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Abstract
Mathematical principles of reinforcement (MPR; Killeen, 1994) is a quantitative model of operant
behavior that contains 3 parameters representing motor capacity (δ), motivation (a), and short term
memory (λ). The present study applied MPR to characterize the effects of bilateral infusions of 6-
OHDA into the substantia nigra pars compacta in the rat, a model of Parkinson’s disease. Rats were
trained to lever press under a 5-component fixed ratio (5, 15, 30, 60, and 100) schedule of food
reinforcement. Rats were tested for 15 days prior to dopamine lesions and again for 15 days post-
lesion. To characterize functional loss relative to lesion size, rats were grouped according to the
extent and the degree of lateralization of their dopamine loss. Response rates decreased as a function
of dopamine depletion, primarily at intermediate ratios. MPR accounted for 98% of variance in pre-
and post-lesion response rates. Consistent with reported disruptions in motor behavior induced by
dopaminergic lesions, estimates of δ increased when dopamine was severely depleted. There was no
support for different estimates of a based on pre- and post-lesion performance of any lesion group,
suggesting that dopamine loss has negligible effects on incentive motivation. The present study
demonstrates the usefulness of combining operant techniques with a theoretical model to better
understand the effects of a neurochemical manipulation.
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1. Introduction
Parkinson’s disease (PD) is characterized by the loss of mesotelencephalic dopamine (DA)
that produces motor deficits including akinesia, bradykinesia, aphagia, adipsia, abnormal gait,
and bradyphrenia [18,19,59,60]. Rats with nigrostriatal denervation of DA display deficits
analogous to human PD patients, so this animal model has played a crucial role in elucidating
unique relationships between motor deficits and neurochemical mediators [15,21,34,49,62].
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In addition to motor deficits, deficits in learning and motivation have also been detected
following neostriatal lesions [40]. The rat model of PD has been tested in a cued version of the
water maze task and results showed that the nigrostriatal pathway plays an important role in
associative learning [17]. Unfortunately, there is a paucity of data investigating the role of the
nigrostriatal pathway in learning and motivation. Recently, the idea that the nigrostriatal
system, specifically, serves a role in attribution of incentive salience and motivation in operant
behavior was further bolstered by evidence in which DA signaling was restored using viral-
mediated gene transfer of the Th gene delivered into the neostriatum of DA-depleted mice
[47].

More generally, the hypothesis that compromising DA systems disrupts associative and
motivational factors has gained support [3]. Pharmacological studies have shown that the speed
of acquisition of lever-pressing for food is attenuated by pimozide, a DA antagonist [69], and
extinction of an acquired response is enhanced by pimozide and haloperidol, another DA
antagonist [37,70]. Results from knockout studies also suggest a linkage between DA and
learning and motivational processes. DARPP-32 knockout mice trained to nose-poke under a
simultaneous discrimination task demonstrated impairment in discrimination learning
following a contingency reversal. Specifically, the knockout mice took longer than the wild-
type controls to learn the new discrimination when the active and inactive holes were switched
[23]. Also, DA-deficient mice performing a licking choice task had a smaller number of licks
(consistent with a decreased motor ability) but their lick lengths were longer in duration, which
was interpreted as an increase in reinforcer value [13,14].

Recently, Schultz and colleagues have shown that DA neurons are sensitive to deviations from
reinforcer expectation when contingencies exist between a stimulus and the presentation (or
omission) of reinforcement [24,61,66], suggesting a role for DA neurons in coding for
predictive errors in associative learning [68]. The results from these studies support the idea
that DA plays more than just a role in motor function. Unfortunately, the role of DA in
associative learning is not always clear cut.

Studies have shown that haloperidol [2] or selective blockade of D1 or D2 receptors [12] in
the nucleus accumbens does not interfere with tracking of the changes in reinforcer distribution
and predictability. Specifically, the discriminability of reinforcer magnitude does not appear
to be compromised by receptor blockade or DA depletion in the nucleus accumbens [35,52].
In light of this evidence, it appears that reinforcement efficacy, but not the ability to track its
occurrence, is dependent on DA activation. To further complicate matters, accumbens DA
depletion [36,54,55] and blockade of D1 or D2 receptors [46] does not generate extinction-
like effects. If the activity of DA were necessary for reinforcement, then we would expect such
extinction when it is depleted or its uptake blocked.

Much of what is known about motor and motivational functions of DA derives from the work
of Salamone and his colleagues on the mesolimbic pathway rather than the nigrostriatal
pathway. These investigators [50,51] have contended that the effects of accumbens DA
manipulations on operant behavior are symptomatic of changes in the capacity to emit an
effortful response and not of decreases in reinforcement efficacy. In other words, responding
is attenuated by DA depletion not because of motivation-dampening processes but because of
the heightened cost of effort required to emit the response. For instance, the pharmacological
blockade of D1 and D2 receptors in the core or shell of nucleus accumbens reduces locomotion
toward food but not amount of food ingested [4]. According to this explanation, the effects of
accumbens DA depletion on operant behavior should be highly dependent on the schedule of
reinforcement. Consistent with this hypothesis, Salamone and associates have shown that DA
depletion causes a greater reduction in responding in larger ratio schedules than in smaller ones
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[1,57]. However, whereas DA depletion disrupts responding under ratio schedules, it
apparently does not disrupt responding under increased time or force requirements [25,38].

The hypothesis that DA depletion induces effort-related but not motivational deficits is
supported by evidence from concurrent lever pressing/chow feeding procedures [31,56]. In
this procedure, rats are exposed to a choice between lever pressing for a preferred food
(Bioserve pellets) or eating a freely available but nonpreferred food (chow). When no lever
pressing was required to obtain the pellets, both control and DA-depleted rats preferred the
pellets over chow. When lever pressing was required, control rats chose lever pressing for
pellets more often than chow, whereas rats with low to moderate depletions of accumbens DA
chose the freely available chow rather than work for their (preferred) pellets. The change in
food preference in DA-depleted rats when lever pressing is required suggests an effort-related
impairment caused by DA depletion. In conclusion, the research by Salamone and colleagues
suggests that the primary mechanism responsible for the reductions in operant behavior in DA-
depleted animals is a compromised “activational” system [51] and not a compromised
motivational system.

For the purposes of the current study, Salamone’s work on mesolimbic contributions to
motivated behavior can guide some of the interpretations from the data collected and reported
herein, since there is a dearth of literature investigating learning and motivational factors based
on nigrostriatal DA lesions. We were interested how a mathematical model might be sensitive
to disruptions of nigrostriatal DA in reward-seeking behavior as it codes for learning,
motivational, and motor effects. Mathematical Principles of Reinforcement (MPR) [28,29,
44] has attempted to achieve a formal approach that explicates the relation between these
processes. Such a theoretical trajectory is becoming critically important insofar as the role of
DA in the acquisition and extinction of conditioned responses is becoming more recognized.
For example, Schultz [61] has identified DA activation as the neural basis of the error term of
the Rescorla-Wagner and temporal difference reinforcement models [45,64]. From a foraging-
model perspective (e.g., [63]), Aparicio [2] suggested that DA modulates the cost of traveling
between patches of food, which is detectable in rapidly-changing choice environments by
changes in the bias term of the Generalized Matching Law [5]. Mapping DA manipulations to
changes in model components is important not only because it identifies what changes in DA
activation do, but because it also identifies what they do not do: Presumably they do not affect
the salience of conditioned or unconditioned stimuli (Rescorla-Wagner model) and do not
modulate sensitivity of choice to rate of reinforcement (Generalized Matching Law).

The empirical evidence, however, is outpacing theoretical treatments. Our purpose in the
present study is to evaluate MPR by explicitly differentiating mnemonic (learning),
motivational, and motor processes in instrumental conditioning in a rodent model of PD. The
core assumptions of MPR are: (1) activity is elicited by reinforcers; (2) there are time
constraints on responding; (3) stimuli and responses are encoded in working memory as they
happen; as working memory becomes saturated, older items are displaced by newer items.
Reinforcement operates on activities contemporaneously represented in working memory; the
temporal roll-off of older items in memory constitutes the delay of reinforcement gradient.
MPR specifies three parameters, each associated with one of these different principles, to
describe operant performance: The amount of activation elicited by a reinforcer a (specific
activation); the minimum duration of the target response δ (delta); and the rate of saturation of
working memory λ (lambda). Changes in a, δ, and λ correspond to changes in incentive
motivation, motor ability, and working memory saturation, respectively. When the general
MPR model is applied to fixed-ratio (FR) schedules, response rates (B) are a function of the
ratio requirement N in the form:
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(1)

The theory is outlined by Sanabria et al. [58], and described in mathematical detail by Killeen
and Sitomer [29]. An important feature of MPR is that changes in parameter values can be
detected in a function that relates response rates to ratio requirements (Figure 1).

All identifications of parameters with motivational or motor effects are, of course working
hypotheses. They are not, however, ad hoc. They have been erected on simple models of the
constituent processes, and the framework has been modified to keep the parameters orthogonal
(e.g., by Killeen and Sitomer [29]). Even if this effort has been successful, it is likely that
physiological insults will often affect more than one system. We rely on parsimony, as affected
by the index of merit described below, to parse real effects from noise.

Validation studies of MPR have demonstrated that changes in the quality and quantity of food
reinforcers is described by changes in a for rats (e.g. [6]) and pigeons [7], whereas changes in
the force required for a response is described by changes in δ alone [7,43]. That is, a and δ
account for incentive-motivational and motor factors in performance, respectively. Prior
applications of the model to account for the behavioral effects of neuroleptics (clozapine,
haloperidol, and chlorprozamine) indicated divergent effects on a but a systematic increase in
δ [39,71,72]. These results are consistent with the assertion, proposed by Salamone and his
colleagues [51], that DA depletion produces primarily effort-related deficits.

Whereas a (motivation) sets a ceiling for response-sustaining ratios, and 1/δ (motor ability)
sets a ceiling for response rate the role of λ (rate of memory saturation) is less obvious. To
illustrate λ, consider an animal whose working memory is quickly saturated (λ = 0.4) such that
half of its contents were lost after 2.5 s. Reinforcement following a short ratio would occur
when memory is likely to be filled only with lever presses, and thus lever pressing would be
more effectively reinforced. If memory was more slowly saturated (λ = 0.2) such that half of
its contents were lost after 5 s, reinforcement following a short ratio would occur when memory
is likely to include pre-ratio activity, and thus lever pressing would be less effectively
reinforced. This difference in the effectiveness of reinforcement following short ratios is
illustrated in the right panel of Figure 1.

The present study was designed to complement the pharmacological studies conducted thus
far on mesotelencephalic DA systems by using bilateral, intranigral infusions of 6-
hydroxydopamine (6-OHDA) to produce a chronically-depleted state. In order to evaluate the
impact of dopaminergic lesions on motor ability and motivation, rats must be exposed to larger
ratio values beyond FR 30 used in Linder et al. [33]. This is because the parameter a in MPR
is equal to the x-intercept or the point at which responding ceases. Thus sufficiently large ratios
must be employed to generate data points that will determine the slope of the descending limb
and ultimately increase our confidence in the estimation of a. We are also interested on how
performance varies with extent of bilateral lesion size. Consistent with prior research, we
predicted that decreases in operant behavior are due to motor deficits and not due to reduced
memory capacity or motivation. Specifically, these effects would be described by MPR as
increases in δ but no changes in a or λ (middle panel in Figure 1).
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2. Methods
2.1 Subjects

Male Sprague Dawley rats initially weighing between 300–350 gm were randomly assigned
to two groups: lesion (n = 25) and control (n = 15). Rats were food restricted and maintained
at 85% of their free-feeding body weights (ffw) during training and testing. The rats were given
free access to food two days prior to surgery and food restricted twenty-four hours prior to
surgery. Water was freely available ad libitum in the home cage. Rats were maintained on a
reverse 12:12 hour light dark cycle (lights on at 1800 hours) and were tested during the dark
cycle. The protocol for this experiment was approved by the Arizona State University
Institutional Animal Care and Use Committee (Protocol #00-549R), and experiments were
carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 80-23) revised 1996.

2.2 Intranigral 6-OHDA Microinfusions
Rats were anesthetized with 50 mg/kg sodium pentobarbital (i.p.). All rats were pretreated with
25 mg/kg desipramine HCl (i.p.), a noradrenergic reuptake blocker, 30 min prior to the infusion
of the neurotoxin 6-OHDA to protect norepinephrine cells. All drugs were dissolved in distilled
water. Standard stereotaxic procedures were used to target the substantia nigra. With bregma
and lambda horizontal, the coordinates from skull surface were: AP −5.8 mm, ML +2.5 mm,
and DV −8.0 mm. Bilateral infusions of 6-OHDA were made via 30 gauge stainless steel
injector cannulae. One minute later, after placement of injectors, 6-OHDA HBr (2.4 μg/μl in
deoxygenated saline with 0.01% ascorbate) was infused via a syringe pump at a rate of 0.2
μl/min over 12.5 min via a syringe pump (total 6 μg/2.5 μl). Each needle was connected to
polyethylene tubing that was attached to a 25 μl Hamilton gastight syringe. The injector
remained lowered for two minutes post infusion to allow for diffusion from the tips. During a
two week postoperative recovery period, lesion rats were supplemented with cookie (Chip’s
Ahoy, Nabisco) and lab chow mash mixed with liquid vitamins (children’s liquid vitamins,
Enfamil). For animals with severe aphagia, peanut butter was also added to the mash. Baseline
weights were re-established and each rat’s 85% ffw weight was re-calculated based on post-
lesion weights. The rats in the control group were treated identically to their lesion counterparts
except the infusion cannulae were not lowered into the brain and no infusions were given. DA
loss was determined by post-mortem assay of the neostriatum and nucleus accumbens. Animals
were then assigned to three subgroups based on the notion that the extent of DA depletion
produces a different profile of loss and recovery of function [74,75]. Animals with a small DA
lesion display sparing of motor ability although they posses cognitive deficits [21]. Animals
with DA depletions between 60–80% display aphagia and adipsia but recover over time. In
contrast, animals with DA depletions greater than 90% display a permanent loss of ingestive
abilities. Based on this literature (e.g., [15]), animals in the present study were grouped
according to DA lesion size: severe unilateral, moderate bilateral, and severe bilateral.

2.3 Operant Testing
2.3.1 Apparatus—Five rodent chambers (32 L × 33 H × 25.3 W cm, Med Associates, St.
Albans, VT, USA) were contained in sound-attenuating cubicles each with a house light and
exhaust fan that helped to mask external noise. Chambers were equipped with one retractable
lever that required a force of approximately 0.17 N to activate. The lever was 6.4 cm from the
floor and 3.7 cm to the left of the food hopper where pellets (Noyes® Precision pellets for
rodents, 45 mg) were dispensed. The food hopper was 2.7 cm from the floor and centered on
the work panel. The operant chambers were controlled by Med-PC software. A house light
provided general illumination, and three LEDs lined up horizontally (left-colored red, middle-
yellow, and right-green) 4.7 cm above the lever served as cues.
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2.3.2 Procedure—Rats were autoshaped to lever press [9,10]. Next, the rats were trained to
lever press under increasing ratio requirements until they reliably earned 60 food pellets on an
FR 30 schedule (approximately 8 days). Rats were then exposed to a five-component multiple
schedule for 15 days. A 5-min acclimation period, during which no stimuli were present,
preceded each session. During each session, five ratio schedules (FR 5, 15, 30, 60 and 100)
were presented in an ascending order, with each ratio in effect for 10 reinforcers or until 20
min elapsed. The ratio schedules were differentially signaled by the position of the LEDs: FR
5: left position, FR 15: middle position, FR 30: right position, FR 60: middle/right position,
and FR 100: middle/left position. Each component was separated by a 30-s inter-component
interval. Sessions took place at the same time each day, 6 days a week for 15 days.
Subsequently, about two thirds of the rats were given bilateral DA lesions and the other third
received only burr-holes. After 14-days post lesion, the rats were re-exposed to the five-
component multiple schedule for another 15 days.

2.4 Biochemical Analysis
Immediately following the completion of behavioral assessment, which took place 4 weeks
after 6-OHDA infusions, the rats were decapitated and their brains were immediately removed
to determine the extent of DA depletion. Decapitation was necessary to avoid drug-induced
changes in brain neurotransmitter content that occurs with anesthetics [22,26,48]. Brain
dissections of the neostriatum and nucleus accumbens were obtained by the method established
by Heffner, Hartman and Seiden (1980). Briefly, a 2 mm coronal section through the
neostriatum was sliced in a tissue dissection block, and the neostriatum and nucleus accumbens
were removed by using a 2-mm and 1-mm tissue punch, respectively. Tissue from each
hemisphere was assayed separately. Each piece of tissue was weighed and then placed in
microcentrifuge tubes containing 400 μl of 0.05 N perchloric acid and dihydroxybenzylamine
(1 ng/μl) as an internal standard. Samples were homogenized and centrifuged (4000 rpm at 4°
C for 25 min) and the supernatant was filtered (Nalgene 4 mm syringe filters 0.45 and 0.2 μm
pore size) before storing at −20° C.

High performance liquid chromatography coupled with electro-chemical detection (HPLC-
EC) was used to determine the concentrations of the monoamines in the neostriatum and
nucleus accumbens tissue [65]. The supernatant was injected into a 4.6 mm × 5 cm Varian
Microsorb-MV 3 μm, 100 μm pore size C18 column, (Varian, Walnut Creek, CA). The mobile
phase (60mM NaH2PO4, 30 mM citric acid, 0.1 mM EDTA, 37 mg/L sodium dodecyl sulfate,
20% MeOH, and pH 3.75 with the latter three components adjusted to optimize separation as
required) was pumped at a rate of 0.5–1.5 ml/min. A conditioning cell (ESA Model 5021) was
placed after the analytical column and set to oxidize at +100 mV. A dual electrode model 5011
High Sensitivity Analytical Cell and Model 5200 Coulochem II detector (ESA) was used to
collect chromatographic data. The first analytical cell was set to +340 mV and 200 nA
sensitivity to measure the oxidation of DA, dihydroxyphenyl acetic acid (DOPAC),
homovanillic acid (HVA), 5-hydroxytryptamine (5-HT, serotonin), 5-hydroxyindoleacetic
acid (5-HIAA), norepinephrine (NE) and the internal standard dihydroxybenzylamine. When
DA and 5-HT were not measurable on the oxidation signal, reduction at the second electrode,
set to −350 mV and 50 nA sensitivity, provided a high sensitivity signal of these depleted
monoamines. A Linear Model 1200 dual pen recorder was used to record peak heights (Alltech,
Deerfield, IL). Peaks from eight serially diluted standards were used to calculate the
concentration of the monoamines based on linear regression analysis.

2.5 Statistical Analysis
Response rates were calculated by dividing the number of responses in each multiple-schedule
component by the duration of that component, including the post-reinforcement pause (PRP)
and excluding the duration of reinforcement. Next, response rates were averaged for the last
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ten sessions before the lesion (pre-lesion) and the last ten sessions after the lesion (post-lesion)
for each rat. Average response rates were pooled into three groups defined by the extent of
striatal DA depletion.

Parameters from MPR were estimated by minimizing the squared deviations between Equation
1 and the mean response rates of individual rats during pre-lesion and post-lesion sessions. We
wanted to know whether parameters would change between control and experimental
conditions. However, some change due to sampling error is inevitable. To restrict attention to
those changes that were meaningful, we utilized a model-comparison approach [11]. We
evaluated the improvement in goodness-of-fit in relation to the number of free parameters in
a model, and used the corrected Akaike Information Criterion (AICc) for admitting additional
parameters [11]. This is analogous to a test of significance. However, traditional significance
tests are unable to say which parameters need to be allowed to change, and which are relatively
constant. The model comparison approach does this by taking into account both the goodness
of fit and the number of data points, to set a criterion (AIC) for the minimal improvement
conferred by introduction or variation in a parameter. Improvements below that level are just
“fitting noise”. Whenever we cite the need for changing a parameter, it is because it has crossed
this threshold for paying its way. The newest version of AIC, AICc, has an additional correction
for situations with a relatively small number of data [11]; it is this that we employed. Thus, to
claim that a parameter was affected required more than a nominal increase in goodness of fit
when it was allowed to vary: It crossed a threshold akin to α = .05.

We compared models that allowed various combinations of parameters (a, δ, λ) to vary across
experimental conditions (lesion size, pre-lesion versus post-lesion testing). Smaller values of
AICc are indicative of better account of the data given the degrees of freedom in the model.
In addition to requiring that parameters cross the threshold of AICc for entry as factors that
were affected by the manipulation, a more intuitive mode of statistical presentation is possible.
The strength of evidence for each model was represented as Akaike weights, which indicate
the probability that the model is the best (i.e., with replication, will continue to have the lowest
AICc) among those compared. Details on the computation of weights are provided in the
appendix; their formal justification is provided by Burnham and Anderson [11]. The model
with the highest Akaike probability indicated which parameters varied between pre- and post-
lesion testing for each lesion group; models within about 5 points of the highest Akaike weight
were also viable contenders for the “best” model. In this analysis, the “null hypothesis”—the
absence of change in any parameter across experimental conditions—is just one model among
many combinations of changed and preserved parameters. The assignment of the highest
Akaike weight to the “no change” model is akin to the finding of “no significant change” in
null-hypothesis tests.

Pre-lesion Performance—To test for differences in pre-lesion response rates across
groups, AICc obtained from fitting a single value for each free parameter of Equation 1 (a, δ,
λ) to all pre-lesion response rates (i.e., collapsed across all groups) was compared to the AICc
obtained from varying each free parameter across lesion groups.

Post-lesion Performance—To test the effect of lesion size on model parameters, each
lesion group was analyzed separately. For each lesion group, each possible combination of
parameters was allowed to vary between pre- and post-lesion conditions, while the remaining
parameters were held constant. The lowest AICc across parameter combinations identified the
parameters that were affected by the lesion.

Avila et al. Page 7

Behav Brain Res. Author manuscript; available in PMC 2010 March 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Results
3.1 Postmortem DA levels

Five weeks following lesion, neostriatum and nucleus accumbens samples were assayed
bilaterally. Table 1 shows the DA levels (ng/mg), as a range and mean (SEM), for the sham-
lesion/controls and rats treated with 6-OHDA. For animals with similarly moderate or severe
bilateral lesions, the two hemispheres were averaged together. Animals with DA depletions
were stratified into groups defined by their percent loss of neostriatal DA based upon control
group levels: unilateral severe lesion (Unilateral Severe, N=8), 80–90% loss of DA unilaterally;
bilateral moderate lesion (Moderate, N=11), 50–79% loss of DA for each hemisphere; and
bilateral severe lesion (Severe, N=6), 80–99% loss of DA for each hemisphere. Analysis of all
behavioral data was based on this classification. Animals with a mild DA depletion (<50%
bilaterally) were not different than the control animals in their distribution of postmortem tissue
DA levels or in their behavioral measures and therefore not reported.

Nucleus accumbens samples were collected midway through the study because we were
initially focused on neostriatal lesions as a result of intranigral 6-OHDA infusions. Table 1
demonstrates the few animals we assayed nucleus accumbens DA levels, the lesion sizes were
always relatively smaller than the neostriatal lesions as expected (13).

3.2 Pre-lesion Performance
After grouping the rats by lesion size, we examined pre-lesion performance in the operant task;
we expected similar performance across all groups at this stage. Figure 2 shows that response
rates of all groups were a bitonic function of the ratio schedule. In all cases, intermediate ratios
(15 and 30) generated maximal responding, whereas extreme ratios (5 and 100) generated
minimal responding. This is a standard finding.

The single set of free parameters from Equation 1 that best described pre-lesion performance
was a = 204, δ = 0.40, λ = 0.31 (solid line in Figure 2). These values yielded a smaller AICc
(−82.4) than fitting each parameter to each lesion group (AICc = −68.6). Absolute values of
AIC are not meaningful, but the difference between them—here 13.8 points—indicates that
the chosen model is about e14 better than the next contender. Naturally, fitting was improved
when parameters were allowed to vary freely across groups. AICc indicates, however, that this
improvement is not justified, given the cost in parsimony lost to additional free parameters.
Baseline performance is thus well described by a single set of parameters, suggesting that
behavior was not significantly different between groups prior to lesion.

3.3 Post-lesion Performance
Post-lesion performance was also well characterized by bitonic response rate functions,
regardless of lesion size (Figure 3). In the control group, pre- and post-lesion response rates
were similar. Response rates in all 6-OHDA-treated groups, however, peaked at lower levels
than before lesion; larger lesions were related to larger reductions in response rate.

Table 2 shows the Akaike weights obtained from the model comparison analysis. The most
likely model to be best for the Control group indicates no change in MPR parameters between
pre- and post-lesion performance (wNone = .35). For the Moderate group, the model most likely
to be best assumed only a decrease in memory saturation (wλ = .24). Nonetheless, it is also
likely that only the minimum response duration increased (wδ = .20); the latter effect is shown
in Figure 3. In both Severe lesion groups it is more certain that only δ changed between pre-
and post-lesion performance, with Akaike weights around .5.
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Table 3 shows the parameter values that best describe pre- and post-lesion performance in each
lesion group. For parameters that appear to be affected by DA depletion, the values for pre-
and post-lesion performance are reported separately (refer to Note in Table 3). For the Control
group, the absence of significant changes in parameter values indicates that, as expected, their
pre-and post-lesion performances were not systematically different. For the Moderate lesion
group, changes in performance due to DA depletion may be described by a 43% reduction in
λ or by a 24% increase in δ. For the Unilateral Severe and Severe groups, changes in
performance due to DA depletion are captured by 46% and 154% increases in the minimal
time required for a response, δ. The overall pattern of the data suggest that the results may be
summarized in the following way: The parameter a remained approximately constant at a value
of over 200; λ remained approximately constant at around 0.39; and δ increased systematically
with the degree of dopamine depletion.

4. Discussion
Response rates were generally reduced as a function of DA depletion, while maintaining the
bitonic relation with fixed ratio values predicted by MPR. With the parameters identified in
Table 3, MPR accounted for 98% of variance in mean pre- and post-lesion group performance.
No meaningful changes in response rates were observed in comparisons between the pre-lesion
and post-lesion values within the Control group, permitting us to infer that the DA depletions
contributed to the observed decrements in 6-OHDA-treated rats.

Response rates of the rats with moderate lesions decreased across all ratios except the largest
(FR 100); those with severe lesions decreased across all ratios. These results replicate those
reported by Salamone and colleagues [1,57], who provided an account of these effects in terms
of the effort that an animal would exert to obtain a reinforcer. Inferences based on MPR
reinforce that parsimonious account: 6-OHDA lesions increased the minimum time to complete
a response, indicated by δ. This conclusion does not specify why animals take longer to
complete each response, and thus increased effortfullness is a plausible hypothesis. It may
require additional motivation to make up for that handicap, and absent that, rates will be
depressed. But the absence of changes in a suggests that motor deficit was the primary cause
of the rate changes.

A noteworthy outcome in the present study was thus the finding that no changes in a, specific
activation, could be inferred from differences in performance before and after lesion,
supporting the conclusion that there were no systematic changes in motivation for food as a
function of lesion size. The present findings complement previous evidence that decreases in
mesotelencephalic DA function interferes with motor function but does not impair a, rat’s
motivation for reinforcers [1,20,53,56,57].

The effect of moderate lesions is somewhat ambiguous. Although it is possible that rate of
memory saturation (λ) decreased for this group, as indicated by the AIC analysis, it is also
possible that instead the minimum response duration (δ) increased, as indicated by the runner-
up model. The latter scenario is consistent with the motor effect of more severe lesions. The
former scenario implies that moderate lesions do not affect motor ability, but facilitate the
reinforcement of non-target behavior that interferes with instrumental conditioning at small
and intermediate ratios. This effect is not altogether surprising, because it is well established
that locomotion is spared by partial lesions [73], and partial lesions of the substantia nigra pars
compacta are known to cause learning and memory deficits without sensorimotor deficits
[16]. As Da Cunha and associates point out, these partial lesions “modeled the early phases of
PD when cognitive impairments are observed but the motor symptoms of the disease are barely
present” (16, p. 227). Schallert has previously demonstrated that cognitive deficits exist well
before motor impairments are manifest [21]. It is plausible that the comparator function of
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limbic striosomal-motor matrisomal interactions are more sensitive to DA disruption than are
the permissive functions of basal ganglia motor function [8,41,42]. The lesion-induced
reduction in rate of memory saturation, if replicable, has intriguing implications that requires
further testing to delineate more clearly the functional roles of mesotelencephalic DA systems
in motor, motivational and associative aspects within the operant paradigm. It remains peculiar
that in the present study memory was apparently unaffected with the most severe lesions.

The present results demonstrate how MPR successfully detects motor deficits in the rodent
model of PD, in agreement with a well-documented literature involving nigrostriatal DA
depletions. What remains elusive is a clear-cut demonstration of the ability of MPR to detect
changes in mnemonic or motivational aspects related to the loss of mesotelencephalic DA. This
problem is reminiscent of the binding problem [32], which suggests that performance may not
be dissociable from deficits in either motor, mnemonic or motivational capacities (e.g.,[67]).
Fortunately, Killeen and his colleagues have demonstrated the dissociability of MPR’s
components utilizing simple manipulations with normal animals. It will be important to test
MPR in future studies involving the rodent model of PD by experimentally manipulating, for
example, workload by changing the resistance of the manipulandum [7,39,43,44,71,72],
incentive value of the reinforcer by increasing reinforcer palatability [6,7,27,30,39,44,58,71,
72], or memory demand by changing the reinforcer duration [6,7,44]. The availability of an
explicit quantitative model of behavior increases the power and precision of experiments.
Whereas traditional statistical inference generally used instantiations of the general linear
model (e.g., ANOVA) and tested for nonnegligible differences between groups, MPR may be
mapped to data using the Akaike criterion (AIC). This permits inferences to which processes,
not groups, are affected by a manipulation. Because it is a novel metric, we deployed a more
intuitive relative measure, the Aikaike weights, to better display the relative merits of the more-
or-less restricted models. Together, MPR and AIC may be a more efficient and economical
approach to infer whether experimental manipulations alter motor, mnemonic or motivational
components of behavior.
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Appendix
The corrected Akaike Information Criterion (AICc) was computed for each model i, within
each lesion group, as

(A1)

where k is the number of free parameters, n is the number of observations, and RSS is the
residual sum of squares, which is minimized when fitting the model to data. When the number
of observations is large relative to the number of parameters, the bracketed term reduces to 1,
the simpler AIC.

The number of free parameters in our study, k, was 2v + c + 1, where v is the number of
parameters that were varied across pre- and post-lesion conditions, and c is the number
parameters that were held constant (the added unit corresponds to the estimate of error variance,
de facto an additional parameter for all models). Three parameters might—or might not—have
been significantly affected by the manipulation: a, δ, and λ. Rearranging yields k = v + 4. The
number of observations, n, was the number of subjects in the lesion group times the number
of multiple-schedule components (5), times 2 (the pre- and post-lesion conditions).

Aikaike criteria are logarithmic; to convert them to relative probability, exponentiate each and
divide by the scores for all eight competitors:

(A2)

An Akaike weight may be interpreted as the probability that a model is the “best” among those
compared, given the data [11].
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Figure 1.
Theoretical response rate functions for ratio schedules specified by MPR (Equation 1). Left
Panel: The descending limb intercepts the x-axis at a (signaled by arrows), thus providing a
measure comparable to the breakpoint in a progressive-ratio procedure. Middle Panel:
Extrapolation to the left (dotted lines) intercepts the y-axis at the maximum response rate, 1/
δ. Right Panel: The increase in rate over small to moderate ratios is due to the increasing
saturation of memory with the target response, with the rate of saturation given by λ; the mean
capacity is 1/λ seconds of responding. If the rate is fast, perhaps because of a small memory
capacity or complicated response, the function will quickly rise into the decreasing asymptote
of the right limb. Larger capacities, associated with smaller values of λ, will rise more slowly.
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Figure 2.
Mean response rates under the multiple FR schedule during the last 10 sessions of baseline.
The curve is drawn by Equation 1 using a single set of parameters, as dictated by the parsimony
intrinsic to AICc. Lesion groups are represented by different symbols.
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Figure 3.
Mean response rates under the multiple FR schedule during the last 10 sessions of baseline and
post-lesion. The mean response rates are represented as solid circles for measures recorded
before 6-OHDA lesion (Pre) and by open circles for measures recorded after the lesion (Post).
The curves were drawn by Equation 1, using parameters from Table 2; for the Moderate group,
parameters correspond to the model that assumes a change in minimum response duration, δ.
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Table 3
Quantitative indices of performance on multiple FR schedules as a function of lesion severity.

Group Model a (resps) δ (s) λ (s−1)

Control No Change (w = .35) 228 0.45 0.29

Unilateral Severe δ (w = .50) 268 0.39 → 0.57 0.33

Moderate λ (w = .24) 194 0.38 0.30 → 0.17

δ (w = .20) 213 0.37 → 0.46 0.25

Severe δ (w = .53) 185 0.39 0.99 0.35

Note. The arrows indicate changes in parameter (Pre → Post); no arrows indicate that parameter estimates were constant across pre- and post-lesion
conditions. Two models are shown for the Moderate lesion group, because their likelihood of being best is similar. The units of the parameters are given
in parentheses; resps stands for number of responses.
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