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Abstract
Rationale—The ability to withhold reinforced responses—behavioral inhibition—is impaired in
various psychiatric conditions including Attention Deficit Hyperactivity Disorder (ADHD).
Methodological and analytical limitations have constrained our understanding of the effects of
pharmacological and environmental factors on behavioral inhibition.

Objectives—To determine the effects of acute methylphenidate (MPH) administration and
rearing conditions (isolated vs. pair-housed) on behavioral inhibition in adult rats.

Methods—Inhibitory capacity was evaluated using two response-withholding tasks, differential
reinforcement of low rates (DRL) and fixed minimum interval (FMI) schedules of reinforcement.
Both tasks made sugar pellets contingent on intervals longer than 6 s between consecutive
responses. Inferences on inhibitory and timing capacities were drawn from the distribution of
withholding times (interresponse times, or IRTs).

Results—MPH increased the number of intervals produced in both tasks. Estimates of behavioral
inhibition increased with MPH dose in FMI and with social isolation in DRL. Nonetheless, burst
responding in DRL and the divergence of DRL data relative to past studies, among other
limitations, undermined the reliability of DRL data as the basis for inferences on behavioral
inhibition.

Conclusions—Inhibitory capacity was more precisely estimated from FMI than from DRL
performance. Based on FMI data, MPH, but not a socially enriched environment, appears to
improve inhibitory capacity. The highest dose of MPH tested, 8 mg/kg, did not reduce inhibitory
capacity but reduced the responsiveness to waiting contingencies. These results support the use of
the FMI schedule, complemented with appropriate analytic techniques, for the assessment of
behavioral inhibition in animal models.

Keywords
Impulsivity; Methylphenidate; Housing; Fixed minimum interval; Differential reinforcement of
low rates; Temporal regulation; Model; Reinforcement; Stimulants; Timing

© Springer-Verlag 2011
Federico.Sanabria@asu.edu .

NIH Public Access
Author Manuscript
Psychopharmacology (Berl). Author manuscript; available in PMC 2013 January 1.

Published in final edited form as:
Psychopharmacology (Berl). 2012 January ; 219(2): 353–362. doi:10.1007/s00213-011-2552-5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Impulsivity is a critical component of several behavioral disorders including substance abuse
(Bechara 2005; de Wit 2009; Perry and Carroll 2008), personality disorders (Chapman et al.
2008), and Attention Deficit Hyperactivity Disorder (ADHD; Barkley 1997). Behavioral
disinhibition is the variety of impulsivity characterized by a chronic inability to withhold
reinforced responses, which is a distinctive feature of ADHD (Barkley 1997). This variety of
impulsivity is sensitive to pharmacological treatment (Aron et al. 2003; Boonstra et al. 2005;
Broyd et al. 2005; Chamberlain et al. 2007; DeVito et al. 2009; Fillmore et al. 2003; Kratz et
al. 2009; Nandam et al. 2011; O’Driscollet al. 2005; Potter and Newhouse 2004; Scheres et
al. 2003; Snyder et al. 2008; Turner et al. 2004; Wilson et al. 2006) and environmental
factors (Pressman et al. 2006; Young et al. 2009).

The preclinical evaluation of new pharmacological treatments for behavioral disinhibition
requires the implementation of appropriate tests in animal models, typically rodents. Such
tests are validated, in part, by demonstrating sensitivity to pharmacological effects
analogous to those observed in humans. One such effect is the enhancement of behavioral
inhibition induced by methylphenidate (MPH; Boonstra et al. 2005; Broyd et al. 2005; Kratz
et al. 2009; Nandam et al. 2011; O’Driscoll et al. 2005; Trommer et al. 1991). Extant tests of
behavioral inhibition do not reliably replicate this effect in rodents. Consider the 5-Choice
Serial Reaction Time Task (5-CSRTT; Bari et al. 2008; Robbins 2002), in which impulsivity
is measured as reports of the presence of a target stimulus before it is presented. Using the 5-
CSRTT, some research has shown that 2-10 mg/kg MPH reduces impulsivity indices
(Bizarro et al. 2004) but other studies suggest that 5 mg/kg MPH increases impulsivity
(Navarra et al. 2008). In response-withholding tasks such as the differential reinforcement of
low rates (DRL; Ferster and Skinner 1957) and lever holding (Sanabria and Killeen 2008),
exposure to MPH yields deteriorated measures of inhibition (Emmett-Oglesby et al. 1980;
Ferguson et al. 2007; Orduña et al. 2009; Pearl and Seiden 1976; Seiden et al. 1979) and
timing (Mayorga et al. 2000). Evenden and Ko (2005) reported that 6 mg/kg MPH increased
the number of extreme chains—i.e., very long and very short—produced using the fixed
consecutive number (FCN) method with shock avoidance, which suggests disrupted
counting.

A factor that may contribute to these inconsistent findings is the rearing conditions of
subjects, which often varies between studies. Dalley et al. (2002) report reduced impulsivity
in isolated rats in the 5-CSRTT, but these results were a nonsignificant trend. Contrary to the
5-CSRTT findings, isolated rats in DRL produced more premature responses (Ough et al.
1972). In an alternating 2-lever DRL, isolated rats made more lever presses than enriched
rats, displaying impulsivity by earning fewer overall rewards (Morgan and Einon 1975).
Because housing conditions have a substantial influence on impulsivity-related behavior
such as the self-administration of drugs of abuse (e.g., Bardo et al. 2001; Thiel et al. 2009),
it is likely that MPH effects on behavioral inhibition interact with rearing environment.

There are probably other confounding factors, aside from rearing environment, that
contribute to the inconsistent effects of MPH on behavioral inhibition. Many of the
conventional measures of inhibition are confounded by changes in motivation (Conrad et al.
1958; Doughty and Richards 2002), attentional processes (Hahn et al. 2002), and motor
perseveration (Kramer and Rilling 1970; Roffman and Raskin 1997). Although many of
these processes are likely to be related to impulsivity (e.g., Volkow et al. 2010), the precise
assessment of the capacity to withhold reinforced responses requires their dissociation.
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The present study sought to overcome the limitations of conventional research on animal
impulsivity by (1) collecting data on the behavioral impact of MPH and rearing environment
using the fixed minimum interval (FMI) schedule of reinforcement (Mechner and
Guevrekian 1962), and (2) estimating inhibitory capacity from these data using the
Temporal Regulation (TR) model of behavioral inhibition (Sanabria and Killeen 2008). Like
DRL, the FMI paradigm requires animals to withhold a response for a fixed interval; unlike
DRL, however, the interval-initiating response in FMI is different from the interval-
terminating response. FMI empirically dissociates incentive motivation and perseverative
motor responses, which are expressed in interval-initiating responses, from behavioral
inhibition, which is expressed in the duration of the interval produced (Mechner and
Guevrekian 1962). These measures are confounded in DRL (Doughty and Richards 2002;
Richards et al. 1993). The primary goal of this study was to determine whether the
detrimental effects of isolated housing and MPH on impulsivity, reported using DRL,
change when measured in FMI using the TR model. Reversing the effect of MPH, in
particular, would validate FMI as a behavioral inhibition paradigm, providing an essential
tool for the preclinical evaluation of treatments of impulsivity.

The TR model posits that the distribution of response-withholding intervals is a mixture of
two independent probability distributions. The first distribution comprises intervals that are
sensitive to the waiting contingency, which are clustered around the target interval. The
other distribution comprises intervals that are not sensitive to the waiting contingency, and
generates what is often called the “DRL burst” (Richards et al. 1993). The TR model is
intended to analytically dissociate aspects of response-withholding performance that are
more informative of behavioral inhibition from those that are indicative of timing precision
and other potentially confounding factors such as burst responses. More specifically, the TR
model proposes the mean waiting interval as an estimate of inhibitory capacity.

Only one previous study has tested the effect of MPH on FMI performance (Mechner and
Latranyi 1963). Their report, however, was limited to four rats tested at relatively high doses
(6–48 mg/kg). They found that these high doses of MPH generally flattened the distribution
of intervals produced. A secondary goal of this study was to extend Mechner and Latranyi’s
(1963) research to a lower range of doses of MPH (0.5–8 mg/kg) and a larger number of
rats.

Method
Subjects

Twenty-four male Wistar rats (Charles River, Laboratories, Hollister CA) served as subjects.
Rats arrived at the laboratory on postnatal day (PND) 24. Rats had free access to food daily
and were housed on a 12/12 h light-dark cycle (dawn at 6 am) in translucent polycarbonate
cases (260 mm wide by 460 mm deep by 210 mm high) covered with Sanichip bedding and
wire lids. Other specific housing conditions (rats per cage, objects in cage) were part of the
experimental manipulation and are explained in the procedure section.

Apparatus
Experimental sessions were conducted in ten MED Associates® modular test chambers
(four boxes were 305 mm long, 241 mm wide, and 210 mm high; six boxes were 305 mm
long, 241 mm wide, and 292 mm high), each enclosed in a sound- and light-attenuating box
equipped with a ventilating fan. The floor consisted of thin metal bars above a catch pan.
The front and rear walls and the ceiling of the experimental chambers were made of clear
plastic, with the front wall hinged and functioning as a door to the chamber. A square
aperture (51-mm sides) located 15 mm above the floor and centered on an aluminum side
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panel on the right side of the chamber provided access to a receptacle (ENV-200-R2M) for
45 mg sugar flavored pellets (Dustless Precision pellets, product # F0042, Bio-Serv,
Frenchtown, NJ) furnished with a head entry detector (ENV-254-CB). Each activation of the
dispenser (ENV-203) delivered a single pellet. A retractable lever (ENV-112CM) was
located on each side of the food hopper. Only the lever closest to the chamber door was
operative; the other lever remained retracted and inoperative throughout the experiment. The
center of the lever was 80 mm from the center of the food hopper, and 21 mm from the
floor. Lever presses were recorded when a force of approximately 0.15 N was applied to the
end of the lever. Three-color light stimuli (ENV 222M) were located directly above each
retractable lever and could be illuminated yellow, green, and red. The ventilation fan
mounted on the sound-attenuating chamber provided masking noise of approximately 60 dB.
The test chambers could be dimly illuminated by a houselight located behind the left wall of
the chamber. Experimental events were arranged via a Med-PC® interface connected to a
PC controlled by Med-PC IV® software.

Procedure
Rearing environment—Rats were separated into two groups beginning postnatal day
(PND) 25. Half of the rats were assigned to a mildly enriched environment (Group Paired,
n=12) and half to an isolated environment (Group Isolated, n=12). The mildly enriched
environment involved housing two rats per cage with a PVC pipe and a crumpled up sheet
of paper towel. The PVC pipe was moved and a new paper towel was provided at least once
a week, when cages were changed for cleaning. The isolated environment involved housing
a single rat per cage with no objects. All rats had an experimental history with an
autoshaping procedure from PND 35 to PND 86 using the same apparatus described in this
report. The autoshaping procedure consisted of pairing either a 3-kHz tone or a lever
insertion with the probabilistic delivery of a food pellet (p=0.1). Experience with one
conditioning treatment or the other was counter-balanced across experimental groups.

Training
Training sessions were conducted once daily, 7 days per week for each rat, starting on PND
89. Sessions started with a 5-min habituation period, during which levers were retracted and
the chamber was dark. Insertion of the lever and illumination of the houselight signaled the
beginning of experimental conditions. The experimental procedure involved a 6-s waiting
task with a conjunctive variable interval (VI) 60 schedule of reinforcement superimposed on
the waiting schedule (Sagvolden and Berger 1996). The conjunctive VI schedule was
included to maintain rates of reinforcement nearly constant across animals, thus minimizing
the likelihood that performance was influenced by rate of reinforcement.

Initially, the target time and the VI requirement were set to 0.5 and 2 s, respectively. The
target time increased with each reinforcer by 1.25% across sessions until reaching 6 s, where
it remained constant. The 6-s target time was chosen to strengthen control by target time,
which is weak at longer intervals (Doughty and Richards 2002; Sanabria and Killeen 2008).
After reaching the 6-s target time, the VI requirement was increased to 9, 13, 19, 28, 42, and
60 s, in daily succession. The schedule of reinforcement of interresponse times (IRTs)
greater than 6 s was then fixed at VI 60 s (intervals were drawn from a 12-item Fleshler-
Hoffman distribution; Fleshler and Hoffman 1962).

The waiting task required rats to either press a lever (Group Lever, n=12) or remove their
heads from the food hopper (Group Head, n=12) to start a clock. While the clock was
running, the three-color light stimuli above both levers were illuminated and the houselight
was turned off. A head entry into the food hopper stopped the clock and terminated the
lights. The duration of the clock running constituted the interresponse time (IRT). If the IRT
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was longer than a programmed target time, it counted as a correct interval. Each correct
interval was reinforced with a food pellet if the conjunctive VI had elapsed. Incorrect
intervals were followed by a 2-s blackout. The difference in reinforcement contingencies
between Groups Lever and Head are highlighted in Fig. 1.

It is important to note that lever presses did not stop the clock. Thus, a rat in Group Lever
could start the clock with a lever press and continue lever pressing while the clock was
running. These subsequent lever presses had no programmed consequences. This is a
potentially significant difference between the lever press-head entry sequence required from
Group Lever and the conventional DRL arrangement, where each lever press restarts the
clock. Whereas reinforcement was arranged in a (intermittent) FMI schedule for Group
Lever, Group Head experienced contingencies more similar to DRL. For Group Head each
clock-starting head exit involved a clock-stopping head entry, and thus repeated head exits
were impossible. For this group, a lever was available but had no programmed
consequences.

Each session ended after 75 min or after 40 food pellets were obtained, whichever happened
first. Experimental sessions continued for a minimum of 15 days and until stable
performance was attained, based on visual inspection.

MPH—Following ten sessions of stable performance, daily experimental sessions continued
with MPH injections on Tuesdays and Fridays. Rats were injected with saline alone or
methylphenidate hydrochloride (MPH; 0.5, 2, or 8 mg/ kg, i.p.; Hawkins Pharmaceutical
Group, Minneapolis, MN) 15 min before each session. This dose range envelops the range
of therapeutic doses for ADHD (Faraone et al. 2004), even when differences in
bioavailability are taken into account given route of administration (i.p. vs. p.o.; Gerasimov
et al. 2000), and includes a high dose (8 mg/kg) to allow for inverted U-shaped dose-
dependent functions. Behavioral effects of MPH were likely elicited within the length of
each session, because peak locomotor effects of 2-10 mg/kg i.p. MPH in rats are observed at
20-40 min, and decline to half 20-60 min later (Gerasimov et al. 2000). Two dose cycles
were conducted, with order of dose injected counterbalanced across groups following a
Latin square design.

Dependent measures—The mean number of intervals (correct and incorrect) produced,
and the mean proportion of correct intervals were measured in each experimental session to
determine performance stability. The stable measures of performance used for data analysis
were total intervals (correct and incorrect) per hour, reinforcers collected per hour,
proportion of correct intervals, and parameter estimates of the Temporal Regulation (TR)
model. Behavioral inhibition parameters were estimated for each individual rat by fitting
Sanabria and Killeen’s (2008) TR model to IRT distributions. According to the model, the
distribution of IRTs is a mixture of a gamma and an exponential distribution (waiting and
nonwaiting IRTs, respectively),

(1)

Equation 1 indicates that the probability of an IRT of duration t is a function of five
parameters: p, N, c, k and δ. p is the proportion of waiting IRTs; 1-p, the proportion of
nonwaiting IRTs. N and c are, respectively, the shape and scale parameters of gamma
distribution Γ. k is the mean nonwaiting IRT. δ is the shortest interval possible (e.g., the time
it takes a rat to move from the lever to the hopper in Group Lever). Parameter δ was
estimated as the shortest IRT that the rat produced, and it was therefore not a free parameter
(Brackney et al. 2011).
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Temporal Regulation parameters were estimated using the method of maximum likelihood
(Myung 2003). Two parameters of the distribution of waiting IRTs provided estimates of
behavioral inhibition and timing precision. Response threshold θ was calculated as the mean
waiting IRT divided by the target time, (N×c)/6, with c estimated in seconds. Higher
response thresholds are indicative of longer waiting for the reward and, therefore, higher
inhibitory capacity (Sanabria and Killeen 2008). The coefficient of variation of waiting
IRTs, w, was computed as their standard deviation divided by their estimated mean, which
reduces to √(1/N). Higher estimates of w are indicative of reduced timing precision. Sanabria
and Killeen (2008) provide a more detailed discussion of the TR model.

Statistical analysis—Intervals per hour, reinforcers per hour, proportion of correct
intervals, and estimates of p (proportion of waiting IRTs), k (mean nonwaiting IRT), θ
(response threshold), and w (timing imprecision) were analyzed using two 2×4 mixed design
ANOVAs, one for Group Lever and one for Group Head, with housing (Paired vs. Isolated)
as between-subject factor and MPH dose as within-subject factor. When assumptions of
sphericity were not met, a Huynh-Feldt correction was applied. Effects with p<0.05 were
deemed significant; only significant effects are reported. Significant dose effects were
further examined using repeated contrasts (i.e., comparing consecutive levels of MPH dose).
Significant interaction effects were further examined using two-tail t-tests.

Results
Figure 2 shows mean (±SEM) intervals per hour, reinforcers per hour, and proportion of
correct intervals for each group of rats at each dose of MPH. Group Lever displayed a
significant main effect of dose on intervals per hour (F2.2,22.2=4.65, p=0.018), which
resulted from a 22% average increase in intervals per hour between saline and 0.5 mg/kg
MPH (F1,10=9.42, p=0.012) and an additional 27% between 0.5 and 2 mg/kg (F1,10=7.23,
p=0.023). Group Head also displayed a significant main effect of dose on intervals per hour
(F3,30=3.95, p=0.017), which resulted from a 22% average increase in intervals per hour
between 0.5 and 2 mg/kg MPH (F1,10=9.25, p=0.012).

The number of reinforcers obtained per hour is shown in the middle panels of Fig. 2. No
significant effect of housing or MPH was observed in Group Lever. Group Head displayed a
significant main effect of MPH dose on reinforcers obtained per hour, (F3,30=4.47, p=0.01),
which resulted from a 17% average increase between saline and 0.5 mg/kg MPH
(F1,10=5.56, p=0.04) and an additional 19% between 0.5 and 2 mg/kg (F1,10=6.95, p=0.025).

The proportion of correct intervals in shown in the bottom panels of Fig. 2. No significant
effect of housing or MPH was observed in Group Lever. Group Head displayed a significant
main effect of housing (F1,10=5.98, p=0.035) on the proportion of correct intervals. Isolated
rats produced IRTs longer than 6 s in nearly half of the trials, whereas Paired rats produced
them in only about a third.

Figure 3 shows fits of the TR model to the mean distribution of IRTs for each dose of MPH
in each group, plotted in 0.5-s bins. Curves were fit using the method of least squares. In
general, the TR model provided a good description of the distributions of IRTs. MPH
decreased the relative frequency of the shortest IRTs (<0.5 s) produced by Group Head.
Close inspection of the graphs reveals that, in all groups, the 0.5 and 2 mg/kg doses of MPH
shifted the IRT distributions slightly to the right, and the 8 mg/kg dose flattened the
distribution of IRTs. Visible differences are also apparent between Groups Lever and Head.
Group Head emitted a high proportion of very short IRTs, seen as the high, left tail of the
distribution, a pattern not observed in the Lever group. Group Lever also had a higher
proportion of IRTs tightly clustered around 6.
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Figure 4 shows TR parameter estimates for each group at each MPH dose. Group Lever
displayed a significant main effect of dose on p (F3,30=3.91, p=0.018), which resulted from
an average reduction in p from 0.85 to 0.71 between 2 and 8 mg/kg MPH (F1,10=7.55,
p=0.021).

Group Head displayed a significant main effect of dose and dose×housing interaction effect
on p (F2.06,20.61=7.39, p=0.004; F2.06,20.61 =5.86, p=0.009, respectively). The main effect of
dose was due to an increase in p from 0.73 to 0.77 between saline and 0.5 mg/kg MPH
(F1,10=5.7, p=0.038). The interaction effect was restricted to the change in p between 2 and
8 mg/kg MPH (F1,10=17.97, p=0.002). At 0.5 and 2 mg/kg MPH, p was lower for Head-
Paired than for Head-Isolated rats (t10=3.49, p=0.006, and t10=2.48, p= 0.032, respectively),
but it increased in Head-Paired rats between 2 and 8 mg/kg (t4=4, p=0.016).

No significant effect of housing or MPH was observed on mean nonwaiting IRT, k, in Group
Lever. Group Head displayed a significant dose×housing interaction effect on k (F3,30=3.83,
p=0.02). This effect was restricted to the change in k between 2 and 8 mg/kg MPH
(F1,10=12.93, p=0.005). At 2 mg/kg MPH, k was longer for Paired relative to Isolated rats
(t10=2.65, p=0.024), but it declined by about half in Paired rats between 2 and 8 mg/kg
(t4=5.88, p=0.004). Note that the difference in estimates of k between Groups Lever and
Head is roughly two orders of magnitude.

Group Lever displayed a significant main effect of dose on the response threshold, θ
(F3,30=4.01, p=0.016). Repeated contrasts were not significant suggesting that the effect was
not due to any particular dose but that, instead, mean θ increased progressively with MPH
dose. Group Head also displayed significant dose×housing interaction on θ (F3,30=3.33,
p=0.033). This effect was restricted to the change in θ between 2 and 8 mg/kg MPH
(F1,10=8.06, p=0.018), which resulted from Isolated rats waiting longer than Paired rats at
saline, 0.5, and 2 mg/kg (t10=2.33, p=0.042, t10=2.65, p=0.024, and t10=2.4, p=0.037,
respectively), but not at 8 mg/kg MPH.

Both Groups Lever and Head displayed a significant dose×housing interaction effect on w
(F3,30=3.01, p=0.046 and F2.27,22.7=6.48, p=0.005, respectively). For Group Lever, this
effect was observed between 0.5 and 2 mg/kg (F1,10=18.23, p=0.002) and between 2 and 8
mg/kg MPH (F1,10=7.14, p=0.023). At saline and 0.5 mg/kg, w was higher for Isolated
relative to Paired rats (t10=2.32, p=0.043 and t10=2.81, p=0.018, respectively); w decreased
for Isolated rats (t4=8.26, p=0.001) and increased for Paired rats (t6=2.89, p=0.028) at 2 mg/
kg, reaching virtually identical estimates (0.42); w increased again for Isolated rats at 8 mg/
kg (t4=3.39, p=0.027). For Group Head, the interaction effect was restricted to the change in
w between 2 and 8 mg/kg MPH (F1,10=7.16, p=0.023), which resulted from w doubling for
Paired rats (t4=5.39, p=0.006), but not Isolated rats, between these doses.

Discussion
Behavioral inhibition estimates from FMI

The main purpose of this study was to explore the effects of rearing environment and MPH
on behavioral inhibition. To draw inferences on inhibition, a group of rats (Lever) was
exposed to an FMI schedule of reinforcement. To estimate the index of inhibitory capacity θ
(Sanabria and Killeen 2008), FMI performance was analyzed using the TR model of
behavioral inhibition. As shown in Fig. 4, MPH, but not pair-rearing, enhanced inhibitory
capacity in Lever rats. The effect of MPH is consistent with evidence from human research
(Boonstra et al. 2005; Broyd et al. 2005; Kratz et al. 2009; Nandam et al. 2011; O’Driscoll et
al. 2005; Trommer et al. 1991). Unlike estimates of θ from FMI performance, the proportion
of correct intervals was not sensitive to the inhibitory-enhancing effects of MPH (Fig. 2,
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bottom-right panel). Response-withholding performance statistics such as “efficiency” or
“accuracy” do not appear to be sensitive to stimulant-induced inhibitory enhancement (cf.,
Ferguson et al. 2007; Mayorga et al. 2000; van den Bergh et al. 2006).

An alternative explanation to the effect of MPH on θ is that it reduced the motivation for
rewards, thus depressing the overall rate of responding (Brackney et al. 2011). This
explanation, however, is inconsistent with the dose-dependent increase in the number of
intervals per hour (Fig. 2, top-right panel). The MPH-induced increase in intervals produced
is consistent with the increase in response rate systematically observed in rats exposed to
MPH in other response-withholding preparations (Emmett-Oglesby et al. 1980; Ferguson et
al. 2007; Orduña et al. 2009; Pearl and Seiden 1976; Seiden et al. 1979), and even when
response-withholding contingencies are not in place (Heyman 1992; Ts’o et al. 1976). It
may be that MPH enhances incentive motivation (Mechner and Guevrekian 1962), reduces
aversive properties of delayed reward (Brown and Flory 1972; Shiels et al. 2009; Solanto et
al. 2001) or lengthens the delay-of-reinforcement gradient (Johansen et al. 2007; Sagvolden
et al. 1988). Future research should further explore the motivational and learning effects of
MPH, separately from its inhibitory-enhancing effects.

It is possible that a further enhancement of the rearing environment of Paired rats (e.g., with
more objects, rats, space, etc.) would have raised estimates of behavioral inhibition in FMI.
It is also possible that the reduction in space per rat in the Paired condition countered any
inhibitory-enhancing potential that social rearing might have had. Nonetheless, the
manipulation of rearing environment was strong enough to influence temporal precision in
all rats, and various other measures obtained from Head rats. Relative to other behavioral
effects of rearing environment, its effect on behavioral inhibition was very weak.

Behavioral inhibition estimates from DRL
As expected, the distribution of IRTs in the Head condition was similar to those observed in
more conventional DRL paradigms using lever pressing as the target response (e.g.,
Doughty and Richards 2002). The left-end tail of the Head IRT distributions (Fig. 3) and
estimates of TR parameter p (Fig. 4) indicate that 25-30% of Head IRTs were short response
bursts. Despite delaying reinforcement, burst responding is a signature property of DRL
performance (Kramer and Rilling 1970; Richards et al. 1993). They are also an indication
that factors unrelated to inhibition may influence DRL performance.

Estimates of θ and the proportion of correct sequences obtained from Head rats suggest that
Isolated rats were less impulsive than Paired rats when MPH dose was 0-2 mg/kg. Such
inference is inconsistent with prior research on rat DRL performance (Ough et al. 1972;
Morgan and Einon 1975) that suggest that impoverished rearing environments promote
impulsivity. Various differences in procedural parameters may have contributed to the
inconsistency across DRL studies, e.g., the use of head pokes vs. lever pressing as the target
response, and waiting requirements of 6 vs. 20 (Ough et al. 1972) vs. 30 s (Morgan and
Einon 1975). This divergence in results suggests that inferences on behavioral inhibition
drawn from DRL data are highly dependent on procedural parameters, and are therefore not
reliable.

Nonwaiting IRTs
In FMI, short response bursts are captured in repeated lever presses, which do not delay
reinforcement, separately from IRTs. This allows for a more straightforward observation of
the distribution of waiting IRTs, compared to DRL. It does not mean, however, that
nonwaiting IRTs are absent in FMI. Based on estimates of p (Fig. 4), the prevalence of non-
waiting intervals in FMI is reduced by nearly 10% relative to DRL. The long durations of
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those IRTs (k=5-15 s) suggest that they are qualitatively different from DRL bursts (k=
0.1-0.2 s). These long nonwaiting IRTs may reflect lapses in attention, embodied in counter
failures (Bizo et al. 2006) or other stop/reset mechanism (Buhusi and Meck 2006). These
lapses are probably also present in DRL data, but confound-ed with θ. Such confound would
explain why the difference in k between Groups Lever-Paired and Lever-Isolated, although
statistically nonsignificant, is somewhat reflected in the difference in θ between Groups
Head-Paired and Head-Isolated (Fig. 4). Longer periods of task delinquency, not enhanced
inhibitory capacity, may explain the superior performance of Isolated rats in DRL.

Although FMI data shows that MPH dose-dependently improved inhibitory capacity, it also
shows that the highest dose of MPH, 8 mg/kg, reduces the proportion of waiting IRTs (p).
Because of the long duration of nonwaiting FMI IRTs, their prevalence yields flatter IRT
distributions similar to those observed when timing is disrupted. These flatter distributions
are observed with increasing doses of MPH in Fig. 3 and in Mechner and Latranyi’s (1963)
report.

Conclusions
A detailed examination of IRTs in FMI uncovered the inhibition-enhancement effect of
MPH in adult male rats. This effect is well demonstrated in humans, but conventional
inhibition paradigms have been unable to replicate it systematically. Furthermore, the
analysis of FMI IRTs dissociated the inhibitory effects of MPH from the non-inhibitory
effects of rearing conditions. These results support the use of FMI as a behavioral inhibition
paradigm. FMI is uniquely fit for the preclinical assessment of pharmacological treatments
of impulsivity.
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Fig. 1.
Illustration of reinforcement contingencies in Groups Lever (FMI) and Head (DRL). For
Group Lever, intervals were initiated by a lever press (1) and terminated by a head entry into
the food receptacle, detected by an infrared photocell (2); iterative lever presses had no
programmed consequences. For Group Head, intervals were initiated by a head removal
from the food receptacle (1) and terminated by a head entry (2); the lever was not functional.
Intervals longer than 6 s were reinforced intermittedly according to a VI 60-s schedule
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Fig. 2.
Intervals produced per hour (top), reinforcers collected per hour (middle), and proportion of
correct intervals produced (bottom) by Groups Lever (left) and Head (right), and Groups
Paired (filled symbols) and Isolated (open symbols), at each dose of MPH. Asterisk
significant effect of MPH dose, number sign significant effect of housing; α=0.05. Doses of
0.5 and 2 mg/kg MPH in Group Lever and of 2 mg/kg in Group Head significantly increased
the number of intervals per hour relative to lower doses (p=0.012, 0.023 and 0.012,
respectively). In Group Head, 0.5 and 2 mg/kg MPH significantly increased the number of
reinforcers collected per hour (p=0.04, p=0.025), and isolated housing increased the
proportion of correct intervals (p=0.035)
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Fig. 3.
Distribution of IRTs shorter than 15 s in each task (columns)× housing (rows) group, for
each MPH dose (symbols). Each data point is placed above the midpoint of the bin, so the
first point on each graph shows the proportion of IRTs between 0 and 0.5 s, the next point
between 0.5 and 1.0 s, and so on. Curves are fits of the Temporal Regulation (TR) model of
behavioral inhibition (Eq. 1). DRL burst IRTs are visible on the left-end tail of the plots of
Group Head; this pattern was absent in Group Lever. The highest dose, 8 mg/kg, of MPH
flattened the IRT distributions of all groups. The TR model provided an adequate account of
all the IRT distributions
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Fig. 4.
Estimates of two Temporal Regulation (TR) parameters (p propotion of waiting intervals, k
the mean nonwaiting IRT) and two waiting indices (θ response threshold, a measure of
inhibitory capacity; w the coefficient of variation, a measure of timing imprecision), based
on the perfomance of Groups Lever (left) and Head (right), Paired (filled symbols) and
Isolated (open symbols), at each dose of MPH. Note the difference in y-axis scale between
Lever and Head plots of k. Asterisk significant effect of MPH dose, number sign significant
effect of housing, a=significant effect of MPH in Paired rats, b=significant effect of MPH in
isolated rats, α=0.05. MPH of 8 mg/kg significantly reduced p in Group Lever (p=0.021),
increased it in Group Head-Paired (p=0.016), reduced k in Group Head-Paired (p=0.004),
and increased w in Groups Lever-Isolated (p =0.027) and Head-Paired (p=0.006). A
significant and progressive increase of θ was observed over MPH doses in Group Lever (p=
0.016). Isolation increased θ at doses lower than or equal to 2 mg/kg in DRL
(p=0.024-0.042)
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