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Schedule-induced polydipsia (SIP) is an animal model of compulsive drinking that selects for indi-

vidual differences and varies across rat strains. The aim of this study was to investigate exces-

sive habit formation by analyzing the SIP licking microstructure among rat strains, and to

compare the brain areas activated by SIP in different populations. Wistar, Long Evans and

Roman High- and Low-Avoidance rat strains were compared using a cluster analysis of 2 main

variables, that is, frequency of licking (percentage of interpellet intervals with drinking episodes)

and intensity of licking (mean number of licks per interpellet interval), and were found to exhibit

high intensity and frequent licking (compulsive drinkers, CD), low intensity but frequent licking

(habitual drinkers, HD), and low intensity and low-frequency licking (low drinkers, LD). The

Wistar strain showed a higher frequency and intensity of licking, and had the largest group of

CD rats when compared with the other strains. Regarding the acquisition of SIP, CD rats

showed a higher intensity of licking when compared with the HD and LD rats. Moreover, c-Fos

quantification revealed that rats in the CD group showed hyperactivity in the lateral orbitofron-

tal cortex and basolateral amygdala when compared with the LD group. Analyzing the SIP micro-

structure could be a valuable tool for understanding the role of excessive habit formation in the

development of compulsive drinking and its underpinning neurobiological mechanisms.
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1 | INTRODUCTION

Compulsivity is characterized by the persistence of activities that

become disconnected from the prevailing environmental contingen-

cies, and lack an obvious relationship to the overall goal of the activ-

ity.1 This symptom is present in different psychiatric disorders, such

as obsessive-compulsive disorder (OCD), body dysmorphic disorder,

hoarding disorder, hair-pulling disorder and skin-picking disorder,

which comprise the Obsessive-Compulsive and Related Disorders

cluster in the Diagnostic and Statistical Manual of Mental Disorders

5 (DSM-V2). Growing evidence from human and animal research

suggests that alterations in neurocognitive mechanisms mediating

behavioral inhibition (motor inhibition, cognitive inflexibility), and

habit formation (shift from goal-directed to stimulus-driven habits)

may contribute to a vulnerability to compulsive behavior in a variety

of disorders.3

Schedule-induced polydipsia (SIP) is a phenomenon characterized

by the development of nonregulated excessive drinking in food-

deprived animals exposed to intermittent food-reinforcement sched-

ules.4,5 Owing to its characteristics of “excessiveness” and “persistence,”

SIP has been proposed as a useful model to study neuropsychiatric dis-

orders characterized by the presence of compulsive behavior.6–12 In our

laboratory, Wistar (WIST) rats are commonly used for SIP as they show

important individual differences between high drinker (HD) and low
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drinker (LD) phenotypes, according to a median split. Relative to their

LD counterparts, HD WIST rats show behavioral inflexibility in a spatial

reversal learning task13 and a lack of inhibitory control in the 5-choice

serial reaction time (5-CSRT) task,14 which has been associated with

changes in monoaminergic systems in the limbic-striatal circuitry.12,14,15

Compared with WIST rats, Lister hooded (LH) rats do not acquire SIP

drinking,16 and show greater inhibitory control, as measured by the low-

anticipatory responses in the 3-CSRT task and lower food hoarding

behavior.17 In addition, the selective breeding of Roman high-avoidance

(RHA) and Roman low-avoidance (RLA) rats for rapid vs poor acquisition

of active avoidance behavior in the shuttle box test resulted in 2 pheno-

types that present with differences in SIP acquisition.18 RHA rats, which

show traits such as higher novelty seeking, susceptibility to addictive

drugs, and impulsive behaviors in the delay-discounting task and

5-CSRT task,18–20 display increased SIP acquisition when compared with

RLA rats. Other strains, such as the spontaneously hypertensive rats

(SHR) that are characterized as hyperactive and impulsive in terms of

their exacerbated sensitivity to delayed reinforcement, display increased

SIP drinking when compared with Wistar-Kyoto (WKY) control rats,11,21

as well as 2 rat lines selectively bred for high-ethanol preference com-

pared with their control counterparts.8 In addition, different lines of

inbred Fisher 344 and Lewis rats also exhibit different levels of SIP.22

Therefore, high or excessive SIP drinking seems to be sensitive to inhibi-

tory control deficits among different phenotypes and strains of rats.

So far, research on individual differences in SIP has mainly focused

on the overall number of licks and water intake in stable sessions of SIP

in select phenotypes.6,12 However, recent studies have pointed toward

the importance of analyzing the pattern of licking using microstructural

measures to better identify deficits in inhibitory control.23,24 For

instance, SHR rats display similar licking rates in SIP under fixed time

60 seconds (FT-60 seconds) and 30 seconds schedules of reinforce-

ment when compared with WIST rats, even although SHR rats show

poorer performance in a delay-discounting task.21 When comparing

microstructural measures in SIP between SHR and WIST rats, SHR rats

show an increased proportion of trials with drinking bouts and a higher

number of drinking bouts of shorter duration per drinking episode, indi-

cating a hyperactive-like pattern of licking.24 Similarly, SIP microstruc-

tural measures could be useful tools to model aspects of compulsivity.

From a theoretical perspective, deficits in goal-directed control and

associated overreliance on habits seem to play a key role in compulsiv-

ity across different psychiatric disorders.25 Hence, the study of the fre-

quency and intensity of licking could clarify the nature of compulsive

drinking in SIP in terms of excessive habit formation.

The largest body of work investigating the role of habit in human

compulsivity has been conducted in OCD.26 There is broad consensus

that OCD is characterized by abnormalities in a particular brain net-

work, the cortico-striato-thalamo-cortical circuitry, which involves

areas of the motor, associative and limbic cortices.27,28 Previous stud-

ies on SIP have found hyperactivity in the lateral and ventral lateral

orbitofrontal cortex (OFC), and medial prefrontal cortex (mPFC) in

compulsive drinking rats, whereas areas of the caudate-putamen do

not show significant differences between groups.15,29 Among the

brain structures located in the limbic circuit, the amygdala may be of

particular interest because of its role in anxiety and its strong integra-

tion within the cortico-striatal system.30 However, no previous

research has evaluated the neuronal activation of the amygdala during

SIP compulsive drinking.

We hypothesized that the rat strains showing poorer inhibitory

control (as is known from the literature) such as WIST and RHA,

would exhibit specific strain-dependent patterns of licking in the

microstructural SIP measures recorded, and that the rats classified by

the cluster analysis as the most excessive in terms of the frequency

and intensity of their licking would have altered neuronal activation in

brain areas related to compulsivity, such as regions of the OFC and

amygdala. To test these hypotheses, we first explored the microstruc-

tural pattern of licking following SIP in different rat strains that have

not been compared previously, such as WIST, Long Evans (LE), RHA

and RLA rats. The microstructural measures that better characterized

the strain-dependent differences in drinking rates, that is, the fre-

quency and intensity of licking, were used to cluster rats into high fre-

quency and high intensity (compulsive drinkers, CD), high frequency

and low intensity (habitual drinkers, HD) and low frequency and low

intensity (low drinkers, LD) drinking groups. We then calculated the

percentages of rats from each strain classified as CD, HD and LD to

identify the strain that is most vulnerable to compulsive behavior.

Once this first study had been concluded, we analyzed the acquisition

of SIP microstructural measures in the WIST strain, which showed the

highest percentage of CD rats, to identify vulnerabilities in the devel-

opment of frequent and intense licking in terms of excessive habit for-

mation, and compared neuronal activity in different brain areas

related to compulsivity during SIP in CD, HD and LD rats.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult male rats from 4 strains, weighting 290 to 400 g at the begin-

ning of the experiment, were housed 3 to 4/cage (57 × 35 × 20 cm)

at 22�C on an 08:00 to 20:00 dark-light cycle (lights off at

08:00 hours), with food and water available ad libitum. The first exper-

iment compared the SIP microstructure in 40 WIST and 15 LE rats

obtained from Janvier Labs (France), and 20 RHA and 21 RLA inbred

rats from colonies established in 199719,31 at the Autonomous Uni-

versity of Barcelona (Spain). The second experiment used WIST rats

from 2 companies, 40 rats from Janvier (France) and 48 rats from

Charles River (Barcelona, Spain). Before the SIP training, and after

10 days of habituation to the vivarium conditions, the rats were

weighed and handled daily. They were gradually reduced to 85% of

their free-feeding body-weight by controlled feeding and then main-

tained at this level of deprivation throughout the experiment. Food

was made available by daily feeding with lab chow approximately

30 minutes after each experimental session. Water was always avail-

able in the home cages. All testing was performed between 9:00 and

15:00 hours. Two WIST rats were not included in the statistical analy-

sis owing to the inadequacy of their drinking behavior (spilling water

from the water bottle during the SIP sessions), as well as 6 WIST rats

that were classified by the cluster analysis as outliers. Therefore, the

total sample was 91 rats in Experiment 1 and 80 rats in Experiment 2.
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All procedures were conducted in accordance with the Spanish

Royal Decree 53/2013 on the protection of experimental animals,

with the European Community Council Directives (2010/63/EU), and

with the University of Almería Animal Research Committee approval.

2.2 | Schedule-induced polydipsia

2.2.1 | Apparatus

We conducted the tests in 10 standard operant conditioning chambers

(MED Associates, Inc., Cibertec, Madrid, Spain) that were 32 cm long ×

25 cm wide × 34 cm high, with stainless steel grid floors. A detailed

description of the apparatus for SIP has been provided previously.18,32

The scheduling and recording of experimental events were controlled

by a Med PC IV computer and commercial software (Cibertec SA,

Madrid, Spain).

2.2.2 | Baseline water consumption

All rats were individually housed in plastic cages containing a dish with

the same amount of food as that delivered in the experimental sessions

and the same water bottle used in the operant chambers. Over 2 suc-

cessive days, 60 food pellets were placed together in a dish and the

amount of water consumed by each rat in 60 minutes was measured.

2.2.3 | SIP procedure

First, the animals were habituated on day 1 to the test chambers for

60 minutes, and were given 30 food pellets placed in the food maga-

zine. After magazine habituation, the rats were exposed to an FT-

60 seconds schedule of food pellet presentation during the

60 minutes sessions. Water bottles containing 100 mL of fresh water

were provided immediately before each session. The SIP procedure

lasted until water intake and licks were stable across 5 consecutive

sessions. RHA, RLA and LE rats underwent 14 sessions of SIP,

whereas WIST rats completed 20 sessions of SIP.

2.2.4 | SIP measures

The measures registered for each rat could be divided into Traditional

Measures, which are those previously used in our laboratory (13,16,33,34;

for review see6,14) and Microstructural Measures, which are those

obtained from the exact temporal time that each lick was performed

for during the session. Traditional Measures incorporated the following:

(1) total number of licks, (2) water intake (total volume of water

removed from the bottle) and (3) total number of magazine entries.

To analyze the SIP microstructure we counted drinking episodes,

defined as the number of licks (with a minimum of 5 licks) in which

the time between licks was no longer than 500 milliseconds. The cri-

terion of 500 milliseconds has been previously used for clustering

licks.35 The microstructural measures were as follows:

1. Frequency of licking: percentage of interpellet intervals with

drinking episodes.

2. Intensity of licking: mean number of licks per interpellet interval.

3. Number of episodes: mean number of drinking episodes per inter-

pellet interval.

4. Latency to licking: mean time spent from the delivery of the pellet

to the first drinking episode.

2.2.5 | Classification

Previous studies from our laboratory classified rats as high drinkers

and low drinkers if their average water intake was above or below the

group median, respectively.6,14 However, dichotomizing a continuous

variable via the median split might lead to type II error and a reduction

in effect size and power.36 For this reason, in this paper we have clas-

sified rats according to the frequency and intensity of their licking

from the average of the 3 last sessions of SIP using hierarchical clus-

tering (Ward's method) and K-means clustering approaches.

2.3 | Brain analyses: c-Fos immunohistochemistry

The animals were deeply anesthetized 60 minutes after a 60-minute

SIP session using intraperitoneal injection of sodium pentobarbital

(100 mg/kg), and they were then perfused transcardially with 0.1 M

phosphate-buffered saline, pH 7.4 (PBS) followed by 4% paraformalde-

hyde in 0.1 M phosphate buffer, pH 7.4 (PB). The brains were rapidly

removed and maintained in the same fixative at 4�C. Coronal free-

floating sections were cut at 50 μm on a sliding microtome and stored

in cryoprotectant (ethylene glycol and glycerol) at −20�C. The slices

were rinsed 3 times in PBS, incubated for 30 minutes in 0.3% H2O2 in

absolute methanol to quench endogenous peroxidase, rinsed 3 times in

PBS, and incubated for 1 hour in 3% goat serum in PBS. The slices were

then transferred, without rinsing, to the primary antibody solution,

which consisted of a 1:10 000 dilution of c-Fos polyclonal rabbit IgG

(Santa Cruz Biotechnology, Santa Cruz, CA) that recognizes residues

3 to 16 of the c-Fos protein. After a 36-hour incubation at 4�C, the

slices were rinsed 10 times in PBS and processed using the avidin-

biotin complex (Elite ABC kit) method (Vectastain, Vector Labs, PALEX

MEDICAL, S.A., Barcelona, Spain). Briefly, the slices were transferred to

a solution containing biotinylated anti-rabbit IgG for 1 hour, rinsed

3 times in PBS, transferred to avidin-biotin peroxidase for 1 hour, rinsed

3 times in PBS for 30 minutes, then rinsed 3 times in PB for

30 minutes, and developed with nickel-intensified diaminobenzidine

substrate (6 minutes) (DAB Peroxidase substrate kit, Vector labs,

PALEX MEDICAL, S.A.). The sections were mounted on gelatin-coated

slides, air dried, dehydrated with ethanol, cleared in xylene and cover-

slipped with DPX mounting medium. Prefrontal sections were exam-

ined with a light microscope (Nikon E400) equipped with a digital

camera (Nikon Coolpix 4500). Amygdalar sections were examined

under a Nikon Multizoom AZ-100 microscope and images were

acquired with a Nikon DS-5 M digital camera using the Nis-Elements

imaging software (Nikon Corporation, Minato, Tokyo, Japan), both at

×10 magnification. c-Fos positive nuclei were measured in the

following brain areas: ventral orbitofrontal cortex (VOFC: bregma +4.2

and + 3.2 mm), lateral orbitofrontal cortex (LOFC: bregma +4.2 and

+ 3.2 mm), prelimbic cortex (PrL: bregma +4.2, +3.2 and + 2.2 mm),

infralimbic cortex (IL: bregma +3.2 and + 2.2 mm), basolateral amygdala

(BLA: bregma −2.3 and − 3.14 mm) and central amygdala (CA: bregma

−2.3 and − 3.14 mm). Counting was performed by an individual who

was blind to the experimental condition of the animals. The nuclei were

quantified in both brain hemispheres using the image analysis comput-

erized system ImageJ 1.34 seconds (National Institutes of Health (NIH),

Bethesda, Maryland). Before counting, images were set to a threshold

on a standardized gray-values scale level empirically determined to
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allow for the detection of stained cells from low to high density, with

suppression of very lightly stained nuclei. Since the immunochemistry

procedure was performed on different days, differences in signals were

observed. Therefore, the number of c-Fos-positive cells divided by area

(mm2) was transformed into z-scores to take into account the fact that

each day was counterbalanced, and we compared differences among

clusters.

2.4 | Statistical analysis

The classification of rats was performed through a combination of

hierarchical and nonhierarchical methods, as recommended by current

theoretical trends.37 First, a hierarchical analysis was performed using

Ward's method (squared Euclidean distance measure); second, cluster

membership was determined through a nonhierarchical K-means anal-

ysis. One potential way to decide the number of clusters is to plot the

number of clusters on the x-axis against the distance at which objects

or clusters are combined on the y-axis. Using this plot, we then

searched for a distinctive break (elbow) where the squared Euclidean

distance among clusters remained smaller, indicating the appropriate

number of clusters. Alternatively, the dendrogram plots were used to

visually identify the same information.38

SIP measures were analyzed using a one-way ANOVA for Experiment

1, with Group (WIST, LE, RHA and RLA) as the between-subject factor.

A repeated measures ANOVA was used for the data collected in Experi-

ment 2, with Group (CD, HD and LD) as the between-subject factor,

and Sessions as the within-subject factor. We performed a one-way

ANOVA to evaluate the z-scores for c-Fos positive cells/area (mm2) with

Group (CD, HD and LD) as the between-subject factor. A Pearson's cor-

relation analysis was used to assess the possible relationship between

microstructural SIP measures and the z-scores for c-Fos positive cells/

area (mm2) for different brain areas. Where appropriate, post hoc com-

parisons were made using Tukey's test. All analyses were computed

using the Statistical Package for the Social Sciences (SPSS) 22.0 soft-

ware package. Differences with P<.05 were deemed statistically signifi-

cant, and trending toward significance was defined as P < .08.

3 | RESULTS

3.1 | Experiment 1: strain-dependent SIP and
phenotype differences determined by cluster analysis

First, we analyzed differences among WIST, LE, RHA and RLA rats

using traditional SIP measures and microstructural SIP measures. The

average (mean � SEM) water intake for each of the groups at baseline

was as follows: 2.95 � 0.25 mL, 2.73 � 0.28 mL, 2.73 � 0.23 mL

and 3.68 �0.26 mL for the WIST, LE, RHA and RLA rats, respectively.

A one-way ANOVA of baseline water consumption indicated a trend

toward significance among strains (F3,87 = 2.523; P = 0.063), but post

hoc comparisons did not indicated statistically significant differences

between the strains. Strain effects were found for the total number of

licks (F3,87 = 7.119; P < .001) and water intake (F3,87 = 7.199;

P < .001), but not for magazine entries (F3,87 = 1.210; P = .311)

(Table 1). The post hoc analysis showed that WIST rats had a greater

total number of licks and water intake than RHA (P < .05 and P < .01,

respectively) or RLA (P < .001 and P < .001, respectively) rats. WIST

rats were not significantly different with regard to their total number

of licks (P = .520) when compared with LE rats, despite showing more

water intake than LE rats (P < .05). RHA and RLA rats did not differ

with regard to their total number of licks (P = .478) or water intake

(P = .972). LE rats had a similar total number of licks and water intake

to RHA (P = .733 and P = .999, respectively) and RLA (P = .090 and

P = .953, respectively) rats.

Regarding the microstructural measures, a one-way ANOVA revealed

strain differences in the frequency of licking (Figure 1A; F3,87 = 7.029;

P < .001), intensity of licking (Figure 1B; F3,87 = 15.503; P < .001), and

mean number of drinking episodes (Figure 1D; F3,87 = 3.455; P < .05).

The latency to licking was not significantly different among strains

(Figure 1C; F3,87 = 1.117; P = .323). The post hoc analysis revealed that

the frequency of licking was greater in WIST and RHA rats compared

with LE and RLA rats. WIST rats showed an increased frequency of lick-

ing when compared with LE (P < .05) and RLA (P < .01) rats. In addition,

RHA rats showed an increased frequency of licking when compared

with LE (P < .05) and RLA (P < .01) rats. WIST and RHA rats did not dif-

fer regarding the frequency of licking (P = 1.000). On the other hand,

the WIST and LE groups had a higher intensity of licking compared with

the RHA (P < .001 for both) and RLA (P < .001 for both) groups. The

WIST and LE groups showed similar intensity of licking (P = .975), as

well as RHA and RLA (P = .997). A one-way ANOVA revealed a strain

effect with regard to the mean number of drinking episodes; however,

Tukey's post hoc comparisons did not show statistically significant dif-

ferences between the strains.

We clustered rats according to the frequency and intensity of their

licking, which represented the best SIP microstructural measures char-

acterizing drinking among rat strains. Figure 2A,B show the rescale

squared Euclidean distance plotted against the number of clusters and

the difference among the distances to identify the appropriate number

of clusters for the mixed population of rat strains. The elbow, where

the squared Euclidean distance among clusters remained smaller, is

observed from cluster 3 onward (see Figure 2B), showing that the

appropriate number of clusters was 3. In addition, the representation of

the 3 clusters can be seen in a dendrogram in Figure 2C.

TABLE 1 Water intake (ml), total number of licks, and magazine entries for the average of the last 3 SIP sessions in WIST (n = 40), LE (n = 15),

RHA (n = 20), and RLA (n = 21) rats

WIST LE RHA RLA

Water intake (ml) 14.2 � 1.7a 7.8 � 1.3b 7.6 � 0.9b 6.6 � 0.4b

Total licks 2561.5 � 346.0a 1916.4 � 396.8ab 1380.9 � 250.9b 695.8 � 73.4b

Magazine entries 2143.2 � 195.1 1777.5 � 169.9 2369.0 � 233.6 2473.7 � 326.1

Mean � SEM values with different letters (a, b) are significantly different (P < .05).
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A 2-dimensional representation of the frequency and intensity of

licking for a mixed population of rat strains is shown in Figure 3A. The

cluster with a low frequency and low intensity of licking were termed

LD rats, and represented 45 out of 91 rats (49% of the total sample).

The centroid of LD was 32.4 � 1.5 for frequency and 45.8 � 2.9 for

the intensity of licking. The cluster with a high frequency and low inten-

sity of licking was termed HD, and represented 33 out of 91 rats (36%

of the total sample). The centroid for the HD group was 68.6 � 2.3 for

frequency and 36.0 � 2.4 for the intensity of licking. The cluster with a

high frequency and high intensity of licking was termed CD, and
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represented 13 of 91 rats (14% of the total sample). The centroid for

the CD group was 86.7 � 3.3 for frequency and 100.3 � 7.2 for

intensity.

One-way ANOVA analyses showed statistically significant differ-

ences in the total number of licks (F2,88 = 120.39; P < .001) and water

intake (F2,88 = 82.62; P < .001), but not in magazine entries

(F2,88 = 0.18; P = .982) among clusters, in a mixed population of rat

strains (data not shown). A post hoc analysis revealed that CD rats

had a greater total number of licks and water intake than HD

(P < .001 for both) and LD (P < .001 for both) rats, and HD rats had a

greater total number of licks (P = .010) and higher water intake

(P < .05) than LD rats. For the microstructural measures, cluster

effects were found for the frequency of licking (F2,88 = 155.97;

P < .001), intensity of licking (F2,88 = 57.19; P < .001), latency to lick-

ing (F2,88 = 5.87; P < .01) and the mean number of drinking episodes

(F2,88 = 27.26; P < .001) (data not shown). Post hoc analyses revealed

that, when compared with HD and LD rats, CD rats showed more fre-

quency of licking (P < .001) and intensity of licking (P < .001), had a

higher mean number of drinking episodes (P < .001), and they also

showed a shorter latency to licking than HD (P < .05) and LD (P < .01)

rats. HD rats showed a higher frequency of licking (P < .001) and a

trend toward a significant higher intensity of licking (P = .066) than

LD rats, whereas both groups were similar in terms of mean number

of drinking episodes (P = .250), and the latency to licking (P = .430).

Figure 3B depicts the percentage of rats from each strain classi-

fied as CD, HD and LD. The strain with the highest representation of

CD rats was the WIST group (29%), followed by the LE group (13%),

whereas the RHA and RLA groups had the lowest percentage or even

no CD rats (5% and 0%, respectively). HD rats were widely present in

the RHA group (70%) in comparison to the WIST (31%), LE (20%) and

RLA (24%) groups. LD rats were predominantly found in the RLA

group (76%), followed by the LE (67%) and WIST (40%) groups, with

the lowest percentage found in the RHA group (25%).

3.2 | Experiment 2: microstructural measures and c-
Fos activity in clusters of WIST rats

The WIST populations used in this experiment were obtained from

2 different companies (see Section 2). A repeated measures ANOVA did

not show significant differences between the 2 groups in the

following SIP measures: water intake (F4,213 = 0.112; P = .978), total

number of licks (F4,213 = 0.342; P = .850), number of magazine entries

(F4,213 = 0.324; P = .862), intensity of licking (F4,213 = 1.578; P = .180),

latency to licking (F4,213 = 1.879; P = .114), and number of drinking

episodes (F4,213 = 0.656; P = .594). A trend toward significance was

obtained in frequency of licking (F4,213 = 2.270; P = .062). However,

post hoc analysis did not show significant differences between rats

from both companies from session 13 onward (data not shown).

Similar to the results of the cluster analyses in Experiment 1, the

elbow where the squared Euclidean distance among clusters remained

smaller was observed from cluster 3 onward in the WIST rats (see

Figure 2B,D). A cross-validation of the 3 SIP clusters can be observed

in Experiment 2 because performing the same cluster analyses with a

different population of rats showed a similar optimal number of clus-

ters. Figure 2F shows the dendrogram for Experiment 2, with a popu-

lation of only WIST rats. A 2-dimensional representation of the

frequency and intensity of licking for the WIST rats is shown in

Figure 4. The LD cluster represented 36% of the population (29 of

80 rats), and the centroid was 35.0 � 2.4 for the frequency and

38.6 � 3.1 for the intensity of licking. The HD cluster represented

38% of the population (30 of 80 rats), and the centroid was
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82.9 � 2.1 for the frequency and 61.7 � 3.4 for the intensity of lick-

ing. The CD cluster represented 26% of the population (21 of 80 rats),

and the centroid was 92.0 � 1.6 for the frequency and 119.0 � 5.0

for the intensity of licking.

With regard to water baseline consumption, CD, HD and LD rats

drank 2.90 � 0.24 mL, 2.72 � 0.21 mL and 2.81 � 0.27 mL, respec-

tively. No statistically significant differences were found among clusters

(F2,77 = 0.129; P = .880) for water baseline consumption. When analyz-

ing the total number of licks, a repeated measures ANOVA revealed an

interaction of cluster × session (F8,308 = 41.031; P < .001), a main effect

of session (F4,308 = 206.794; P < .001) and a main effect of cluster

(F2,77 = 97.689; P < .001) (Table 2). A post hoc analysis indicated that

CD rats had the highest total number of licks compared with HD and

LD rats from sessions 5 to 8 onward (P < .001 for both), followed by

HD compared with LD rats (P < .05). LD rats did not show any increase

in the total number of licks, whereas the total number of licks per-

formed by the CD and HD rats stabilized in sessions 13 to 16 (P = .344)

and 9 to 12 (P = .225), respectively. With regard to water intake, an

interaction of cluster × session (F8,308 = 25.562; P < .001), a main effect

of session (F4,308 = 199.385; P < .001) and a main effect of cluster

(F2,77 = 42.950; P < .001) were also found (Table 2). Similarly, a post

hoc analysis revealed that CD rats drank the highest volume compared

with HD and LD rats from sessions 5 to 8 onward (P < .001 for both),

whereas HD rats differed from LD rats and showed an increase in

water intake during sessions 9 to 12 onward (P < .05). Water intake in

the CD and HD rats stabilized during the acquisition phase in sessions

13 to 16 (P = .992 and P = .902, respectively), while water intake in the

LD rats stabilized in sessions 5 to 8 (P = .446) following a slight increase

in water intake. There were no statistically significant differences in

magazine entries among the clusters (Table 2; session × cluster,

F8.308 = 1.137; P = .338).

Concerning the frequency of licking, a repeated measures ANOVA

revealed a cluster × session interaction (F8,308 = 19.277; P < .001), a

main effect of session (F4,308 = 245.101; P < .001), and a main effect of

cluster (F2,77 = 73.613; P < .001) (Figure 5A). A post hoc analysis

showed that LD rats had a lower frequency of licking than CD (from ses-

sions 1-4; P < .01) and HD (from sessions 5-8; P < .001) rats. Despite

the fact that CD rats generally showed a higher frequency of licking

compared with HD rats based on the post hoc comparisons among clus-

ters (P < .01), we only found trends toward significance in sessions 1 to

4 (P = .062) and sessions 5 to 8 (P = .070), while the rest of the sessions

did not show significantly different results. In the comparison among dif-

ferent sessions, the frequency of licking stabilized in sessions 9 to 12 for

both the CD and HD rats (P = .963 and P = .172, respectively), while

the LD rats showed earlier stabilization in sessions 5 to 8 (P = .129).

With regard to the intensity of licking, we found a cluster ×

session interaction (F8,308 = 21.437; P < .001), a main effect of session

(F4,308 = 111.229; P < .001), and a main effect of cluster

(F2,77 = 69.663; P < .001) (Figure 5B). A post hoc analysis revealed

that CD rats showed a greater licking intensity compared with HD

(from sessions 5-8; P < .001) and LD (from sessions 1-4; P < .05) rats.

HD rats showed a greater intensity of licking when compared with LD

rats in sessions 17 to 20 (P < .01). In the comparison among different

sessions, the intensity of licking increased slightly in the HD and LD

rats, and this stabilized in sessions 9 to 12 (P = .986) and 5 to

8 (P = 1.000), respectively. The intensity of licking increased in the CD

rats from 46.64 � 3.84 to 118.77 � 4.0 (average licks per interpellet

interval) from sessions 1-4 to 17-20, respectively, reaching stable

levels in sessions 13 to 16 (P = .191).

A statistically significant cluster × session interaction

(F8,308 = 5.033; P < .001), a main effect of session (F4,308 = 252.673;

P < .001), and a main effect of cluster (F2,77 = 19.317; P < .001) were

found for the latency to licking (Figure 5C). A post hoc analysis

revealed that LD rats showed a longer latency to licking after obtain-

ing the pellet than the CD (from session 5 to 8; P < .001) and HD

(from sessions 9 to 12; P < .05) rats. Comparisons among the clusters

indicated that CD rats had a generally lower latency to licking than

HD rats (P < .001). However, there were no statistically significant dif-

ferences in any of the sessions between the CD and HD rats accord-

ing to a Tukey's post hoc analysis. CD, HD and LD rat groups showed

a similar stabilization of their latency to licking in sessions 9 to

12 (P = .982, P = .175 and P = .662, respectively).

With regard to the mean number of drinking episodes, we found

a cluster × session interaction (F8,308 = 8.308; P < .001), a main effect

of session (F4,308 = 12.318; P < .001), and a main effect of cluster

(F2,77 = 9.207; P < .001) (Figure 5D). CD rats showed a greater mean

number of drinking episodes per interpellet interval compared with

HD and LD rats from sessions 13 to 16 onward (P < .001 for both),

and this increment remained stable (P = .731). HD and LD rats did not

differ in any session, nor did they show an increase in the number of

drinking episodes per session.

Figure 6 shows the z-scores for c-Fos positive cells/area (mm2) in

different brain areas in CD, HD and LD rats. One-way ANOVA analyses

identified cluster effects in the LOFC (Figure 6A; F2,11 = 4.559;

P < .05), and a trend toward significance in the BLA (Figure 6E;

F2,10 = 3.424; P = .074), whereas no statistically significant effects

TABLE 2 Water intake (ml), total number of licks, and number of magazine entries for the average 1-4, 5-8, 9-12, 13-16, and 17-20 SIP sessions

in CD (n = 21), HD (n = 30), and LD (n = 29) Wistar rats

Water intake (ml) Total licks Magazine entries

Session LD HD CD LD HD CD LD HD CD

1-4 3.5 � 0.6 3.5 �0.4 7.2 � 1.1 414 � 95 565 � 87 1357 � 283 1632 � 136 1753 � 142 1548 � 217

5-8 5.7 � 1.1 9.2 � 0.9 17.1 � 2* 837 � 190 1847 � 201# 3866 � 392* 2016 � 164 2111 � 151 1982 � 177

9-12 7.4 � 1.1 12.8 � 1# 23.1 � 1.9* 1047 � 172 2557 � 218# 5410 � 407* 2171 � 171 2151 � 188 2090 � 191

13-16 8.3 � 1.2 14.6 � 1# 26.6 � 1.7* 1181 � 147 2914 � 222# 5909 � 306* 2190 � 185 2072 � 195 2209 � 238

17-20 7.8 � 1.1 16.1 � 0.9# 27.9 � 1.7* 989 � 112 3061 � 185# 6469 � 256* 2283 �220 1996 � 193 2122 � 233

Data are shown as mean � SEM. *Statistically significant differences between the CD and HD groups (P < .001). #Statistically significant differences
between the HD and LD groups (P < .05).

MERCHÁN ET AL. 7 of 13



were found in the VOFC (Figure 6B; F2,11 = 2.280; P = .149), PrL

(Figure 6C; F2,11 = 2.956; P = .094), IL (Figure 6D; F2,11 = 0.198;

P = .823), or CA (Figure 6F; F2,10 = 0.357; P = .715). A post hoc analy-

sis revealed that CD rats had more activity in the LOFC (P < .05) and

higher activity in the BLA that showed a trend toward significance

(P = .064) compared with LD rats. No statistically significant differ-

ences were found between the CD and HD rats for the LOFC

(P = .975) or BLA (P = .680), or between the HD and LD rats for the

LOFC (P = .099) or BLA (P = .341).

A Pearson's correlation analysis identified a strong positive corre-

lation between the LOFC z-scores and the frequency of licking

(r = 0.648, P < .05, n = 14), and a moderate positive correlation was

found between the PrL z-scores and the frequency of licking (r = 543,

P < .05, n = 14). The correlation between the z-scores for the BLA and

frequency of licking did not reach statistical significance (r = 0.495,

P = .085, n = 13). Similarly, we found moderate negative correlations

between latency to licking and the LOFC z-scores (r = −0.573,

P < .05, n = 14), and the PrL z-scores (r = −582, P < .05, n = 14). The

intensity of licking and mean number of drinking episodes were not

significantly correlated with any of the brain areas.

4 | DISCUSSION

The results of the present study show that rat strains with phenotypic

differences display specific patterns of licking, as indicated by SIP

microstructural measures. The microstructural measures allowed us to

differentiate the rat populations more precisely according to their SIP

habitual and excessive drinking, which were modeled by the fre-

quency and intensity of licking, respectively. The populations obtained

by cluster analyses showed high intensity and frequent licking (CD),

low intensity but frequent licking (HD), and low intensity and low-

frequency licking (LD). The WIST strain showed a higher frequency

and intensity of licking and had the most CD rats when compared with

the LE, RHA and RLA groups, indicating that this strain is the most

suitable for studying compulsive behavior. The high intensity of licking

was the behavior that best distinguished CD rats among clusters that

displayed similar habitual or frequent licking, such as the HD and CD

groups. Furthermore, CD rats presented hyperactivity in the lateral

OFC, and a trend toward significance was found for higher activity in

the BLA.

This is the first experiment to compare SIP in different strains of

rats, pigmented LE, albino WIST, RHA and RLA rats, which are com-

monly used in experimental psychology studies. Pigmented strains,

such as LE and LH rats, are widely used for cognitive tasks, whereas

albino rats, such Sprague-Dawley and WIST rats, are most frequently

used for behavioral pharmacology experiments and as models of psy-

chopathology.39,40 In general, pigmented rats show increased ambula-

tory activity and reduced habituation to a novel environment in the

open field test when compared with albino rats.17,40–42 However,

some studies have specifically evaluated differences between LE and

WIST rats in different paradigms, and showed that LE rats display

increased locomotor activity in the open-field test, less anxiety, as
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FIGURE 5 SIP microstructure in clusters of Wistar rats. (A) Frequency of licking, (B) intensity of licking, (C) latency to licking, and (D) mean

number of drinking episodes of the average 1-4, 5-8, 9-12, 13-16, and 17-20 SIP sessions in CD (n = 29), HD (n = 30), and LD (n = 29). Data are
shown as mean �SEM. *Statistically significant differences between the CD and HD groups (P < .05). #statistically significant differences
between the HD and LD groups (P < .05). &Trend toward a significant difference in the CD compared with the HD group (P = .062)
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revealed through an increase in the amount of time spent in the open

arms of the plus maze,42 and a lower acoustic startle response

amplitude43 than WIST rats. Regarding learning and memory, LE and

WIST rats show similar performances with regard to lever pressing in

FIGURE 6 Neuronal activity in clusters of Wistar rats. C-Fos positive cells/area (mm2) in CD (n = 4), HD (n = 4) and LD (n = 5-6) in the following

brain areas: (A) lateral orbitofrontal cortex, (B) ventral orbitofrontal cortex, (C) prelimbic cortex, (D) infralimbic cortex, (E) basolateral amygdala and
(F) central amygdala. The drawings were adapted from the rat brain atlas of Paxinos and Watson (1998)79. The rostral distances (in mm) to
bregma were indicated by numbers. Data were transformed into z-scores. *Statistically significant difference between the CD and LD groups
(P < .05). #Trend toward a significant difference in the CD compared with the LD group (P = .064)
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an auto-shaping task, in the Morris Water Maze,44 and in a visual dis-

crimination touch-screen task,45 even although LE rats are faster

learners. In the 5-CSRT task, the accuracy and number of premature

responses does not differ among LE, WIST,46 and Sprague-Dawley

rats.39 Even although the 5-CSRT task does not detect inhibitory con-

trol deficits between LE and WIST rats with regard to premature and

perseverative responses, more recent studies have found poorer cog-

nitive flexibility in a visual discrimination reversal task in WIST com-

pared with LE rats,45 and increased perseverative swimming in a

probe trial of the Morris Water Maze in which the platform is

removed and the animals can display a preference for quadrants over

60 seconds.47 Taken together, these findings suggest that WIST rats

are less active and more anxious and inflexible when compared with

LE rats, indicating a possible compulsive phenotype.

On the other hand, the RHA and RLA strains are well-characterized

phenotypes that show rapid vs extremely poor acquisition of active avoid-

ance behavior in a shuttle-box test with different emotional and motiva-

tional profiles (for reviews see19,48–51). RLA rats show increased anxiety or

fear in different paradigms, a passive coping style, and increased stress

responses, as indicated by hypothalamus-pituitary-adrenal (HPA)-axis acti-

vation.52,53 RHA rats tend to be novelty/sensation seekers and show rela-

tively low HPA-axis activation,31,48 while they do show differences in their

vulnerability to drug addiction.20,50 Moreover, RHA rats display higher

impulsive choice in a delay-discounting task and increased premature

responses in the 5-CSRT task when compared with RLA rats,18,54 indicat-

ing less inhibitory control and an impulsive phenotype.

Previous studies have shown that pigmented LH rats have lower

or no acquisition of SIP drinking compared with WIST rats,16,55

although LE rats have never been compared with WIST rats with

regard to SIP before. In this study, we have seen that the WIST strain

drank a greater volume than did the other strains, despite showing a

similar total number of licks as compared with the LE rats. This dis-

crepancy between the number of licks and water intake has been

documented previously and analyzed in terms of drinking efficiency.16

In this case, it seems that LE rats have a less efficient pattern of drink-

ing compared with WIST rats, because they require more licks to

obtain the same volume, which could be another strain-dependent dif-

ference in the pattern of licking. The greater total number of licks and

water intake observed in WIST rats can be explained by the fact that

this strain was the only one to show both a high frequency and high

intensity of licking, whereas LE, RHA and RLA rats did not show dif-

ferences in traditional variables, instead showing different specific

patterns of licking. RHA rats have a more frequent but equal intensity

of licking when compared with RLA rats. Additionally, LE rats dis-

played less drinking in traditional measures than WIST rats because of

a lower frequency of licking rather than a lower intensity of licking.

Surprisingly, a higher frequency of licking, which we related to the

concept of habit formation, is common in the WIST and RHA strains

that show phenotypes with deficits in inhibitory control.18,20,45,47,50,54

Indeed, RHA rats had a similar pattern of licking to the impulsive and

hyperactive SHR rats. SHR rats were shown by Íbias et al23 to have an

increased frequency of licking, without differences in the duration of

the episodes or intensity of licking, compared with WIST and WKY

rats. While the role of impulsivity in the acquisition of SIP has been

previously disputed,11 a common feature of the lack of executive

control over actions is present in both impulsivity and compulsivity.56

Thus, we can deduce that the frequency of licking in SIP predicts defi-

cits in inhibitory control, and when accompanied by a high intensity of

licking, reveals compulsivity and possible tendencies for engaging in

excessive habitual behavior. In fact, the WIST strain was the only one

that showed both a high intensity and frequency of licking, and these

results are in accordance with previous studies showing behavioral

inflexibility in other paradigms.45,47 This strain also had the highest

number of CD rats according to the cluster analysis, indicating that

this strain is the most suitable for studying compulsive behavior.

In a second experiment, we used a larger number of WIST rats for

the acquisition of traditional and microstructural SIP variables across

CD, HD and LD rats. We also analyzed c-Fos neuronal activity in dif-

ferent brain areas related to compulsive behavior among these clus-

ters. In the traditional measures, we observed that CD rats displayed

greater water intake and a higher total number of licks compared with

the HD and LD rats, whereas HD rats showed increased SIP compared

with LD rats for both variables. When the microstructural SIP mea-

sures were examined, we found that CD and HD rats did not differ

significantly in the acquisition of the frequency of licking, even

although HD rats generally showed lower levels in the cluster effects

analysis for both variables. The main differences between CD and HD

rats can be observed in the intensity of licking, which is superior in

the CD rats from sessions 5 to 8, and in the number of drinking epi-

sodes from sessions 13 to 16 onward. A previous study has shown a

higher number of drinking episodes per interpellet interval in hyperac-

tive SHR rats compared with WIST and WKY control rats, and this

increment was not accompanied by the increase of licks/min or dura-

tion of licking.23 However, CD rats presented a higher number of

drinking episodes that could be due to the increase of intensity of lick-

ing. Moreover, the mean number of drinking episodes of SHR rats was

superior compared with CD rats from this study.23 Therefore, we can-

not deduce that CD rats have an impulsive-hyperactive licking behav-

ior like that seen in SHR rats.

From all this we could conclude that the high intensity of licking is

what probably best distinguished the SIP compulsive drinking, and points

toward the relevance of introducing microstructural measures in studies of

individual differences in SIP. We hypothesize that this excessive licking

may be due to a lack of inhibition to exert control over habitual processes.

In fact, previous studies that classified rats by their median water intake

have shown that high-drinker rats displayed resistance to extinction in the

5-CSRT task14 and had increased lever pressing under a variable-interval

60-second schedule of reinforcement.13 These findings might indicate an

increased habit formation in rats developing high-drinking rates. However,

further research should compare the performance of CD, HD and LD rats

in outcome devaluation, a traditional procedure that assesses sensitivity of

the response to motivational change,25 in order to determine habitual con-

trol deficits in vulnerable populations in SIP.

With respect to neuronal activity, we found increased c-Fos

expression in the LOFC of CD compared with LD rats, and a strong

positive correlation between this brain area and the frequency of lick-

ing. In support of our findings, a previous study observed hyperactiv-

ity in the lateral and ventral lateral OFC in rats acquiring SIP.29 The

OFC is involved in goal-directed control over actions in healthy

people.57,58 In patients with OCD, functional imaging studies
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have revealed relative metabolic hyperactivity in the OFC when per-

forming an aversive shock avoidance task,59 and during symptom

provocation.60–64 In the literature, the OFC, in addition to the anterior

cingulate/caudal mPFC and caudate region, shows hyperactivity in

patients with OCD.25,65 Regarding SIP, the mPFC shows hyperactivity

in compulsive rats as well, whereas brain areas such as the nucleus

accumbens, ventral tegmental area, dorsomedial striatum, dorsolateral

striatum (DLS), and CA1 region of the hippocampus do not show sig-

nificant differences.15,29 However, the involvement of the DLS in SIP

should not be dismissed, because neuroadaptation induced by an

increase in the spine density in DLS neurons has been observed in rats

exposed to SIP compared with a control group.66 In fact, the DLS has

been implicated in actions based on the development of habits.67,68

Regarding the amygdalar region, a trend toward significance was

found in the BLA, indicating hyperactivity in this region, in CD com-

pared with LD rats. In support of this, previous SIP studies found hyper-

activity in serotonergic and noradrenergic neurotransmission,14 higher

binding for D2 receptors15 in the amygdala, and less myelination of the

BLA13 in HD compared with LD rats selected by the median split. Some

studies elucidating the role of the amygdala in habit formation have

found that intra-amygdalar infusions of dopamine or noradrenaline ago-

nists are sufficient to bias behavior toward the use of habit-like strate-

gies in a water-maze task.69,70 The BLA seems to be important for the

acquisition of goal-directed actions,71 whereas the central amygdala

seems to be critical for the formation of habits by its interaction with

the DLS.72 In addition, hyperactivity in the amygdala during experimen-

tal symptom provocation has been also documented in human OCD

studies.60,73–76 The aberrant LOFC and BLA hyperactivity in CD rats

might support the hypothesis that compulsivity in SIP could be due to

deficits in the goal-directed system rather than an excessive build-up of

stimulus-response habits. Extensive anatomical connectivity exists

between the OFC and BLA,77 which work closely in the encoding and

retrieval of valuable information during goal-directed actions.78

Impaired functioning of this circuitry may induce an inability to use out-

come expectancies in adapting future behavior, and therefore a lack of

flexibility and perseveration.3 Future studies on the compulsive pheno-

type of CD rats with regard to SIP could further identify the nature of

excessive habit formation and compulsivity.

ACKNOWLEDGMENTS

This study was funded by grants from the Ministerio de Economía y

Competitividad, Spanish Government (grants number PSI2015-70037-R,

PSI2017-86847-C2-1-R, and AF-T receives support from project

PSI2017-82257-P) and by FEDER funds. The authors thank Luis Ruedas

for his invaluable help and dedication to the laboratory of psychobiology.

Conflict of interest

The authors declare no conflict of interest.

ORCID

P. Flores https://orcid.org/0000-0001-7950-2086

REFERENCES

1. Fineberg NA, Apergis-Schoute AM, Vaghi MM, et al. Mapping compul-
sivity in the DSM-5 obsessive compulsive and related disorders: cogni-
tive domains, neural circuitry and treatment. Int J Neuropsychopharmacol.
2018;21:42-58. https://doi.org/10.1093/ijnp/pyx088.

2. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders. 5th ed. Washington DC: American Psychiatric Press;
2013 http://www.dsm5.org/about/Pages/DSMVOverview.aspx.

3. Fineberg NA, Chamberlain SR, Goudriaan AE, et al. New developments
in human neurocognition: clinical, genetic, and brain imaging correlates
of impulsivity and compulsivity. CNS Spectr. 2014;19:69-89. https://
doi.org/10.1017/S1092852913000801.

4. Falk JL. Production of polydipsia in normal rats by an intermittent food
schedule. Science. 1961;133:195-196. https://doi.org/10.1126/science.
133.3447.195.

5. Falk JL. The nature and determinants of adjunctive behavior. Physiol
Behav. 1971;6:577-588. https://doi.org/10.1016/0031-9384(71)
90209-5.

6. Flores P, Sánchez-Kuhn A, Merchán A, Vilches O, García-Martín S,
Moreno M. Schedule-induced polydipsia searching for the endophe-
notype of compulsive behavior. World J Neurosci. 2014;4:253-260.
https://doi.org/10.4236/wjns. 2014.43029.

7. Ford MM. Applications of schedule-induced polydipsia in rodents for
the study of an excessive ethanol intake phenotype. Alcohol. 2014;48:
265-276. https://doi.org/10.1016/j.alcohol.2014.01.005.

8. Gilpin N, Badia-Elder N, Elder R, Stewart R. Schedule-induced poly-
dipsia in lines of rats selectively bred for high and low ethanol prefer-
ence. Behav Genet. 2008;38:515-524. https://doi.org/10.1007/
s10519-008-9224-1.

9. Hawken ER, Delva NJ, Reynolds JN, Beninger RJ. Increased
schedule-induced polydipsia in the rat following subchronic treatment
with MK-801. Schizophr Res. 2011;125:93-98. https://doi.org/10.
1016/j.schres.2010.07.022.

10. Hawken ER, Beninger RJ. The amphetamine sensitization model of
schizophrenia symptoms and its effects on schedule-induced polydip-
sia in the rat. Psychopharmacology (Berl). 2014;231:2001-2008.
https://doi.org/10.1007/s00213-013-3345-9.

11. Íbias J, Pellón R. Different relations between schedule-induced poly-
dipsia and impulsive behaviour in the spontaneously hypertensive rat
and in high impulsive Wistar rats: questioning the role of impulsivity in
adjunctive behaviour. Behav Brain Res. 2014;271:184-194. https://
doi.org/10.1016/j.bbr.2014.06.010.

12. Moreno M, Flores P. Schedule-induced polydipsia as a model of com-
pulsive behavior: Neuropharmacological and neuroendocrine bases.
Psychopharmacology (Berl). 2012;219:647-659. https://doi.org/10.
3758/BF03196044.

13. Navarro SV, Alvarez R, Colomina MT, Sanchez-Santed F, Flores P,
Moreno M. Behavioral biomarkers of schizophrenia in high drinker
rats: a potential Endophenotype of compulsive neuropsychiatric disor-
ders. Schizophr Bull. 2017;43(4):778-787. https://doi.org/10.1093/
schbul/sbw141.

14. Moreno M, Gutiérrez-Ferre VE, Ruedas L, Campa L, Suñol C, Flores P.
Poor inhibitory control and neurochemical differences in high compul-
sive drinker rats selected by schedule-induced polydipsia. Psychophar-
macology (Berl). 2012;219:661-672. https://doi.org/10.1007/
s00213-011-2575-y.

15. Pellón R, Ruíz A, Moreno M, Claro F, Ambrosio E, Flores P. Individual
differences in schedule-induced polydipsia: neuroanatomical dopa-
mine divergences. Behav Brain Res. 2011;217:195-201. https://doi.
org/10.1016/j.bbr.2010.10.010.

16. Merchán A, Navarro SV, Klein AB, et al. Tryptophan depletion affects
compulsive behaviour in rats: strain dependent effects and associated
neuromechanisms. Psychopharmacology (Berl). 2017;234(8):
1223-1236. https://doi.org/10.1007/s00213-017-4561-5.

17. Broersen LM, Uylings HB. Visual attention task performance in Wistar
and Lister hooded rats: response inhibition deficits after medial pre-
frontal cortex lesions. Neuroscience. 1999;94:47-57. https://doi.
org/10.1016/S0306-4522(99)00312-7.

18. Moreno M, Cardona D, Gómez MJ, et al. Impulsivity characterization
in the Roman high- and low-avoidance rat strains: behavioral and

MERCHÁN ET AL. 11 of 13

https://orcid.org/0000-0001-7950-2086
https://orcid.org/0000-0001-7950-2086
https://doi.org/10.1093/ijnp/pyx088
http://www.dsm5.org/about/Pages/DSMVOverview.aspx
https://doi.org/10.1017/S1092852913000801
https://doi.org/10.1017/S1092852913000801
https://doi.org/10.1126/science.133.3447.195
https://doi.org/10.1126/science.133.3447.195
https://doi.org/10.1016/0031-9384(71)90209-5
https://doi.org/10.1016/0031-9384(71)90209-5
https://doi.org/10.4236/wjns.%202014.43029
https://doi.org/10.1016/j.alcohol.2014.01.005
https://doi.org/10.1007/s10519-008-9224-1
https://doi.org/10.1007/s10519-008-9224-1
https://doi.org/10.1016/j.schres.2010.07.022
https://doi.org/10.1016/j.schres.2010.07.022
https://doi.org/10.1007/s00213-013-3345-9
https://doi.org/10.1016/j.bbr.2014.06.010
https://doi.org/10.1016/j.bbr.2014.06.010
https://doi.org/10.3758/BF03196044
https://doi.org/10.3758/BF03196044
https://doi.org/10.1093/schbul/sbw141
https://doi.org/10.1093/schbul/sbw141
https://doi.org/10.1007/s00213-011-2575-y
https://doi.org/10.1007/s00213-011-2575-y
https://doi.org/10.1016/j.bbr.2010.10.010
https://doi.org/10.1016/j.bbr.2010.10.010
https://doi.org/10.1007/s00213-017-4561-5
https://doi.org/10.1016/S0306-4522(99)00312-7
https://doi.org/10.1016/S0306-4522(99)00312-7


neurochemical differences. Neuropsychopharmacology. 2010;35:
1198-1208. https://doi.org/10.1038/npp.2009.224.

19. Escorihuela RM, Fernández-Teruel A, Gil L, Aguilar R, Tobena A,
Driscoll P. Inbred Roman high- and low-avoidance rats: differences in
anxiety, novelty-seeking, and shuttle box behaviors. Physiol Behav.
1999;67:19-26. https://doi.org/10.1016/S0031-9384(99)00064-5.

20. Fattore L, Piras G, Corda MG, Giorgi O. The Roman high- and
low-avoidance rat lines differ in the acquisition, maintenance, extinc-
tion, and reinstatement of intravenous cocaine self- administration.
Neuropsychopharmacology. 2009;34:1091-1101. https://doi.org/10.
1038/npp.2008.43.

21. Íbias J, Pellón R. Schedule-induced polydipsia in the spontaneously
hypertensive rat and its relation to impulsive behaviour. Behav Brain
Res. 2011;223(1):58-69. https://doi.org/10.1016/j.bbr.2011.04.017.

22. DeCarolis NA, Myracle A, Erbach J, Glowa J, Flores P, Riley AL.
Strain-dependent differences in schedule-induced polydipsia: an
assessment in Lewis and Fischer rats. Pharmacol Biochem Behav. 2003;
74:755-763. https://doi.org/10.1016/S0091- 3057(02)01071-7.

23. Íbias J, Pellón R, Sanabria F. A microstructural analysis of
schedule-induced polydipsia reveals incentive-induced hyperactivity
in an animal model of ADHD. Behav Brain Res. 2015a;278:417-423.
https://doi.org/10.1016/j.bbr.2014.10. 022.

24. Íbias J, Daniels CW, Miguéns M, Pellón R, Sanabria F. The effect of
methylphenidate on the microstructure of schedule-induced polydip-
sia in an animal model of ADHD. Behav Brain Res. 2017;333:211-217.
https://doi.org/10.1016/j.bbr.2017.06.048.

25. Gillan CM, Robbins TW, Sahakian BJ, van den Heuvel OA, van
Wingen G. The role of habit in compulsivity. Eur Neuropsychopharma-
col. 2016;26(5):828-840. https://doi.org/10.1016/j.euroneuro.2015.
12.033.

26. Gillan CM, Robbins TW. Goal-directed learning and obsessive–
compulsive disorder. Phil Trans R Soc B. 2014;369:20130475. https://
doi.org/10.1098/rstb.2013.0475.

27. Monteiro P, Feng G. Learning from animal models of
obsessive-compulsive disorder. Biol Psychiatry. 2016;79(1):7-16. https://
doi.org/10.1016/j.biopsych.2015.04.020.

28. Pittenger C, Bloch MH, Williams K. Glutamate abnormalities in obses-
sive compulsive disorder: neurobiology, pathophysiology, and treat-
ment. Pharmacol Ther. 2011;132:314-332. https://doi.org/10.1016/
j.pharmthera.2011.09.006.

29. Gregory JG, Hawken ER, Banasikowski TJ, Dumont EC, Beninger RJ. A
response strategy predicts acquisition of schedule-induced polydipsia
in rats. Prog Neuropsychopharmacol Biol Psychiatry. 2015;61:37-43.
https://doi.org/10.1016/j.pnpbp.2015.03.012.

30. Cho YT, Fromm S, Guyer AE, et al. Nucleus accumbens, thalamus and
insula connectivity during incentive anticipation in typical adults and
adolescents. Neuroimage. 2013;66:508-521. https://doi.org/10.1016/
j.neuroimage.2012.10.013.

31. Driscoll P, Escorihuela RM, Fernández-Teruel A, et al. Genetic selec-
tion and differential stress response: the roman lines/strain of rats. In:
Csermely P, ed. Stress of Life: From Molecules to Man. New York:
New York Academy of Sciences; 1998:501-510.

32. López-Grancha M, Lopez-Crespo G, Sanchez-Amate MC, Flores P.
Individual differences in schedule-induced polydipsia and the role of
GABAergic and dopaminergic systems. Psychopharmacology (Berl).
2008;197(3):487-498. https://doi.org/10.1007/s00213-007-1059-6.

33. Martín-González E, Prados-Pardo A, Mora S, Flores P, Moreno M. Do
psychoactive drugs have a therapeutic role in compulsivity? Studies
on schedule-induced polydipsia. Psychopharmacology (Berl). 2018;235:
419-432. https://doi.org/10.1007/s00213-017-4819-y.

34. Navarro SV, Gutiérrez-Ferre V, Flores P, Moreno M. Activation of
serotonin 5-HT2A receptors inhibits high compulsive drinking on
schedule-induced polydipsia. Psychopharmacology (Berl). 2015;232(4):
683-697. https://doi.org/10.1007/s00213-014-3699-7.

35. Dwyer DM. Licking and liking: the assessment of hedonic responses in
rodents. Q J Exp Psychol. 2012;65:371-394. https://doi.org/10.
1080/17470218.2011.652969.

36. Rucker DD, McShane BB, Preacher KJ. A researcher's guide to regres-
sion, discretization, and median splits of continuous variables.
J Consum Psychol. 2015;25(4):666-678. https://doi.org/10.1016/j.
jcps.2015.04.004.

37. Hair JF, Black WC, Babin BJ and Anderson RE. Multivariate Data
Analysis: Global Edition. 7th Edition, Pearson Higher Education, Upper
Saddle River; 2010.

38. Mooi E, Sarstedt M. Chapter 9: cluster analysis. In: Mooi E,
Sarstedt M, eds. A Concise Guide to Market Research. Berlin: Springer-
Verlag; 2011:273-324.

39. Auclair AL, Besnard J, Newman-Tancredi A, Depoortere R. The five
choice serial reaction time task: comparison between Sprague-Dawley
and Long-Evans rats on acquisition of task, and sensitivity to phency-
clidine. Pharmacol Biochem Behav. 2009;92:363-369. https://doi.
org/10.1016/j.pbb.2009.01.005.

40. Turner KM, Burne THJ. Comprehensive Behavioural analysis of long
Evans and Sprague-Dawley rats reveals differential effects of housing
conditions on tests relevant to neuropsychiatric disorders. PLOS ONE.
2014;9(3):e93411.

41. Clemens LE, Jansson EKH, Portal E, Riess O, Nguyen HP. A behavioral
comparison of the common laboratory rat strains Lister hooded,
Lewis, Fischer 344 and Wistar in an automated Homecage system.
Genes Brain Behav. 2014;13:305-321. https://doi.org/10.1111/gbb.
12093.

42. Onaivi ES, Maguire PA, Tsai NF, Davies MF, Loew GH. Comparison of
behavioral and central BDZ binding profile in three rat lines. Pharmacol
Biochem Behav. 1992;43:825-831. https://doi.org/10.1016/
0091-3057(92)90414-B.

43. Acri JB, Brown KJ, Saah MI, Grunberg NE. Strain and age differences
in acoustic startle responses and effects of nicotine in rats. Pharmacol
Biochem Behav. 1995;50:191-198. https://doi.org/10.1016/
0091-3057(94)00285-Q.

44. Andrews JS, Jansen JHM, Linders S, Princen A, Broekkamp CLE. Per-
formance of four different rat strains in the Autoshaping, two- object
discrimination, and swim maze tests of learning and memory. Physiol
Behav. 1995;57:785-790. https://doi.org/10.1016/0031-9384(94)
00336-X.

45. Kumar G, Talpos J, Steckler T. Strain-dependent effects on acquisition
and reversal of visual and spatial tasks in a rat touchscreen battery of
cognition. Physiol Behav. 2015;15(144):26-36. https://doi.org/10.
1016/j.physbeh.2015.03.001.

46. Didriksen M, Christensen AV. The attenuation of schedule-induced
polydipsia by dopamine blockers is not an expression of extrapyrami-
dal side effect liability. Behav Pharmacol. 1993;4:517-522.

47. Entlerova M, Lobellova V, Hatalova H, Zemanova A, Vales K,
Stuchlik A. Comparison of Long-Evans and Wistar rats in sensitivity to
central cholinergic blockade with scopolamine in two spatial tasks: an
active place avoidance and the Morris water maze. Physiol Behav.
2013;120:11-18. https://doi.org/10.1016/j.physbeh.2013.06.024.

48. Driscoll P, Fernández-Teruel A, Corda MG, Giorgi O, Steimer T. Some
guidelines for defining personality differences in rats. In: Kim YK,
ed. Handbook of Behavior Genetics. New York: Springer; 2009:
281-300.

49. Fernández-Teruel A, Escorihuela RM, Castellano B, González B,
Tobeña A. Neonatal handling and environmental enrichment on emo-
tionality, novelty/reward seeking, and age-related cognitive and hip-
pocampal impairments: focus on the Roman rat lines. Behav Genet.
1997;27(6):513-526. https://doi.org/10.1023/A:1021400830503.

50. Giorgi O, Piras G, Corda MG. The psychogenetically selected Roman
high- and low-avoidance rat lines: a model to study the individual vul-
nerability to drug addiction. Neurosci Biobehav. 2007;31:148-163.
https://doi.org/10.1016/j.neubiorev.2006.07.008.

51. Steimer T, Driscoll P. Inter-individual vs line/strain differences in psy-
chogenetically selected Roman High-(RHA) and Low-(RLA) Avoidance
rats: neuroendocrine and behavioural aspects. Neurosci Biobehav Rev.
2005;29:99-112. https://doi.org/10.1016/j.neubiorev.2004.07.002.

52. Carrasco J, Márquez C, Nadal R, Tobeña A, Fernández-Teruel A,
Armario A. Characterization of central and peripheral components of
the hypothalamus-pituitary-adrenal axis in the inbred Roman rat
strains. Psychoneuroendocrinology. 2008;33:437-445. https://doi.
org/10.1016/j.psyneuen.2008.01.001.

53. Steimer T, Driscoll P. Divergent stress responses and coping
styles in psychogenetically selected roman high-(RHA) and
low-(RLA) avoidance rats: behavioural, neuroendocrine and

12 of 13 MERCHÁN ET AL.

https://doi.org/10.1038/npp.2009.224
https://doi.org/10.1016/S0031-9384(99)00064-5
https://doi.org/10.1038/npp.2008.43
https://doi.org/10.1038/npp.2008.43
https://doi.org/10.1016/j.bbr.2011.04.017
https://doi.org/10.1016/S0091-%203057(02)01071-7
https://doi.org/10.1016/j.bbr.2014.10.%20022
https://doi.org/10.1016/j.bbr.2017.06.048
https://doi.org/10.1016/j.euroneuro.2015.12.033
https://doi.org/10.1016/j.euroneuro.2015.12.033
https://doi.org/10.1098/rstb.2013.0475
https://doi.org/10.1098/rstb.2013.0475
https://doi.org/10.1016/j.biopsych.2015.04.020
https://doi.org/10.1016/j.biopsych.2015.04.020
https://doi.org/10.1016/j.pharmthera.2011.09.006
https://doi.org/10.1016/j.pharmthera.2011.09.006
https://doi.org/10.1016/j.pnpbp.2015.03.012
https://doi.org/10.1016/j.neuroimage.2012.10.013
https://doi.org/10.1016/j.neuroimage.2012.10.013
https://doi.org/10.1007/s00213-007-1059-6
https://doi.org/10.1007/s00213-017-4819-y
https://doi.org/10.1007/s00213-014-3699-7
https://doi.org/10.1080/17470218.2011.652969
https://doi.org/10.1080/17470218.2011.652969
https://doi.org/10.1016/j.jcps.2015.04.004
https://doi.org/10.1016/j.jcps.2015.04.004
https://doi.org/10.1016/j.pbb.2009.01.005
https://doi.org/10.1016/j.pbb.2009.01.005
https://doi.org/10.1111/gbb.12093
https://doi.org/10.1111/gbb.12093
https://doi.org/10.1016/0091-3057(92)90414-B
https://doi.org/10.1016/0091-3057(92)90414-B
https://doi.org/10.1016/0091-3057(94)00285-Q
https://doi.org/10.1016/0091-3057(94)00285-Q
https://doi.org/10.1016/0031-9384(94)00336-X
https://doi.org/10.1016/0031-9384(94)00336-X
https://doi.org/10.1016/j.physbeh.2015.03.001
https://doi.org/10.1016/j.physbeh.2015.03.001
https://doi.org/10.1016/j.physbeh.2013.06.024
https://doi.org/10.1023/A:1021400830503
https://doi.org/10.1016/j.neubiorev.2006.07.008
https://doi.org/10.1016/j.neubiorev.2004.07.002
https://doi.org/10.1016/j.psyneuen.2008.01.001
https://doi.org/10.1016/j.psyneuen.2008.01.001


developmental aspects. Stress. 2003;6:87-100. https://doi.org/10.
1080/1025389031000111320.

54. Klein AB, Ultved L, Adamsen D, et al. 5-HT2A and mGlu2 receptor
binding levels are related to differences in impulsive behavior in the
Roman Low-(RLA) and high-(RHA) avoidance rat strains. Neuroscience.
2014;263:36-45. https://doi.org/10.1016/j.neuroscience.2013.12.063.

55. Cardona D, de Oca LM, Moreno M, Flores P, Sánchez-Santed F. Strain
differences in schedule-induced polydipsia. Behav Pharmacol. 2009;
20:s58.

56. Robbins TW, Gillan CM, Smith DG, de Wit S, Ersche KD. Neurocogni-
tive endophenotypes of impulsivity and compulsivity: towards dimen-
sional psychiatry. Trends Cogn Sci. 2012;16:81-91. https://doi.org/10.
1016/j.tics.2011.11.009.

57. de Wit S, Corlett PR, Aitken MR, Dickinson A, Fletcher PC. Differential
engagement of the ventromedial prefrontal cortex by goal-directed and
habitual behavior toward food pictures in humans. J Neurosci. 2009;29:
11330-11338. https://doi.org/10.1523/JNEUROSCI.1639-09.2009.

58. Valentin VV, Dickinson A, O'Doherty JP. Determining the neural sub-
strates of goal-directed learning in the human brain. J Neurosci. 2007;
27:4019-4026. https://doi.org/10.1523/JNEUROSCI.0564-07.2007.

59. Gillan CM, Apergis-Schoute AM, Morein-Zamir S, et al. Functional
neuroimaging of avoidance habits in obsessive–compulsive disorder.
Am J Psychiatry. 2015;172:284-293. https://doi.org/10.1176/appi.ajp.
2014.14040525.

60. Adler CM, McDonough-Ryan P, Sax KW, Holland SK, Arndt S,
Strakowski SM. fMRI of neuronal activation with symptom provocation
in unmedicated patients with obsessive-compulsive disorder. J Psychiatr
Res. 2000;34:317-324. https://doi.org/10.1016/S0022-3956(00)
00022-4.

61. Cottraux J, Gerard D, Cinotti L, et al. A controlled positron emission
tomography study of obsessive and neutral auditory stimulation in
obsessive-compulsive disorder with checking rituals. Psychiatry Res.
1996;60:101-112. https://doi.org/10.1016/0165-1781(96)02697-2.

62. Mataix-Cols D, Wooderson S, Lawrence N, Brammer MJ, Speckens A,
Phillips ML. Distinct neural correlates of washing, checking, and hoard-
ing symptom dimensions in obsessive-compulsive disorder. Arch Gen
Psychiatry. 2004;61(6):564-576. https://doi.org/10.1001/archpsyc.61.
6.564.

63. Morgiève M, N'Diaye K, Haynes WI, et al. Dynamics of
psychotherapy-related cerebral haemodynamic changes in obsessive
compulsive disorder using a personalized exposure task in functional
mag- netic resonance imaging. Psychol Med. 2014;44:1461-1473.
https://doi.org/10.1017/S0033291713002237.

64. Rauch SL, Jenike MA, Alpert NM, et al. Regional cerebral blood flow
measured during symptom provocation in obsessive–compulsive dis-
order using oxygen 15-labeled carbon dioxide and positron emission
tomography. Arch Gen Psychiatry. 1994;51:62-70. https://doi.org/10.
1001/archpsyc.1994.03950010062008.

65. Saxena S, Rauch SL. Functional neuroimaging and the neuroanatomy
of obsessive-compulsive disorder. Psychiatr Clin North Am. 2000;23:
563-586. https://doi.org/10.1016/S0193-953X(05)70181-7.

66. Íbias J, Soria-Molinillo E, Kastanauskaite A, et al. Schedule-induced
polydipsia is associated with increased spine density in dorsolateral
striatum neurons. Neuroscience. 2015b;300:238-245. https://doi.
org/10.1016/j.neuroscience.2015.05.026.

67. Yin HH, Knowlton BJ, Balleine BW. Lesions of dorsolateral striatum
preserve outcome expectancy but disrupt habit formation in

instrumental learning. Eur J Neurosci. 2004;19:181-189. https://doi.
org/10.1111/j.1460-9568.2004.03095.x.

68. Yin HH, Knowlton BJ, Balleine BW. Inactivation of dorsolateral stria-
tum enhances sensitivity to changes in the action-outcome contin-
gency in instrumental conditioning. Behav Brain Res. 2006;166:
189-196. https://doi.org/10.1016/j.bbr.2005.07.012.

69. Packard MG, Wingard JC. Amygdala and “emotional” modulation of
the relative use of multiple memory systems. Neurobiol Learn Mem.
2004;82(3):243-252. https://doi.org/10.1016/j.nlm.2004.06.008.

70. Packard MG, Cahill L, McGaugh JL. Amygdala modulation of
hippocampal-dependent and caudate nucleus-dependent memory
processes. Proc Natl Acad Sci USA. 1994;91:8477-8481. https://doi.
org/10.1073/pnas.91.18.8477.

71. Balleine BW. Neural bases of food-seeking: affect, arousal and reward
in corticostriatolimbic circuits. Physiol Behav. 2005;86:717-730.
https://doi.org/10.1016/j.physbeh.2005.08.061.

72. Lingawi NW, Balleine BW. Amygdala central nucleus interacts with
dorsolateral striatum to regulate the acquisition of habits. J Neurosci.
2012;32:1073-1081.

73. de Wit SJ, van der Werf YD, Mataix-Cols D, et al. Emotion regulation
before and after transcranial magnetic stimulation in obsessive–
compulsive disorder. Psychol Med. 2015;45:3059-3073. https://doi.
org/10.1017/S0033291715001026.

74. Simon D, Adler N, Kaufmann C, Kathmann N. Amygdala hyperactiva-
tion during symptom provocation in obsessive–compulsive disorder
and its modulation by distraction. NeuroImage Clin. 2014;4:549-557.
https://doi.org/10.1016/j.nicl.2014.03.011.

75. Simon D, Kaufmann C, Musch K, Kischkel E, Kathmann N.
Fronto-striato-limbic hyperactivation in obsessive compulsive disorder
during individually tailored symptom provocation. Psychophysiology.
2010;47:728-738. https://doi.org/10.1111/j.1469-8986.2010.
00980.x.

76. van den Heuvel OA, Veltman DJ, Groenewegen HJ, et al. Amygdala
activity in obsessive-compulsive disorder with contamination fear: a
study with oxygen-15 water positron emission tomography. Psychiatry
Res. 2004;132:225-237. https://doi.org/10.1016/j.pscychresns.2004.
06.007.

77. Holland PC, Gallagher M. Amygdala-frontal interactions and reward
expectancy. Curr Opin Neurobiol. 2004;14(2):148-155. https://doi.
org/10.1016/j.conb.2004.03.007.

78. Griffiths KR, Morris RW, Balleine BW. Translational studies of
goal-directed action as a framework for classifying deficits across psy-
chiatric disorders. Front Syst Neurosci. 2014;8:101. https://doi.org/10.
3389/fnsys.2014.00101.

79. Paxinos G, Watson C. The rat brain in stereotaxic coordinates. New
York: Academic Press; 1998.

How to cite this article: Merchán A, Mora S, Gago B, et al.

Excessive habit formation in schedule-induced polydipsia:

Microstructural analysis of licking among rat strains and

involvement of the orbitofrontal cortex. Genes, Brain and

Behavior. 2019;18:e12489. https://doi.org/10.1111/gbb.

12489

MERCHÁN ET AL. 13 of 13

https://doi.org/10.1080/1025389031000111320
https://doi.org/10.1080/1025389031000111320
https://doi.org/10.1016/j.neuroscience.2013.12.063
https://doi.org/10.1016/j.tics.2011.11.009
https://doi.org/10.1016/j.tics.2011.11.009
https://doi.org/10.1523/JNEUROSCI.1639-09.2009
https://doi.org/10.1523/JNEUROSCI.0564-07.2007
https://doi.org/10.1176/appi.ajp.2014.14040525
https://doi.org/10.1176/appi.ajp.2014.14040525
https://doi.org/10.1016/S0022-3956(00)00022-4
https://doi.org/10.1016/S0022-3956(00)00022-4
https://doi.org/10.1016/0165-1781(96)02697-2
https://doi.org/10.1001/archpsyc.61.6.564
https://doi.org/10.1001/archpsyc.61.6.564
https://doi.org/10.1017/S0033291713002237
https://doi.org/10.1001/archpsyc.1994.03950010062008
https://doi.org/10.1001/archpsyc.1994.03950010062008
https://doi.org/10.1016/S0193-953X(05)70181-7
https://doi.org/10.1016/j.neuroscience.2015.05.026
https://doi.org/10.1016/j.neuroscience.2015.05.026
https://doi.org/10.1111/j.1460-9568.2004.03095.x
https://doi.org/10.1111/j.1460-9568.2004.03095.x
https://doi.org/10.1016/j.bbr.2005.07.012
https://doi.org/10.1016/j.nlm.2004.06.008
https://doi.org/10.1073/pnas.91.18.8477
https://doi.org/10.1073/pnas.91.18.8477
https://doi.org/10.1016/j.physbeh.2005.08.061
https://doi.org/10.1017/S0033291715001026
https://doi.org/10.1017/S0033291715001026
https://doi.org/10.1016/j.nicl.2014.03.011
https://doi.org/10.1111/j.1469-8986.2010.00980.x
https://doi.org/10.1111/j.1469-8986.2010.00980.x
https://doi.org/10.1016/j.pscychresns.2004.06.007
https://doi.org/10.1016/j.pscychresns.2004.06.007
https://doi.org/10.1016/j.conb.2004.03.007
https://doi.org/10.1016/j.conb.2004.03.007
https://doi.org/10.3389/fnsys.2014.00101
https://doi.org/10.3389/fnsys.2014.00101
https://doi.org/10.1111/gbb.12489
https://doi.org/10.1111/gbb.12489

	 Excessive habit formation in schedule-induced polydipsia: Microstructural analysis of licking among rat strains and involv...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Animals
	2.2  Schedule-induced polydipsia
	2.2.1  Apparatus
	2.2.2  Baseline water consumption
	2.2.3  SIP procedure
	2.2.4  SIP measures
	2.2.5  Classification

	2.3  Brain analyses: c-Fos immunohistochemistry
	2.4  Statistical analysis

	3  RESULTS
	3.1  Experiment 1: strain-dependent SIP and phenotype differences determined by cluster analysis
	3.2  Experiment 2: microstructural measures and c-Fos activity in clusters of WIST rats

	4  DISCUSSION
	4  ACKNOWLEDGMENTS
	4  Conflict of interest

	  REFERENCES


