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Abstract

Recent research has suggested that frequent short bursts of activity characterize hyperactivity 

associated with attention deficit hyperactivity disorder (ADHD). This study determined whether 

such pattern is also visible in schedule-induced polydipsia (SIP) in the spontaneously hypertensive 

rat (SHR), an animal model of ADHD. Male SHR, Wistar Kyoto (WKY) and Wistar rats were 

exposed to 40 sessions of SIP using a multiple fixed-time (FT) schedule of food delivery with FT 

30-s and FT 90-s components. Stable performance was analysed to determine the extent to which 

SIP-associated drinking is organized in bouts. The Bi-Exponential Refractory Model (BERM) of 

free-operant performance was applied to schedule-induced licks. A model comparison analysis 

supported BERM as a description of SIP episodes: licks were not produced at a constant rate but 

organized into bouts within drinking episodes. FT 30-s induced similar overall licking rates, 

latencies to first licks and episode durations across strains; FT 90-s induced longer episode 

durations in SHRs and reduced licking rate in WKY and Wistar rats to nearly baseline levels. 

Across schedules, SHRs made more and shorter bouts when compared to the other strains. These 

results suggest an incentive-induced hyperactivity in SHR that has been observed in operant 

behavior and in children with ADHD.
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Introduction

Recent research suggests that children with attention deficit hyperactivity disorder (ADHD) 

engage in frequent but short bouts of operant behaviour (Taylor et al., 2010). The 

spontaneously hypertensive rat (SHR), an animal model of ADHD (Sagvolden et al., 2000; 

Sanabria and Killeen, 2008), shows a similar pattern of operant performance (Hill et al., 

2012). It thus appears that this pattern of behaviour constitute a key component of the 

behavioural phenotype of ADHD.

The present study was aimed at determining whether frequent but short bouts of responding 

were also observed in SHRs in a non-operant behavioural preparation, schedule-induced 

polydipsia (SIP). SIP consists of excessive drinking that occurs on a schedule in which food 

is intermittently delivered, usually observed in partially food-deprived rats (Falk, 1961). SIP 

can be produced in a wide range of behavioural schedules, including conditions in which 

animals are exposed to intermittent delivery of food regardless of their behaviour, such as 

fixed time (FT) schedules (Falk, 1966, 1967).

The principal characteristic of SIP is its excessiveness, which distinguishes it from others 

behaviours performed throughout inter-food intervals. Thus, SIP serves as the prototype of 

so-called adjunctive behaviour (Falk, 1971; also referred to as interim behaviour: Staddon, 

1977). In relation to ADHD, SIP successfully selects among experimental subjects those that 

display characteristics associated with excess behaviour (Riley & Wetherington, 1987; 

Gilpin et al., 2008) and other disorders associated with deficient impulse control (Cardona et 

al., 2006; López-Grancha et al., 2008), such as substance abuse (Myracle et al., 2005), 

obsessive compulsive behaviour (Plat et al., 2008; Van Kuyck et al., 2008; Moreno & Flores 

2012; Moreno et al., 2012; Flores et al., 2014), and schizophrenia (Hawken et al 2011 a and 

b, 2013).

Comparisons of SIP between SHR, Wistar and Wistar Kyoto (WKY) rats have shown that 

(a) there are no significant difference in SIP among strains when the inter-food interval is 

short (30 s), but (b) whereas SIP declines with longer inter-food intervals (approximately 60 

s) in WKY and Wistar rats, SIP in SHR remains relatively high (Íbias & Pellón, 2011, 

2014). Reduced SIP in control strains may occur because of (a) a reduction in the proportion 

of inter-food intervals that contain drinking episodes, (b) an increase in the latency to initiate 

drinking episodes, (c) a reduction in the duration of drinking episodes, and/or (d) a reduction 

in the rate of licking during a drinking episode. To the extent that licking rate is, like operant 

behaviour, organized in bouts (Shull et al., 2004; Brackney et al., 2011), licking rate may 

decline because (a) licking bouts occur less often, (b) licking bouts are shorter, and/or (c) 

licking rate within bouts declines.

The present study aimed at examining these potential differences in SIP performance across 

three strains of rats, SHR, Wistar and WKY, and two food schedules, FT 30-s and FT 90-s. 

The organization of drinking episodes in bouts of licks was of particular interest, not only 

because of its ostensible link to ADHD, but also because parameters of bout organization 

have been associated with motor, motivational and learning variables (Brackney et al., 

2011). Therefore, differences in parameter estimates across strains may suggest novel 
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hypotheses about the behavioural mechanisms that underlie the differences in performance 

across strains, as well as on the behavioural mechanisms involved in SIP and related 

phenomena.

Method

Subjects

Twenty-four male rats of three strains - 8 SHR, 8 WKY and 8 Wistar - obtained from 

Charles River Laboratories (Lyon, France) were used. On arrival at the laboratory, animals 

were 10 weeks old; they were housed in groups, in an environmentally-controlled room with 

a 12-hour light-dark cycle (light from 08:00 to 20:00 hours), ambient temperature of 17 °C 

to 23 °C, and 60% relative humidity. Once habituated to the animal facility, rats were 

housed singly in 18 × 32.5 × 20.5 cm transparent Plexiglas cages, with a metal-grid 

detachable roof that allowed for food to be deposited and a water bottle to be fitted.

Rats were 12 weeks old at the start of the experiment. Their average weights were, for SHR, 

292 g (range: 277–302 g); for WKY, 339 g (range: 306–361 g); for Wistar, 373 g (range: 

359–384 g). Weights were reduced to 80%-85% of free-feeding weight by a controlled diet, 

and then maintained throughout the experiment in proportion to standard growth curves for 

each strain. Each rat was weighed daily before the experimental session. Twenty minutes 

after the experimental session, each animal received the appropriate food supplement to 

maintain its weight within the criterion-based range.

Apparatus

Eight Letica LI-836 conditioning chambers, measuring 29 × 24.5 × 35.5 cm, enclosed in 

soundproofed housing, equipped with its own ventilation and a small observation window at 

the front. The front panel of each conditioning chamber was made of aluminium, the left 

wall of transparent Plexiglas and the remaining walls of black Plexiglas. On the exterior of 

the chamber' right-hand wall, a water bottle was fitted, and the rat had access to the spout 

from the interior of the chamber, through a 3.2 × 3.9 cm aperture in the wall, situated 20 cm 

from the front panel and 7 cm from the floor. The spout was placed 2 cm towards the 

interior of the aperture to allow for licks rather than continuous drinking. Contact between 

the animal's tongue and the metal spout completed the electric circuit between the 12-bar 

metal grid that served as the floor and the water-bottle spout. Licks were recorded using a 

MED-PC-IV application under a Windows XP environment. Forty-five mg food pellets 

were dispensed (Bio-Serv, Frenchtown, NJ, USA) in an aperture in the chamber's front wall 

situated 3.7 cm from the floor, between the panel's two levers, which were retracted 

throughout the experiment. The chambers were lit by two 3W lamps situated on the front 

panel at either side of the food hopper and by an indirect 25W light fitted to the interior of 

the soundproof housing that insulated each chamber. Exterior noise was masked by a fan 

that produced an ambient noise of approximately 60 dB in each chamber. At the top of the 

front wall of each chamber was a speaker that produced sound signals when necessary.
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Procedure

The SIP procedure was carried out using a multiple FT schedule, in which a food pellet was 

delivered at regular intervals regardless of the animal’s behaviour. Every experimental 

session contained two schedule components, FT 30-s and FT 90-s, and the first component 

to start each session was determined randomly. Rats were given 20 food pellets/session in 

each component. One of the components was always signalled with a continuous tone of 60 

dB (while the other was signalled by its absence); assignment of tone-signalled component 

was randomized across animals. The experimental chamber lights were turned off for 60 s 

between FT components.

Forty experimental sessions were conducted. Once SIP performance was stable in both 

schedules, based on licking rate (licks/min) and volume of water consumed, 8 more sessions 

were conducted. Data from the last 8 sessions was used for the estimation of bout 

parameters. All data were collected with a resolution of 20 ms.

Estimation of bout parameters

Bout-parameter estimation was conducted only on rats that, during the last 8 sessions, drank 

more than the average daily level of prandial water consumption (2.75 ml). A total of 19 rats 

(all SHR rats, 6 WKY rats and 5 Wistar rats) were included in the analysis.

The following measures were obtained from each trial in which a rat produced at least two 

licks: latency to the first lick, duration of the drinking episode (i.e., time between first and 

last lick), and 3 parameters of the distribution of inter-lick intervals (ILIs): the rate at which 

licking bouts were initiated (b), the rate of licking within bouts (w), and the probability that 

a lick was not the last one in a bout [p; mean bout length = 1 / (1 – p)]. These parameters 

were estimated using the Biexponential Refractory Model (BERM) of free-operant 

performance (Brackney et al., 2011),

(1)

This equation indicates that there is a minimum time between consecutive licks, δ, and that 

ILIs longer than δ are sampled with probability p from an exponential distribution with 

mean (1 / w) + δ (the within-bout lick rate), and with probability 1 − p from another 

exponential distribution with mean (1 / b) + δ (the bout-initiation rate). Estimates of p, w and 

b were obtained using the method of least squares (Kessel & Luke, 2008), with δ fixed at 10 

ms (half of the data resolution) for all rats. Goodness-of-fit of BERM parameters was 

computed (a) as the proportion of variance in the empirical survival function, expressed in 

log units (Shull et al., 2001), accounted for by the model (PVAF; Fleishman, 1980), and (b) 

as the improvement in likelihood (probability of the model given the data) relative to a 

single shifted-exponential distribution, correcting for the 2 extra free parameters in Equation 

1 (the mixture weight p and the parameter of the second exponential). The latter 

computation was conducted using ΔAICc (Burnham & Anderson, 2002).
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Statistical analysis

Licks per minute during the first 40 sessions was analysed using a 3 × 2 × 40 mixed-design 

ANOVA, with factors strain (SHR, Wistar and WKY), schedule (FT 30-and 90-s), and 

session (each of 40 sessions). The following dependent measures were analysed in the last 8 

experimental sessions: the proportion of trials (i.e., inter-food intervals) with a drinking 

episode (2 or more licks), the median latency to start drinking episodes, the median duration 

of drinking episodes, and the mean number of bouts emitted per episodes (estimated from 

BERM parameters). Analysis was conducted using a 3 × 2 mixed-design ANOVA with 

factors strain and schedule. PVAF-weighted, log-transformed BERM parameter estimates 

were compared between groups using a similar ANOVA (the log transform follows 

suggestions that BERM parameters are log-normally distributed across rats; see Cheung et 

al., 2012).

Post-hoc comparisons were carried out using pairwise comparisons with a Bonferroni 

correction for p. The lowest p-value reported in every analysis was 0.01, with α = .05. All 

analyses were conducted using SPSS 19 © Software.

Results

SIP acquisition

Figure 1A shows mean (±SEM) licks/min throughout 40 sessions of SIP acquisition for the 

three strains of rats in the FT 30-s schedule. A significant strain × session interaction effect 

was observed [F(78,819)= 2.146, p< 0.01]. Post hoc comparisons revealed that, in sessions 4 

to 11, SHRs produced significantly more licks/min than Wistar and WKY rats (p< 0.05 for 

all comparisons). This difference persisted for SHR vs. WKY rats until session 31 (p< 0.05 

for all comparisons). No significant difference in licks/min among strains was observed in 

the last 9 of the first 40 sessions of FT 30-s training.

Figure 1B shows mean (±SEM) lick/min throughout 40 sessions of SIP acquisition for the 

three strains of rats in the FT 90-s schedule. A significant strain × session interaction effect 

was observed [F(78,819)= 3.265, p< 0.01]. Post hoc comparisons revealed that, from session 

2 onwards, SHRs produced significantly more licks/min than Wistar and WKY rats (p< 0.05 

for both comparisons).

The analyses reported in the remainder of this section are confined to the last 8 training 

sessions. Mean ±SD volumes of water consumed throughout these sessions were 13.0 ±0.6 

ml for SHR, 10.5 ±0.9 ml for Wistar, and 7.6 ±0.8 ml for WKY. No significant differences 

in lick efficiency (volume of water per lick) were observed between strains. Mean ±SD 

estimations of lick efficiency were: 110.5 ±10.7 for SHR, 94.6 ±13.6 for Wistar, and 117.6 

±12.4 for WKY.

Figure 2A shows mean (±SEM) proportions of trials with at least 2 licks. An ANOVA of 

this dependent measure resulted in a significant strain × schedule interaction effect [F(2,16) 

=8.317, p <0.01]. Post hoc comparisons revealed that SHR rats had significantly more 

drinking episodes than the other strains in both FT schedules (p< 0.01 in all cases). These 

comparisons also showed a substantial decrease in the number of drinking episodes in 
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Wistar and WKY rats in FT 90-s relative to FT 30-s schedules (p< 0.01 for both 

comparisons).

Figure 2B shows mean (±SEM) median latencies to first lick (±SEM) in all FT schedules for 

all groups. An ANOVA revealed a significant strain × schedule interaction effect [F(2,16) 

=4.064, p <0.04]. Post hoc comparisons showed that latencies increased for all strains 

between FT 30-s and FT 90-s (p< 0.01 for all comparisons).

Figure 2C shows mean (±SEM) median durations of drinking episodes. An ANOVA of 

episode durations revealed a significant strain × schedule interaction effect [F(2,16) 

=13.718, p <0.01]. Post hoc comparisons showed that SHR rats produced longer episode 

durations in FT 90-s than Wistar and WKY rats ( p< 0.02 and p< 0.04, respectively). Post 

hoc comparisons also revealed that SHRs produced longer episode durations in FT 90-s than 

in FT 30-s (p< 0.01).

In short, Figure 2 shows that, compared to control strains, SHRs produced more and longer 

drinking episodes that were more resilient to longer inter-food intervals. Despite this 

resiliency, SHR performance was sensitive to changes in inter-food interval: drinking 

episodes in SHR started later and lasted longer with longer inter-food intervals.

Effects on BERM parameters

Table 1 shows the goodness of fit of BERM. PVAFs were, in all cases, satisfactorily high, 

although the PVAF for WKY rats in FT 90-s was substantially lower than in any other strain 

× schedule cell. ΔAICc offered similar information. Nonetheless, even the worse fit of 

BERM provided a substantially superior fit than a single exponential distribution: BERM 

estimates were eΔAICc/2 = e2118 more likely than those from a single shifted exponential, 

given WKY performance in FT 90-s.

Figure 3 shows fits of BERM to individual rat data. BERM fit the data adequately, 

displaying the usual broken-stick survival function of ILIs also observed in free-operant 

inter-response times (IRTs: Shull et al., 2004; Brackney et al., 2011). This suggests that 

when rats were involved in SIP episodes, ILIs were sampled from two exponential 

distributions: more than 80% of ILIs were sampled from a distribution with a short mean 

(1/w estimates in median rats ranged between 12 and 16 ms), and the remainder were 

sampled from a distribution with a long mean (1/b estimates in median rats ranged between 

81 and 370 ms).

Figure 4 shows mean (±SEM) BERM parameters (p, w, and b) and the mean number of 

bouts per episode, estimated from drinking episodes. Although mean p estimates were 

greater than .90 (which translates into 10 licks/bout) for all strains and schedules, there were 

significant differences in estimates among strains revealed by a significant strain effect 

[F(2,32)= 20.796, p< 0.01]. SHRs generally produced lower p estimates than both WKY and 

Wistar (p< 0.01 and p< 0.02 respectively).

No significant differences in estimates of w were observed among strains or between 

schedules. During a drinking bout, all rats licked, on average, 3 to 6 times per second.
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An analysis of estimates of b revealed a significant strain [F(2,32)= 3.734, p< 0.04] and 

schedule effect [F(1,32)= 5.063, p< 0.03]. SHRs produced licking bouts at a significantly 

higher rate than WKY rats (p< 0.04), and rats generally produced licking bouts at a higher 

rate in FT 30-s than in FT 90-s. An analysis of estimates of the number of bouts per episode 

revealed a significant strain effect [F(2,32)= 36.814, p< 0.01]. Post hoc comparisons 

showed that SHRs produced more bouts per episode than Wistar rats (p< 0.01), and Wistars 

produced more than WKY rats (p< 0.01).

In short, Figure 4 shows that, compared to control strains, the drinking episodes of SHRs 

included more but shorter licking bouts. Within each bout, however, the rate of licking was 

very similar across strains.

Discussion

This study investigated the development and maintenance of SIP in SHR, Wistar and WKY 

rats in two FT schedules of food delivery. Results suggest a retardation in SIP acquisition in 

Wistar and WKY rats with respect to SHRs; the slowest acquisition was observed in WKY 

rats (Figure 1). After 40 experimental sessions, when SIP performance stabilized, no 

significant differences in overall licking rate were observed among strains in FT 30-s. In FT 

90-s, control strains hardly developed SIP. In contrast, SHRs maintained their adjunctive 

drinking despite a reduction in feeding rate. These results are consistent with previous 

reports (Íbias & Pellón, 2011, 2014).

The finding of differences in acquisition of SIP by the three strains of rats is interesting from 

a theoretical standpoint on adjunctive behaviour. WKY has been proposed as a model of 

anxiety vulnerability, post traumatic-stress and depression (Solberg et al., 2001; Will et al., 

2003), and there are theories of SIP that rely on its role as a coping strategy to mitigate the 

aversive conditions imposed by the intermittent presentation of food (e.g., Brett & Levine, 

1981, observed reduced corticosterone levels as SIP training progressed). If SIP functions as 

an anti-anxiety behaviour, more licking should be expected in WKY than in the rest of rats. 

Results reported here were the opposite: WKY rats showed retardation in the acquisition of 

SIP in comparison to both SHR and Wistar rats, reaching with prolonged training (when 

developed) similar final levels of drinking. This learning deficit relates to other deficits 

observed in WKY rats under a variety of different behavioural tasks (e.g., McAuley et al., 

2009). Conversely, SHRs developed SIP quicker than Wistar controls, and this could reflect 

less competition for expression from other behaviours within inter-food intervals (Íbias & 

Pellón, 2011) and/or an increased hyperactivity (Íbias & Pellón, 2014). Overall the present 

results seem to reflect that the functionality of SIP is more in line with adjustments of 

behaviour to reinforcement intermittency (see Falk, 1971; Killeen & Pellón, 2013) rather 

than with an anxiety-reduction function.

After 40 training sessions, not all rats acquired SIP above prandial levels, and were therefore 

excluded from further analysis. All excluded rats were Wistar and WKY; none were SHR. 

Even after excluding low responders, however, selected Wistar and WKY rats produced 

drinking episodes at a much lower rate than SHRs (Figure 2A). Furthermore, the episode 

durations of SHRs were longer than those of controls in FT 90-s (Figure 2C). Taken 
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together, these results suggest that licking behaviour was stronger in SHR than in control 

strains, particularly in FT 90-s. Despite this difference, all selected rats produced enough 

ILIs in both schedules to demonstrate a superior fit of BERM relative to a more 

parsimonious alternative model (Table 1 and Figure 3).

The adequate fit of BERM suggests that ILIs are sampled from two exponentially distributed 

populations of ILIs, one with a shorter mean that corresponds to within-bout ILIs, and one 

with a longer mean that separates these bouts. This pattern of behaviour has 3 parameters: 

the proportion of ILIs sampled from the short distribution (p; which covaries positively with 

mean bout length), the within-bout licking rate (w), and the bout-initiation rate (b).

The pattern of differences in parameter estimates across strains is remarkably similar to the 

pattern of differences drawn from IRTs in variable-interval (VI) schedules of food 

reinforcement (Hill et al., 2012). This similarity is particularly striking when ILI and IRT 

distribution parameters are drawn from adult rats (Hill et al., 2012). Under these conditions, 

WKY produce very long bouts (i.e., high p) of both operant and adjunctive behaviour, 

compared to other strains (Figure 4A). Both operant and adjunctive bout lengths do not 

appear to be significantly affected by rate of reinforcement. No clear differences in within-

bout response rate are observed across strains or schedules in either operant or adjunctive 

behaviour (Figure 4B). SHR produces substantially more operant and adjunctive bouts than 

Wistar, and Wistar produces more than WKY (Figure 4C). Taken together, these data 

suggest that differences across strains in the patterns of food-elicited behaviour are not 

dependent on response-food contingencies, even though bout-initiation rates are sensitive to 

the frequency of food delivery. The similarity of results across studies is consistent with the 

notion that the laws that govern adjunctive behaviours, such as SIP, are the same that govern 

operant behaviour (Killeen & Pellón, 2013).

Hill and colleagues (2012) infer from operant performance that operant hyperactivity (the 

inordinately high rate of responding at low rates of reinforcement) of SHR is due to a 

combination of steep reinforcement gradient (supporting shorter bouts) and, possibly, an 

enhanced responsiveness to reinforcement (supporting more frequent bouts). The present 

results extend these inferences to situations in which incentives are not contingent on 

behaviour. Thus, operant hyperactivity in SHR may be thought of as belonging to a wider 

class of hyperactive behaviour expressed by SHR, which may be called incentive-elicited 

hyperactivity.
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Research Highlights

• Similar rate of licking induced by FT 30-s schedule in SHR, Wistar, and WKY 

rats

• FT 90-s lengthened drinking episodes in SHR, reduced rate of licking in Wistar, 

WKY

• Schedule-induced drinking occurred in bouts separated by pauses

• SHR episodes comprised shorter, more frequent bouts of drinking
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Figure 1. 
Mean (±SEM) licks/min over acquisition sessions of SIP in FT 30-s (Figure 1A) and FT 90-

s (Figure 1B). In FT 30-s, SHR produced significantly more licks/min than Wistar rats in 

sessions 4 through 11, and more than WKY in sessions 4 through 31 (p< 0.05 for all 

comparisons). In FT 90-s, SHR produced significantly more licks/min than the other two 

strains from session 2 onwards (p< 0.05).
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Figure 2. 
A. Mean (±SEM) proportion of trials with at least 2 licks. Figure 2.B. Mean (±SEM) median 

latency to first lick. Figure 2.C. Mean (±SEM) median duration of drinking episodes 

(intervals between first and last lick). SHR produced more drinking episodes than Wistar 

and WKY in both schedules; this difference increased in FT 90-s. All strains started their 

drinking episodes later in FT 90-s than in FT 30-s. SHR produced longer episodes in FT 90-

s relative to FT 30-s, and relative to other strains. Between strain differences: * = p< 0.05, 

** = p< 0.01. Within strain differences: # = p< 0.05, ## = p< 0.01.
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Figure 3. 
Sample fits of BERM (Equation 1; continuous curves) to individual log-survival plots (the 

natural log of the probability of an ILI greater than X) from selected SHR (top panels), 

Wistar (middle panels), and WKY rats (bottom panels). For each strain × schedule (FT 30-s 

on the left, FT 90-s on the right) cell, the rat that produced the median lick/min was selected. 

Each panel includes BERM parameter estimates. BERM provided an adequate account of 

individual SIP performance.
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Figure 4. 
Mean (±SEM) BERM parameters (Equation 1) estimated from drinking episodes. Figure 4A 

shows estimates of p, the probability of continuing a bout after every lick. Figure 4B shows 

estimates of w, the within-bout licking rate. Figure 4C shows estimates of b, the bout-

initiation rate. Figure 4D shows estimations of the average number of bouts per episode, 

computed as w(bD + 1) / (w + Lb), where D is the mean episode duration, and L is the mean 

bout length = 1 / (1 – p). SHR produced shorter episodes (lower p) than WKY and Wistar 

rats. SHR produced bouts more frequently than WKY. SHR produced more bouts per 
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episode than Wistar rats, and Wistar rats more than WKY in both schedules. Between strain 

differences: * = p< 0.05, ** = p< 0.01. Within strain differences: # = p< 0.05, ## = p< 0.01. 

− = p> 0.05.
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Table 1

Mean (± SEM) goodness-of-fit of BERM parameters

PVAF ΔAICc*

FT 30-s

SHR 0,84 (0,03) 8997 (1308)

WISTAR 0,76 (0,08) 5644 (1709)

WKY 0,69 (0,09) 5988 (1364)

FT 90-s

SHR 0,93 (0,01) 17247 (2725)

WISTAR 0,84 (0,05) 5095 (1983)

WKY 0,63 (0,15) 4237 (1584)

*
Note. ΔAICc is the difference in likelihood of Equation 1 and a single-exponential model, after correcting for number of free parameters. Higher 

ΔAICc is indicative of a higher likelihood of Equation 1, given the data of each strain.
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