect the loss 

of tolerance. At the chronic 2.0 dose, intakes decreased from 81% to 37%. 

However, even though statistical analysis indicated a loss of tolerance for the 

group as a whole, inspection of the data for individual rats revealed that 1 rat 

(#22) did not lose tolerance. Prior to the tolerance phase, this rat drank only 

16% of his baseline intake. Following the chronic phase, its milk intake was 

11 0% of baseline and remained at 111% after the retention interval (Fig 7). 

In the Saline control group a significant dose-response x dose interaction 

was found [Finteraction (6,24)=2.82). p<0.04}. Post hoc analyses revealed that 

intakes did not differ except at the 0.5 mg/kg dose, where there was a 

decrease on DR 2 in comparison to DR 1 (Fig 6). 
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Motor Activity 

Analysis of the composite activity data revealed a significant decrease in 

overall activity from DR l to DR 2 in the Amphetamine group. Post hoc 

analyses showed this effect was limited to the 2.0 mg/kg dose [Finteraction 

(8,32)=2.22, p=0.05] (Fig 8). This decrease in composite activity coincided 

with the development of tolerance which was further confirmed by a significant 

increase in stationary activity [Fdose response (2,8) = 15.12, p < 0.002]; data 

not shown. 

On DR 3, the loss of tolerance was accompanied by a decline in 

stationary activity and an increase in composite activity. Notably, the rat (#22) 

that did not lose tolerance did not engage in stereotypy when drinking milk 

infused through his cannula (Fig 7). There were no significant changes in 

composite or stationary activity in the Saline control group. 
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Discussion 

The previously tolerant rats in the ampheta mine group lost their 

tolerance, even though they continued to receive the drug prior to the milk 

tests . The only change was the method of feeding . During the initial tolerance 

phase, the rats had to hold their heads still in order to drink milk from a 

bottle. This feeding condition required the rats to learn how to suppress the 

psychostimulant effects of amphetamine that prevented them from obtaining 

milk. They were motivated to do so because they were in a food deprived state 

and the milk served as a salient reinforcer. Obtaining milk, the food reward, 

was contingent on holding their head still to lick from a drinking tube. Once 

the group's ability to suppress stereotypy was established, the feeding method 

was changed, with drug and milk intake remaining constant. However, now in 

the cannula feeding condition it was no longer necessary to hold still to drink 

milk. This resulted in the food reward being delivered noncontingently. Thus, 

the previously learned strategies were no longer needed even though the rats 

were in a drugged state. This resulted in the loss of tolerance. One exception 

was noted. Even though the group effect was significant, one rat continued to 

hold its head sWl during the retention interval during cannula infusions of milk. 

It did this even though it was not necessary for the ingestion of milk. In this 

case, tolerance was not lost because the the rat did not know that the 

contingencies governing reinforcement had not changed. This rat still 

performed the same instrumental response that had previously been 

reinforced . 
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These findings underscore the importance of how the environment in 

which amphetamine is experienced can predict how behavioral tolerance will 

develop, dissipate , or be retained. The instrumental learning model contends 

that as long as the contingencies governing the development of tolerance in the 

intoxicated state remain the same, tolerance will develop and be retained. 

However, if noncontingent reinforcement is experienced tolerance will be lost. 

Other explanations of how contingent tolerance develops and is lost 

cannot account for the current findings. The homeostatic model proposed by 

Poulos and Cappel (1991) theorized that amphetamine produces anorexia (a 

loss of appetite) that serves as a functional disturbance to physiological 

homeostasis. With repeated drug exposure in the context of feeding, this 

functional disturbance results in the generation of a conditioned compensatory 

response that counters the anorexia. Poulos and Cappel (1991) contend that 

food must be present in the environment in order for anorexia to be 

experienced, which then evokes the conditioned compensatory response. 

However, the current experiment provides convincing evidence against the 

main precept of the homeostatic model. First, if amphetamine produces 

anorexia, milk would not serve as an adequate reinforcer for an instrumental 

response. Secondly, that theory cannot explain the loss of tolerance in this 

case where drug and food exposure were kept constant. According to the 

homeostatic model, even in the cannula condition, the compensatory response 

should be generated as long as the drug is administered prior to feeding. An in 

depth comparison of the two theories can be found in Hughes, Popi and Wolgin 

(1999). 
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Experiment 3 

This final experiment was undertaken to explore the contention that 

tolerance involves an anorexic effect that diminishes after repeated exposure to 

the drug. An attempt to isolate an anorexic effect (loss of appetite) independent 

of decreases that can be attributed to competing motor behaviors will be 

undertaken. In addition, this experiment will explore whether or not recovery 

from anorexia is a prerequisite to have the necessary motivation to learn to 

suppress stereotypy in the bottle condition. In other words, the effect of prior 

drug and intraoral milk exposure on the facillitation of tolerance in the bottle 

condition will be evaluated. Once tolerance is established in the bottle 

condition, the instrumental learning model contention that tolerance should be 

retained if no new learning takes place will be investigated. 

Rats were given amphetamine prior to intraoral milk infusions for the 

same number of trials that it takes for tolerance to develop in a bottle fed 

group. These cannula fed rats were then given acute dose-response tests 

using bottles to determine if there was any transfer or development of 

tolerance. Next, they were given chronic amphetamine injections and tested in 

a bottle condition to determine if their rate of tolerance development was 

different from that of drug naive rats. Following their subsequent tolerance 

development, they underwent a drug free, test free period and were then 

retested to determine if tolerance was retained. 
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Methods 

Subjects 

The subjects were 23 experimentally naive male albino Sprague-Dawley 

rats (Charles River Laboratories, Wilmington, DE) weighing 305-370 gat the 

beginning of the experiment. Housing and testing conditions are as described 

above in Experiment 2. 

Surgery 

Cannula were implanted as described in Experiment 2. 

Procedure 

Milk tests were conducted 6 days per week throughout the 

experiment. Post-surgery, the rats were given Eagle Brand sweetened 

condensed milk (Borden, Columbus, Ohio) diluted with water (1:3) in their 

home cages for 8 days until a stable baseline of milk intake was established. 

Subjects were given an extra food pellet (about 5 g) on days in which milk tests 

were not conducted. Preceding each test, water bottles were removed from 

the cages, the rats were injected with isotonic saline (lee/kg), and 20 min 

later, milk was presented for 30 minutes in calibrated drinking tubes attached 

to the front of the cages. At the end of the test session, the drinking tubes 

were removed, water bottles were returned, and the rats were fed. After the 

baseline period, an initial dose-response determination (DR 1) was conducted 

using the bottle feeding method; in fact, all subsequent dose response test 

were conducted using bottles. Test doses of g-amphetamine sulfate (0.5, 1, 2, 

and 4 mg/kg) and saline were administered in counterbalanced order, with at 
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least l day between doses. On the intervening days. saline injections were 

given. All injections were administered 20 min before the milk test. 

In addition to measuring milk intake at the end of each test session, 

motor activity was rated beginning 5 min before milk access, at 5-min intervals 

during milk access, and 5 min after the milk bottles were removed. Motor 

activity was assessed using a 6-point rating scale as described in Experiment 

l. 

After completion of DR l, the rats were randomly assigned to one of four 

groups for the tolerance phase. During the ensuing tolerance phase, the 

Amphetamine Bottle group (n = 6} received injections of amphetamine (2 

mg/kg} and access to milk until milk intakes recovered to baseline levels (16 

trials} . The Saline Bottle group (n = 5} received saline injections during that 

time. The Amphetamine Cannula group (n=6} received injections of 

amphetamine (2 mg/kg} and milk infusions delivered through intraoral 

cannulas for 30 min as described in Experiment 2. The Saline Cannula group 

(n=6} received saline injections prior to the milk infusions. When milk intake 

reached asymptotic levels in the Amphetamine Bottle group, indicating that 

tolerance had developed, DR 2 was conducted to assess if the prior experience 

of drinking intraoral milk under the influence of amphetamine had conferred 

any tolerance in the Amphetamine Cannula group in the bottle feeding 

condition. After completion of DR 2, the Bottle groups were dropped because 

their sole purpose was to indicate the number of trials necessary for tolerance 

to develop in a bottle. After completion of DR 2, the Amphetamine Cannula 

and Saline Cannula groups began a new tolerance phase during which they 

received amphetamine injections prior to milk tests in bottles to assess the 

effect of the prior drugged cannula feeding on the facilitation of tolerance in the 

bottle condition. When milk intakes had recovered (16 trials}. DR 3 was 
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conducted. After completion of DR 3, the rats underwent a drug-free, test-free 

interval to assess the retention of tolerance. The retention interval lasted 4 

weeks after which DR 4 was conducted . 

Data Analysis 

Same as described in Experiment 1. 
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Results 

Milk Intake 

During DR 1, there were dose-dependent decreases in milk intake in the 

bottle condition for all groups. Initially, at the 2.0 mg/kg dose in the bottle 

condition, the mean intake was 2 cc for the Amphetamine Cannula group. 

However, in their next exposure to 2 .0 mg/kg amphetamine during the ensuing 

chronic cannula phase, the mean milk intake was 30 cc. The Amphetamine 

Cannula group did not show a decrease in milk intake during this phase (range 

of 25 - 31 eel as compared to their normal intakes (31) under saline during the 

baseline period (Fig. 9). Following the chronic cannula phase, neither the 

amphetamine nor the saline cannula groups showed any significant increases 

in milk intake on DR 2 (Fig 1 0) at any of the doses . In fact, the group mean 

was only 4cc at the 2.0 mg/kg dose. Thus, there was no development of 

tolerance to the hypophagic effect of amphetamine after 16 chronic trials in the 

cannula condition. The only significant effect in the saline cannula control 

group was a decrease at the 0.5 mg/kg dose, (Finteraction [3, 10] = 4.06, p < 

.05); hence no tolerance developed (Fig 10). There were no significant increase 

in milk intake in the Saline group. 

In comparison, the control amphetamine group that was bottle-fed 

during the chronic phase indicated the development of tolerance by significant 

increases in intake on DR 2 at all doses after the same number of injections, (F 

[1,5] = 42.93, p < .001). This group drank only 5cc on the first chronic trial. 

As the chronic phase progressed , the amount of milk consumed in this group 
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gradually increased until their baseline level of 35cc of milk intake was 

reached. 

When the amphetamine and saline cannula groups were switched to 

daily amphetamine injections prior to bottle feeding for a second 16 day period, 

both showed significant increases in milk intake. Tolerance was confirmed by 

increased intakes on DR 3, conducted at the end of that period [F (1,5) = 9.12, 

p < .03; F(l,5) = 51.26, p = .0008]. Furthermore, both the drug naive rats 

and the rats with prior cannula drug exposure developed tolerance at the same 

rate (Fig 11). This indicates that the prior drug exposure in the cannula 

condition did not facilitate tolerance. 

Dose Response 4 conducted after the 4 week no treatment interval 

revealed that tolerance was not lost (Fig 10). The Amphetamine Cannula group 

showed no significant changes following this retention interval. The Saline 

Cannula group also showed no significant changes, except at the 2.0 mg/kg 

dose where there was a small significant increase in intake, from 75% to 91 %; 

[F (l ,4)= 9.06, p < .04] . 

Motor Activity 

Evidence that the rats in the cannula condition did not learn to suppress 

stereotypy was generated by comparing the level of composite activity present 

on DR 2 to that measured on DR 1. Analysis revealed that there was no 

decline of composite activity in the amphetamine cannula group (Group A) at 

the conclusion of the chronic cannula phase (Fig 12). Levels of stereotypy 

remained the same at all doses, except at the 0.5 dose where there was a 

significant increase [Finteraction (4, 18)=6.53, p< 0 .003]. In the saline group 

(GroupS) there was a significant main effect of dose response [F(l,6) = 9.63, p 

<.03] that reflected significant increases in stereotypy (Fig 12). Also, there was 
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no increase in stationary activity (data not shown). These findings are 

consistent with no tolerance development. 

In contrast, when the cannula groups were switched to bottle feeding for 

a subsequent drugged chronic period , examination of DR 3 conducted after 

this period revealed decreases in composite activity. In the amphetamine 

group (Group A). there was a significant main effect of dose response [F(l ,5) = 

13.65, p <.02] and in the saline group (Group S) a significant interaction. Post 

hoc tests revealed significant effects at the 0 .5, 1.0, 2.0, and 4.0 mg/kg doses 

[F(4, 17) = 5.59, p < 0 1]. These finding are consistent with the development of 

behavioral tolerance to the stimulant motor effects (Fig 12) . 
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Discussion 

In the cannula fed animals, the 2.0 mg/kg dose of amphetamine 

produced no decrease in feeding (no anorexia) when compared to their normal 

intakes under the saline bottle feeding method during the baseline period. 

Since this method of feeding bypasses the appetitive phase of feeding, any 

decreases observed in the condition could have been presumed to reflect 

anorexia. Since no anorexia was observed, we were unable to assess the 

development of tolerance to anorexia. As stated previously, an anorexic effect, 

meaning loss of appetite, has never been clearly demonstrated at the 2.0 

mg/kg dose. Although rats in the amphetamine cannula condition did drink 

less than saline-treated rats, this should not be considered anorexia for several 

reasons. First, rats in the saline cannula condition drank more in the cannula 

condition than they did during the bottle baseline period. Thus it appears that 

the cannula feeding method may induce rats to "overeat" more than they would 

under feeding conditions that require effort. In this case, it appears that 

amphetamine prevented the drug exposed group from overeating, hence their 

lower intake when compared to the saline group. But other factors besides 

anorexia might account for this finding. The combination of the rewarding 

effects of the drug and food could constitute a higher level of satiation than 

would be experienced by rats receiving saline. Thus, the threshold level of 

reward would be reached with less milk intake for rats in the amphetamine 

group. As Figure 9 shows, inspection of the Amphetamine Cannula group's 

intake over a continuum of time reveals a stable level of milk intake. The first 

16 trials on the graph are of saline milk intakes measured using the bottle 
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feeding method during the baseline period. The second 16 trials are the 

measurements of amphetamine milk intake from cannulas during the chronic 

phase. If intakes obtained during saline bottle tests in the baseline period are 

considered to represent normal intakes, then amphetamine in the cannula 

condition did not produce any decrease from the norm. Thus, there is no 

observed decrease in appetite. 

The second premise tested in this experiment was whether or not prior 

drugged cannula experience would facilitate developing tolerance in the bottle 

condition. In the cannula condition, the rats displayed no amphetamine

induced hypophagia because behavioral disruption did not interfere with 

feeding. However. they did have repeated experience drinking milk while 

intoxicated. These rats were then tested in a bottle to see if this ability to 

drink while intoxicated in the cannula condition would transfer to the bottle 

condition. It did not. Since the rats could engage in stereotypy while eating in 

the cannula condition, the amphetamine did not cause a loss of reward. Thus, 

there was no need to learn how to suppress stereotypy. These findings are 

consistent with the instrumental learning model. Simply ingesting milk while in 

an intoxicated state did not produce tolerance in the bottle condition. 

The finding that these rats did drink under the influence of 

amphetamine when stereotypy did not interfere, but not when they were 

switched to bottle feeding implies that they were unable to drink because they 

had not previously been in a situation that would motivate them to learn how to 

suppress stereotypy. Mere pharmacological exposure in the presence of food 

was not sufficient to produce tolerance. This finding is also contrary to the 

homeostatic theory put forth by Poulos et al. (1991) which hypothesized that 

amphetamine when administered in the presence of food evokes an anorexic 

response. 
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Even though the ability to drink while intoxicated in the cannula 

condition did not transfer to the bottle condition, it was still possible that prior 

drug exposure might facilitate future tolerance development in a bottle. But, 

this was not the case. During the subsequent chronic bottle phase, those rats 

that had prior amphetamine exposure in the cannula condition did not develop 

tolerance any faster than drug naive rats. This finding further illustrates that 

tolerance to an anorexic effect is not a factor in the development of tolerance to 

amphetamine hypophagia at the 2.0 dose. 
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GENERAL DISCUSSION 

These three experiments were conducted to answer whether or not the 

variables that produce a loss or retention of tolerance would be encompassed 

in the instrumental learning model of contingent tolerance to amphetamine 

hypophagia. A second aim of these experiments was to determine if anorexia 

(loss of appetite) played a role in the development, loss or retention of 

tolerance. Elucidating these factors demonstrates how behavioral 

contingencies. not pharmacological exposure, can govern drug effects. This 

aspect of drug tolerance is counterintuitive to the conception that if cellular 

drug exposure remains constant, then tolerance should not diminish. In fact. 

some might think that tolerance would be augmented by continued exposure. 

The concept of contingent tolerance to amphetamine hypophagia has 

been in place for some time, but some experimenters still argue that the 

tolerance develops to an anorexic effect. These experiments have 

demonstrated that at the 2.0 mg/kg dose. this is not the case. On the other 

hand, other researchers have proposed that classical conditioning is 

responsible for the phenomena of contingent tolerance to amphetamine 

hypophagia. In particular, the homeostatic model proposed by Poulos and 

Cappel (1991) has been viewed as the most viable. But, these experiments 

have established that this model cannot account for all of the factors that 

regulate the development, loss and retention of tolerance. The following 

paragraphs summarize the findings of these three experiments that support 

these claims. 
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First, recall that the instrumental learning model contends that 

contingent tolerance involves learning to adapt to the drug induced behavioral 

effects. This requires intoxicated practice which means tolerance is contingent 

on behavioral experience of the criterion response in the drugged state. When 

an incentive is present, adaptation takes place. Although adaptation can occur 

without an incentive, incentives can enhance the development of tolerance. It 

is important to note the circumstances that govern the development of 

contingent tolerance, because it is the stability of that phenomenon that is 

being examined. 

Experiment l showed that tolerance was lost when saline injections 

were given before the milk tests during the retention interval. Tolerance was 

also lost if amphetamine injections were administered after the milk test. This 

establishes that mere withdrawal of the drug does not produce a loss of 

tolerance. Instead, the critical variable that produces the loss is engaging in 

unintoxicated practice of the criterion response. There are at least two 

implications of this finding . 

Principally, this unintoxicated practice allows for a dissociation between 

the previously learned strategies acquired to cope with the disruptive drug 

effects and reception of the reward. Hence, when these strategies are again 

required in the drugged state, they are not easily accessible and tolerance is 

lost. However, if incentives are again in place, tolerance is reacquired at a 

faster rate because no extinction trials were experienced. There is a savings 

due to learning from the previous intoxicated trials. 

Secondly, drug exposure alone not only does not afford any advantage to 

the retention of behavioral tolerance, it also does not contribute to the 

redevelopment of tolerance. Rats that received injections after the task during 

the retention interval (After group) lost tolerance and then reacquired it at the 
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same rate as rats with less pharmacological drug exposure (Saline group). 

Tolerance was lost even though drug exposure remained constant throughout 

the experiment. The behavioral expression of the criterion response in the 

unintoxicated state was the main determinant of the loss of tolerance. In this 

condition reinforcement is provided noncontingently. 

Experiment 2 examined the assertion that noncontingent reinforcement 

of the criterion response leads to a loss of tolerance. In experiment 1. it was 

not necessary to use the previously learned strategies to hold still when milk 

was presented to the rats while they were in the undrugged state. Still, some 

might argue that it was simply ingesting the milk in the undrugged state that 

produced the loss. Therefore. in Experiment 2, after tolerance was established 

in the bottle condition. the rats continued to receive drug before milk (milk in 

the intoxicated state) during the ensuing retention interval. The only change 

was the method of feeding. Instead of milk in bottles, they received intraoral 

infusions through implanted cannulas. This provided the same reward 

contingencies that were present in Experiment 1 when the rats were given milk 

in the unintoxicated state after tolerance development. In both types of 

feeding, bottle milk without the drug and cannula milk with the drug, 

noncontingent reinforcement was obtained. In both cases the learning premise 

was the same: it is not necessary to use learned strategies to suppress 

stereotypy. The cannula condition did not require suppression of stereotypy. 

therefore the strategies learned in the bottle condition were not required. 

When later retested with bottles, tolerance was lost, even though the condition 

of drug before milk feeding remained constant. 

A corollary to this finding is that one rat which continued to hold its 

head still during cannula feedings did not lose tolerance. This superstitious 

behavior on its part resulted in the reinforcement contingencies remaining 
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constant. It continued to use the behavioral strategies it had previously 

learned even though they were not necessary. The consistent finding was that 

when stereotypy was expressed in the cannula condition tolerance was lost; if 

stereotypy was suppressed in the cannula condition tolerance was retained. 

The effect of prior learning in the bottle condition was necessary for 

acquisition of the behavioral strategies that allowed this rat to suppress 

stereotypy in the cannula condition. Experiment 3 points out that this would 

not have occurred without the prior bottle exposure. Cannula feeding under 

the influence of the drug did not provide an opportunity to learn how to 

suppress the stereotypy that interferes with drinking in the bottle condition. 

This clarification was important to ensure that no new learning of suppression 

strategies was occurring in the cannula condition. In other words, that it was 

different enough from drinking from a bottle so that it would not interfere with 

the strategies learned in the bottle. 

It was determined in Experiment 3 that no anorexia was present in the 

cannula condition. Therefore, overcoming anorexia is not a prerequisite to 

learning how to suppress stereotypy. In addition. it was established that the 

ability to ingest intraoral milk while intoxicated had not transferred to the bottle 

condition. These findings made it possible to assess whether or not tolerance 

would be facilitated by the previous drugged cannula experience. In fact, both 

the former saline and amphetamine cannula groups developed tolerance at the 

same rate when switched to amphetamine before bottle milk tests. Thus 

tolerance at the 2.0 mg/kg dose does not seem to involve overcoming anorexia 

and is not facillitated by prior drugged cannula feeding. After tolerance 

developed in the bottle condition, these rats were given a no treatment period 

(no drug or tests) and then retested for tolerance. They retained their 

tolerance. This finding supports the idea that if previously learned strategies 
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are not interfered with and reinforcement contingencies are not changed , 

tolerance is retained. Also , this finding demonstrates that tolerance does not 

dissipate merely as a function of time in a four week period . 

Taken together , these manipulations a ll point to one important 

conclusion. Behavioral variables, not pharmacological variables. determined 

the development, loss and retention of tolerance. Mere repeated exposure to 

the drug does not regula te the oscillation of tolerance over a continuum of time. 

Constructing a model of the variables that contribute to the 

development. loss and retention of behaviora l tolerance to amphetamine 

hypophagia might provide a potential framework for illuminating factors that 

might contribute to drug abuse. The instrumental leaming model of contingent 

tolerance to amphetamine hypophagia would be at the core of that model. 

The ability to learn how to suppress aversive behavioral effects of drugs 

would allow one to function relatively norma lly while continuing to take the 

drug. This would allow enjoyment of the rewarding effects of the drug with 

potentially no negative consequences. The ability to conceal drug use at home, 

socially or in the work place could contribute to continued drug use. 

In addition, previous research has shown that with repeated exposure to 

psychostimulants the motor effects gradually sensitize over time which results 

in stronger behavioral effects. Since this sensitization is gradual with daily 

use, it requires small alterations in suppression strategies being used everyday 

for tolerance to be maintained (Hughes, Wolgin & Popi 1998) . This results in 

the drug eliciting a stronger behavioral effect with chronic repeated use, and 

the capacity to control the stimulent effects of higher doses of the drug. Some 

have theorized that sensitization contributes to the compulsive pattem of drug 

taking associated with addiction (cf. Anagnostaras and Robinson 1996) . The 

sensitization of motor effects is thought to mirror the pattem of compulsive 
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repetitive thoughts associated with drug seeking. If so, the instrumental 

learning model has demonstrated that if incentives are part of the 

cognitive/physical environment, they can influence whether or not sensitization 

is expressed (Hughes , Wolgin & Popi 1998) . 

Once the ability to control the adverse effects of a drug is established, if 

drug taking ceases, routine activities previously performed while intoxicated 

could continue without any noticeable effects. However, if a relapse in drug 

taking occurs, the ability to control adverse behaviora l effects would be lost. 

Engaging in routine activities of everyday life during drug abstinence would 

amount to unintoxicated practice of a criterion response and noncontingent 

reinforcement. Both of these factors would compound the loss of behavioral 

tolerance to the drug. This loss of tolerance could ultimately reveal the drug 

abuse of an individual and result in devasting effects such as loss of job, family 

and social status. 

Other nuances of this model are that if drug taking occurs only in a 

purely social setting, distinct from routine activities, it predicts that tolerance 

would be retained. If behavioral tolerance to drug occurs only in this 

environment, then periodic bouts of drug use should not result in the loss of 

tolerance. An individual could undergo long drug free periods and retain their 

tolerance level in the future. 
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