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Abstract

Behavioral and genetic differences among Wistar-Kyoto (WKY) rats from different vendors and

different breeders have long been observed, but generally overlooked. In our prior work, we found

that two closely related WKY substrains, the WKY/NCrl and WKY/NHsd rats, differ in a small

percentage of their genome which appeared to be highly enriched for autism risk genes. Although

both substrains have been used widely in studies of hypertension, attention deficit/hyperactivity

disorder (ADHD) and depression, they have not been tested for any autism-related behavioral

phenotypes. Furthermore, these two substrains have often been used interchangeably in previous

studies; no study has systematically examined the phenotypic differences that could be attributed

by their small yet potentially meaningful genetic differences. In this paper we compared these two

substrains on a battery of neurobehavioral tests. Although two substrains were similar in

locomotor activity, WKY/NCrl rats were significantly different from WKY/NHsd rats in the

elevated plus maze test, as well as measures of social interaction and ultrasonic vocalization.

These strains were also compared with Sprague Dawley (SD) rats, a common outbred strain, and

spontaneous hypertensive rats (SHR), an inbred rat model for ADHD and hypertension, which

were derived from the same ancestor strain as the WKY strains. Our behavioral findings suggest

that WKY/NCrl rats may be useful as a model autism spectrum disorders due to their lower social

interest, lower ultrasonic vocalization and higher anxiety levels when WKY/NHsd rats are used as

the control strain. Given the small genetic difference between the two inbred substrains, future

studies to identify the exact gene and sequence variants that differ between the two may be useful

for identifying the genetic mechanisms underlying these behaviors.
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1. Introduction

Animal models play a useful role in medical research, and are of particular importance for

neurodevelopmental and neuropsychiatric disorders, where the affected tissue (brain) is

rarely available for study in humans. Conditions such as depression, autism spectrum

disorders (ASDs), and attention deficit/hyperactivity disorder (ADHD) are complex

multifactorial disorders having high genetic heritability and complex genetic architecture

that involves small effects from hundreds, if not thousands, of genes. Although genetic

knockouts and knock-ins mice--or rats recently--are readily available and can provide

insights into the molecular mechanisms of genetic disorders, their utility can be limited for

these types of disorders in that they cannot fully represent the complex profile of

multifactorial genetic causality. In this regard, inbred animals that develop unique

phenotypes, due to inbreeding and selection, provide a “naturally” occurring model for

complex human genetic disorders. Inbred animals that model neuropsychiatric phenotypes,

such as WKY and the Flinders Sensitive Line (FSL) rats as models of depression [1, 2] and

SHR rats as a model of ADHD[3], have proven to be extremely useful models to advance

our understanding of disease pathophysiology and treatment efficacy.

For ASDs, previous work has focused on inbred mouse strains that have low sociability,

such as the BALB/c and BTBR T(+)tf/J strains [4–6],and genetically modified mice [7].

Rats are superior models for studies of ASDs than mice in that they have a richer social

behavioral repertoire[8]. Rats can also be easily trained to learn various complex tasks,

which is important for characterizing their neurocognitive functions [9]. From the

pharmacological point of view, rats are the model of choice for drug testing. However, rat

models for ASDs have been mainly limited to prenatal exposure to neurotoxins (such as

valproic acid) and experimentally induced hypothyroidism[10, 11]. A handful of gene

knockout models for rats have been made available through SAGE Labs in the past couple

of years. Inbred rat models for ASDs are lacking.

More than 500 inbred rat lines have been developed in the past decades for numerous human

disease and phenotypes. One of the main weaknesses of the common inbred strains used as

animal models for human diseases is that they often suffer from a lack of appropriate genetic

controls. The often used control strains are, for example, their ancestral outbred lines, or

other outbred or inbred lines that do not have the phenotype of interest. Even an inbred

control line developed under parallel selection from a common ancestor can often differ

from a model line in thousands of genes, including many that are irrelevant to the phenotype

of the interest. These differences render the task of identifying causal genes an extremely

difficult and time-consuming one as it has historically proven to be.

In our previous study of the genetic heterogeneity of WKY substrains from different

sources, we observed two WKY substrains that were extremely similar genetically; The

WKY/NHsd and WKY/NCrl substrains only differ in~2.5% of their genome as estimated by
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a 10K genome-wide SNP array. In contrast, even other lines within the WKY and SHR

lineages differed in more than 20–30% of the genome. In addition, we found that their

genomic regions tagged by the small numbers of polymorphic SNPs were highly enriched

for ASDs candidate genes and pathways involved in brain development and neuronal

functions [12]. Although SNP-based analyses can only estimate the possible divergent

genomic regions, and cannot reveal the actual causal genetic variants, our analysis suggests

that there could be potential differences in genes related to ASDs, thus affecting brain

functioning and behavior. Indeed, re-sequencing verified that two known risk genes for

ASDs and ADHD in the estimated regions,SLC9A9 and SLC6A3, harbor genetic variants

that could be functional [12]. Unfortunately, these two substrains have been used

interchangeably in previous research and almost no study, except one examining stress-

response[13], has directly compared the two. No study has examined any ASDs-related

behaviors between the two WKY substrains. Therefore, in this study, we asked if the genetic

differences could be used to predict behavioral differences between these two strains. The

unique advantage of studying these two substrains is that if any behaviors differ between

them, the genetic cause of these differences may be easily traced back to the small portion of

their genomes that differ.

2. Methods

2.1 Animals

32 female rats were used (N=8 for each of the four strains: WKY/NCrl, spontaneous

hypertensive rats (SHR) and Sprague Dawley (SD) from Charles River Laboratories, US;

WKY/NHsd rats from Harlan Laboratories). Rats were obtained from the vendors at

postnatal day23 (p23). Two females from the each litter were requested and littermates were

group housed together in a standard cage (26 ×48×21 cm) with paper beddings. Animals

were kept at a reversed dark/light cycle (lights on 21:00 to 9:00) with ad lib food and water.

Animals were handled daily in the testing room, and were tested for behavioral phenotypes

in the following order: elevated plus maze (EP, p29), open field activity (OF, p31), object

habituation (OH, p32) and novel object recognition (NOR, p33), three chambered social

interaction (p37-40), home cage video recording (p48-49) and ultrasonic vocalization (USV,

p103). All procedures were approved by the Institutional Animal Care and Use Committee

of SUNY Upstate Medical University and were performed between 10:00–18:00 during

animal’s dark cycle. Testing animals were covered from lights at all times unless during the

specific procedures as described below.

2.2 Elevated plus maze test (EP)

The EP maze consisted of two open and two closed arms (51×10 cm, LxW) crossing at the

center perpendicular to each other at 51cmabove the floor. The closed arms are enclosed

by51cmtall opaque walls except the center crossing zone (10×10 cm). The maze is

illuminated from an overhead source to reach approximately 400lux. Each rat was placed in

the center zone with it head directed toward a closed arm and was allowed to freely explore

all arms for 5 min. We used an USB camera controlled by the AnyMaze Software

(Stoelting) to video-track the activity. The distance traveled, time in and entries into each of

the arms were recorded.
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2.3 Open field activity (OF)

We used four square non-transparent open field boxes (51×51×38 cm, WxLxH) for the tests.

Each animal was placed in the center of the box and allowed to move freely for 20 min

under indirect dim light of approximately 30lux. A remotely controlled USB camera

(positioned over the top of the box) and AnyMaze software was used for video-tracking. A

preloaded 6×6 geometric grid on the computer screen defined the areas of each box as the

corners, borders, and center zones (Figure 2A). We analyzed total distance, average speed,

and time spent in different zones of the field.

2.4 Object Habituation (OH) and Novel Object Tests (NO)

The day after the open field test, the animals were placed back into the same open field

chamber with the presence of two identical objects (2.5cmplastic cubes) and recorded for

four 5-min trials (with 1.5 hr between trials) to habituate the animals to the objects. The

locations of the objects within the OF boxes are illustrated in Figure 2A. For the same 6×6

geometric grid, the center area of the open field box was divided into four zones: two object

interaction zones and two non-object interaction zones (Figure 2A). On the second day after

the habituation, animals were placed back into the same chamber with the replacement of

one habituated object with a novel object (round metal nuts with similar diameter as the

cubes). Each animal was tested for one 10 min trial. We measure the distance traveled and

the amount of time that animals spent within each zone, as well as the number of entries into

the zones.

2.5 Three-Chambered Social Interaction Test

The test was performed in two custom-made three-chambered boxes (114×51×51 cm,

LxWxH) over four days (p37-40) to evaluate sociability, habituation to the same social

object, social memory and preference for social novelty. The boxes were divided into three

equal chambers at length by two retractable doors. On day one, the subject animal was

placed in the center chamber for a 10-min habituation with both doors closed. Then a small

empty wire cage (12×18×12 cm, WxLxH) was placed in one side(empty cage chamber);

simultaneously, a conspecific female rat that had no previous contact with the subject was

placed in another small wire cage, which was placed in the other side chamber (rat cage

chamber). Retractable doors between the chambers were then raised to allow the test rat to

freely explore all three chambers for 10 min. This test evaluated sociability, i.e. the

preference for a social object (the conspecific rat), or an empty wire cage. The habituation

and sociability tests were repeated for three more days. On day four, immediately following

the completion of the habituation and sociability tests, the empty wired cage was replaced by

another wired cage containing a novel conspecific female rat that had no previous contact

with the test rat. This was to evaluate the test animal’s preference for a novel vs. familiar

social object. The social novelty test lasted for 10min for each animal. All tests were

performed in the dark using an infrared camera mounted on top of the test apparatus. Videos

were analyzed using AnyMaze software. Results included the number of entries into and the

time spent in each chamber.
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2.6 Home Cage Activity and Social Behavior

Rats were housed with two littermates per cage; two infrared video cameras recorded the

side view of the cages in the dark for the analysis of their home cage activities. Each camera

recorded four cages together and the videos were recorded for 6 hours from 10am-4pm (dark

cycle). Eight cages were recorded in one day and the other eight cages were recorded the

second day. Videos were coded by an observer (different from the experimenter and

raters)blind to the genotype of the rats for completeness and clarity. Three 20min video

segments (one hour total) that had good quality at the same time frame for both days were

extracted for scoring. A sample video extracted from the unused portions of the recording

was used to train two independent raters to achieve high inter-rater agreement (correlation

coefficient >.9, p<.05). Raters were trained to score five different behavioral categories with

AnyMaze software. The scoring began with one rat in the cage for 5 min. It then switched to

the other rat for 5 min, then back and forth for 5 repeats. Results were summed as the one

hour total scores for the cage, representing an average score from both rats in that cage. The

rated behavioral categories included: time during which animals were 1) in fighting, 2) self-

grooming, 3) inactivity (sleeping or laying with no body part movement except respiration),

4) rearing, 5) in physical contact with one another. Although we record all fighting episodes

and do not differentiate play fighting from real fighting, almost all the fightings that we

observed were playing fighting and no injury were observed. The physical contact time

included time in fighting; therefore, we also examined the non-fighting physical contact time

separately by removing the fighting time from the total physical contact time. It represented

a variety of other non-fighting social behavior with direct physical contact, such as

reciprocal grooming, huddling, eating and sleeping together

2.7 Ultrasonic Vocalization (USV)

Female adult rats emit USVs mainly during interactions with male rats. In order to record

USVs from a single female rat, we placed each test female in a cage with soiled bedding

from male rats that had no prior contact with the test females. USVs were recorded for 10

min using a USV detector (MED Associates) mounted directly above the cage. Both the

cage and the USV detector were enclosed within a sound-proof chamber. Vocalizations were

recorded using MED USV application with manufacturer default settings with two preset

bandwidths of 50–70kHz and 20–50kHz, a threshold of 25dB and a minimal gap of 0.06s

between USVs. Sonograms were visualized using the MED USV Viewer and the

quantitative data reflecting the onset and durations of vocalizations were exported as text file

for statistical analysis.

2.8 Statistical Analysis

The measurements from each test were exported from the recording software and imported

to STATA 12 for statistical analysis. We used several different statistical models to examine

strain/substrain differences. For measurements of time (or duration) and distance traveled,

which are normally distributed continuous variables, we used Gaussian linear regression.

For the number of entries (or number of USV calls), which are count variables, we used a

Poisson model. For repeated trials, or data presented in time segments (longitudinal data),

we used random-effects Gaussian linear or Poisson regression models. For home cage
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behavioral scores, we used correlation coefficients to estimate inter-rater reliability. In

addition, raters were structured as a panel variable and we used multilevel mixed-effects

linear regression to estimate the effects of strains. Individual strains/substrains were

compared by post estimation using Wald tests.

3. Results

3.1 Elevated Plus Maze (EP) Test

The four strains did not differ in time spent in the center (starting) zone, but significantly

differed in the time spent in both the open (F(3, 28) = 12.12, p<0.0001) and closed arms

(F(3, 28) = 7.62, p=0.0007) (Figure 1A). The SHR spent significantly more time in the open

arms and less time in the closed arms than SD and WKY/NCrl strains. However, they did

not differ from WKY/NHsd rats for these measures. In contrast, WKY/NCrl rats were

similar to SD rats and spent less time in the open arms and more time in the closed arms

than the SHR and WKY/NHsd rats. The SHR and WKY/NHsd rats spent similarly more

time exploring over the edge of the open arms (probing zones) than the WKY/NCrl and SD

rats(F(3, 28) = 3.19, p<0.039). Figure 1C shows that the SHR and WKY/NHsd rats had

similar ratios of time spent in the open vs. closed arms; their ratios were significantly higher

than those of the WKY/NCrl and SD rats (F(3, 28) = 4.27, p<0.013).

Although SHR and WKY/NHsd rat groups were similar for anxiety-like measures, the SHR

rats had the highest mean speed (F(3, 28) = 15.02, p<0.0001, Figure 1D) and number of

entries to the open arms (F(3, 26) = 5.75, p<0.004) and center zone (F(3, 26) = 3.1, p<0.044)

(Figure 1B). In contrast, the WKY/NHsd rats did not differ from the WKY/NCrl and SD

strains in speed and number of entries to the zones.

3.2 Open Field Test (OF)

In the open field test, there was a significant strain difference in total distance traveled

(F(3, 27) = 9.81, p=0.0002). SHRs traveled more than the other three strains over the 20

minutes; WKY/NCrl rats traveled significantly less than SHR and SD rats, but did not differ

significantly from WKY/NHsd rats (Figure 2B Left). We found a significant strain effect on

the time that the animals spent in the center (F(3, 27) = 9.94, p=0.0001) and the corners of the

field (F(3, 27) = 5.82, p=0.003). SHRs spent more time in the center and less time in the

corner than the other strains. The other three strains did not differ significantly from one

another (Figure 2B Right).

We examined the OF across the 20 min session in four 5-min segments. All strains gradually

decreased activity levels over segments as measured by the distance traveled (Figure 2C).

There were significant effects for strain (X(3) = 53.51, p<0.0001) and segments (X2
(3) =

123.83, p<0.0001), but no significant interaction between the two. The time the animal spent

in the center, borders and corners of the field was plotted over time, showing the habituation

profile (Figure 2D). There was a significant decrease in the times spent at borders by WKY/

NCrl rats (X2
(3) = 10.07, p<0.018) over the segments. There was a significant effect of strain

on the time spent in the center open area (X2
(3) = 76.79, p<0.0001), borders (X2

(3) = 46.55,
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p<0.0001), and corners (X2
(3) = 90.20, p<0.0001) due to the distinct behavior of the SHR.

The other three strains were not significantly different from each other.

3.3 Object Habituation (OH) and Novel Object Tests (NO)

During the OH and NO tests, the animals' activity in the total open area, as well as the

borders and corners of the field are presented in Figure 3A to compare with those of the OF

test in the empty arena of the open field box (Figure 2D). There was a significant strain

difference for the time spent in the total open area (X2
(3) = 30.74, p<0.0001), borders (X2

(3)

= 46.38, p<0.0001) and corners (X2
(3) = 46.04, p<0.0001). SHRs still spent the most amount

of time in the center and the least amount of time in the corners than other strains. Different

from the empty arena, WKY/NHsd rats spent relatively more time in the center and the

borders, and less time in the corners than the WKY/NCrl rats, but still to a lesser degree than

the SHR rats. SD rats were similar to the WKY/NCrl rats with the least amount of time in

the center. SD rats were similar to the SHRs in spending the most amount of time in the

borders, and similar to the WKY/NHsd rats in spending a medium amount of time in the

corners. We found no effect of trials on these measurements.

We further examined strain differences in the object and non-object zones of the center area.

The time spent in the separate object and non-object zones of the center area also did not

show any significant change with repeated trials during OH, therefore we analyzed the

combined results from four trials (Figure 3B). Strain differences are highly significant for

time spent in the total center area (F(3, 27) = 11.59, p<0.0001), or in either object(F(3, 27) =

6.37, p=0.002) or non-object-specific zones (F(3, 27) = 33.02, p<0.0001, Figure 3B Left).

Furthermore, strain differences in the percentage of time in the object-specific zones were

highly significant (F(3, 27) = 10.61, p=0.0001, Figure 3B Right). Despite the fact that SHR

spent the most time in the center, they spent the least percentage of their time in object

specific zones (63.8 ± 6.4% of the total time in the center) than three other strains, indicating

more time in the non-object zones. Although two WKY were significantly different in terms

of total center time, they spent similar percentages of time in the object specific zones

(WKY/NHsd77.3±7.6% and WKY/NCrl 78.5±5.7%, Figure 3B Right), which were

significantly higher than both SD (68.8±4.1%) and SHR. There was no difference in the

relative preference to either of the objects (not shown). When an novel object was

introduced to replace one of the old objects, animals showed significant strain differences in

preference to the novel vs the old objects. Although WKY/NCrl rats still spent the least

amount of time in the center and object zones (Figure 3C Left), they showed significantly

higher preference to the novel object vs the old one than all three other strains, particularly

in the first 5 min of exposure to the novel object (F(3,25) = 4.36, p=0.013, Figure 3C Right).

They maintained a similarly higher level of preference to the novel vs the old objects (>3

fold) during the later 5 min, however, the strain differences were no longer significant.

3.4 Three-chambered social interaction test (TC)

The three-chambered social interaction test consisted of a once/day social object habituation/

sociability test towards the same con-specific stranger rat over four days, and one trial of

social novelty test at the fourth day following the sociability test. This test only included

three strains: SD and the two WKY substrains. During the social object habituation/
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sociability test, both SD and WKY/NHsd rats spent significantly more time in the rat

chamber and less time in the middle chamber relative to the WKY/NCrl group. These times

increased over days for the rat chamber and decreased for the middle chamber, suggesting

an increasing familiarity associated social interest (Figure 4A). The social familiarity-

associated changes were significant for SD rats (rat chamber: F(3, 28)= 3.14, p =0.04;

Middle Chamber: F(3, 28)= 2.69, p =0.07) and WKY/NHsd rats (rat chamber: F(3, 23)=

3.52, p =0.03; Middle Chamber: F(3, 28)= 3.13, p =0.04), but not for WKY/NCrl rats. In

contrast, WKY/NCrl rats spent significantly less time in the rat chamber (strain effect: X2
(2)

= 20.98, p<0.0001) and more time in the middle chamber (strain effect: X2
(2) = 22.52,

p<0.0001). These differences were more pronounced in the 3rd and 4th trials. The WKY/

NHsd and SD rats were not statistically different in these measures. All animals spent very

little time in the empty cage chamber over the four trials.

We assessed the animals’ responses to a novel social object during the first five minutes of

the first trial of habituation (vs. the empty cage) and during the social novelty (novel vs.

familiar rat). The time that animals spent in each chamber during these two exposures to the

novel rats are plotted in Figure 4B. We found a similar strain difference in their response to

the novel rat (vs. the empty cage or a familiar rat) and time spent in the middle chambers in

both tests. In both tests, the two WKY strains were similar and spent less time in the novel

rat chambers (strain differences for day 1: F(2, 20)= 3.80, p=0.04; day 4: F(2, 20) = 9.65,

p=0.001) and more time in the middle chamber (strain differences for day 1: F(2, 20)= 3.25,

p=0.06; day 4: F(2, 20)= 8.46, p=0.002) than the SD rats.

3.5 Home Cage Observation (HC)

Compared with SD rats, both WKY strains showed a similarly low preference to the novel

rats in the three chamber test. Yet only the WKY/NCrl rats lacked interest in the familiar

rats. Because of this finding, we sought to determine if WKY/NCrl rats also lacked social

interest in their familiar littermates in their home cage compared with the WKY/NHsd rats.

Therefore, we video recorded home cage behavior during the rat’s dark cycle to score the

behaviors of two littermates that were group-housed within the same cage. The home cage

videos were scored for five different behavioral categories(Figure 5) by two independent

raters who were blinded to the experimental groups. We found no significant difference

between the raters for all five scores and the correlations between the two raters were high:

Social-Fighting, r=0.96, p<0.0001; Self-Grooming, r=0.70, p=0.003; Inactivity, r=0.99,

p<0.0001; other physical contact (excluding fighting), r=0.95, p<0.0001; Rearing, r=0.91,

p<0.0001. We found significant strain effects for these measures. Overall, the two WKY

strains were highly similar in four measures except the non-fighting physical contact time.

WKY/NCrl rats spent significantly less time in direct physical contact with their littermates

(excluding the fighting time) than the WKY/NHsd rats (X2
(1) = 5.89, p=0.015 for non-

fighting social contact, Figure 5). It is noteworthy that WKY/NHsd rats also spent

significantly less time in physical contact with their littermates when compared with the

SHR and SD rats and that SHRs were not different from SDs in non-fighting physical

contact time (Figure 5).

Zhang-James et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Surprisingly, both WKY substrains were similarly more active in their home cages (less

time in inactivity) and spent more time in rearing and fighting with their littermates than

both SHRs and SDs. SHRs also spent significantly more time in fighting than the SDs,

although SHRs were not different from SDs in total inactive time and rearing. The two

WKY substrains were not different from either SHR or SD in the time spent in self-

grooming. However, SHRs spent significantly less time engaged in self-grooming than the

SD rats.

3.6 Ultrasonic Vocalization (USV)

Only one USV call was detected within the lower frequency bandwidth, consistent with the

notion that high frequency calls (50kHz) are associated with appetitive states and that low

frequency calls (22kHz) are associated with aversive states [14]. We focused our analysis on

the high frequency bandwidth. The total number of USV calls emitted during the 10min

recording was significantly higher for SD rats than for the other strains (Strain F(3, 27) =2.98,

p=0.049; Figure 6A). WKY/NCrl rats emitted the least numbers of calls, but were not

significantly different from the SHR and WKY/NHsd strains. We plotted the numbers of

USV calls per minute over the 10 mins (Figure 6B).

Upon visual inspection of the call profile, we noticed that in addition to the total number of

calls, WKY/NCrl rats showed a different time course in USVs during the 10minexposure to

the male bedding. We therefore used the random-effects Poisson regression model to

evaluate USV changes over time between different strains. We found significant effects of

strain (X2
(3) = 10.45, p=0.015), time (X2

(9) = 151.88, p<.0001), as well as their interaction

(X2
(27) = 289.52, p<.0001). The strain difference was primarily due to WKY/NCrl rats,

which demonstrated a steep decrease in USV calls in the first 5 min and maintained the

lowest levels of calls during the last 5 min. WKY/NCrl rats were significantly different from

WKY/NHsd rats(X2
(1) = 7.56, p=0.006), as well as the SD and SHR rats. WKY/NHsd rats

were not significantly different from the SD and SHR rats.

4. Discussion

An ideal animal model not only mimics the fundamental behavioral characteristics of the

disorder (face validity), but also conforms to a theoretical rationale (construct validity), and

predicts behavior, genetics, and neurobiology (predictive validity) [3]. Previously using

SNP-based array analysis, we reported that WKY/NCrl rats (US source) differ from WKY/

NHsd rats in only ~2.5% of their genomes and that these regions tagged by the polymorphic

SNPs are enriched with known autism risk genes[12]. In the current study, we sought to test

if the genetic differences could be used to predict the behavioral differences between these

two strains, i.e, if the two strains would also differ in behaviors relevant to ASDs. Therefore,

we compared the two substrains on autism related behavioral phenotypes such as social

interaction and USVs. We also compared them in a battery of neurobehavioral tests

evaluating their difference in known phenotypes of the WKY strains such as hypoactivity

and anxiety. To our knowledge, this is the first study that has directly and comprehensively

compared these two commonly used rat strains that had been often believed to be equivalent

and interchangeable. We also compared these strains with SHRs, a widely-used rat model
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for ADHD that shares a common ancestor with the WKY strains, and an outbred strain,

Sprague Dawley, commonly used as a normal control strain. Overall, our results showed that

the two WKY strains were highly similar in a number of measures, such as general motor

activity levels and low interest in novel social objects, when compared with SHR and SD

rats. This finding is consistent with their overall genetic similarity. However we also found

several behavioral differences between the two substrains that maybe of particular relevance

to ASDs, namely the lower social interest to the familiar animals, lower USV calls and

higher levels of anxiety for WKY/NCrl rats.

The lower social interest towards familiar animals (or their odor) in the WKY/NCrl rats was

consistently seen across several different behavioral paradigms. In their home cage, WKY/

NCrl rats spent significantly less time in direct physical contact with their littermates,

although they participated in play fighting as much as the WKY/NHsd rats. In the three-

chambered sociability tests, while WKY/NHsd rats were highly similar to SD rats, spending

increasing time examining the same conspecific rat during repeated exposures, WKY/NCrl

rats avoided the rat and stayed in the center chamber where they had been habituated.

USV is one of the most important communication means for rodents. USVs are often

accompanied by other social signals, for example separations and reunions of pups with

their mother and littermates [15, 16], play, social investigation between unfamiliar females

and sexual behavior[17–19]. The frequencies of USV calls are indicators of their affective

states [14]. The number and intensity of the calls are associated with social drives. For

example, male social mice (for example B6 and FVB strains) emitted more calls when with

an estrus female and made more intensified calls when their female partner is removed from

the cage; however BTBR mice, a model for autism, emitted fewer calls and were less

affected by the removal of the female partner[20], suggesting a lack of social interest to call

for females. Our USV results also suggest that WKY/NCrl females have deficits in

communication and a lower interest in males, supported by evidence of their quick decrease

in USV calls during the initial exposure (in minutes) and the lowest level of calls maintained

during the later phase.

Although no studies have directly examined the two WKY substrains in social behavior, one

report showed that WKY pups emitted lower rates of USVs during separation from their

mothers when compared with both Wistar rats and Flinders Sensitive Line (FSL) rats, a

model for depression[21]. The low rate of USVs was interpreted as a model of depression.

We do not, however, know which substrain of WKY rats were used in that study. Both

substrains were used equally previously in similar studies of depressive behavior. No studies

have examined USVs in adult WKYs or in appetitive states. Our study is the first to show

that WKY rats, particularly the WKY/NCrl substrain, emits fewer USVs in a non-stressed

social environment, suggesting deficits in communication and social drive, rather than

stress-responsive or depression related withdrawal behavior. Future studies of USVs in

juvenile play settings will be particularly useful to determine if low rates of USVs are a

suitable model for the social and communication problems of ASDs.

Another significant behavioral difference between the two WKY strains was in anxiety-like

behaviors. The WKY/NCrl strain was more anxious than the WKY/NHsd strain in terms of
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avoiding open spaces in both the elevated plus maze and open field tests. WKY/NCrl rats

were similar to SD rats for these measures and all three strains were more anxious than the

SHR rats. The difference between the two WKYs in the avoidance of the center/open area

was more obvious when objects were introduced into the open field boxes. WKY/NHsd rats

overcame their center avoidance and examined the objects in the center zones. WKY/NCrl

and SD rats remained away from the center open area to a similar degree. However, SD rats

showed increased movement in the border zones while WKY/NCrl rats remained in the

corners. These results suggest a different coping response to the presence of objects.

Although WKY/NCrl rats spent less time in the center, the two WKY strains were similar in

terms of their relative attention to the object vs. the non-object center area. In contrast, the

SHR was the least attentive to the objects and spend more time in simply running around,

consistent with the SHR’s hyperactivity and inattentiveness. Although the WKY/NCrl rats

spent the least amount of time in the center of the field, particularly the object zones, they

showed higher level of relative preference to the novel vs. the familiar objects, which maybe

reminiscent of the intense interest in non-social objects in some autistic children[22–24].

WKY strains are known to be more stress-responsive and have been proposed to be an

animal model for depression. Only one previous study directly compared these two WKY

substrains[13]. In that study, both substrains developed more stress-induced stomach ulcers

than two outbred strains. The WKY/NCrl rats developed more ulcers than the WKY/NHsd

rats. This is consistent with our observation that WKY/NCrl rats were more anxious than the

WKY/NHsd rats.

Anxiety, stress and depression can all influence social behavior. For example, in the three-

chambered sociability test, animals may not interact with conspecific rats simply due to

anxiety-related avoidance if the test rat senses itself to be subordinate to the conspecific

rat[25]. However, we believe that the lower social interest demonstrated by the WKY/NCrl

rats was not due to their higher anxiety levels because the home cage scores and the USV

experiments, both of which were in the most natural and non-stressful environments,

consistently showed less social drive in the WKY/NCrl rats. Depression can also lead to

decreased social drive and increased social withdrawal. We cannot exclude the influence of

depression on social behavior in the home cage or on USVs when exposed to male beddings.

However, Pare et al. [13] reported that the two substrains were not different in the forced

swim test, a test for depression-like behavior based on behavioral despair theory [26]. No

studies have compared the two substrains on other measures of depression such as social

defeat and sucrose consumption.

On the other hand, autism shares a great deal of symptom overlap with depression and

anxiety. The comorbid rate is higher for children with ASDs than for typically developing

children [27–29], especially for higher functioning patients. For autism patients, anxiety

contributes to avoidance of social contact, and promotes further isolation [30]. Among

youths with comorbid ASD and anxiety, social phobia is the most prevalent type of anxiety

disorder [31]. Anxiety and psychological distress are also linked to functional

gastrointestinal (GI) disorders such as irritable bowel syndrome (IBS) that are often co-

morbid with ASDs[32]. The higher likelihood of stress induced ulcers in WKY/NCrl rats is

consistent with these reports of autism-related GI sensitivities. Depression also commonly

co-occurs with ASDs. Although autistic children show difficulty understanding and
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expressing emotions and feelings, they still experience negative feelings such as sadness and

loss of interest. Depression occurs in about 30% of adolescents and adults with Asperger

syndrome[33]. Recent genetic studies suggest that ASDs share significant overlap in

etiology with depression and anxiety disorders. For example, oxytocin and its molecular

pathways have been implicated in both autism, depression and anxiety disorders, and are key

regulators for social and emotional behaviors such as social memory, cooperation, trust,

empathy, social buffering against stress, bonding, maternal care and separation anxiety, etc.

[34–36]. Another example is calcium channel genes, for example CaV1.2, which were

associated with multiple psychiatric disorders including autism and depression[37–39].

Interestingly, some antidepressants are effective for autistic symptoms[40]. It is certainly

possible that an autistic model could express co-morbid depression and anxiety, given their

shared genetic overlap. A developmental and integrated approach to understand how co-

morbid conditions such as anxiety and depression develops, and how they affect the core

manifestations of ASDs, is important.

Finally, we noted that the two WKY substrains did not differ in terms of general locomotor

activity. Both were similarly hypoactive compared to the SHR in the elevated plus maze and

open field tests, consistent with many previous reports of the SHR being hyperactive when

compared with WKYs[41]. This indicates that hypo-activity in the open field or other testing

chambers is likely to be an inherited and strain-specific trait for WKY rats when compared

with SHR. However, we found that the SHR was not hyperactive in the home cage during

dark cycle. In fact, we found that SHR were similarly to SD rats and were hypoactive when

compared with both WKY strains in home cage during dark cycles. Hlavacova et al have

observed that SHR were less active than Lewis rats in the home cage during dark cycles

[42]. Furthermore, by recording 24-hr profile, Adriani et al observed that although SHR

were more active than WKYs during some time period of light phases, they were actually

less active than WKYs during the first 6 hours of onset of dark phases[43]. Our observations

were consistent with Adriani's findings and suggest that the two WKY strains are equivalent

in regards to their use as a control for the SHR in modeling hyperactivity, however, not in

their home cage during dark cycle.

We have summarized our behavioral findings in Table 1 with ranking 1–4 (with 4 meaning

displaying the most of the traits and 1 being the least) to describe the degree of the similarity

and differences among the four strains with special emphasis on the differences between the

two WKY substrains (highlighted in red). Overall, the WKY/NCrl substrain appears to meet

several core symptom deficits for ASDs when compared with the WKY/NHsd substrain as

their genetic control. Although we observed known traits that are likely inherited and strain-

specific, novel traits, particularly those of relevance to ASDs, require cautious interpretation.

Because we only examined females in the current study, we do not know if males would

also demonstrate similar traits. For females particularly in the USV experimental paradigm,

we do not know if the animals differed in their estrous phases at the time of the testing,

which may have affected their vocalization in response to the male odor/bedding. Future

replication studies are needed to validate the findings in male animals and females with

known estrous status.
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Although our previous SNP-based estimates provided some insights as to the causes of the

phenotypical differences, recent rat whole-genome sequencing data will help to pinpoint the

exact genetic variations that may be responsible [44]. With better understanding of their

strain-specific behavioral phenotype and more accurate mapping of their small genetic

divergence, this pair of inbred rats may provide a unique opportunity to study the genetics of

autistic traits and its co-morbid conditions such as anxiety and depression.
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Abbreviations

ADHD Attention deficit/hyperactivity disorder

ASDs Autism spectrum disorders

EP Elevated plus maze test

FSL Flinders Sensitive Line

NO Novel Object Tests

OF Open field activity

OH Object Habituation

SD Sprague Dawley rats

SHR Spontanenous hypertensive rats

TC Three-Chambered Social Interaction Test

USV Ultrasonic Vocalization

WKY Wistar-Kyoto rats
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Highlights

• WKY/NCrl and WKY/NHsd are the genomically closest substrains within the

WKY lineage.

• WKY/NCrl and WKY/NHsd substrains are highly similar in locomotor activity.

• WKY/NCrl substrain has significantly lower social interest and ultrasonic

vocalizations and higher anxiety measures when compared with WKY/NHsd

substrain.

• WKY/NCrl may be a model for autism with WKY/NHsd as the control
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Figure 1. Elevated Plus Maze Results
Elevated Plus Maze. A. Time spent in each zone. SHR and WKY/NHsd rats were similar in

spending more time in the open arms and probing over the edges of the open arms (probing

zones), and less time in the closed arms than both the SD and WKY/NCrl rats. No difference

was observed for the center zone. B. Numbers of entries into each zone. SHR had the most

numbers of entries to the open arms and center. All other three strains were similar. C.

Ratios of time spent in open vs closed arms. SHR and WKY/NHsd rats were similar and had

significantly higher ratios than both the SD and WKY/NCrl. D. Average speed recorded on

the elevated plus maze apparatus. SHR has significantly higher speed than all three other

strains which were similar. Significant post-hoc comparisons were denoted with "*".
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Figure 2. Open Field and Object Tests
A. The experimental design for the open field box used in open field, object habituation and

novel object tests. B. Open field (OF) 20min total results. Left. The total distance traveled in

total 20min test. Right. Time spent in each area of the open field box. C. OF segmented

results showing the distance traveled in each of the 5 min segments. D. OF segmented

results showing the time spent in each area of the OF box over the time segments.

Significant post-hoc comparisons were denoted with "*".
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Figure 3. Object Habituation and Novel Object Tests
A. Segmented data showing the time spent in each area of the open field box over four trials

of object habituation. B. Averaged data over four trials of object habituation. Left. Time

spent in the total center open area, and the separated object and non-object zones. Right. The

percentage of total center time spent in the object specific zones. Notice that the two WKY

substrains were similar, and their differences C. Novel object test results. Left. Time spent in

the total center open area, and the separated object and non-object zones. Right. The Ratio
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of time spent in novel object vs the old familiar object zones in each 5min segments.

Significant post-hoc comparisons were denoted with "*".
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Figure 4. Three –Chambered social interaction test
A. Sociability and social memory test. Animals were exposed to the same conspecific rat

over four repeated trials. Total times spent in each chamber during each trial of sociability

test were normalized to total seconds/5 min segments and plotted over four trials to show

sociability and social memory/object habituation.

B. Social novelty was assessed during the first 5 min of the exposure to the novel

conspecific rats on both day 1 and day 4 tests. Time spent in each chamber were plotted to

show the strain difference in their relative preference to the novel rats vs either the empty

cage (day 1, Left) or a familiar rat (day 4, Right). Significant post-hoc comparisons were

denoted with "*".
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Figure 5. Home Cage Observations
Total time spent in each behavior category were plotted to show strain difference. Note that

WKY/NCrl rats spend significantly less time in direct contact with the littermates (when not

fighting) than all other three strains including WKY/NHsd, although the two WKY

substrains were highly similar in all four other measurements. SHR is similar to SD rats in

non-fighting physical contact, rearing and inactivity levels. However, SHR spent more time

in fighting and less time in self-grooming than SD. Significant post-hoc comparisons were

denoted with "*".
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Figure 6. Ultrasonic Vocalization
USV of individual female rats exposed to male bedding. A. Total number of calls in 10

minutes of exposure. SD rats emit significant more calls than all three inbred strains.

Significant post-hoc comparisons were denoted with "*". B. Numbers of calls per minute

were plotted over time. WKY/NCrl rats demonstrated a quick decline in the first 5 min and

maintained the lowest number of calls during the second 5 min segment. WKY/NHsd and

SHR were not different.
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Table 1

Summary of strain specific traits.

Tests/Traits SD SHR WKY/NCrl WKY/NHsd

EP/Anxiety to the open space 4 1 4 2

EP/Activity level 1 4 1 1

OF/Activity level 1 4 1 1

OF/Anxiety to the open space & preference to corners 4 1 4 4

OH/Avoidance to the open space or avoid the close proximity to objects 4 1 4 2

OH/Patrol the borders or indirect exploration of the objects in distance 4 4 1 2

OH/Preference to corners 2 1 4 2

OH, NO/Relative preference to the object zones vs the non-object zones in the center open area
of the open field

3 2 4 4

NO/Relative preference to the novel vs the familiar objects 3 2 4 1

TC/Preference to novel rats 4 1 1

TC/Preference to the middle chambers 1 4 4

TC/Preference to the familiar rats 4 1 4

TC/Avoidance to the familiar rats 1 4 1

HC/Activity level(rearing, fighting, etc) 1 2 4 4

HC/Physical contact 4 4 1 2

HC/Self-grooming 4 1 3 3

USV/Number of Calls 4 3 1 2

USV/Habituation to the novel environmental stimulus 1 1 4 1

EP, elevated plus maze test; OF, open field activity; OH, object habituation; NO, novel object test; TC, three-chambered social interaction test; HC,
home cage observation; USV, ultrasonic vocalization
Note: Four strains were ranked from 1 to 4 according to their behavioral differences with 4 meaning displaying the most of the traits and 1 being
the least. Significant differences between the two WKY substrains were highlighted in red.
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