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Background

Automated homecage systems provide valuable insights into rodent behavior in an undisturbed environment over extended periods. This study aims to identify behavioral differences between Long Evans (LE) rats (control) and a novel triple-hit schizophrenia model (Lisket), developed through selective breeding based on schizophrenia-related behavioral alterations following juvenile social isolation and ketamine treatment.





Methods

Pain sensitivity (tail-flick test), behavioral activity, and cognitive function were assessed in acute tests (Ambitus test) and chronic conditions (HomeManner system with a delay discount paradigm).





Results

Lisket rats exhibited significantly increased pain sensitivity, reduced locomotion and exploration, and impaired learning ability. While all LE rats learned to prefer the large-dose reward tray, only 69% of Lisket rats demonstrated this preference. Although Lisket rats displayed significant cognitive deficits, particularly under delay conditions, no clear signs of heightened impulsivity were detected. Personalized analysis revealed substantial interindividual variability in both groups, accompanied by high intraindividual fluctuations across different parameters.





Conclusions

This study provides the first comprehensive behavioral characterization of the Lisket model, a triple-hit schizophrenia-like rat strain derived from Long Evans rats, under both acute and chronic testing conditions. The automated, experimenter-free approach used in this study offers a promising tool for complex behavioral assessment. Furthermore, the findings emphasize the importance of individualized behavioral analysis alongside group-level assessments to enhance the translational validity of preclinical neuropsychiatric research.
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1 Introduction

Schizophrenia is a severe, chronic mental disorder characterized by positive and negative symptoms, as well as cognitive impairments, affecting an individual’s thoughts, emotions, and behaviors. Reward-based learning processes also show impairments in these patients, which can be related to both the positive and negative symptoms (1). Furthermore, decreased pain sensitivity is often observed in patients with schizophrenia and in animal models of the disease (2–5). While the exact mechanism of this altered pain sensitivity remains unclear, the involvement of the opioid and cannabinoid systems has been suggested (6, 7). Neuroscience remains one of the most challenging fields in animal modeling due to the complexity of the human brain, which far exceeds that of laboratory animals. Furthermore, some preclinical models fail to account for the chronic nature of neuropsychiatric disorders and the significant role of gene-environment interactions in their etiology and symptomatology. It is widely acknowledged that no single symptom observed in animal studies is specific to schizophrenia. However, the combined behavioral pattern, along with the construct and predictive validity of the model, determines its translational potential.

To develop an animal model with high construct validity, a multiple-hit rat substrain, termed Wisket, was previously created in our laboratory from the Wistar strain. This model combined environmental factors (post-weaning social isolation), pharmacological interventions (subchronic administration of the NMDA receptor antagonist ketamine), and genetic selection based on behavioral phenotypes (8–10). The Wisket model has been extensively characterized, revealing various behavioral and receptor alterations, and its predictive validity has also been confirmed (8, 11–13).

However, findings from acute and chronic behavioral tests demonstrated that the extremely low activity levels of both Wistar and Wisket rats reduced the model’s reliability.

Long Evans (LE) rats display higher locomotor activity and cognitive function than Wistar rats (14–16). Studies using single-hit schizophrenia models have demonstrated that this strain can reliably reproduce certain schizophrenia-like traits, including impairments in cognitive functions such as prepulse inhibition (17, 18). To improve construct validity while overcoming the limitations observed in the Wisket model, we applied the same treatment protocol and selective breeding strategy to LE rats, resulting in a new substrain named Lisket. Lisket animals, similar to Wiskets, showed impaired pain sensitivity, and cognitive function obtained in the reward-based Ambitus test (see below) (19).

Acute behavioral test procedures often elevate stress levels, potentially distorting results or complicating prolonged assessments (20, 21). Automated homecage systems enable the continuous observation of spontaneous behavior under minimally disturbed conditions, thereby improving test reproducibility and providing a more natural setting for the animals (22). Several homecage activity monitoring systems, including PhenoTyper, PhenoMaster, IntelliCage, and PhenoWorld, allow for extended behavioral assessments (23–28). Our research team developed a novel system called HomeManner (HM), a large and enriched homecage specifically designed for the delay discount paradigm (29). This system has been successfully used to investigate prolonged behavioral activity and cognitive function in Wistar and Wisket rats.

Impulsivity—or a lack of self-control in decision-making processes—is a frequently seen symptom of schizophrenia (30). The delay discount task, in which subjects choose between a large-delayed and small-immediate reward, has been often used to assess impulsivity in schizophrenia models (31–33). However, most of the studies used acute test conditions (34–37). Our team previously applied this paradigm in the HM system in Wistar and Wisket rats (29). However, some animals had to be excluded from the analysis due to lack of activity at the food trays over a 13-day period.

The present study aimed to characterize the behavior of Lisket and control LE rats in acute assessments of heat pain sensitivity (tail-flick test) and cognitive function (Ambitus test), as well as chronic behavioral monitoring using the HomeManner system over an extended period. We hypothesized that our test conditions would validate the translational utility of the Lisket model for schizophrenia research by revealing significant behavioral impairments in both short-term and long-term paradigms.




2 Methods



2.1 Animals

The Hungarian Ethical Committee for Animal Research (RN: XIV/1248/2018 and XIV/1421/2023), in accordance with EU Directive 2010/63/EU, approved all experimental procedures. The study adhered to the guidelines outlined in the Animal Research: Reporting of In Vivo Experiments (ARRIVE 2.0).

Regarding the selective breeding process, we followed the same protocol as in our previous studies with Wistar and Wisket rats (8, 10, 38). Control and Lisket rats (both male and female) were weaned at three weeks of age. Lisket rats were then housed individually for four weeks and received intraperitoneal ketamine injections (30 mg/kg, 4 mL/kg) for five consecutive days, starting in the second week of isolation (12). Afterward, the animals were rehoused in groups of two to three per cage. Control (LE) rats were group-housed and received no treatment. At three months of age, Lisket rats exhibiting impaired behavioral performance in the tail-flick and Ambitus tests (see below) were selected for breeding (38). To minimize inbreeding, sibling mating was avoided. Typically, one male was paired with two females (resulting in six males and twelve females per generation) for a two-week mating period, after which females were housed individually to ensure undisturbed parturition. Animals from 8–11 generations were involved in the study. Control (LE, n=12) and Lisket (n=13) male rats were maintained under a 12-hour light/dark cycle at a controlled temperature of 22 ± 1°C.





2.2 Tail-flick test

On week 10, the acute nociceptive threshold was assessed using the tail-flick (TF) test, as previously described (Figure 1B) (38). The reaction time was measured by immersing the distal 5 cm of the tail in 48 °C hot water until a tail-withdrawal response occurred, with a cut-off time of 40 seconds. Since body weight influences nociceptive responses, TF latencies were normalized to body weight and expressed as relative TF (RTF) latencies for statistical analysis (39).
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Figure 1 | Structure of the Ambitus apparatus (A) and the HomeManner system (B). A schematic representation of the experimental paradigm (C).




2.3 Ambitus test

The Ambitus apparatus combines features of the reward-based Hole Board and maze corridor tests (8). It is a rectangular corridor constructed of clear plexiglas with a black floor (Figure 1A; www.deakdelta.hu). Each corridor contains four side boxes (16 in total) for food rewards (puffed rice, 20 mg). Infrared beams detect exploratory activity at each side box and locomotor activity in the middle of the corridor with a 1 ms time resolution. After placing the food rewards, trials began by positioning the rats at the starting point (Figure 1A), after which the experimenter immediately left the room. The animals were given 300 seconds to explore the corridor and collect the rewards. The apparatus was cleaned with 70% ethanol between animals. The Ambitus system allows for the detection and calculation of multiple behavioral parameters, including locomotor activity, exploratory behavior, and reward collection (eating), as well as cognition-related measures such as effective exploration, adequate exploration ratios, and learning capacity. Definitions, abbreviations, and calculations for these parameters are provided in Table 1.


Table 1 | Summary of the measured and derived behavioral parameters with units and definitions.
	Tests
	NR
	Parameter
	Unit
	Definition/Calculation



	TF
	0
	RTF: relative tail-flick latency
	Ratio
	(Tail withdrawal latency x 100)/(body weight).


	Ambitus
	1
	Locomotor activity (LOCO)
	N
	Number of corridor entries within 5 minutes.


	2
	Exploratory behavior (EXPL_TOT_A)
	N
	Total box visits within 5 minutes.


	3
	External visits (EXPL_E)
	N
	Subset exploration categorized as external box visits up to collection of the rewards. Number of external box exploration × 300)/Eating time (s).


	4
	Internal visits (EXPL_I)
	N
	Subset of exploration categorized as internal box visits up to collection of the rewards. Number of internal box exploration × 300)/Eating time (s).


	5
	Effective Exploration Ratio (E_E)
	Ratio
	The ratio of collected rewards and explored boxes. (Eating count)/(Number of box visits)


	6
	Adequate exploration ratio (A_E)
	%
	(number of collected food rewards)x100/(number of explorations up to task completion time)


	7
	Learning capacity (L_C_A)
	%
	A ratio indicating the animal’s capacity to collect rewards. (Eating count × 300 × 100)/(Number of rewards × Eating time).


	HM

	8
	Delay time
	s
	Interval between stimulus trigger and food delivery at LD side.


	9
	Latency (LAT)
	min
	Latency of the 1st daily exploration


	10
	Eating time (EAT_T)
	%
	Time taken to consume all pellets, capped at 24 hours (86,400 s). (Time up to collection of rewards)*100/(total time; cut-off: about 24 h)


	11
	Eating activity ratio (EAT_R)
	%
	[(Eated count)x100]/(number of rewards)


	12
	Epoch (Epoch_TOT)
	s
	Hourly duration of activity at the trays if the break shorter than 5 minute


	13
	Epoch (Epoch_BEF)
	s
	Hourly duration of epochs up to collection of rewards. (Duration of epochs × 3600)/(Eating time).


	14
	Cycles
	N
	Number of cycles within one epoch


	15
	Exploration
(EXPL_TOT_HM)
	N
	(Total exploration events × 3600)/(86,400 s).


	16
	Exploration
(EXPL_BEF)
	N
	(Total exploration events × 3600)/Eating time (s).


	17
	Learning capacity (LC_HM)
	%
	A ratio indicating the animal’s capacity to collect rewards. (Eating count × 86,400 × 100)/(Number of rewards × Eating time (s)).


	18
	Adequate exploration (E1)
	%
	Eat_N+trigger number within one cycle.


	19
	Anticipatory restlessness (E2)
	N
	(Exploration number during the food delivering)/(cycle number)


	20
	Premature exploration (E3)
	N
	(Exploration number during ITI)/(cycle number)


	21
	Incorrect exploration (E4)
	N
	(Exploration number during delay)/(cycle number)





ITI, interstimulus interval (20 s). N, number.






2.4 HomeManner system

The HomeManner (HM) apparatus, developed in the authors’ laboratory, consists of six sets of operant cages housed in a separate room under standard conditions, with a house light positioned outside the cages (Figure 1B). Each cage measures 57 × 60 × 55.5 cm and has three levels, with steel wire grid forming the sidewalls and top (Figure 1B). Since a structured cage environment may be more beneficial for rodents than a large open floor area (40), the cage was divided into two sections: one side with a single floor and the other with three floors. The animals could access all floors by climbing the grid walls. The single-story section included a playing area designed to enhance well-being and sensory-motor stimulation. This area was equipped with a running wheel (for voluntary exercise), an abacus, and a plastic tube for environmental enrichment. At the front of the cage, a water bottle was provided for free access to drinking water, which could be reached from the playing area (Figure 1B). The first level of the three-floor section functioned as a shelter (28.5 × 60 × 11 cm), containing bedding material (nest box: sawdust, 3–4 cm thick), where animals could also hide marbles. The second and third levels, positioned above the shelter, were made of opaque plastic and steel grid, respectively. On the second floor, 20 cm from the water bottle, two food dispensers were attached to each cage. The food dispensers consisted of reward containers positioned outside the cage, each equipped with a small electric motor that delivered food pellets (45 mg, F0021, Bio-Serv™ Dustless Precision Pellets™ Purified Rodent Diet, BioServ, Frenchtown, NJ, US) into two small trays (12 × 20 mm) placed 7 cm apart inside the cage. LED lights were positioned near the containers to indicate reward availability.

The trays were fitted with infrared sensors to detect food delivery, reward consumption, and animal activity at the trays. Any contact with the trays was classified as exploration. The system was connected via an interface to a PC in a separate room, where custom software (developed by P.L.) controlled food delivery and recorded all events at both trays. The collected data were then extracted and analyzed using another software developed by L.K. At the start of the experiment, the pellet dispensers were filled with 12 g and 4 g of pellets for the large-dose (LD) and small-dose (SD) trays, respectively, maintaining these positions throughout the study. When the animals were placed in their cages, the LED lights were switched on, and the dispensers released three pellets on the LD side and one pellet on the SD side, following a paradigm based on a previous study (29, 41). Once the animals consumed the pellets from a tray, the LED light on that side switched off, and no further reward was available for 20 seconds (inter-trial interval, ITI).

After the ITI, the LED light switched back on, and if an exploration at the tray was registered (trigger stimulus), food pellets were dispensed. The rats were not time-restricted for initiating trials, allowing voluntary interaction with the trays throughout the experiment. Even in the absence of a programmed delay, the electric motors required 2–4 seconds to dispense the food pellets.

The trays remained accessible 24 hours a day, but once the animals consumed all the food available for that day (12 g + 4 g from the dispensers), the LED lights switched off until the next morning (between 9 and 10 AM), when the dispensers were refilled. At that point, the trays were rebaited with three pellets (LD) or one pellet (SD), and the LED lights were switched on again. In the event of a hardware malfunction, the LED lights were turned off.

The HM system allows for the detection and analysis of exploratory behavior, reward collection (eating), cognitive performance, and impulsivity-related parameters, including various types of explorations, learning capacity, and delay time. The definitions, abbreviations, and calculations of these parameters are detailed in Table 1. Activity at the trays was characterized by the mean hourly duration of epochs, the mean number of cycles within one epoch, and the number of different types of explorations within one cycle (E1–E4). An epoch was defined as an active phase that began with a trigger stimulus and ended if the animal showed no activity at the tray for more than five minutes (300 seconds). One epoch could contain multiple cycles. Within an epoch, the first cycle started with a trigger stimulus and ended with the next LED_ON event. Subsequent cycles began with LED_ON and ended with the following LED_ON event.

Four different types of exploration were differentiated within one cycle. Adequate explorations (E1) were defined as the sum of the trigger stimulus (1) and the collection of rewards (1 or 3 pellets at SD or LD, respectively), making them standard at both trays. E2 captured anticipatory restlessness during the food delivery phase, encompassing the period marked by the food dispenser’s motor noise up to the onset of consumption; higher E2 values signified increased restlessness in anticipation of the reward. E3 denoted explorations occurring during the inter-trial interval (ITI), referred to as premature explorations. E4 represented explorations occurring during the delay period, categorized as incorrect explorations.




2.5 Experimental paradigm

On week 10, TF latencies were recorded four times at 30-minute intervals (Figure 1C). In the following week, the animals participated in the Ambitus test, following the procedure used in previous studies (8, 9). Food restriction was applied 48 hours before the test, while water remained freely available to ensure adequate motivation. Two task types were used: Task 1 (Trials 1–2), in which all boxes contained rewards, was conducted in the morning, while Task 2 (Trials 3–4), in which only the inside boxes were baited, was performed three hours later (Figure 1C).

At least one week after the Ambitus test, the animals were transferred to the testing room, where they underwent two days of food restriction to maintain motivation for consuming the rewards in the HM. The animals were assigned to one of six cages in a pseudo-randomized manner and housed individually without visual contact for 13 days. Both groups were equally represented in the five experimental rounds required to obtain 15 animals per group. However, three control and two Lisket animals were excluded due to sensor system malfunctions in their cages over several days, resulting in a final dataset comprising 12 LE and 13 Lisket animals.

On Day 1 of the experiment, the animals were placed in the large cages between 9:00 and 10:00 AM without access to standard food, but both dispensers were filled with pellets (12 + 4 = 16 g). From the following day onward, standard food (10 g/day, which is about 40–50% of the daily required food amount) was provided on the first floor near the pellet-delivering trays. Thus, a moderate food restriction was maintained throughout the experiment in HM, but the required daily intake could still be achieved by consuming pellets from the dispensers.

During the training phase (Days 1–3), no delay was applied. In the testing phase (Days 4–13), a 10-second delay was introduced on the LD side for animals that had learned to prefer LD over SD rewards (with a preference at least 10% above random). The delay was gradually increased by 10 seconds each day, depending on the animal’s preference, following the method applied in previous studies (29, 35). Apart from the introduction of the delay, no parameters were modified throughout the experiment. Body weight was measured at the beginning and end of the experiment in the HM. Fluid consumption was recorded twice a week, with fresh water provided each time, and relative fluid consumption was calculated based on body weight. Pellet consumption was monitored daily, and the dispensers were refilled accordingly. Standard food consumption was assessed at the end of the experiment.

To minimize disturbance, the experimenter generally entered the room only once per day, except in cases of equipment malfunction. During these visits, the experimenter checked the functionality of the equipment, inspected the health of the animals, refilled the dispensers, provided standard food, and replaced the drinking water. While the HomeManner cages were not cleaned at all over the 13 days, only one animal was housed in each large cage (about 0.2 m³), and no extreme dirtiness was observed at the end of the study.




2.6 Measurements and statistical analyses

The Ambitus and HM systems recorded various behavioral parameters related to exploratory activity and reward collection (Table 1). In order to compare the results of these different parameters on a common scale—despite differences in units and distributions—we normalized the raw data using z-score transformation. For each parameter, we subtracted the group mean (all animals in all trials or days) from each individual value and divided by the standard deviation. This standardization allows for the direct comparison of effect sizes across variables and test conditions (acute vs. chronic), as visualized in the summary figures. The method is widely used in behavioral neuroscience to unify diverse datasets for integrative analysis (42). Additionally, the coefficient of variation (CV = standard deviation/mean) was calculated to evaluate variability across trials or days.

Due to a software malfunction in the HM system, tray activity data from five days were lost (10 data points). Consequently, a total of 640 data points were analyzed across the two trays for the 25 rats over the 13-day period. Since tray activity was largely dependent on the time required to consume all food rewards (defined as eating time), several parameters were converted to the relative number of exploration events (Table 1). One-way analysis of variance (ANOVA) was applied to analyze general observations (e.g., body weight and fluid intake), total z-scores, and covariance data, while factorial ANOVA was used for raw data in all tests. In the RTF and Ambitus tests, the factors were group (control vs. Lisket) and trial (Trials 1–4; Figure 2), whereas for the HM system, the factors included group, day, and the presence or absence of delay during the testing phase. When the global test was significant, Tukey post hoc tests were performed to evaluate the effects of different factors, as shown in the figures. Spearman correlation analysis was conducted to examine associations between the results of the Ambitus and HM tests. To visualize individual variability across all analyzed variables, a complex heatmap was generated using the z-scores from all tests for each animal. All data are expressed as means ± S.E.M., with significance set at p < 0.05. Statistical analyses were performed using STATISTICA 13.5.0.14 (TIBCO Software Inc., USA).
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Figure 2 | Changes in z-score values for the investigated parameters in the tail-flick test (RTF), Ambitus test, and HomeManner system (A). Changes in covariance values across trials (1–4; TF, Ambitus) or days (1–13; HM) for the investigated parameters (B). Definitions, abbreviations, calculations, and statistical results for the investigated parameters are provided in Table 1. The symbol * indicates significant differences (p < 0.05) between groups.





3 Results



3.1 General observations

Fluid intake did not differ significantly between the two groups, as determined by one-way ANOVA (LE: 79 ± 3.7 ml/kg/day; Lisket: 78 ± 2.8 ml/kg/day). All standard food (10 g/day) was consumed by each animal in the HM. Regarding body weight, factorial ANOVA revealed significant effects of group (F(1,138) = 100.12, p < 0.0001), age (F(5,138) = 340.64, p < 0.0001), and their interaction (F(5,138) = 2.35, p < 0.05). Lisket animals had significantly lower body weight than controls throughout the entire study period (LE: 315 ± 14.1 g; Lisket: 263 ± 11.7 g). However, body weight changes were similar in both groups, with slight weight gain observed by the end of the testing period (LE: 13.0 ± 2.29%; Lisket: 17.3 ± 2.06%).




3.2 Tail-flick test

Regarding RTF latency, factorial ANOVA revealed a significant effect of group (Table 2), with Lisket rats exhibiting significantly longer RTF latency compared to control animals (LE: 1.9 ± 0.09; Lisket: 2.6 ± 0.13 s/100 g; z-score results shown in Figure 2A, left side), indicating lower acute heat pain sensitivity. The coefficient of variation across the four trials was similar in both groups (Figure 2B, left side).


Table 2 | Factorial ANOVA results for the tail-flick and Ambitus test parameters during the four trials.
	Parameters
	Group
	Trial
	Gr/Tr



	Tail-flick test


	RTF
	21.28;(1,92) <0.001
	 
	 


	Ambitus test


	1. LOCO
	23.12;(1,92) <0.001
	9.69;(3,92) <0.001
	NS


	2. EXPL_TOT
	40.06;(1,92) <0.001
	15.32;(3,92) <0.001
	NS


	3. EXPL_E
	28.10;(1,92) <0.001
	NS
	NS


	4. EXPL_I
	31.00;(1,92) <0.001
	25.86;(3,92) <0.001
	3.82;(3,92) <0.05


	5 E_E
	14.82;(1,92) <0.001
	13.68;(3,92) <0.001
	NS


	6. A_E
	5.86;(1,92) <0.05
	NS
	NS


	7. L_C
	26.51;(1,92) <0.001
	21.11;(3,92) <0.001
	NS





For the parameters, see Table 1. Numbers within the cells: F value; (Degree of Freedom); P value.






3.3 Ambitus test

For most behavioral parameters in the Ambitus test, factorial ANOVA revealed significant effects of group, trial, and their interaction (Table 2). Lisket rats exhibited reduced locomotor activity (LOCO), exploratory behavior (EXPL_TOT, EXPL_E, and EXPL_I), and cognition-related measures (A_E, E_E, and L_C) compared to their parent strain, as shown by their z-scores in Figure 2A, left side. Additionally, Lisket animals displayed a greater tendency for variance in most parameters, with significant differences observed in locomotion (LOCO), exploratory activity in the external boxes (EXPL_E), and effective exploration (E_E; Figure 2B, left side).




3.4 HomeManner system

Regarding overall daily activity at the trays, control and Lisket animals performed 12 ± 0.2 epochs, 70 ± 1.2 cycles, and 869 ± 25.5 explorations. Analysis of z-scores over the 13-day investigation period revealed that Lisket rats showed impairments in six out of nine parameters, including eating behavior (EAT_T), various tray activity measures (Epoch_TOT, Epoch_BEF, Cycle number, Expl_BEF), and cognitive performance (L_C) compared to their parent strain, as shown in Figure 2A, right side. Additionally, variance was lower across all parameters in Lisket animals, with a significant difference observed for EAT_T (Figure 2B, right side). Next, data were analyzed separately for the training phase and the test phase, both with and without delays.



3.4.1 Training phase (Days 1–3)

Four of the nine parameters showed significant group differences (Table 3, Figure 3A), with impairments observed in the Lisket group. These included EAT_T (C: 61 ± 3.7%, Lisket: 82 ± 2.7%), Epoch_BEF (C: 338 ± 40.2 s, Lisket: 158 ± 15.8 s), Expl_BEF (C: 86 ± 10.6, Lisket: 41 ± 4.5), and L_C (C: 177 ± 20.8%, Lisket: 93 ± 9.0%). A significantly higher total number of explorations was recorded on the LD side compared to the SD side (EXPL_TOT LD: 39 ± 3.2, SD: 26 ± 2.4; Table 3). No significant interactions were found in any of the parameters, indicating that the pattern of activity differences at the two trays was consistent across both groups. Significant side differences in the types of exploratory activities within one cycle were identified, independent of the group. Specifically, E2 (anticipatory restlessness) was significantly lower at the SD side compared to the LD side (Table 3, Figure 4A).


Table 3 | Factorial ANOVA results for behavioral parameters in the training and test phases of the HomeManner test.
	Parameters
	Training phase
	Test phase


	Group
	Side
	Group
	Side/(day)
	Interaction



	8. Delay time
	 
	 
	5.06;(1,225) <0.05
	8.08;(9,225) <0.0001
	 


	9. LAT


	10. Eat_T
	20.35;(1,146) <0.0001
	 
	48.56;(1,486) <0.0001
	8.83;(1,486) <0.005
	 


	11. Eat_R


	12. Epoch_TOT
	 
	 
	26.30;(1,486) <0.0001
	10.84;(1,486) <0.005
	 


	13. Epoch_BEF
	18.36;(1,146) <0.0001
	 
	36.12;(1,486) <0.0001
	 
	 


	14. Cycle Nr
	 
	 
	24.87;(1,486) <0.0001
	8.54;(1,486) <0.005
	 


	15. EXPL_TOT
	 
	4.97;(1,146) <0.05
	14.51;(1,486) <0.0005
	59.27;(1,486) <0.0001
	4.94;(1,486) <0.05


	16. EXPL_BEF
	15.34;(1,146) <0.0005
	 
	17.77;(1,486) <0.0001
	9.21;(1,486) <0.005
	 


	17. A_E
	 
	 
	19.67;(1,486) <0.0001
	 
	 


	18. L_C
	14.23;(1,146) <0.0005
	 
	33.38;(1,486) <0.0001
	13.39;(1,486) <0.0005
	4.83;(1,486) <0.05


	19 E1
	 
	52.71;(1,146) <0.0001
	6.15;(1,486) <0.05
	 
	 


	20. E2
	 
	20.27;(1,146) <0.0001
	6.15;(1,486) <0.05
	166.97;(1,486) <0.0001
	 


	21. E3


	22. E4
	 
	 
	5.67;(1,486) <0.05
	117.02;(1,486) <0.0001
	5.09;(1,486) <0.05





For the parameters, see Table 1. Numbers within the cells: F value; (Degree of Freedom); P value.



[image: Bar charts labeled A, B, and C compare Z-scores across training and test phases. Categories include “Lat,” “Eat_I,” “Eat_R,” “Epoch_Tot,” “Epoch_FR,” “Cycle_FR,” “Expl_Tot,” “Expl_FR,” and “LC.” Blue bars represent “LE_LD” and “LE_SD,” while red bars represent “Lisket_LD” and “Lisket_SD.” Asterisks indicate statistical significance. Error bars show variability.]
Figure 3 | Changes in z-score values for the investigated parameters in the HomeManner system, shown separately for training days (A) and testing days without (B) or with delays (C). Definitions, abbreviations, calculations, and statistical results for the investigated parameters are provided in Table 1. The symbols * and ** indicate significant differences (p < 0.05) between groups at one or both sides (at the lines), respectively.

[image: Bar charts comparing exploration numbers across different phases and days. Chart A shows results for the training phase with days without delay, while Charts B and C show results for the test phase with and without delay, respectively. Blue and red bars represent different conditions: LE_LD, LE_SD, Lisket_LD, and Lisket_SD, with symbols indicating statistical significance.]
Figure 4 | Changes in the different types of explorations (E2–E4) within one cycle in the HomeManner system, shown separately for training days (A) and testing days without (B) or with delays (C). Definitions, abbreviations, calculations, and statistical results for the investigated parameters are provided in Tables 1, 3, and 4. The symbols * and # indicate significant differences (p < 0.05) between the two groups and between the two trays (large dose – LD vs. small dose – SD), respectively.




3.4.2 Test phase (Days 4–13)

During the test phase, four Lisket animals did not learn to prefer the LD side throughout the study, preventing the application of delay for these individuals. Among the remaining animals, the mean delay time was similar between the two groups, with a maximum of 30 seconds (LE: 10 ± 1.2 s; Lisket: 11 ± 0.8 s). The analysis indicated that the presence of delay significantly influenced behavior, as factorial analysis revealed not only significant group differences but also significant effects of delay presence or absence, along with interactions involving this factor (Table 4). The z-score presentation showed that the main differences between LE and Lisket animals emerged on days with delays, with all parameters indicating significant impairments in Lisket animals, at least on the LD side, suggesting that the introduction of delay played a major role (Figures 3B, C). Analysis of the different types of explorations within one cycle (Table 4) revealed that E2 (anticipatory restlessness) was significantly higher in Lisket animals at the LD side on days without delay, while lower values were observed at the SD side in both groups (Table 4, Figure 4B). In the presence of delay, no group differences were detected, but fewer E2 explorations occurred at the SD side compared to the LD side (Figure 4C). E3 (premature exploration during ITI) without delay exhibited significant side differences, with lower values at the SD side compared to the LD side (Figure 4B). In contrast, when delay was introduced, Lisket animals showed a significantly lower number of E3 explorations at both sides, while LE animals exhibited higher exploratory activity at the SD side compared to the LD side (Figure 4C). For E4 (incorrect exploration during delay), no significant group differences were observed. However, significantly fewer E4 explorations were recorded at the SD side compared to the LD side, primarily in the presence of delay (Figures 4B, C). Spearman correlation analysis of parameters from the Ambitus and HomeManner systems revealed seven significant positive correlations out of 63: between EXPL_TOT_A and EXPL_TOT_HM (r = 0.40; p < 0.05), E_E_A and EAT_R (r = 0.53; p < 0.01), E_E_A and Epoch_TOT (r = 0.47; p < 0.05), E_E_A and L_C_HM (r = 0.43; p < 0.05), A_E and LAT (r = 0.44; p < 0.05), A_E and EAT_R (r = 0.57; p < 0.005), and L_C_A and EXPL_TOT_HM (r = 0.40; p < 0.05).


Table 4 | Factorial ANOVA results for behavioral parameters in the test phase of the HomeManner test, analyzed separately for days with and without delay (see Figures 3, 4).
	Parameters
	Results


	Group
	Delay (D)
	Side
	GR/D
	GR/Side
	D/Side
	GR/D/Side



	9. LAT
	7.12;(1,482) 
<0.01
	37.19;(1,482) <0.0001
	 
	42.43;(1,482) <0.0001
	NS
	NS
	 


	10. Eat_T
	44.23;(1,482) <0.0001
	 
	 
	 
	 
	14.79;(1,482) <0.0005
	 


	11. Eat_R
	 
	30.97;(1,482) <0.0001
	 
	20.03;(1,482) <0.0001
	 
	 
	 


	12. Epoch_TOT
	9.69;(1,482) 
<0.01
	43.73;(1,482) <0.0001
	5.62;(1,482) 
<0.05
	18.72;(1,482) <0.0001
	 
	4.66;(1,482) 
<0.05
	7.24;(1,482) <0.01


	13. Epoch_BEF
	32.59;(1,482) <0.0001
	 
	 
	 
	 
	4.55;(1,482) 
<0.05
	 


	14. Cycle Nr
	19.51;(1,482) <0.0001
	 
	 
	 
	 
	11.22;(1,482) <0.001
	 


	15. EXPL_TOT
	5.32;(1,482) 
<0.05
	 
	76.48;(1,482) <0.0001
	16.25;(1,482) <0.0001
	 
	 
	3.97;(1,482) <0.05


	16. EXPL_BEF
	19.12;(1,482) <0.0001
	 
	19.45;(1,482) <0.0005
	 
	4.66;(1,482) 
<0.05
	6.36;(1,482) 
<0.05
	 


	17. A_E
	25.98;(1,482) <0.0001
	14.57;(1,482) <0.0001
	68.01;(1,482) <0.0001
	 
	 
	 
	 


	18. L_C
	23.31;(1,482) <0.0001
	 
	7.04;(1,482) 
<0.01
	 
	 
	7.57;(1,482) 
<0.01
	 


	19. E2
	13.1;(1,482) <0.0005
	 
	141.89;(1,482) <0.0001
	 
	14.32;(1,482) <0.0005
	 
	4.96;(1,482) <0.05


	20. E3
	 
	17.57;(1,482) <0.0001
	 
	9.95;(1,482) 
<0.005
	 
	19.15;(1,482) <0.0001
	 


	21. E4
	 
	85.01;(1,482) <0.0001
	64.68;(1,482) <0.0001
	 
	 
	60.80;(1,482) <0.0001
	 





For the abbreviations, see Table 1. Numbers within the cells: F value; (Degree of Freedom); P value.







3.5 Individual- level analyses

The heatmap visualization of the z-scores revealed that, in addition to group differences, there were high interindividual differences in both groups (Figure 5). Furthermore, considerable intraindividual variability was observed across different parameters, with Lisket animals showing a slightly higher coefficient of variance compared to control animals (CV: 0.6 ± 0.12 and 0.9 ± 0.20 for LE and Lisket animals, respectively, p = 0.3). To further examine interindividual and intraindividual differences, animals were categorized based on their z-scores for cognitive performance (L_C: Low performance – L vs. High performance – H), behavioral activity (locomotion and epoch duration: Inactive – I vs. Active – A) in the Ambitus and HM tests, and pain sensitivity (hyposensitive vs. normosensitive). If an animal had a z-score < 0 for a given parameter, it was classified as low performance, inactive, or hyposensitive, whereas a z-score ≥ 0 placed it in the high performance, active, or normosensitive category. This classification resulted in animals being assigned to one of 32 possible behavioral categories, and 13 of 32 remained empty (Figure 5B). The diagram clearly showed the high degree of separation between the two groups. Most control LE animals (10 out of 12) were categorized as normosensitive based on pain sensitivity and exhibited active behavior in at least one or both acute and chronic tests (7 out of 10). In terms of cognitive performance, 11 out of 12 LE animals showed high performance in at least one test. However, even animals with a high level of learning capacity exhibited variability in pain sensitivity or behavioral activity (Figure 5B). In contrast, most Lisket animals (10 out of 13) were categorized as low performance, with 8 out of 10 showing low performance in both tests. Additionally, most Lisket animals were classified as inactive (7 out of 13) and hyposensitive (8 out of 13). However, some Lisket animals with low learning capacity still exhibited normal pain sensitivity or behavioral activity (Figure 5B).

[image: Heatmap and table displaying data on sensitivity levels. Heatmap (A) uses a color gradient from red (2) to green (-3) to depict various values across different sections labeled HM, Lisket, LE, and Ambitus. The table (B) categorizes data into hyposensitive and normosensitive groups with values in different colors, indicating levels within combinations like L_I, L_A, H_I, and H_A.]
Figure 5 | (A) Complex heatmap of z-scores for the investigated parameters obtained in the Ambitus and HomeManner tests for both groups. The individual animal numbers are indicated along the lower horizontal axis for the control group (1–12) and the upper horizontal axis for the Lisket group (13–25). Parameters: Tail-flick test: 0. RTF; Ambitus test: 1. LOCO_TOT, 2. EXPL_TOT, 3. EXPL_BEF_E, 4. EXPL_BEF_I, 5. E_E, 6. A_E_A, 7. L_C_A; HomeManner: 8. Delay time, 9. Latency, 10. Eating time (Eat_T), 11. Eat_R, 12. Epoch_TOT, 13. Epoch_BEF, 14. Cycle Nr, 15. Expl_TOT_HM, 16. EXPL_BEF, 17. A_E_HM, 18. L_C_HM. See also Table 1. (B) Distribution of animals in each category based on their z-score related to cognitive performance (L_C values), behavioral activity (locomotion, epoch duration) in Ambitus and HM tests, and pain sensitivity. Animals with z-scores < 0 for a given parameter were assigned to the low performance (L), inactive (I), and hyposensitive categories, while those with z-scores ≥ 0 were classified as high performance (H), active (A), and normosensitive for L_C, activity, and pain threshold, respectively. Green and red numbers indicate LE and Lisket animals, respectively.






4 Discussion

This study examined the behavioral phenotype of the newly developed triple-hit schizophrenia-like (Lisket) rat model at both group and individual levels under different experimental conditions, including acute assessments (tail-flick and Ambitus tests) and prolonged monitoring using the HM system. Consistent with previous findings, Lisket rats exhibited an increased pain threshold and behavioral impairments in acute behavioral tests; these results are in agreement with clinical experience (9, 19, 38, 43). Additionally, analyses from the HM system revealed significant alterations in most parameters in Lisket animals compared to controls. However, these results contrast with previous observations in Wistar and Wisket rats, where the very low activity levels of those strains compromised the reliability of such analyses (29). While the most pronounced differences between Lisket and LE rats emerged on days with delays, no signs of altered impulsivity were detected in Lisket animals compared to controls. Analysis of exploratory behavior within one cycle revealed few differences between groups. Across both groups, all exploration types were more frequent on the LD side on days without delays, suggesting that the animals learned to prefer the tray providing a greater reward, regardless of group. However, this pattern shifted for premature explorations (E3) on days with delay, which became more frequent on the SD side in both groups, indicating that the introduction of delay shifted exploratory dominance to the SD side. Regarding group differences, Lisket rats exhibited more explorations during food delivery (E2) on the LD side on days without delay compared to LE rats, suggesting greater anticipatory restlessness. Additionally, Lisket animals showed fewer premature explorations (E3) on days with delay than controls, which might indicate a weaker positive association with rewards in these animals (44). However, no significant group differences were observed in incorrect explorations (E4).

The few significant relationships observed between the parameters of the Ambitus and HomeManner tests highlight the importance of multiple testing procedures under different conditions in the behavioral phenotyping of model rats.

Continuous monitoring of animal behavior using automated homecage systems can enhance the validity and reliability of behavioral characterization in rodents (24). Consequently, such approaches may improve the translational reliability of animal models for various neuropsychiatric disorders (27, 28, 35, 45–53). Both acute and chronic behavioral assessments provide distinct yet complementary insights into animal behavior. Ideally, both types should be applied to achieve a comprehensive characterization of the phenotype. However, chronic studies require extended periods and cannot be conducted in large cohorts simultaneously. Therefore, acute tests may be more suitable for rapid screening, selective breeding, or short-term pharmacological interventions, while chronic assessments are better suited for in-depth phenotyping and evaluating long-term treatment effects. As demonstrated in this study, each approach contributes uniquely to our understanding, and their combined use enhances the translational value of the model.

Our HM setup is unique in allowing rats to exhibit a continuous, self-initiated feeding pattern to obtain rewards, rather than being restricted to short, task-specific engagements (29). While schizophrenia models are typically developed using Wistar or Sprague Dawley rat strains, we previously established a multiple-hit schizophrenia model based on Wistar rats (8, 38). However, the low general activity of Wistar rats, which was further diminished in the Wisket substrain, limited the reliable evaluation of behavioral activity. LE rats display higher locomotor activity and cognitive function than Wistar rats (14–16), and studies using single-hit schizophrenia models have shown that this strain can replicate certain schizophrenia-like traits (54–57). To improve construct validity, we applied the same selective breeding paradigm to LE rats as previously used for Wistars, resulting in the development of the Lisket model. Unlike in the Wistar/Wisket groups, where low activity levels hindered behavioral assessments, none of the Lisket animals were inactive, allowing for a more reliable evaluation of behavior (19, 29). This study demonstrated that Lisket rats exhibited behavioral impairments in both tests, alongside decreased pain sensitivity.

The variability observed in repeated testing also revealed some interesting phenomena. Surprisingly, the covariance values for most parameters were higher in the Ambitus test for Lisket animals compared to controls, whereas the opposite trend was observed in the HM system (Figure 2B). This suggests that the higher stress levels experienced during the four trials of the Ambitus test may have contributed to this effect. In contrast, the lower coefficient of variation (CV) over the 13-day period in the HM system for the Lisket group may indicate more stable behavior over an extended timeframe.

The delay discount paradigm is frequently used to assess impulsivity in animals; however, this test is typically conducted in a new environment, which can induce acute stress (approximately one hour per day) (58). Koot et al. (35) described a method for testing delay discounting in the home cage (35), but the animals were housed in standard rat cages with limited movement space, where they underwent two short sessions (one hour each) per day, separated by eight hours. Behavioral testing in a larger cage with environmental enrichment over an extended period can provide a more ecologically relevant assessment under lower-stress conditions, increasing validity (22, 25). A recent study investigated impulsivity in Wistar rats using an automated CombiCage setup, which consisted of two conventional type III Plexiglas cages connected by a PVC tunnel (59). The study found that rats learned to prefer the larger reward, though this preference was disrupted by psychostimulants. In contrast, no significant signs of impulsivity were detected in Lisket animals, as evidenced by their similar delay tolerance and exploration patterns compared to controls. However, four out of 13 Lisket animals (31%) failed to develop a preference for the LD side, and most parameters related to activity and cognition were impaired in this substrain within the HM system. This suggests that Lisket animals exhibit learning deficits over prolonged periods, particularly on days with delays, where the introduction of delay caused greater disturbances in Lisket rats than in controls. The discrepancy between these findings and earlier studies may stem from differences in cage size and strain characteristics (35, 59).

Individuality is a fundamental characteristic of living beings and has become an increasingly important factor in the diagnosis and treatment of schizophrenia. The high level of interindividual behavioral variability may stem from differences in age, sex, genetic background, cognitive functions, and environmental factors (20, 60). In preclinical studies, homogeneity and low variability are often prioritized to ensure statistically robust findings; however, this approach does not adequately reflect the complex clinical patterns observed in schizophrenia. Personalized data analyses can shift the focus from group-level patterns to individual outcomes, potentially enhancing the translational utility of animal studies (61–64). Our results demonstrated that each animal exhibited a unique behavioral profile, with even similar parameters (e.g., learning ability) varying between acute and chronic tests. The heatmap visualization not only illustrated group differences but also highlighted substantial interindividual variability, particularly among Lisket animals across most parameters. Some Lisket animals performed comparably to controls, whereas others exhibited marked impairments. Additionally, the heatmap revealed high intraindividual variance in different parameters within the same animal (Figure 5B). For instance, some animals with high cognitive performance (high L_C score) displayed variability in other measures, such as pain sensitivity and activity-related behaviors, each of which may have distinct effects (65). In conclusion, while the group-based analysis showed significant differences between the control and Lisket animals, the intricate individualized analysis revealed high level of inter-individual differences in the behavioral phenotypes. This is in agreement with the clinical data, since schizophrenia, as a heterogeneous disorder, is characterized by numerous symptoms that vary between the patients.

Although the HM system is currently well-suited for behavioral investigations, certain limitations must be considered for further improvement. The device is designed for single-housed rats, which restricts the number of simultaneous observations and may introduce a form of social stress that could influence behavior (66). However, previous research suggests that individual housing of adult rats has only a minor impact on stress-related parameters, including cognitive function, and that environmental enrichment in the large homecage may help mitigate potential negative effects (67). Without video recording analysis, the HM system is currently limited to assessing exploratory, eating, and impulsive behaviors in rats. While none of these observed behaviors are specific to schizophrenia, the complex behavioral phenotype demonstrated by Lisket rats, combined with the high level of construct validity, may offer new insights into the face validity of this triple-hit schizophrenia-like model. Another possible explanation for the decreased eating activity in Lisket rats could be reduced appetite, which is accompanied by lower body weight in this group; however, further studies are needed to investigate the hedonic behavior of these animals. In addition, a more detailed assessment of impulsivity might require more sophisticated methods, such as the Five-Choice Serial Reaction Time Task in these animals. Additionally, the high degree of individual variability must be taken into account. As in clinical practice, personalized characterization is likely to play an increasingly important role in preclinical research. It is well known that behavioral studies require a larger number of animals, although the long-term HomeManner study generates a large amount of data. Therefore, it cannot be excluded that a higher number of animals would reduce inter-animal variability. Further integration of video-based image analysis will be essential for detailed behavioral characterization of rodents (both rats and mice), along with refinements to the homecage system and validation of additional behavioral paradigms for future studies.





5 Conclusion

Our Lisket rat model is the first triple-hit schizophrenia model derived from the Long Evans (LE) rat strain to be characterized using both acute and chronic behavioral tests. While acute assessments, such as heat pain and reward-based Ambitus tests, offer high-throughput results in a short time, prolonged undisturbed observations provide valuable insights into additional behavioral characteristics. The automated, experimenter-free approach described in this study presents a promising method for investigating complex behaviors, particularly in conjunction with pharmacological interventions that require multiple and long-term testing procedures. Additionally, this study emphasizes the importance of personalized data evaluation alongside group-level analyses, as an individualized approach can enhance the translational utility of preclinical schizophrenia research.
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