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A B S T R A C T   

Acute physical or psychological stress can elicit adaptive behaviors that allow an organism maintain homeostasis. 
However, intense and/or prolonged stressors often have the opposite effect, resulting in maladaptive behaviors 
and curbing goal-directed action; in the extreme, this may contribute to the development of psychiatric condi-
tions like generalized anxiety disorder, major depressive disorder, or post-traumatic stress disorder. While 
treatment of these disorders generally focuses on reducing reactivity to potentially threatening stimuli, there are 
in fact impairments across multiple domains including valence, arousal, and cognition. Here, we use the 
genetically stress-susceptible 129S1 mouse strain to explore the effects of stress across multiple domains. We find 
that 129S1 mice exhibit a potentiated neuroendocrine response across many environments and paradigms, and 
that this is associated with reduced exploration, neophobia, decreased novelty- and reward-seeking, and spatial 
learning and memory impairments. Taken together, our results suggest that the 129S1 strain may provide a 
useful model for elucidating mechanisms underlying myriad aspects of stress-linked psychiatric disorders as well 
as potential treatments that may ameliorate symptoms.   

1. Introduction 

The experience of stress triggers the activation of multiple physio-
logical and behavioral coping mechanisms that promote survival. 
Collectively, these changes are part of a dynamic process termed allo-
stasis, which equips organisms to adapt in disparate stressful environ-
ments (McEwen and Akil, 2020; McEwen and Gianaros, 2011). The 
allostatic response recruits widespread physiological functions to return 
the organism to homeostasis. For example, activation of the 
hypothalamic-pituitary-adrenal axis (HPA) leads to synthesis and 
release of glucocorticoids, such as cortisol in humans or corticosterone 
in rodents (CORT), which impact energy balance, glucose utilization, 
brain function and behavior (Spencer and Deak, 2017). Importantly, the 

actions of CORT in the brain are also essential for terminating the HPA 
axis stress response through a negative-feedback loop; for example, 
CORT binds to glucocorticoid receptors (GR) in the hippocampus, which 
in turn inhibit HPA activation via inputs to the paraventricular nucleus 
in the hypothalamus (Cullinan et al., 1993; Herman et al., 1995). 

However, individuals exhibit considerable variability in their sensi-
tivity (i.e. the threshold for activating allostasis) as well as the reactivity 
to stressors (i.e. the extent of an allostatic response). Many studies 
suggest that individual variation in stress susceptibility strongly modu-
lates the propensity for developing psychopathologies such as general-
ized anxiety disorder, major depressive disorder, and post-traumatic 
stress disorder (PTSD) (Daviu et al., 2019; Holmes and Singewald, 2013; 
Pizzagalli, 2014). Insights into the risks posed by a dysregulated stress 
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response can be gained from studying innately susceptible populations 
(in humans (McLean et al., 2019; Vasterling et al., 2002) and in mice 
(Krishnan et al., 2007; Lebow et al., 2012; Razzoli et al., 2010). In mice, 
comparisons between isogenic strains differing in stress sensitivity and 
reactivity have been used to further our understanding of maladaptive 
responses to stress (Moore et al., 2020). Mice from the 129S1/SvImJ 
strain (129S1) are considered a stress-susceptible population because 
they exhibit dysregulated HPA axis function relative to other strains, 
such as the C57BL/6 (Camp et al., 2012). For example, 129S1 mice 
exhibit greater serum corticosterone (CORT) concentrations in response 
to acute restraint stress (Camp et al., 2012). In addition, a low dose 
injection of the synthetic glucocorticoid, dexamethasone, fails to sup-
press further CORT release suggesting failure of the negative feedback 
system (Camp et al., 2012). Consistent with this, 129S1 mice also exhibit 
genetic differences, including reduced GR mRNA expression in the CA3 
region of the hippocampus and reduced expression of Ppid in the 
amygdala (Gunduz-Cinar et al., 2018). Interestingly, the family con-
taining Ppid (tetratricopeptide repeat [TPR] proteins) also includes 
FKBP5, which is one of the most common genetic markers for suscep-
tibility to anxiety and trauma-related disorders in human populations 
(Appel et al., 2011; Binder et al., 2008; Le-Niculescu et al., 2019). 
Altogether, these findings indicate that a dysregulated HPA axis may 
contribute to higher stress sensitivity and reactivity in 129S1 mice. 

Accompanying a dysregulation of the HPA axis in 129S1 mice are 
impairments in fear learning and memory, which have been studied 
using Pavlovian conditioning and extinction paradigms (Camp et al., 
2009; Hefner et al., 2008). In fear conditioning, rodents learn to respond 
defensively to a conditioned stimulus, which has been repeatedly paired 
with an aversive outcome (for example, defensive behavior like freezing 
is displayed in response to a conditioned auditory stimulus that has been 
paired with an aversive mild footshock). After learning this association, 
fear extinction learning can be engaged by exposing rodents to the 
conditioned stimulus without the aversive outcome; they progressively 
learn to reduce their defensive response to the conditioned stimulus 
since it no longer is predictive of the aversive outcome. Interestingly, 
there are no differences between 129S1 mice and other stains in fear 
conditioning (Fitzgerald et al., 2014), but they exhibit severe deficits in 
their ability to adaptively reduce their defensive behavior. For example, 
relative to C57BL/6 mice, 129S1 mice exhibit persistent defensive 
behavior after extinction training (Camp et al., 2009; Hefner et al., 
2008), a greater degree of generalization (displaying defensive behavior 
when stimuli that are different than, but similar to, the conditioned 
stimulus are presented (Camp et al., 2009; Cazares et al., 2019; Temme 
et al., 2014); and deficiencies in discriminating between stimuli 
signaling aversive and “safe” outcomes (Camp et al., 2012). Importantly, 
fear learning deficits are not ameliorated when 129S1 mice are fostered 
by C57BL/6 parents prenatally, postnatally, or after weaning (Gun-
duz-Cinar et al., 2018). Altogether, these findings suggest that 129S1 
mice exhibit a dysregulated physiological response to stress that leads to 
severe associative fear learning deficits. 

Thus far, studies of 129S1 mice have focused almost exclusively on 
anxiety-related behaviors and aversively motivated, associative learning 
tasks, such as Pavlovian fear conditioning and fear extinction. However, 
it is well established that stress affects multiple behavioral domains and 
alters widespread neural function (Daviu et al., 2019; Lopez and Flagel, 
2020; Quervain et al., 2016). Our goal was to investigate behavioral 
performance across multiple domains in the stress-susceptible 129S1 
strain. We found that, relative to C57BL/6 mice, 129S1 mice exhibited 
higher CORT levels (even in a lower-stress home-cage environment), 
decreased exploration using intrinsically motivated tasks (like novel 
tactile-object recognition or social recognition), decreased operant 
responding for reward, and impairments in spatial learning and 
memory. 

Our results suggest that increased stress reactivity is associated with 
a myriad of behavioral pathologies in 129S1 mice. These phenotypes are 
aligned with the complex, multifaceted traits that characterize human 

psychopathology (Insel and Cuthbert, 2009). Therefore, the 
stress-susceptible 129S1 strain may represent a model to elucidate 
distinct and overlapping mechanisms underlying maladaptive behaviors 
along multiple Research Domain Criteria (RDoC), including positive and 
negative valence, arousal, and cognition (Sanislow et al., 2019). 

2. Materials and methods 

2.1. Animals 

Male and female mice were obtained from commercial vendors or 
bred in our colony using naive mice from the same vendors. The C57BL/ 
6NTac mice were obtained from Taconic Farms (Model #B6NTac; 
Hudson, New York City) and the 129S1/SvImJ mice obtained from 
Jackson Laboratories (Stock # 002448; Bar Harbor, Maine); hereafter 
these are referred to as C57BL/6 and 129S1, respectively. C57BL/6 mice 
were chosen as the comparison strain in this study for two reasons: 1. 
C57BL/6 represent one of the most commonly used mouse lines in 
neuroscience research, and 2. Previous work evaluating fear learning in 
the 129 strains typically use C57BL/6 as a reference, since they exhibit 
good fear extinction acquisition and recall (Camp et al, 2009, 2012). 
Mice were housed by sex (maximum 5 per cage) in a 
temperature-controlled vivarium (22 ◦C) with a 14-h/10-h light/dark 
cycle for a minimum of 4 weeks prior to studies. Mice were provided 
with ad libitum food and water, except where specified during operant 
learning experiments. All procedures were approved by the Institutional 
Animal Care and Use Committee of the University of Michigan and in 
accordance with guidelines for animal care set by the National Institute 
of Health. 

Experiments were conducted using age-matched mice with approx-
imately equal number of males and females in each cohort; details for 
each cohort (including sex distribution, range and average age, and 
experiments performed) are presented in Supplemental Table 1. Sample 
sizes were based on power calculations, designed to detect a minimum 
effect size of 0.2 with 80% power and an alpha value of 0.05. 

2.2. Open-field exploration 

To assess differences in exploration levels between strains, open-field 
experiments were conducted as described previously (Krueger et al., 
2016), using Cohort 1 (n: B6 = 47 [27M, 20F]; S1 = 70 [52M, 18F]; 
Fig. 1). Briefly, experiments were carried out in a rectangular (53 x 38 ×
26 cm) or round (45 cm diameter) open arena composed of smooth 
white opaque acrylic walls and floor (Chemtainer, Lombard, IL). Illu-
mination of the arena, measured in the center, was ~45 lx. Immediately 
prior to open-field experiments, each cage of mice was group-habituated 
(all mice from the same cage placed into one arena together) for 10 min. 
The open-field experiment consisted of three successive trials in one day. 
In each trial, mice were individually placed in the center of an arena and 
allowed to freely explore for 10 min. Between each trial, mice were 
placed in individual clean holding cages for ~5–10 min while the open 
field arenas were cleaned with 70% ethanol. LimeLight 3 video tracking 
software (Actimetrics, Evanston, IL), run on a desktop PC, and individual 
cameras mounted above each open-field arena were used to record 
behavior and analyze total distance traveled and time spent in the inner 
zone of the arena (24 × 15 cm for rectangular; 27 cm diameter for 
circular). 

2.3. Novel tactile-object recognition 

Novel tactile-object recognition was performed as previously 
described (Watson et al., 2020), using the same cohort (Cohort 1; 
Fig. 2A,C,E) as the open-field exploration trials (above). Open-field 
exploration trials completed on Day 1 served as the habituation trials 
for the Novel tactile-object recognition experiment. On Day 2 (famil-
iarization phase), mice were individually allowed 10 min to explore two 
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identical sandpaper grits (60 or 100) adhered to large binder clips 
placed on opposite sides in the center of the arena. During a short 
inter-trial interval (5–10 min), mice were placed in clean holding cages 
and binder clips were replaced, one each with the 60 or 100 grit sand-
paper, providing a ‘familiar’ and ‘novel’ grit. Mice were then returned to 
the arena and allowed to explore for another 10 min (recognition phase). 
Between each trial and each animal, the arena and binder clips were 
cleaned with 70% ethanol. LimeLight 3 video tracking software (Acti-
metrics, Evanston, IL), run on a desktop PC, and individual cameras 
mounted above each arena were used to record behavior. XY coordinate 
data (in pixel units) was extracted using the open source software, 
DeepLabCut (Mathis et al., 2018). Subsequently, data was imported to R 
Studio (https://rstudio.com/) for graphing and statistical analyses using 
open-source packages (e.g. Nuñez et al., 2018; Wickham et al., 2019). 
Mice were deemed to be interacting with an object if the animal’s nose 
was within a small zone (1 cm perimeter) surrounding the object for a 
minimum of 1 s. Previous studies have used time spent in an interaction 
zone as a measure of exploration (Krishnan et al., 2007; Moore et al., 
2013); however, this measure was confounded for analysis of 129S1 
mice as they often remain immobile within the interaction zone for the 
duration of an experiment. Therefore, we opted to use alternations 
(sequential interaction with each object) as a more accurate index of 
exploration. 

2.4. Social recognition 

Social recognition experiments were conducted as previously 
described (Zhao et al., 2018), using mice in Cohort 2 (n: B6 = 8 [4M, 4F]; 
S1 = 9 [5M, 4F]; Fig. 2B,D). Briefly, two holding chambers (10 x 10 ×

10.5 cm) were placed in opposite corners of a rectangular arena (53 x 38 
× 26 cm). The holding chambers were covered with wire mesh to allow 
for odor cues and limited physical interaction between the sex-matched 
stimulus mice (in the chambers) and the experimental animal. Prior to 
the beginning of the experiment, the stimulus mice (age, sex, and 
strain-matched to the experimental mice) were habituated to the hold-
ing chambers for two 20-min periods. On Day 1, experimental mice were 
habituated to the empty arena (no chambers or stimulus mice present) 
by being allowed to explore for 10 min. On Day 2, during the familiar-
ization phase, the arena contained one chamber housing a stimulus 
mouse (mouse A) and one empty chamber; experimental mice were 
again allowed to explore for 10 min. During a short inter-trial interval 
(5–10 min), the experimental mouse was placed in a clean holding cage 
and a second stimulus mouse (mouse B) was introduced into the empty 
chamber (mouse A remained in the original chamber). Experimental 
mice were returned to the arena and allowed to explore for 10 min 
(recognition phase). Each arena was cleaned with 70% ethanol between 
trials with different experimental mice. A third day of the experiment 
was conducted (in which the experimental mouse was exposed to a 
familiar stimulus mouse from Day 2 and a new, unfamiliar mouse) with 
the goal of assessing long-term memory; however, a lack of exploration 
of the stimulus mice on Day 2 precluded the ability to accurately analyze 
this data. Behavior was recorded (with LimeLight 3 software) and 
exploration analyzed (with DeepLabCut and R studio software) as in the 
Novel Tactile-Object Recognition experiments described above. 

2.5. Operant learning 

Appetitively motivated operant learning was assessed using the 

Fig. 1. 129S1 mice exhibit reduced exploration in an open field, which is associated with higher CORT levels. 
(A) Comparison between C57BL/6 (n = 47 [27M, 20F]) and 129S1 (n = 70 [52M, 18F]) mice (comprising Cohort 1) in open field exploration. (A1) Representative 
trajectories of individual animals in an open field during a 10-min trial. (A2-A3) 129S1 mice traveled a shorter distance (A2, p < 0.0001) and spent less time in the 
inner zone (A3, p < 0.0001) in the open field compared to C57BL/6 mice. Boxplots (A2-A3) show the range (whiskers) and the median (line) as well as 25th and 75th 
quartiles (box edges). (B) Stress-reactivity was compared in a subset of mice from Cohort 1 by measuring plasma CORT levels after 30 min of restraint stress 
(“Stressed”; C57BL/6, n = 10M; 129S1, n = 31M) and in mice not receiving restraint stress (“Unstressed”; C57BL/6: n = 6M; 129S1: n = 15M). Within the Stressed 
group, 129S1 mice exhibited higher CORT levels than C57BL/6 mice (p < 0.0001), but there were no differences in the Unstressed group (p = 0.9735). (C) CORT 
levels in the Stressed group were inversely related to distance traveled (C1, p < 0.0001) and to percent time spent in the inner zone (C2, p = 0.0146) in the open field. 
(D) CORT levels from Unstressed mice showed no relationship to distance traveled (D1, p = 0.8726) or to percent time spent in the inner zone (D2, p = 0.3845). For 
all panels, asterisks indicate significant main effects and crosses indicate significant post-hoc tests. For C-D, linear fits are displayed ± SEM and Pearson’s r is shown 
on the graphs. 
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Feeding Experimentation Device 3 (FED), as described (Nguyen et al., 
2016). FEDs can be used for automated feeding or to train mice to 
nose-poke for food pellets with little-to-no experimenter intervention 
over long periods of time (hours to days), which can reduce stress and 
novelty-induced suppression of operant responding. FED tasks were 
carried-out in a modified home-cage environment, in which mice were 
singly housed and water was available ad libitum, but food could only be 
obtained in 20 mg pellets from the FEDs (up to two FEDs were mounted 
per cage, depending on the specific experiment). Each nose-poke and 
pellet retrieval event for a 24-hr period was automatically logged by 
each individual FED and stored in CSV format on an 8 GB SD card. FED 
tasks analyzed for distinct cohorts are described in more detail below. 

Pellet Preference and Progressive Ratio. For pellet preference, mice 
(Cohort 3; n: B6 = 12 [5M, 7F]; S1 = 70 [6M, 6F]; Fig. 3A,B,D) were 
exposed to two FEDs positioned on opposite ends of the cage. Each FED 
contained a different pellet type, either standard chow (5TUM, 20 mg, 
TestDiet) or sweetened chocolate (Dustless Precision Pellets®, 20 mg, 
Rodent Purified Diet). During this task, the FEDs dispensed a pellet each 
time a pellet was retrieved from the food receptacle (no nose-poke was 
required for pellet delivery). Pellet preference was conducted for three 
consecutive 24-h sessions. A preference ratio was calculated for each 
mouse (chow pellets – chocolate pellets/chow pellets + chocolate 

pellets). Progressive ratio experiments were then used to evaluate strain 
differences in motivation by measuring the extent to which mice 
maintained operant responding (nose-poking) under increasing work 
demands (Hailwood et al., 2018). After mice reached a minimum of 65% 
correct nose-pokes on a fixed ratio 1 (FR1) schedule (which required 1–2 
days of training; data not shown), they were shifted to a progressive 
ratio (PR) schedule where the number of nose-pokes required to receive 
a pellet increased by the following formula: [(5 * e (pellet number *0.2)) – 5] 
(Richardson and Roberts, 2004). The total number of nose-pokes per-
formed over a 24-hr period and the breakpoint, defined as the 
nose-pokes-to-pellet ratio at which the animals ceased operant 
responding for >2 h, were evaluated for each mouse. 

Habituation + Pellet Preference. To ensure that neophobia to the 
pellets did not confound the interpretation of strain differences in pellet 
preference, a separate cohort of mice (Cohort 4; n: B6 = 12 [7M, 5F]; S1 
= 12 [6M, 6F]; Fig. 3C) were evaluated in pellet preference (as above) 
after an extended habituation period. The habituation period consisted 
of 3 days of ad libitum access to both pellets prior to introduction of the 
FEDs. 

Effortful Pellet Preference. In another cohort of mice (Cohort 5; n: B6 
= 12 [6M, 6F]; S1 = 10 [6M, 4F]; Fig. 3E), after pellet preference and 
FR1 (data not shown), we evaluated the relative incentive value for each 

Fig. 2. 129S1 mice exhibit reduced object and social exploration, which is associated with higher CORT levels. 
(A–B) Representative examples of raster plots (depicting interactions) and trajectory maps during object (A; Cohort 1) and social (B; Cohort 2) exploration during a 
10-min trial. (C–D) Quantification of alternations as a measure of exploration shows that 129S1 mice (object: n = 70 [52M, 18F]; social: n = 9 [5M, 4F]) explore 
significantly less than C57BL/6 mice (object: n = 47 [27M, 20F]; social: n = 8 [4M, 4F]) in both object (C1, p < 0.0001) and social (D1, p = 0.0119) paradigms. 
Additionally, the proportions of high, moderate, and low explorers (based on the median number of alternations for all mice) in both object (C2) and social (D2) 
exploration differed between the strains, where a plurality of 129S1 mice were low explorers and a majority of C57BL/6 mice were high explorers. (E) There was a 
significant inverse relationship between CORT levels measured after 30 min of restraint stress (from a subset of Cohort 1 mice: C57BL/6, n = 10M; 129S1, n = 31M) 
and the number of alternations during object exploration (p = 0.0153). Linear fit is displayed ± SEM and Pearson’s r is shown on the graph. For all panels, asterisks 
indicate significant main effects. 
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animal’s preferred pellet type. Mice were exposed to two FEDs, one 
which delivered their preferred pellet (in the PR schedule), while the 
other delivered their non-preferred pellet at a lower cost (in a FR 5 
schedule). Effortful pellet preference was conducted for one 24-h ses-
sion. The number of nose-pokes for each pellet type and the percentage 
of animals that continued to work for their preferred pellet, even at an 
increasingly higher cost, were evaluated. 

2.6. Spatial Learning and memory 

Spatial learning and memory was evaluated using the Morris water 
maze as previously described (McKinney and Murphy, 2006), using 
Cohort 6 (n: B6 = 38 [16M, 22F]; S1 = 45 [23M, 22F]; Fig. 4). For one 
week prior to the start of the experiment, mice were handled once per 
day to habituate mice to the experimenter. The water maze consisted of 
a 1.2-m diameter pool filled with water maintained at 25 ± 2 ◦C, which 
was made opaque by non-toxic white paint. On the first day of the 
experiment, mice were given 6 visible platform trials, in which the 
platform was marked with a distinct local cue (flag on the platform); the 
platform location was moved after each set of 2 trials (3 unique locations 
total). Subsequently, for training (during which an unmarked platform 
was hidden approximately 1 cm below the surface of the water), mice 
were given 4 trials per day for 9 days, with the starting positions chosen 

pseudo-randomly each day. Trials ended when the mouse climbed onto 
the platform, with a maximum time of 60 s. To test memory for the 
platform location, after every 3 days of training (24 h after the last 
training trial in the set), a 60 s probe trial (with no platform present) was 
performed; a total of 3 probe trials were interspersed throughout 
training. After each probe trial, a pseudo-randomized, pre-determined 
subset of mice was removed from the experiment for terminal blood 
collection to analyze CORT concentration (for each group, n: B6 = 10 
[5M, 5F]; S1 = 10 [5M, 5F]). All trials were recorded using a digital 
camera located above the pool connected to a desktop PC; Watermaze 4 
software (Actimetrics, Evanston, IL) was used for data analysis. 

2.7. Corticosterone assay 

Stress levels were assessed by measuring plasma CORT levels. To 
evaluate the effects of acute stress in mice that had performed open-field 
exploration and novel tactile-object recognition (subset of Cohort 1), a 
period of elevated stress was induced by immobilizing mice in a 
restrainer (constructed of Plexiglass and Teflon cinched together by 
Velcro) for 30 min before samples were collected, as previously 
described (Stinnett et al., 2015). In animals that performed pellet pref-
erence and progressive ratio operant learning experiments (Cohort 3), 
blood samples were collected at the end of the experiment. Both of 

Fig. 3. 129S1 mice exhibit higher CORT levels and reduced reward-seeking, even in a lower-stress environment. 
(A) CORT levels, measured at the conclusion of operant behavioral tasks, were higher in 129S1 mice (n = 12 [6M, 6F]) compared to C57BL/6 mice (n = 12 [5M, 7F]) 
(together, comprising Cohort 3), even in a home-cage environment (p = 0.002). (B) In the same cohort (Cohort 3), evaluation of pellet preference was carried out 
using standard chow and sweetened chocolate pellets; 129S1 mice consumed more chow pellets (B1 “Chow”, p = 0.049) and fewer chocolate pellets (B1 “Choco”, p =
0.0003) than C57BL/6 mice over a 24-h period (average of three consecutive days). Further, preference ratios calculated for individual animals showed that 129S1 
mice exhibited a significantly stronger preference for the chow pellets than the C57BL/6 mice (B2, p = 0.001). The dashed line indicates an equal number of chow and 
chocolate pellets eaten (preference ratio of 0). (C) To account for the possibility of neophobia to the chocolate pellets, a separate cohort (Cohort 4) of C57BL/6 mice 
(n = 12 [7M, 5F]) and 129S1 mice (n = 12 [6M, 6F]) received three days of habituation to both pellet types prior to beginning the pellet preference experiment. Even 
after habituation, 129S1 mice still consumed more chow pellets (C1 “Chow”, p = 0.0499) and fewer chocolate pellets (C1 “Choco”, p = 0.0002) than the C57BL/6 
mice. While the relative preference for chocolate pellets increased in both strains (compare to B1), C57BL/6 mice still exhibited a significantly stronger preference 
ratio for chocolate pellets than did the 129S1 mice (C2, p = 0.004). The dashed line indicates an equal number of chow and chocolate pellets eaten (preference ratio 
of 0). (D) Motivation to work for a food reward was assessed using a progressive ratio reinforcement schedule (in Cohort 3 mice). 129S1 mice expended less effort 
(fewer total nose-pokes; D1, p = 0.001) and had a lower breakpoint (D2, p = 0.014) than did C57BL/6 mice. (E) In a separate cohort (Cohort 5; C57BL/6: n = 12 [6M, 
6F]; 129S1: n = 10 [6M, 4F]), we assessed the relative valuation of food rewards by comparing performance when a high-cost/high-reward (progressive ratio and 
preferred pellet [PP]) and a lower-cost/lower-reward (fixed-ratio 5 and non-preferred pellet [NP]) option were both available. 129S1 mice expended equal effort for 
the lower-cost/lower-reward option (E1 “NP”, p = 0.6095), but significantly less effort for the high-cost/high-reward option (E1 “PP”, p = 0.0037) compared to the 
C57BL/6 mice. Additionally, we found that the majority of 129S1 mice spent most of their effort on the lower-cost/lower-reward choice while only a small fraction of 
C57BL/6 mice did the same (E2). For all panels, asterisks indicate significant main effects and crosses indicate significant post-hoc tests. 
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sample collections were carried out at 8 a.m., 3 h after the beginning of 
the light phase to coincide with the predicted low levels of circulating 
CORT based on diurnal neuroendocrine rhythms (Gong et al., 2015; 
Sollars et al., 2014). To assess CORT during water maze (Cohort 6), 
samples were collected directly following the indicated probe trial. In 
general, mice were euthanized by cervical dislocation followed by rapid 
decapitation to collect trunk blood, except during the operant learning 
experiments, in which blood was collected from live mice via a tail nick. 
In all cases, blood was deposited into pre-chilled Eppendorf tubes con-
taining 2 μl of 0.5M EDTA to prevent coagulation. Tubes were centri-
fuged at 3000 rpm for 10 min at 4 ◦C, and plasma was collected and 
stored at − 20 ◦C. CORT levels were assessed by colorimetric immuno-
assay using a CORT ELISA kit with a sensitivity of 27.0 pg/mL (Enzo Life 
Sciences, Farmingdale, NY), according to manufacturer directions. 
Because of the high sensitivity of this kit, we diluted our samples 1:60 so 
that they would fall within the linear range of the standard curve. 

2.8. Statistical analyses 

2A balanced design was employed in each experiment using age- 
matched animals and approximately equal numbers of males and fe-
males; all animals were anonymized by tail-mark coding during experi-
ments. Run order was pseudorandomized by strain and cage. 
Experimental parameters (such as the location of the FED on the back or 
front of the cage) were counterbalanced between strains for each 

experiment. Several animals were removed from their cohorts prior to 
analysis (and thus not reported in the cohort n elsewhere in the text or 
Supplemental Table 1): these included 2F S1 mice from Cohort 5, because 
of equipment malfunction, and 9 mice from Cohort 6 (B6 =8 [7M, 1F]; S1 
= 1F) because of nonperformance (failure to find the visible platform or 
floating during training and probe trials). Key statistical results are re-
ported in the Results sections (in the form: test statistic[degrees of 
freedom], p value) for individual experiments; detailed statistical infor-
mation is available in Supplementary Table 1. Unless otherwise noted, 
data are reported as mean ± standard error of the mean (SEM); graphs 
also show individual data points (mice) where applicable. Distribution 
normality was evaluated using the Shapiro-Wilk test, and parametric (F 
ANOVA, t tests) or non-parametric (Kruskal-Wallis, Kolmogorov- 
Smirnov, or Kaplan-Meier tests) statistical tests and post-hoc tests were 
applied as appropriate. While our experiments were not powered to 
evaluate sex as a statistical factor, all results have been stratified by sex 
and have been made available in an open-access data repository (figshare. 
com, https://doi.org/10.6084/m9.figshare.12462260.v1). 

3. Results 

3.1. 129S1 mice show reduced exploration in an open field and exhibit 
greater stress reactivity 

Exploration of a novel environment is an intrinsically motivated 

Fig. 4. 129S1 mice exhibit spatial learning and memory deficits and higher CORT levels in the Morris water maze. 
(A) Prior to training, Visible Platform trials (Vis) revealed no differences between C57BL/6 (n = 38 [16M, 22F]) and 129S1 (n = 45 [23M, 22F]) mice (comprising 
Cohort 6) in the latency to swim to a marked platform (p = 0.1876). Analysis of training trials (Training Day 1–9) revealed that both C57BL/6 and 129S1 mice 
improved performance (decreased latency) with training (p < 0.0001), but that 129S1 mice were impaired relative to C57BL/6 mice (p < 0.0001). Arrows indicate 
the points at which a probe trial was given. (B) Analysis of probe trials revealed that memory for the platform location (percent time spent in the target quadrant, 
where the platform was previously located) improved over the course of training for both C57BL/6 and 129S1 mice (p < 0.0001), but that 129S1 mice exhibited 
memory deficits relative to C57BL/6 mice (p < 0.0001). Post-hoc analysis showed that 129S1 mice spent significantly less time in the target quadrant than C57BL/6 
mice on Probe trials 1 and 2 (Probe 1, p = 0.0023; Probe 2, p < 0.0001) but exhibited equal performance by Probe 3 (p = 0.1035). The dashed line indicates “chance” 
performance level (25% time in the target quadrant). (C) 129S1 mice swam more slowly than C57BL/6 mice (average of all trials in each phase are shown; Visible 
Platform, p = 0.0004; Training Trials, p = 0.0123; Probe Trials, p = 0.0316). (D–E) Analysis using Gallagher’s proximity measures (lower values reflect better 
performance) showed that, even when differences in swim speed are accounted for, both strains improved performance over the course of the experiment (Day of 
Training: D, p < 0.0001; Probe Number: E, p < 0.0001) but the 129S1 mice still exhibited impaired performance in both training trials (D, p = 0.0002) and probe 
trials (E, p < 0.0001). Further, post-hoc analysis showed that 129S1 mice exhibited significantly worse memory for the platform location compared to C57BL/6 mice 
on Probe trials 1 and 2 (Probe 1, p = 0.0084; Probe 2, p < 0.0001) but showed equal performance by Probe 3 (p = 0.0807). Arrows in D indicate the points at which a 
probe trial was given. (F) At the end of each probe trial, a pre-determined, randomized subset of animals (129S1: n = 10 [5 M, 5 F]; C57BL/6: n = 10 [5 M, 5 F] for 
Probe 1, Probe 2, and Probe 3) was removed from the experiment to measure CORT levels. Analysis showed that 129S1 mice exhibited higher CORT levels over the 
entire course of the water maze experiment compared to C57BL/6 mice (p < 0.0001). For all panels, asterisks indicate significant main effects and crosses indicate 
significant post-hoc tests. 
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behavior that is highly affected by stress in mice. For example, previous 
studies demonstrate that overall ambulatory behavior is strongly 
reduced by stress (Ihne et al., 2012; Marchette et al., 2018; Strekalova 
et al., 2004). Further, reduced time exploring the center of the open field 
(or thigmotaxis) has previously been used as an index for anxiety-like 
behavior in mice (LeBlanc et al., 2018; Simon et al., 1994). To estab-
lish the exploration tendencies of 129S1 and C57BL/6 mice, we 
compared their locomotor activity in an open-field arena (Fig. 1A) 
where they were allowed to freely explore for 10 min (for representative 
trajectories, see Fig. 1A1). Our results show that 129S1 mice traveled a 
shorter distance (Fig. 1A2; χ2 [1] = 27.054, p < 0.0001) and spent 
significantly less time in the center of the open field (Fig. 1A3; χ2[1] =
27.605, p < 0.0001) compared to C57BL/6 mice. 

To determine if the exploration differences may be related to a strain- 
specific neuroendocrine stress response, we measured CORT levels in 
male mice after 30 min of restraint stress and in those that did not 
receive restraint stress (Fig. 1B). Our analyses revealed an interaction 
between strain and stress condition (F[1,58] = 16.94, p < 0.0001); the 
129S1 mice exhibited higher CORT levels after the 30-min restraint 
stress than C57BL/6 mice (Fig. 1B, “Stressed”; t[58] = -0.033, p <
0.0001), but there was no difference in those that did not receive re-
straint stress (Fig. 1B, “Unstressed”; t[58] = -6.888, p = 0.9735), 
consistent with previous findings of a dysregulated HPA axis in 129S1 
mice (Camp et al., 2012). To further investigate the link between 
exploration and a potentiated neuroendocrine stress response, we 
correlated CORT concentration with open field exploration measures 
(Fig. 1C and D). We found that mice with higher CORT levels following 
restraint stress traveled a shorter distance (Fig. 1C1; Pearson r = − 0.572, 
t[39] = -4.36, p < 0.0001) and spent less time in the inner zone in the 
open field (Fig. 1C2; Pearson r = − 0.380; t[39] = -2.5548, p = 0.0146). 
No significant correlations were observed in the unstressed condition 
between CORT levels and distance traveled (Fig. 1D1; Pearson r =
− 0.037, t[19] = -0.1625, p = 0.8726) or time spent in the inner zone 
(Fig. 1D2; Pearson r = − 0.20, t[19] = -0.8902, p = 0.3845). These 
findings support the conclusion that a potentiated neuroendocrine stress 
response is associated with reduced exploration and increased 
anxiety-like behavior such as thigmotaxis in the 129S1 mice. 

3.2. 129S1 mice exhibit reduced object and social exploration 

In an effort to assess learning and memory in an appetitively moti-
vated paradigm, mice were evaluated in a recognition memory test. This 
test takes advantage of a mouse’s innate preference for novelty (Dere 
et al., 2007); memory for a previous experience is inferred when a mouse 
spends significantly more time exploring a new, unfamiliar entity 
compared to a familiar one. Given that 129S1 mice exhibited reduced 
exploration in the open field experiments, we selected entities that were 
predicted to highly engage mouse exploration and interaction, including 
inanimate objects with distinct textures (tactile-objects) (Watson et al., 
2020; Wu et al., 2013) and social contacts (other mice) (Gould et al., 
2014; Moy et al., 2004). However, similar to the results from the open 
field experiment, a majority of 129S1 mice exhibited drastically reduced 
exploration and spent very little (or no) time exploring tactile-objects or 
other mice (for exploration raster plots and representative trajectories, 
see Fig. 2A and B), which precluded our ability to evaluate memory in 
this paradigm. 

Instead, we leveraged the data to evaluate differences between the 
strains in motivation to explore salient entities in their environment. We 
used the number of alternating visits to each tactile-object (Fig. 2C) or 
stimulus mouse (Fig. 2D) as a measure of exploration. In both cases, we 
found that there was a shift in the 129S1 population toward fewer al-
ternations, indicating that they explore both tactile-objects (Fig. 2C1; D 
= 0.4370, p < 0.0001) and other mice (Fig. 2D1; D = 0.77778, p =
0.0119) significantly less than the C57BL/6 population. We further 
categorized exploration of tactile-objects (Fig. 2C2) and other mice 
(Fig. 2D2) based on the median number of alternations for the 

population (including all mice of both strains; 7 for tactile-objects, 23 for 
other mice) as low, moderate, or high explorers. We found that the 
majority of C57BL/6 mice were high explorers (76% for tactile-objects, 
63% for other mice), while a plurality of the 129S1 mice were low ex-
plorers (68% for tactile-objects, 45% for other mice). While 129S1 mice 
have been shown to exhibit some subtle locomotor deficits that result in 
slower or less overall movement relative to C57BL/6 mice (Merritt and 
Rhodes, 2015; Serradj and Jamon, 2009), it is unlikely that these would 
solely account for the drastic difference in exploration (nearly half of 
129S1 mice exhibit one or no alternations) over the entire 10-min trial. 
Further, similar to our results from the open field experiments, we found 
that higher CORT levels (measured after a 30-min restraint stress) were 
correlated with lower exploration of tactile-objects (Fig. 2E; Pearson r =
-0.3016, t[37] = -1.9246, p = 0.0153). These results demonstrate that 
129S1 mice not only exhibit reduced exploration of an open-field 
environment (see Fig. 1), but that they also demonstrate diminished 
motivation to explore novel tactile-objects or even investigate other 
mice, which have higher salience and intrinsic incentive value. 

3.3. 129S1 mice exhibit reduced reward-seeking 

While our experiments thus far show that the acute stress-susceptible 
129S1 mice exhibit reduced exploration, the extent to which a reduction 
in reward-seeking contributes to the low exploration tendencies is un-
clear. To investigate this directly, we assessed differences in reward 
valuation and motivation between 129S1 and C57BL/6 mice (Fig. 3). 
Importantly, we conducted these experiments in a home-cage environ-
ment to reduce the novelty-induced suppression of exploration that we 
observed in the open field and tactile-object recognition experiments. 
Interestingly, while stress levels were lower overall in the home-cage 
environment (compared to Fig. 1B, “Unstressed), the 129S1 mice still 
exhibited higher CORT levels relative to the C57BL/6 (Fig. 3A; Cohort 3; 
F[1,22] = 12.34, p = 0.0020). 

To determine whether 129S1 mice exhibit differential reward valu-
ation, we measured their preference for standard chow vs. sweetened 
chocolate pellets (Fig. 3B; Cohort 3). Normally, mice prefer sweetened 
food or water, but when both types of pellets were available ad libitum 
(see Methods: Pellet Preference), 129S1 mice consumed significantly 
more chow pellets (Fig. 3B1, “Chow”; t[37.9] = 2.033, p = 0.049) and 
significantly fewer chocolate pellets (Fig. 3B1, “Choco”; t[37.9] = 4.038, 
p = 0.0003) than C57BL/6 mice. Further, a preference ratio (calculated 
for each mouse) showed that on an individual basis, 129S1 mice 
exhibited a much stronger preference for chow pellets than C56BL/6 
mice (Fig. 3B2; F[1,22] = 15.48, p = 0.001), who consumed approxi-
mately equal amounts of each pellet type. These results suggest that 
129S1 mice exhibit anhedonia, or reduced valuation of reward, since 
they display a greater preference for the chow over chocolate pellets 
relative to the C57BL/6 mice. 

An alternative explanation for the strong chow pellet preference 
exhibited by the 129S1 mice is that they may be neophobic and, 
therefore, avoid the novel chocolate pellets. To address this, we repeated 
the pellet-preference experiment in a naïve cohort of mice (Cohort 4) 
and incorporated an extended (3 days) habituation period to both pellet 
types (Fig. 3C). After habituation, both strains exhibited greater pref-
erence for the chocolate pellets (Fig. 3B2 vs Fig. 3C2; main effect of 
Habituation: F[1,44] = 31.80, p < 0.0001), but 129S1 mice still 
consumed significantly more chow pellets (Fig. 3C1, “Chow”; t[42] =
-2.019, p = 0.0499) and fewer chocolate pellets (Fig. 3C1, “Choco”; t 
[42] = 4.043, p = 0.0002) than C57BL/6 mice. Similarly, we find that 
the strain difference in preference ratio is maintained, indicating that 
individual 129S1 mice still exhibited a reduced preference for chocolate 
pellets compared to C57BL/6 mice (Fig. 3C2; F[1,22] = 10.42, p =
0.004). Altogether, these results support the conclusion that both strains 
exhibit some neophobia to the chocolate pellets (because their con-
sumption can be increased by habituation to the pellets), but that the 
129S1 mice also exhibit anhedonia (because regardless of habituation, 
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they consume a lower proportion of the sweetened chocolate pellets 
than the C57BL/6 mice). 

To directly assess differences in motivation, we measured the extent 
to which the original cohort of mice (Cohort 3) maintained nose-poking 
behavior for their preferred pellet type under a progressive ratio (PR) 
schedule of reinforcement (Fig. 3D). We found that 129S1 mice expen-
ded less effort (Fig. 3D1; F[1,21] = 14.36, p = 0.001) and exhibited a 
lower breakpoint (Fig. 3D2; F[1,21] = 7.17, p = 0.014) than C57BL/6 
mice, suggesting that 129S1 mice are less motivated to work for their 
preferred pellet. It is important to note that this reduced responding in 
the 129S1 mice is unlikely to be due to differences in satiety, since both 
strains consume a comparable number of pellets when nose-pokes are 
not required for pellet delivery (129S1: 190.9 ± 18.7; C57BL/6: 167.5 ±
15.8; F[1,20] = 0.91, p = 0.352, data not graphed). Further, in a 
separate cohort of mice (Cohort 5), we assessed the effort each strain 
was willing to expend for their preferred pellet (on a PR schedule) when 
their non-preferred pellet was also available at a lower cost (FR5) 
(Fig. 3E). Our results show that while both strains expended equal effort 
for the lower-cost, non-preferred pellet (Fig E1, “NP”; t[34.4] = 0.515, p 
= 0.6095), the 129S1 mice expended significantly less effort for the 
preferred pellet (Fig E1, “PP”; t[34.4] = 3.114, p = 0.0037). In addition, 
when this choice differential was analyzed for individual mice, we found 
that the majority (67%) of 129S1 mice expended more effort for their 
non-preferred pellet, while only a small proportion (17%) of C57BL/6 
mice did the same (Fig. 3E2). Taken together, these data show that 
129S1 mice exhibit reduced reward-seeking characteristics, including 
neophobia, anhedonia, and amotivation, consistent with a stress- 
susceptible population. 

3.4. 129S1 mice exhibit spatial learning and memory deficits in the 
Morris water maze 

Our experiments thus far have not been able to distinguish between 
whether the stress-susceptible 129S1 mice merely exhibit reduced 
behavioral responsiveness and motivation to perform tasks, or whether 
their cognitive abilities are also negatively impacted. To directly assess 
differences in spatial learning and memory between 129S1 and C57BL/6 
mice, we employed the Morris water maze (Fig. 4). This task is innately 
aversive to mice, who are ethologically non-aquatic, and imposes a 
direct negative experience, which is more likely to prompt action and 
allow evaluation of performance (thus avoiding the pitfalls of the tactile- 
object and social recognition memory paradigms). 

Prior to training, we assessed potential disparities in non-cognitive 
abilities using a visible platform; no significant differences in latency 
to reach the visible platform were observed, suggesting that sensori-
motor function, procedural learning, and motivation (in this task) were 
comparable between the strains (Fig. 4A, “Vis”; t[81] = 1.329, p =
0.1876). Next, animals were trained to find a hidden platform using 
spatial cues in the testing room for a total of 9 days (4 trials per day), 
with the starting positions chosen pseudo-randomly each day (Fig. 4A, 
“Training Day”). Our data indicate that both strains acquired the task 
because the latency to reach the platform decreased as training pro-
gressed (Fig 4A; F[5.669, 335.9] = 16.45, p < 0.0001). However, we 
also found a significant difference in performance between the strains 
(Fig 4A; F[1,81] = 21.37, p < 0.0001), suggesting that spatial learning is 
impaired in 129S1 mice relative to C57BL/6 mice. After every 3 days of 
training, a probe trial was given during which the platform was removed 
from the pool (for a total of 3 probe trials over the course of training); 
time spent in the quadrant where the platform was previously located 
(target quadrant) was quantified as a measure of memory for the plat-
form location (Fig. 4A and B). Results from the probe trials (Fig. 4B) 
demonstrated that although memory for the platform location improved 
over the course of training for both strains (Fig 4B; F[2104] = 15.28, p 
< 0.0001), 129S1 mice exhibited memory deficits compared to C57BL/6 
mice (Fig 4B; F[1,81] = 25.18, p < 0.0001). Further analysis revealed 
that 129S1 mice spent significantly less time in the target quadrant 

compared to C57BL/6 mice on Probe 1 (Fig 4B; t = 3.427[185], p =
0.0023) and Probe 2 (Fig 4B; t = 5.390[185], p < 0.0001) but displayed 
equal performance on Probe 3 (Fig 4B; t[185] = 2.130, p = 0.1035), 
suggesting 129S1 mice are impaired relative to the C57BL/6 mice 
(requiring more training to exhibit memory), but do eventually form a 
memory for the platform location. It is important to note that we found a 
significant difference in swim speed between strains in all phases of the 
water maze (Fig. 4C; Visible Platform, t[81] = 3.718, p = 0.0004; 
Training, t[81] = 2.562, p = 0.0123; and Probe t[81] = 2.188, p =
0.0316) which can confound the interpretation of results based purely 
on latency. Therefore, we also analyzed our data using Gallagher’s 
proximity measures (Gallagher et al., 2015), which accounts for differ-
ences in swim speed, and confirmed that 129S1 mice were impaired in 
both learning during training trials (Fig 4D; F[1,81] = 14.70, p =
0.0002) and memory during probe trials (Fig 4E; F[1,81] = 17.34, p <
0.0001). This analysis also showed that 129S1 mice exhibited a memory 
impairment on Probe 1 (Fig 4E; t[185] = 3.028, p = 0.0084) and Probe 2 
(Fig 4E; t[185] = 4.433, p < 0.0001), but were able to successfully form 
a memory for the platform location by Probe 3 (Fig 4E; t[185] = 2.231, 
p = 0.0807). 

Immediately following each probe trial, a pre-determined, random-
ized subset of mice (Fig. 4F) was removed from the experiment to 
analyze CORT levels. Our results showed that 129S1 mice had signifi-
cantly higher CORT levels compared to C57BL/6 over the course of the 
water maze experiment (F[1,73] = 13.04, p < 0.001), although there 
was no interaction between strain and probe trial number (F[3,73] =
0.97, p = 0.414). Thus, a potentiated neuroendocrine stress response is 
associated with spatial learning and memory deficits in the stress- 
susceptible 129S1 mice. 

4. Discussion 

Neuropsychiatric disorders like post-traumatic stress disorder 
(PTSD) are associated with heightened or prolonged physiological re-
actions to real or perceived stressors. These physiological reactions can 
affect multiple cognitive and behavioral domains, resulting in persistent 
negative emotions, diminished interest in previously rewarding activ-
ities, social detachment, and impairments in learning and memory 
(Baldi and Bucherelli, 2005; Sandi and Haller, 2015; Stanton et al., 
2019; Yehuda and LeDoux, 2007). To elucidate the underlying mecha-
nisms and identify effective therapeutic interventions, animal models 
that encompass many or all of these wide-ranging effects are needed. 
Previous studies have shown that 129S1 mice are inherently more sus-
ceptible to acute stressors compared to other strains, and that they 
exhibit persistent fear which is resistant to extinction in associative fear 
paradigms (Camp et al, 2009, 2012; Hefner et al., 2008). However, they 
have not been fully evaluated in other RDoCs (Insel et al., 2010), such as 
positive valence, sociability, arousal, and/or cognition, which align with 
alterations observed in anxiety-related disorders (Fenster et al., 2018). 
Our current work addresses this knowledge gap by evaluating 129S1 
mice in distinct paradigms to designed to assess these disparate criteria. 
We find that 129S1 mice exhibit deficits across many RdoCs, including 
reduced exploration of environments, objects, and other mice, reduced 
reward-seeking and motivation to work for reward, and deficits in 
spatial learning and memory, and that these deficits are correlated with 
a potentiated neuroendocrine response. 

Interestingly, many of the phenotypes we observed in 129S1 mice 
reflect behaviors that are known to be sensitive to disruption by stressful 
experiences or by exogenously elevating stress hormones in rodents. For 
example, stress resulting from repeated social defeat reduced distance 
traveled in an open field (Kudryavtseva et al., 1991) while chronic re-
straint stress or exogenous elevation of glucocortocoids resulted in 
novelty-aversion and impaired sociability (Vargas-López et al., 2015; 
Zain et al., 2019). The normal preference for sweetened food or water is 
highly susceptible to stress (Pothion et al., 2004; Strekalova et al., 2004) 
and reduced sucrose preference has often been used to identify 
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stress-susceptible populations (Cao et al., 2010; Friedman et al., 2014). 
Likewise, social stress, restraint stress, and increased CORT levels 
reduced reward-seeking, lowered motivation to work for reward, and 
biased decision making towards a low reward/low effort choice (relative 
to a high reward/high effort choice) (Bryce and Floresco, 2016; 
Kúkel’ová et al., 2018; Wanat et al., 2013). Finally, both social stress and 
elevation of CORT affected different forms of learning and memory, 
including working memory and spatial memory (Bodnoff et al., 1995; 
Dominguez et al., 2019). 

While it is possible that the deficits in different domains observed in 
the 129S1 mice are mediated by independent and distinct mechanisms, a 
more parsimonious model posits that the heightened stress response 
may represent a common underlying mechanism that is the ultimate 
driver of these behavioral impairments. For example, stress has been 
shown to affect brain regions involved in both reward-related behavior 
and learning and memory (Cabib and Puglisi-Allegra, 2012; Low-
ery-Gionta et al., 2018). In the nucleus accumbens chronic or prolonged 
stress blunts dopaminergic neurotransmission (Rossetti et al., 1993; 
Ventura et al., 2002) and leads to behavioral stress-coping failures, such 
as learned helplessness and decreased operant responding (Azzinnari 
et al., 2014; Bergamini et al., 2016). In the hippocampus, a 
stress-mediated elevation in glucocorticoids leads to alterations in both 
structure and function, including remodeling of dendritic arbors 
(Woolley et al., 1990), changes in neuronal plasticity (like attenuation of 
long-term potentiation (Pavlides et al., 1995)), and deficits in 
hippocampal-dependent learning and memory (Bodnoff et al., 1995; 
Dominguez et al., 2019). Taken together, the innately heightened stress 
susceptibility in 129S1 mice may mimic the effects of chronic stress 
exposure in other mouse strains, resulting in a reduction of both intrinsic 
(exploration of environments, objects, and other mice) and extrinsic 
(working for sweetened chocolate pellets) motivation-driven behaviors, 
as well as impairments in hippocampus-dependent spatial learning and 
memory. 

Future studies will be needed to directly assess the role of a poten-
tiated stress response in the myriad behavioral deficits observed in the 
129S1 mice. Of particular interest will be whether modulating stress 
levels (either behaviorally or pharmacologically) is sufficient to rescue 
deficits in disparate domains concomitantly, or whether these behaviors 
rely on distinct and non-overlapping mechanisms. In addition, it will be 
important to determine to what extent a deficit in one domain affects 
performance in another domain. For example, a reduction in motivation 
may affect performance in a learning and memory task (as was the case 
in our novel tactile-object and social recognition paradigms). These 
complexities necessitate the use of multiple paradigms and careful 
experimental design to reduce interpretation confounds and examine 
behavior in an integrative context. Overall, our study shows that a di-
versity of behavioral alterations exists in stress-susceptible 129S1, 
including reduced exploration, amotivation, anhedonia, neophobia, and 
cognitive impairments. Thus, the 129S1 mice can serve as a model to 
enable the mapping of distinct and overlapping neural mechanisms that 
tie dysregulated stress reactivity to novelty-motivated exploration, 
reward-seeking, and cognitive performance. Further, this model may 
elucidate novel therapeutic treatments such as behavioral interventions, 
pharmacological agents, and epigenetic modulators to ameliorate 
human psychopathology. 
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Vargas-López, V., Torres-Berrio, A., González-Martínez, L., Múnera, A., Lamprea, M., 
2015. Acute restraint stress and corticosterone transiently disrupts novelty 
preference in an object recognition task. Behav. Brain Res. 291, 60–66. https://doi. 
org/10.1016/j.bbr.2015.05.006. 

Vasterling, J., Duke, L., Brailey, K., Constans, J., Allain, A., Sutker, P., 2002. Attention, 
learning, and memory performances and intellectual resources in Vietnam veterans: 
PTSD and no disorder comparisons. Neuropsychology 16, 5–14. https://doi.org/ 
10.1037//0894-4105.16.1.5. 

Ventura, R., Cabib, S., Puglisi-Allegra, S., 2002. Genetic susceptibility of mesocortical 
dopamine to stress determines liability to inhibition of mesoaccumbens dopamine 
and to behavioral ‘despair’ in a mouse model of depression. Neuroscience 115, 
999–1007. https://doi.org/10.1016/s0306-4522(02)00581-x. 

Wanat, M., Bonci, A., Phillips, P., 2013. CRF acts in the midbrain to attenuate accumbens 
dopamine release to rewards but not their predictors. Nat. Neurosci. 16, 383–385. 
https://doi.org/10.1038/nn.3335. 

Watson, L., Stone, T., Williams, D., Williams, A., Sims-Robinson, C., 2020. High-fat diet 
impairs tactile discrimination memory in the mouse. Behav. Brain Res. 382, 112454. 
https://doi.org/10.1016/j.bbr.2019.112454. 

Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., 
Grolemund, G., Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., 
Bache, S., Müller, K., Ooms, J., Robinson, D., Seidel, D., Spinu, V., Takahashi, K., 
Vaughan, D., Wilke, C., Woo, K., Yutani, H., 2019. Welcome to the tidyverse. J Open 
Source Softw 4, 1686. https://doi.org/10.21105/joss.01686. 

Woolley, C., Gould, E., McEwen, B., 1990. Exposure to excess glucocorticoids alters 
dendritic morphology of adult hippocampal pyramidal neurons. Brain Res. 531, 
225–231. https://doi.org/10.1016/0006-8993(90)90778-a. 

Wu, H., Ioffe, J., Iverson, M., Boon, J., Dyck, R., 2013. Novel, whisker-dependent texture 
discrimination task for mice. Behav. Brain Res. 237, 238–242. https://doi.org/ 
10.1016/j.bbr.2012.09.044. 

Yehuda, R., LeDoux, J., 2007. Response variation following trauma: a translational 
neuroscience approach to understanding PTSD. Neuron 56, 19–32. https://doi.org/ 
10.1016/j.neuron.2007.09.006. 

Zain, M., Pandy, V., Majeed, A., Wong, W., Mohamed, Z., 2019. Chronic restraint stress 
impairs sociability but not social recognition and spatial memory in C57BL/6J mice. 
Exp Anim Tokyo 68, 113–124. https://doi.org/10.1538/expanim.18-0078. 

Zhao, X., Kohen, R., Parent, R., Duan, Y., Fisher, G., Korn, M., Ji, L., Wan, G., Jin, J., 
Püschel, A., Dolan, D., Parent, J., Corfas, G., Murphy, G., Giger, R., 2018. PlexinA2 
forward signaling through Rap1 GTPases regulates dentate gyrus development and 
schizophrenia-like behaviors. Cell Rep. 22, 456–470. https://doi.org/10.1016/j. 
celrep.2017.12.044. 

G. Rodriguez et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.bbr.2004.04.008
https://doi.org/10.1038/nrn.2016.155
https://doi.org/10.1016/j.bbr.2010.07.014
https://doi.org/10.1016/0165-0270(95)00153-0
https://doi.org/10.1016/0014-2999(93)90257-i
https://doi.org/10.1038/nrn3918
https://doi.org/10.1038/nrn3918
https://doi.org/10.1016/j.neuron.2019.02.024
https://doi.org/10.1016/j.bbr.2009.01.030
https://doi.org/10.1016/0166-4328(94)90008-6
https://doi.org/10.1016/0166-4328(94)90008-6
https://doi.org/10.1371/journal.pone.0111944
https://doi.org/10.1371/journal.pone.0111944
https://doi.org/10.1016/j.physbeh.2016.11.014
https://doi.org/10.1016/j.tins.2018.09.008
https://doi.org/10.1016/j.physbeh.2015.02.050
https://doi.org/10.1016/j.physbeh.2015.02.050
https://doi.org/10.1038/sj.npp.1300532
https://doi.org/10.1038/sj.npp.1300532
https://doi.org/10.3389/fnbeh.2014.00282
https://doi.org/10.1016/j.bbr.2015.05.006
https://doi.org/10.1016/j.bbr.2015.05.006
https://doi.org/10.1037//0894-4105.16.1.5
https://doi.org/10.1037//0894-4105.16.1.5
https://doi.org/10.1016/s0306-4522(02)00581-x
https://doi.org/10.1038/nn.3335
https://doi.org/10.1016/j.bbr.2019.112454
https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/0006-8993(90)90778-a
https://doi.org/10.1016/j.bbr.2012.09.044
https://doi.org/10.1016/j.bbr.2012.09.044
https://doi.org/10.1016/j.neuron.2007.09.006
https://doi.org/10.1016/j.neuron.2007.09.006
https://doi.org/10.1538/expanim.18-0078
https://doi.org/10.1016/j.celrep.2017.12.044
https://doi.org/10.1016/j.celrep.2017.12.044

	Deficits across multiple behavioral domains align with susceptibility to stress in 129S1/SvImJ mice
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Open-field exploration
	2.3 Novel tactile-object recognition
	2.4 Social recognition
	2.5 Operant learning
	2.6 Spatial Learning and memory
	2.7 Corticosterone assay
	2.8 Statistical analyses

	3 Results
	3.1 129S1 mice show reduced exploration in an open field and exhibit greater stress reactivity
	3.2 129S1 mice exhibit reduced object and social exploration
	3.3 129S1 mice exhibit reduced reward-seeking
	3.4 129S1 mice exhibit spatial learning and memory deficits in the Morris water maze

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


