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A series of 5 experiments examined the effects of the adenosine 
agonist, N6-( L-phenylisopropyl) adenosine (GPIA) and its iso- 
mer, D-PIA, on the acquisition of conditioned responses in the 
rabbit. Extension of the nictitating membrane was classically 
conditioned to a tone and light stimulus presented for 800 msec 
before delivery of a 100 msec shock-the unconditioned stimu- 
lus-to the skin over the paraorbital region of the head. L-PIA 
(5.0 pmol/kg) retarded the rate of acquisition of conditioned 
responses to both the tone- and light-conditioned stimuli, while 
D-PIA, at doses of 5.0 and 10.0 amol/kg, had no significant 
effect. Control experiments employing the explicitly unpaired 
presentations of tone, light, and shock stimuli indicated that the 
retarded acquisition of conditioned responses produced by APIA 
was due to an action on associative learning. APIA had no 
effect on the threshold of the shock’s eliciting of the uncondi- 
tioned response nor on the amplitude of the elicited response, 
but produced a large and significant reduction in the ability of 
the tone-conditioned stimulus to evoke conditioned responses. It 
was concluded that L-PIA blocked the rate of associative learn- 
ing by decreasing the excitatory properties of conditioned stim- 
uli. These effects of L-PIA suggest that endogenous adenosine 
may act to modulate the rate of associative learning. 

Adenosine has been shown to produce a large number of phys- 
iological and biochemical effects in the CNS. For example, aden- 
osine and its analogs depress both spontaneous and evoked 
neuronal firing (Phillis and Kostopoulos, 1975; Phillis et al., 
1979), inhibit the release of several neurotransmitters, including 
norepinephrine, dopamine, serotonin, ACh, GABA, glutamate, 
and aspartate (Corradetti et al., 1984; Fredholm and Hedqvist, 
1980; Jonzon and Fredholm, 1984; Murray et al., 1982), and 
can both decrease and increase adenylate cyclase activity, de- 
pending on the brain region and dose administered (Londos et 
al., 1980; van Calker et al., 1979). Adenosine-uptake inhibitors 
also depress neural activity and transmitter release and poten- 
tiate these same effects of exogenously applied adenosine (Jon- 
zon and Fredholm, 1984; Phillis and Kostopoulos, 1975), which 
suggests that endogenous adenosine may be an important mod- 
ulator of neural activity within the CNS. Xanthine derivatives 
such as caffeine and theophylline reverse the inhibitory effects 
of adenosine and uptake inhibitors on neural activity and trans- 
mitter release, an indication that these actions of adenosine are 
mediated via specific receptors (Jonzon and Fredholm, 1984; 
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Murray et al., 1982; Phillis and Kostopoulos, 1975; Phillis et 
al., 1979). 

Two extracellular adenosine receptors, labeled Al and A2, 
which may be distinguished by the differential binding affinities 
of adenosine and its analogs (Dunwiddie and Fredholm, 1984; 
Goodman and Snyder, 1982; Londos et al., 1980; van Calker 
et al., 1979), have been proposed. On the basis of a comparison 
of the differential binding affinities of adenosine and its analogs, 
with their potencies on physiological and neurochemical pro- 
cesses, the high-affinity Al receptor has been linked with the 
inhibition of neuronal firing, transmitter release, and inhibition 
of adenylate cyclase activity, while the low-affinity A2 receptor 
appears to be related only to the activation of adenylate cyclase 
(Dunwiddie and Fredholm, 1984, Londos et al., 1980; Snyder, 
1985; van Calker et al., 1979; Wojcik and Neff, 1983). 

The behavioral effects of adenosine analogs have also been 
examined. Centrally or peripherally administered adenosine an- 
alogs produce decreases in locomotor activity (Snyder et al., 
198 1; Vapaatalo et al., 1975), decrease schedule-controlled re- 
sponding (Glowa and Spealman, 1984; Logan and Camey, 1984), 
display anticonvulsant activity (Dunwiddie and Worth, 1982), 
and influence sleep patterns (Radulovacki et al., 1982). Xan- 
thine derivatives have also been shown to antagonize these be- 
havioral actions of adenosine analogs (Logan and Camey, 1984; 
Radulovacki et al., 1982; Snyder et al., 198 1). 

A number of drugs that are assumed to act on different trans- 
mittersystemsemployingACh,dopamine,serotonin,andopioids 
have been reported as retarding or enhancing the rate of asso- 
ciative learning, as measured by classical (Pavlovian) condi- 
tioning of the nictitating membrane response of the rabbit (Har- 
vey and Gormezano, 1986; Schindler et al., 1985). The growing 
evidence that adenosine may be an important endogenous mod- 
ulator of a large number of neural systems, employing a variety 
of synaptic transmitters (Daly, 1979; Fredholm and Hedqvist, 
1980), suggests that adenosine or its analogs might also influence 
learning. To examine this possibility, we employed the aden- 
osine analog, N6-(phenylisopropyl) adenosine (L-PIA), which 
shares many of the actions of adenosine but is resistant to deam- 
ination and, therefore, can be injected systemically to produce 
its central effects (Katims et al., 1983). Five experiments were 
carried out. First we used the paired presentations of condi- 
tioned stimuli (CSs) and a shock-unconditioned stimulus (UCS) 
to determine the effects of a range of doses of L-PIA on the 
acquisition of conditioned responses (CRs) to both tone and 
light CSs. Second, to further characterize the actions of L-PIA, 
we examined the effects of its diastereoisomer, D-PIA, on CR 
acquisition. Third, we presented explicitly unpaired tone, light, 
and shock stimuli of the first and second experiments to deter- 
mine whether L-PIA had any effect on nonassociative respond- 
ing or on the unconditioned response (UCR) to the shock UCS. 
Fourth, in order to further examine whether the effects of L-PIA 
on CR acquisition might be mediated by effects on the uncon- 
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ditioned nictitating membrane reflex, we employed a range of 
UCS intensities to determine UCS thresholds and amplitudes. 
Fifth, we examined whether the effects of L-PIA on CR acqui- 
sition might be mediated by effects on the intensive properties 
of the CS, as has been shown for other drugs that affect learning 
(Schindler et al., 1985). This was accomplished by measuring, 
in previously trained animals, the effects of L-PIA on the per- 
centage of occurrence of CRs as a function of the tone CS in- 
tensity. 

Materials and Methods 

Subjects 
This study employed a total of 194 male and female rabbits (New 
Zealand white albino), weighing approximately 2 kg on arrival from 
Iowa Ecology Farms (Wilton, IA). All animals were housed individually 
with free access to rabbit chow and water. 

Apparatus and general procedure 
The apparatus and procedure for delivery of stimuli and recording 
movements of the nictitating membrane have been described in detail 
(Gormezano, 1966; Gormezano et al., 1983; Harvey et al., 1985). In 
general, groups of 12 rabbits were trained at one time. Each rabbit was 
placed in an individual Plexiglas restrainer, fitted with a headmount, 
and placed into 1 of 12 individually ventilated and sound-attenuated 
experimental chambers. A phototransistor assembly, attached to the 
headmount and directly coupled to a loop of nylon that had been sutured 
into the right nictitating membrane, converted membrane movements 
into electrical signals that were subjected, using an Apple II/FIRST 
computer system (Scandrett and Gormezano, 1980), to an analog-to- 
digital analysis using a 5 msec sampling rate (unless otherwise noted) 
and having a resolution of 0.06 mm of actual membrane movement. 
The digitized values were logged on a Corvus (IMI-77 10) for subsequent 
statistical analysis. The Apple II/FIRST computer system also con- 
trolled the deliverv of 3 stimuli to each rabbit. Unless otherwise noted. 
these stimuli were-an 800 msec, 84 dB (2 x 1O-4 dyn/cm2 reference), 1 
kHz tone delivered by an audio-oscillator (Hewlett-Packard 201CR) 
through an 11.4 cm speaker positioned above and in front of the animal; 
an 800 msec, 10 Hz flashing of 2 house lights positioned on either side 
of the speaker to yield a change in illumination, as measured at the eye 
level of the rabbit. from 32.0 to 8.0 lx: and a 100 msec. 3 mA. 60 Hz 
shock delivered through 2 electrodes located 10 mm posterior to the 
canthus. 

Drugs 
GPIA (M, = 385.4) and its diastereomer, D-PIA, were obtained from 
Boehringer Mannheim (Indianapolis, IN). Solutions of L- or D-PIA 
were prepared fresh daily by dissolving the drug in a small volume of 
0.2 N HCl. back-titrating to nH 5.5. and dilutina to the annromiate 
concentration with steril~physiological saline. %&ions of $e vehicle 
were prepared in an identical manner. Fifteen minutes prior to testing, 
2 ml/kg of all doses of drugs or vehicle was injected subcutaneously 
between the shoulder blades. 

Paired CS-UCS training 
Paired CS-UCS training was carried out in 2 separate studies, each of 
which employed experimentally naive rabbits. One day after placement 
of sutures into the nictitating membrane, the 81 animals of the first 
study received a 60 min adaptation session, during which no stimuli 
were delivered and no drug or vehicle injected. However, in order to 
obtain a measure of baseline responding, extensions of the nictitating 
membrane were recorded during the observation intervals to be used 
during conditioning. On the day afier adaptation, animals were ran- 
domly assigned to 1 of 7 injection conditions, consisting of L-PIA doses 
(pmol/kg) of 0 (vehicle control; n = 12), 0.005 (n = 12), 0.05 (n = 1 I), 
0.5 (n ‘12), 1.0 (n = 12), 2.5 (n = 12), or 5.0 (n = 10). Injections of 
L-PIA or its vehicle occurred 15 min urior to each of 10 dailv (60 min) 
acquisition sessions. Each acquisition session consisted of 60 &ls corn: 
posed of 30 tone-shock and 30 light-shock pairings presented in a ran- 
domized sequence within lo-trial blocks, with the restriction that there 
be no more than 3 consecutive tone- or light-shock trials in each block. 
On each trial, the offset of the 800 msec tone or light CS occurred 
simultaneously with the onset of the 100 msec shock UCS. Trials oc- 

curred at mean intertrial intervals of 60 set (range, 50-70 set). A re- 
sponse was defined as a 0.5 mm or greater extension of the nictitating 
membrane and its onset latency was measured from the time of CS 
onset. Responses were recorded as CRs if they were initiated during the 
800 msec presentation of the tone or light CS, and as UCRs if response 
initiation occurred after shock onset. 

The 44 rabbits in the second study were treated in exactly the same 
manner, except that on the day after adaptation animals were divided 
into 4 groups of 11 animals each and injected with either vehicle, L-PIA 
(5.0 pmol/kg), D-PIA (5.0 rmollkg), or D-PIA (10.0 pmol/kg). 

Unpaired stimulus training 
Twenty-four experimentally naive rabbits received a 60 min adaptation 
session carried out exactly as described above, and 1 d later were divided 
randomly into 2 injection groups, with 12 rabbits receiving vehicle 
and 12 rabbits receiving L-PIA (5.0 pmol/kg) 15 min prior to each of 
10 daily, 60 min sessions. Each daily session consisted of 120 trials 
composed of 30 tone-alone, 30 light-alone, and 60 shock-alone trials 
presented in a randomized sequence within 20-trial blocks, with the 
restriction that no more than 3 tone, light, or shock trials occur con- 
secutively. The tone, light, and shock stimuli were identical with those 
described previously. Trials occurred at mean intertrial intervals of 30 
set (range, 25-35 set). Responses were recorded if they occurred during 
the 800 msec presentation of tone and light stimuli, or after shock onset. 
In addition, responses occurring during the 800 msec prior to shock 
onset, when no other stimuli had been presented, were recorded as 
baseline responses. Finally, the peak amplitude and onset latency of 
each response to shock were also recorded. 

Determination of the shock- UCS thresholdfor elicitation of UCRs 
Twenty-four experimentally naive rabbits received a 35 min adaptation 
session, as described above, and 1 d later were divided into 2 injection 
conditions, with 12 rabbits receiving vehicle and 12 rabbits L-PIA (5.0 
pmol/kg) 15 min prior to each of 3 daily (35 min) sessions. Each session 
consisted of 35 shock-alone trials in five 7-trial blocks. Seven shock 
intensities, of0.25,0.50,0.75, 1.0,2.0,3.0, and 4.0 mA, were randomly 
presented within each 7-trial block. The intertrial interval was randomly 
generated with a mean of 60 set (range, 50-70 set). Data were sampled 
at 2 miec intervals during each trial. Responses occurring within 600 
msec of shock onset were recorded, along with their onset latencies and 
peak amplitudes. 

Determination of the tone-CS threshold for elicitation of CRs 
Experimentally naive rabbits (n = 2 1) received one 60 min adaptation 
session, followed by 7 d of acquisition training carried out exactly as 
described for paired CS-UCS training, except that onlv a tone CS was 
employed, and animals were not inj&ted with vehicle or drug. Thus, 
each of the daily (60 min) sessions consisted of 60 pairings of the 84 
dB tone CS with the 3 mA shock UCS. On the day after the last ac- 
quisition session, rabbits were randomly divided into 2 groups and 
injected with either vehicle (n = 10) or 5.0 rmol/kg L-PIA (;I =-1 1) 15 
min prior to 1 additional (60 min) session. Durina this last session. the 
intensity of the tone CS was randomly varied over 60 paired CS-UCS 
trials. The 60 trials were divided into six IO-trial blocks, consisting of 
the following 10 intensities of the tone CS (dB): 0, 45, 50, 55, 60, 65, 
70, 75, 80, and 84. On trials when no tone was presented (0 dB), the 
level of responding observed during the 800 msec prior to UCS delivery 
provided a measure of the baseline rate of responding. For all other 
trials, responses were recorded as CRs if they occurred during the 800 
msec presentation of the CS, and as UCRs if they occurred after shock 
onset. 

Statistics 
A repeated-measures analysis of variance was performed on the data 
of each experiment, with follow-up analyses of significant effects carried 
out by the method of Dunnett (Winer, 1971). For all statistical com- 
parisons, a value of p < 0.05 was considered to be significant. 

Results 

L-PIA produces a stereoselective retardation of CR acquisition 
In the first acquisition study, L-PIA produced a significant (p < 
0.01) retardation in CR acquisition, as measured by both the 
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Figure 1. Effects of L-PIA on acquisition of CRs during the paired 
CS-UCS training in experiment 1. Data are expressed as mean per- 
centages of conditioned responses (A) and response-onset latencies (B) 
during tone and light CS trials combined for rabbits receiving subcu- 
taneous injections of the specified doses of L-PIA or vehicle 5-l 5 min 
prior to each of 10 daily 60 min training sessions. The number of animals 
at each dose is given in parentheses. 

percentage occurrence of CRs (Fig. 1A) and response-onset la- 
tency (Fig. 1B). There was no differential effect of L-PIA on CR 
acquisition to tone, compared with light, CSs, as indicated by 
the absence of a significant dose x modality interaction. A sig- 
nificant dose x days interaction (p < 0.00 1) indicated that GPIA 
had also retarded the rate of CR acquisition across the 10 d of 
training. Follow-up analyses indicated that the retarded acqui- 
sition was significant only for the 5.0 pmol/kg dose of L-PIA 
(p < 0.05). 

In a second acquisition study, the effects of 5.0 pmol/kg L-PIA 
were contrasted with those of 5.0 and 10.0 rmoVkg of D-PIA; 
these results are shown in Figure 2. In agreement with the data 
presented in Figure 1, L-PIA (5.0 /Imol/kg) produced a signif- 
icant (p < 0.001) retardation in CR acquisition, as measured 
by both the percentage of CRs (Fig. 24 and the response-onset 
latency (Fig. 2B). In contrast, doses of 5.0 or 10.0 pmol/kg of 
D-PIA had no significant effect on either measure of CR ac- 
quisition. 

In order to compare the results of the first and second ac- 
quisition study as a function of drug dosage, we calculated the 
average percentage of CRs at each dose of drug or vehicle, 
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Figure 2. Comparison of the effects of 5.0 pmolkg GPIA with effects 
of 0, 5.0, and 10.0 ~mol/kg D-PIA during the paired CS-UCS training 
in experiment 2. Data are expressed as mean percentage of conditioned 
responses (A) and response latencies (B) during tone and light CS trials 
combined. Rabbits received subcutaneous injections 5-l 5 min prior to 
each of the 10 daily sessions. All points are the means of data from 11 
rabbits. 

collapsed across all 10 d of acquisition training and irrespective 
of CS modality. The frequency of CRs occurring at each dose 
of drug was then expressed as a percentage change from that of 
the appropriate vehicle controls; these values are presented in 
Table 1. In the first study, the lowest dose of L-PIA (0.005 
pmoVkg) produced a 24% increase in CR occurrence during 
acquisition training, which was, however, not significant. In- 
creasing doses of L-PIA produced a correspondingly greater 
percentage decrease in CR occurrence during acquisition. The 
highest dose of L-PIA (5.0 hmol/kg) produced a large (74%) and 
significant (p < 0.0 1) decrease in CRs. This effect was replicated 
in the second study, where 5.0 rtmol/kg L-PIA also produced a 
large (76%) decrease in CRs (p < 0.01). In contrast, an equi- 
molar dose of D-PIA (5.0 rmol/kg) produced only a small (4%) 
and nonsignificant effect on CRs. Even a higher dose of 10.0 
pmol/kg D-PIA produced only a 26% decrease in CRs, which 
was also not significant. 

L-PIA does not afect responding during unpaired CS and UCS 
training 
The level of responding to the tone and light stimuli across the 
10 d of explicitly unpaired presentations of these stimuli was 
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Table 1. Effect of GPIA and APIA on CR acquisition expressed as 
percentage change in CRs from mean of vehicle control 

Drug and dose Percentage changea 
(rmolW N Mean + SEM 

Study 1 

Vehicle 12 0 * 14.9 
GPIA 0.005 12 +23.7 f 19.5 
L-PIA 0.05 11 -1.1 f 20.4 
L-PIA 0.50 12 -7.4 + 15.8 
L-PIA 1.00 12 -13.6 k 16.4 
L-PIA 2.50 12 -28.7 k 11.8 
L-PIA 5.00 10 -74.0 f 10.36 

Study 2 

Vehicle 11 0 f 12.8 
L-PIA 5.00 11 -74.5 + 7.1* 
D-PIA 5.00 11 -4.1 k 10.4 
D-PIA 10.0 11 -26.5 + 13.3 

4 Calcdations are based on the average percentage of CRs across all 10 d of paired 
CS-UCS training irrespective of CS modality. The mean percentages of CRs of 
vehicle-injected animals on which these calculations are based were, for study 1, 
41.7% CRs; for study 2, 54.8% CRs. 
* p < 0.05, as compared with vehicle controls. 

low for vehicle controls (2.7%) and not significantly different 
from their baseline rate of responding (1 .O%). Animals injected 
with L-PIA (5.0 bmol/kg) also demonstrated low levels of re- 
sponding to tone and light stimuli (2.0%) and baseline respond- 
ing (1.8%), which were not significantly different from the values 
for vehicle controls. Moreover, there was no significant change 
in the percentages of responding to tone and light stimuli or in 
baseline responding across the 10 d of training, and these low 
percentages of responding (1 .O-2.7%) were not significantly dif- 
ferent from responding during adaptation (0.6%), when no stim- 
uli were presented and no drug or vehicle injected. The ampli- 
tude of the UCR elicited by the 3.0 mA shock UCS across all 
10 d of the unpaired stimulus procedure was 4.8 k 0.8 mm of 
membrane extension for vehicle controls, which was not sig- 
nificantly different from that of animals receiving L-PIA (3.7 + 
0.5 mm). L-PIA also had no significant effect on the onset la- 
tencies of the UCRs (data not shown). It should be noted that 
both control and L-PIA injected animals demonstrated 100% 
responding to the UCS across all 10 d of training. 

L-PIA does not affect the elicitation of UCRs by the shock UCS 
Figure 3 presents the percentage of UCRs (A) and UCR am- 
plitudes (B) as a function of shock UCS intensity across 3 d of 
testing of rabbits receiving vehicle or 5.0 pmol/kg of L-PIA. 
Animals injected with L-PIA showed no consistent or significant 
difference from vehicle controls in the percentage of UCRs elic- 
ited at any UCS intensity (Fig. 3A). A UCS-intensity threshold 
was calculated separately for each animal by interpolating the 
shock intensity at which UCRs would have occurred on 50% 
of the trials. There was no significant difference between the 
shock-intensity thresholds of vehicle controls (0.80 f 0.10 mA) 
and animals injected with 5 pmol/kg L-PIA (0.78 f 0.11 mA). 
Finally, in agreement with the results of the study in which the 
unpaired stimuli were presented, L-PIA produced only small 
and nonsignificant decreases in UCR amplitude (Fig. 3B) and 
no significant effects on UCR-onset latency (data not shown). 

L-PIA blocks the elicitation of CRs by a tone CS 
Prior to the measurement of the tone-CS threshold for elicitation 
of CRs, rabbits had received 7 d of acquisition training con- 
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Figure 3. Effects of 5.0 PmoVkg L-PIA on the mean percentage of 
UCRs (A) and UCR amplitudes (B) across a range of shock-UCS in- 
tensities presented in experiment 4. Rabbits received subcutaneous in- 
jections 5-15 min prior to each of 3 sessions. Data are based on the 
means of 12 rabbits/group across all 3 d of testing. 

sisting of the pairing of an 84 dB tone CS with a 3 mA shock 
UCS, during which time no drug or vehicle was injected. By 
the last (seventh) conditioning session, animals that were to 
receive vehicle and L-PIA (5.0 pmol/kg) had achieved com- 
parable levels of responding-92 and 89% CRs, respectively. 
Figure 4 presents the results obtained when these animals were 
then tested for CRs by varying the intensities of the tone CS. 

As expected from previous studies (Scavio and Gormezano, 
1974), the percentage of CRs for vehicle controls decreased with 
decreasing intensities of the tone CS (Fig. 4). More important, 
L-PIA (5.0 pmol/kg) significantly @ < 0.01) blocked the ability 
of the tone CS to elicit CRs. Vehicle controls demonstrated high 
levels of conditioned responding (98%) at the original training 
intensity of the tone CS (84 dB), as well as at the 2 lower in- 
tensities of 80 and 75 dB, these levels of responding were com- 
parable to those seen in vehicle controls on the last (seventh) 
day oftraining (92%). In contrast, L-PIA (5.0 rmol/kg) produced 
a significant reduction in the percentage of CRs elicited by the 
original training intensity of the CS (56%, as compared with 
89% on the last day of original training) and significantly fewer 
CRs than vehicle controls across all CS intensities from 50 to 
84 dB (p < 0.01 for all comparisons). For vehicle controls, the 
percentage of CRs elicited by CS intensities of 45 dB or higher 
was significantly greater than baseline responding @ < 0.05), 
while for L-PIA injected animals tone intensities of 70 dB or 
greater were required to elicit a percentage of responding sig- 
nificantly above their baseline level. 
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Figure 4. Effects of 5.0 pmol/kg of L-PIA on the mean percentage of 
conditioned responses across a range of tone CS intensities presented 
in exneriment 5. Rabbits received 7 d of 60 tone- (84 dB) shock (3 mA) 
pair&s, followed by I additional day of train&g in khich &e tone 
intensity was varied between 45 and 84 dB. Five to 15 min prior to 
this last training day, rabbits received subcutaneous injections of vehicle 
(n = 10) or L-PIA (n = 11). 

Discussion 

L-PIA blocked associative learning by reducing the excitatory 
properties of the tone CS 
In agreement with numerous studies that have employed clas- 
sical (Pavlovian) conditioning of the nictitating membrane re- 
sponse in control rabbits (Gormezano et al., 1983), the acqui- 
sition of CRs to tone and light CSs by the vehicle-injected animals 
of this study provided an unambiguous measure of associative 
learning. For example, rabbits receiving explicitly unpaired pre- 
sentations of tone, light, and shock stimuli demonstrated low 
levels of nonassociative responding (< 3%) that did not change 
across the 10 d of training and were not significantly different 
from baseline responding observed during adaptation, when no 
stimuli were presented. Therefore, the acquisition of CRs to 
tone and light CSs by vehicle-injected animals reflected asso- 
ciative learning, i.e., was primarily due to the temporal pairings 
of CS and UCS and was not contaminated by nonassociative 
contributors to CR production, such as sensitization, pseudo- 
conditioning, or increases in baseline responding. Since L-PIA 
produced a dose-dependent and significant retardation in CR 
acquisition without affecting nonassociative responding, we can 
conclude that GPIA was retarding associative learning. 

The effects of L-PIA on associative learning could have re- 
sulted from an effect on the unconditioned and/or conditioned 
nictitating membrane reflex. The results obtained from the un- 
paired stimulus procedure and the shock-UCS threshold study 
indicated that L-PIA (5.0 Mmol/kg) retarded CR acquisition 
without having any significant effect on the ability of the shock 
UCS to elicit the unconditioned reflex, or on the amplitude of 
the elicited UCR. In contrast, L-PIA (5.0 rmol/kg) produced a 
large and significant decrease in the ability of the tone CS to 
elicit the conditioned nictitating membrane reflex, which ap- 
peared to be due to an effect on the excitatory properties of the 

tone CS rather than on the motoric expression of the CR. This 
conclusion is based on the fact that both the CR and UCR result 
from activation of the same final common pathway. For ex- 
ample, extension of the nictitating membrane to a tone CS or 
shock UCS involves activation of retractor bulbi motoneurons 
located in the accessory abducens nucleus, with the consequent 
contraction of the retractor bulbi muscle via the Vlth cranial 
nerve which, in turn, pulls the eye back into the orbit; the force 
of this mechanical action squeezes the nictitating membrane out 
over the cornea (Cegavske et al., 1976; Gray et al., 198 1; Harvey 
et al., 1983a, 1984; Marek et al., 1984; Prince, 1964). Since 
L-PIA failed to affect the motoric expression of the UCR via 
this final common pathway, one can conclude that the motoric 
expression of the CR was also not affected. However, the precise 
anatomical locus at which GPIA could have blocked the ability 
of the CS to elicit CRs remains unclear. 

A number of drugs having effects on different transmitter 
systems alter the rate of CR acquisition through a change in the 
excitatory properties of the tone CS in a manner identical to 
that obtained with L-PIA (HaNey and Gormezano, 1986; 
Schindler et al., 1985). For example, haloperidol, scopolamine, 
morphine, and other opioids block both the acquisition of CRs 
and the ability of the CS to elicit CRs once learning has occurred, 
while d-lysergic acid diethylamide enhances both CR acquisi- 
tion and the ability of the CS to elicit CRs (Gormezano and 
HaNey, 1980; Harvey and Gormezano, 1981; Harvey et al., 
1983b, 1985; Schindler et al., 1983, 1984, 1985). The basis for 
this common behavioral effect of L-PIA and other drugs on the 
excitatory properties of the CS is not clear, but may be related 
to the known interactions of L-PIA and adenosine on the phys- 
iological, biochemical, and behavioral effects of a variety of CNS 
drugs (Daly, 1979; Phillis, 1984; Phillis and Wu, 1982). 

The retardant effect of L-PIA on CR acquisition appears to be 
mediated by an adenosine receptor 
L-PIA has been identified as a highly potent adenosine agonist 
on the basis of the similarity between its effects and those of 
adenosine on a variety of physiological, biochemical, and be- 
havioral processes (Cooper et al., 1980; Dunwiddie and Fred- 
holm, 1984; Snyder et al., 1981). In addition, the majority of 
effects produced by L-PIA and adenosine appear to be centrally 
mediated, and it has been suggested that they result from an 
action at the Al receptor (Katims et al., 1983; Snyder, 1985). 
This conclusion was based on the order of potency of adenosine 
and L-PIA in producing an inhibition of neuronal firing, trans- 
mitter release, and adenylate cyclase activity, as well as decreases 
in locomotor activity and operant responding, and was consis- 
tent with their binding properties at the high-affinity Al, but 
not at the low-affinity A2, adenosine receptor (Dunwiddie and 
Fredholm, 1984; Goldberg et al., 1985; Murray et al., 1982; 
Snyder et al., 1981; Wojcik and Neff, 1983). Moreover, L-PIA 
has been shown to be more potent than D-PIA in producing 
these physiological, biochemical, and behavioral effects, which 
is consistent with the high degree of stereoselectivity of the Al 
adenosine receptor for L-PIA, as compared with D-PIA (Gold- 
berg et al., 1985; Londos and Wolff, 1977; Snyder et al., 1981; 
van Calker et al., 1979; Vapaatalo et al., 1975). Although the 
greater potency of L-PIA, compared to D-PIA, in classical con- 
ditioning in the present study would be consistent with an action 
at the Al adenosine receptor, in the absence of specific Al and 
A2 antagonists conclusions based on potency differences may 
be misleading (Phillis and Barraco, 1985). 

The retardation of CR acquisition produced by L-PIA could 
have resulted from either a decrease in the release of a variety 
of transmitters and/or effects on adenylate cyclase (Snyder, 1985). 
The ability of L-PIA to modulate CAMP levels either directly 
through the A 1 and A2 adenosine receptors or indirectly through 
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its interactions with other transmitter systems is of special in- 
terest. A number of investigators have suggested that the long- 
term changes in neural activity responsible for the occurrence 
of learning may be mediated by the intracellular second mes- 
senger, CAMP, through its catalytic effects on the phosphoryla- 
tion of intracellular proteins by specific protein kinases (Green- 
gard and Kuo, 1970; Kandel and Schwartz, 1982; McIlwain, 
1977; Nathanson, 1977; Phillis, 1977). Evidence has been pre- 
sented that long-term, nonassociative changes in behavior, such 
as sensitization and habituation of the defensive withdrawal 
reflex in Aplysia, are mediated by CAMP through the phospho- 
rylation of proteins that alter ion channels and hence the ex- 
citability of the neuron (Brunelli et al., 1978; Klein and Kandel, 
1980). Similar mechanisms for the occurrence of associative 
learning have subsequently been proposed (Kandel and Schwartz, 
1982). 

The widespread effects of adenosine on synaptic transmission 
have led to the suggestion that it may serve as an endogenous 
modulator of neural activity in the brain (Phillis and Kosto- 
poulos, 1975; Snyder, 1985). The results obtained in the present 
study with the adenosine agonist, L-PIA, further suggest that 
adenosine may also serve as an endogenous modulator of as- 
sociative learning. 
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