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Abstract

Background—Despite evidence that prenatal alcohol exposure (PAE) can lead to a wide range 

of impairments in cognitive, social and emotional behaviors, drinking during pregnancy remains 

common. Although there is a general understanding that high levels of drinking during pregnancy 

are unsafe, conflicting evidence regarding the impact of low intake may account for the 

persistence of this behavior.

Methods—In order to investigate the effects of PAE on learning and executive control we 

utilized a voluntary paradigm where pregnant mice had access to a saccharin sweetened 10% 

alcohol solution for 4 hours, during the dark cycle, throughout gestation. Male and female 

offspring were tested as adults on a touch-screen discrimination and reversal task mediated by 

corticostriatal circuits.

Results—Consistent with previous findings, PAE did not lead to gross morphological, motor or 

sensory alterations in offspring. Both PAE and saccharin control female mice were slower to 

acquire the discrimination than males, but PAE did not impair associative learning in either sex. 

During reversal, PAE led to a specific and significant impairment in the early phase, where 

cortical control is most required to flexibly alter choice behavior. PAE mice showed a significant 

increase in maladaptive perseverative responses but showed intact learning of the new association 

during late reversal.

Conclusions—Previously, data from clinical studies have suggested that executive control 

deficits may underlie cognitive, as well as social, problems seen in adolescents with documented 

PAE. These data demonstrate that even more moderate alcohol exposure during development can 

lead to impaired cognitive functioning well into adulthood.
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Introduction

It has been over 30 years since the Surgeon General of the United States advised that women 

who were, or were considering becoming, pregnant abstain from alcohol. Despite a wealth 

of evidence that consumption of alcohol during pregnancy can have profound and wide-

ranging consequences on offspring, rates of drinking during pregnancy remain high. Recent 

reports suggest that as many as one third of all women drink at some time during pregnancy 

and between 5–10% report binge drinking behavior (Ethen et al., 2009). This disconnect 

may be partially explained by conflicting reports regarding the safety of consuming alcohol 

at low levels, both from the research literature and primary care providers.

There is strong evidence that high levels of prenatal alcohol exposure (PAE) during 

pregnancy have negative consequences on the physical and cognitive development of 

offspring (Streissguth et al., 1991). Studies in clinical populations have found that high dose 

PAE is associated with a wide-range of symptoms that include impaired growth, deficits in 

cognitive function and executive control (Mattson et al., 1999, Day et al., 2002, Olesen et 

al., 2004, Willford et al., 2006, Green et al., 2009) and increased behavioral and emotional 

problems (Richardson et al., 2002). Close comparison of end-points between human patients 

and rodent ethanol exposure models suggest a congruent effect of blood alcohol content 

(BAC) on behavioral outcomes across species (Driscoll et al., 1990). Controlled-dose 

studies using rodent models have underlined the detrimental effects of PAE, demonstrating 

that high levels of exposure (BAC 300–400mg/dl) can alter motor behavior, impair learning, 

and decrease cognitive flexibility (Riley et al., 1979, Thomas et al., 2004a, Thomas et al., 

2004b, Morton et al., 2014).

While these and other studies have helped to establish a link between high dose exposure 

and later cognitive and behavioral deficits, the effects of more moderate dose PAE remain 

controversial (Henderson et al., 2007, Todorow et al., 2010). Clinical studies have shown 

that lower dose PAE can lead to increased risk of behavioral issues in adolescence including 

aggression and emotional problems (Sood et al., 2001, Sayal et al., 2007, O’Leary et al., 

2010). More moderate PAE has also been associated with cognitive deficits in both children 

and adolescents (Coles et al., 1991, Burden et al., 2005a, Burden et al., 2005b). In particular, 

adolescents with fetal alcohol spectrum disorders (FASD) who do not show the hallmark 

morphological abnormalities associated with Fetal Alcohol Syndrome exhibit impairments 

in executive control, including, behavioral inflexibility, which can interfere with everyday 

classroom functioning (Green, 2007). However, other studies failed to find an association 

between more moderate PAE and impairment in either behavioral or emotional development 

(Kelly et al., 2009, Bay and Kesmodel, 2011, Kelly et al., 2012). Several preclinical studies 

have shown that PAE can lead to alterations in brain function and behavior. PAE resulting 

from maternal daily ethanol consumption resulting in a BAC of 80–90mg/dl, has been 

shown to impair hippocampal mediated working memory and N-methyl-D-aspartate 

receptor- (NMDAR) mediated synaptic plasticity (Brady et al., 2012, Brady et al., 2013). 

Additionally, PAE has been shown to alter cerebellar-motor coordination, cortical 

organization and social behavior (Valenzuela et al., 2012). However, others have failed to 

find any impact of moderate PAE on cognition (O’Leary-Moore et al., 2006). Although 

measures of cortically-mediated cognition have been shown to be sensitive to high dose 
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ethanol (EtOH) exposure during development in rodents (Riley et al., 1979, Thomas et al., 

2004a, Thomas et al., 2004b) studies using spatial tasks to measure flexible behavior have 

had mixed results (Riley et al., 1979, O’Leary-Moore et al., 2006).

Here we show that clinically-relevant levels of PAE can impair cortically mediated 

behavioral flexibility using a hallmark task of executive control across species: reversal 

learning. Mice tested on a touch-screen based paradigm during adulthood showed a 

significant and specific increase in maladaptive perseverative responding on the task. To our 

knowledge, these are the first data to demonstrate that even moderate PAE can have long-

lasting negative impact on executive control.

Materials and Methods

Prenatal Alcohol Exposure Model

Male and female C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were used in a 

limited access PAE paradigm as previously described (Brady et al., 2012, Brady et al., 

2013). Briefly, two hours into the dark cycle, female mice were given access to either 

0.066% (w/v) saccharin or an ethanol solution (5% w/v for four days, then 10% w/v) 

sweetened with 0.066% (w/v) saccharin for four hours (from 1000 to 1400 hr). After one 

week of drinking 10% ethanol or the saccharin control solution, individual females were 

placed into the cage of a singly-housed male for two hours immediately following the 

drinking period. Females continued to consume ethanol and saccharin solutions throughout 

the five-day mating period. Pregnancy was positively determined by monitoring weight gain 

every 3–4 days. Access to alcohol was withdrawn beginning on post-natal day 0 using a 

step-down procedure over a 6-day period and offspring were weaned at approximately 23 

days of age. We have shown this protocol reliably produces blood ethanol concentrations of 

80–90 mg/dL at the end of the 4-hour drinking period (Brady et al., 2012, Brady et al., 

2013). Offspring from 20 dams in successive breeding rounds were housed in groupings of 

1–2 per cage in a temperature- and humidity- controlled vivarium under a reverse 12 h light/

dark cycle (lights off 0800 h) and tested during the dark phase. All behavior was conducted 

on adult male and female offspring (1.7±.59 mice per litter, n=7–9 per sex/treatment; ~9 

weeks at onset of testing, Fig. 1). All experimental procedures were performed in 

accordance with the National Institutes of Health Guide for Care and Use of Laboratory 

Animals and were approved by the University of New Mexico Health Sciences Center 

Institutional Animal Care and Use Committee.

Functional observation battery

PAE and saccharin control mice were assessed for physical, neurological or gross behavioral 

abnormalities as previously described (Brigman et al., 2010b). Briefly, mice were 

individually placed in a bare empty home cage and observed over 60 sec for the presence of 

freezing, trembling, wild running, grooming, sniffing, licking, rearing, jumping, spontaneous 

seizure, defecation, urination, head bobbing, circling, abnormal gait, and retropulsion. Basic 

physical health was evaluated by examining for missing whiskers, bald patches, 

exophthalmus, straub tail, kinked tail, kyphosis, lordosis, body weight, and core body 

temperature. Simple sensory reflexes were measured via orienting responses to an 
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approaching probe and to physical touch, and via palpebral closure on touch of the eye, 

twitch of the pinna on touch and an orienting response to tail pinch. Basic motor and 

neurological functions were assessed by observing the instance of splayed limbs, forepaw 

clutch and hind limb clutch when mice were tail suspended. Grip strength was measured by 

placing the mouse on a grid surface made of 2-mm diameter metal rods running lengthwise 

at 10-mm intervals. This was then slowly rotated and the latency of the mouse to fall was 

manually recorded (60-sec maximum) (Boyce-Rustay and Holmes, 2006). Observers were 

blinded to treatment conditions throughout the assessment.

Operant apparatus

Touch-screen discrimination and reversal learning were assessed as previously described 

(Brigman et al., 2010a). Briefly, operant behavior was conducted in a chamber measuring 

21.6 × 17.8 × 12.7 cm (model # ENV-307W, Med Associates, St. Albans, VT) housed 

within a sound- and light-attenuating box (Med Associates, St. Albans, VT). The standard 

grid floor of the chamber was covered with a solid acrylic plate to facilitate ambulation. A 

pellet dispenser delivering 14 mg dustless pellets (#F05684, BioServ, Frenchtown, NJ) into 

a magazine, a house-light, tone generator and an ultra-sensitive lever was located at one end 

of the chamber. At the opposite end of the chamber there was a touch-sensitive screen 

(Conclusive Solutions, Sawbridgeworth, U.K.) covered by a black acrylic aperture plate 

allowing two 7.5 × 7.5 cm touch areas separated by 1 cm and located at a height of 0.8 cm 

from the floor of the chamber. Stimulus presentation in the response windows and touches 

were controlled and recorded by the KLimbic Software Package v1.20.2 (Conclusive 

Solutions, Sawbridgeworth, U.K.).

Pretraining

Mice were first slowly reduced and then maintained at 85% free-feeding body weight. Prior 

to testing, mice were acclimated to the 14 mg pellet food reward by provision of ~10 pellets/

mouse in the home cage for 3–5 days. Mice were then habituated to the operant chamber and 

to eating out of the pellet magazine by being placed in the chamber for 30 min with pellets 

available in the magazine. Mice retrieving 10 pellets within 30 min were moved to a three-

stage pre-training regimen. First, mice were able to obtain reward by pressing a lever within 

the chamber. Mice pressing and collecting 30 rewards in under 30 minutes were moved to 

touch training. Here, a lever press led to the presentation of a white (variously-shaped) 

stimulus in 1 of the 2 response windows (spatially pseudorandomized). The stimulus 

remained on the screen until a response was made. Touches in the blank response window 

had no response. Mice initiating, touching and retrieving 30 pellets within 30 min were 

moved to the final stage of pre-training. This stage was identical to touch-training except 

that responses at a blank window during stimulus presentation now produced a 15 sec 

timeout (signaled by illumination of the house light) to discourage indiscriminate screen 

responding. Errors on this stage were followed by correction trials in which the same 

stimulus and left/right position was presented until a correct response was made. Mice 

making ≥75% (excluding correction trials) of their responses at a stimulus-containing 

window over a 30-trial session were moved onto discrimination.
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Discrimination and Reversal Learning

Following pre-training all mice were tested on a pairwise discrimination-reversal paradigm 

during daily sessions of a maximum of 60 minutes. For discrimination learning, 2 novel 

approximately equiluminescent stimuli were presented in a spatially pseudorandomized 

manner over 30-trial sessions (5 sec inter-trial interval). Responses at 1 stimulus resulted in 

reward; responses at the other stimulus resulted in a 15 sec timeout (signaled by illumination 

of the house light) and were followed by a correction trial. Designation of initially rewarded 

stimulus was randomized across treatment. Stimuli remained on screen until a response was 

made. As during pre-training, errors on first presentation trials were followed by correction 

trials which continued until a correct response was made or the session ended. Mice were 

trained to a criterion of ≥85% correct responding (excluding correction trials) over 2 

consecutive sessions. Reversal training began on the session after discrimination criterion 

was attained. Here, the designation of stimuli as correct versus incorrect was reversed for 

each mouse. Mice were trained on 30-trial daily sessions (as for discrimination) to a 

criterion of ≥85% correct responding (excluding correction trials) over 2 consecutive 

sessions.

Statistical Analysis

The following dependent measures were taken during discrimination and reversal: total 

sessions, correct responses made, errors (=incorrect responses made), correction errors 

(=correction trials made) which are a putative measure of perseveration during reversal 

(Brigman et al., 2013), stimulus response (=time from trial initiation to touchscreen 

response) and reward response (=time from touchscreen response to reward retrieval). As 

correct and incorrect response measures were consistent on all analysis, incorrect responses 

are shown throughout. Discrimination performance was analyzed across all sessions 

required to reach criterion (Fig. 2A). In order to examine distinct phases of reversal (early 

perseverative and late learning) mediated by cortical and striatal subregions respectively, we 

separately analyzed errors and correction errors for sessions where performance was below 

50% and performance from 50% to criterion, as previously described (Brigman et al., 2010a, 

Brigman et al., 2013) (Fig 3A). Main effects of sex, treatment (PAE vs. SAC) and 

interaction were compared for all measures using analysis of variance (ANOVA).

Results

We found that the limited access paradigm yielded ethanol consumption levels in dams 

similar to those producing BACs of approximately 80–90 mg/dL (Brady et al., 2012, Brady 

et al., 2013). Offspring tested were taken from litters born to dams with an average 

consumption of 6.31±0.34 g of EtOH/kg of body weight/d. Our analysis of the functional 

observation battery revealed no obvious physical, neurological or gross behavioral 

abnormalities in PAE as compared to SAC control animals (Table 1). In correspondence 

with previously reported findings PAE mice also showed no significant differences in ad lib 

weight at time of testing versus saccharin control mice (Male SAC=24.2±1.0 Female 

SAC=21.6±0.8; Male PAE=25.1±1.2 Female PAE=22.2 ±0.7).
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All mice were able to successfully complete the three-stage pre-training and no significant 

differences were seen by sex or treatment (Table 2). We next examined PAE and SAC 

performance on the pairwise visual discrimination task (Fig. 2A). There was a main effect of 

sex (F1,25=16.12, P<.001) but no main effect of treatment and no interaction (ANOVA: ns) 

on number of sessions to achieve discrimination criterion with females (20.2±2.5) requiring 

significantly more sessions than males (10.3±0.9) to learn the problem. Similarly, there was 

a significant main effect of sex on errors (F1,25=16.79, P<.001; Fig. 2B) and correction 

errors (F1,25=25.14, P<.001; Fig. 2C) to discrimination criterion with females making 

significantly more of both error types. No main effect of treatment and no significant 

interaction was seen on either errors or correction errors to attain criterion performance on 

the discrimination problem (ANOVA: ns). No main effects of sex, treatment or interactions 

were seen on motivation to respond to visual stimuli or work for food reward as measured 

by stimulus or reward response time respectively (Fig. 2D).

Analysis of performance across both stages of reversal (early perseverative and later 

learning phases; Fig. 3A) revealed no significant main effect of sex or treatment on sessions, 

total errors, correction errors or response times (ANOVA: ns). However, analysis of reversal 

performance divided by phase revealed a profound perseverative impairment in PAE mice. 

Although PAE did not perform more sessions (PAE=5.8±0.5; SAC=5.05±1.3) during the 

early perseverative phase (sessions <50% correct), they made significantly more correction 

errors, or repeated incorrect responses after an initial error (F1,27=8.40, P<.01; Fig. 2C), but 

not initial errors (ANOVA: ns; Fig. 3B) during this stage. During the choice re-learning 

phase (sessions ≥50% correct) PAE performance was intact with no significant difference in 

sessions (PAE=11.4±1.9; SAC=12.6±2.0), total errors or correction errors between 

treatments (ANOVA: ns). Importantly, the significant increase in correction errors, a 

measure of maladaptive perseveration, during early reversal was not due to motivation to 

respond or retrieve reward as measured by stimulus and reward response times on either 

phase of the reversal stages (ANOVA: ns; Fig. 2D).

Discussion

Although there is increasing awareness of the detrimental effects of heavy alcohol intake 

during pregnancy, the effects of more moderate drinking are still controversial. The current 

results demonstrate that lower, but still clinically relevant, doses can lead to impairments in 

executive control that persist into adulthood. These higher-order mental processes, which 

include attention, working memory, future planning and behavioral flexibility are essential 

to succeed in a complex, constantly changing environment (Mattson et al., 1999, Green et 

al., 2009). Not surprisingly, impairments in executive control are associated with reduced 

quality of life due to negative impact on employment, managing finances and personal 

relationships (Royall et al., 2002). The specific impairment seen in the current study is 

particularly intriguing given evidence from the clinical literature that executive control is 

impaired in individuals with Fetal Alcohol Syndrome (McGee et al., 2008). Further, 

executive functioning has been shown to predict level of social skill, suggesting that 

alterations in these domains may underlie a wide range of deficits after PAE (Schonfeld et 

al., 2006).
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Using a previously established PAE model, we found that dams drank to levels previously 

shown to induce BACs that correspond to a physiological relevant moderate dose (Driscoll 

et al., 1990, Brady et al., 2012). In agreement with previously published results in this 

model, PAE did not lead to gross morphological, motor or sensory alterations in offspring. 

Importantly, this moderate exposure paradigm has previously been shown not to alter dam-

pup interactions, as measured by time-on-nest and pup retrieval time by dams (Brady et al., 

2012). Additionally, adult PAE mice did not show alterations in ad lib weight or feeding 

behavior prior to, or after the cessation of behavioral testing that might significantly alter 

performance in an appetitive operant paradigm. This is consistent with previous findings that 

our PAE model does not significantly alter growth in the offspring as measured by pup 

weights at birth, PD 7, 14 and 23 (Brady et al., 2012). Our analysis of pairwise visual 

discrimination learning showed that female mice required more errors and correction errors 

to learn the problem than males, although all animals of both sexes were able to learn the 

problem to criterion at levels comparable to non-treated control strain performance 

(Izquierdo et al., 2006). The effect did not persist into either phase of the reversal, 

suggesting that sex differences in weight prior to training may have initially driven lower 

motivation to perform for food reward that increased as food reduction was adjusted for 

normal growth through the problem sequence. Despite the lack of interaction with PAE 

treatment, this sex difference is potentially important given the common practice of using 

combined groups of male and female mice in behavioral studies of cognition.

Previous studies using the mouse PAE model have demonstrated robust impairments in 

hippocampal plasticity and hippocampal dependent spatial learning behaviors (Brady et al., 

2012, Brady et al., 2013). Here we found that PAE did not impact visual associative 

learning, either during discrimination or during the learning phase of reversal. While the 

hippocampus likely plays a role in the working memory necessary for visual discrimination 

performance, associative learning has been shown to be mediated by the dorsal striatum both 

during initial learning and later re-learning of the new association in late reversal 

(Featherstone and McDonald, 2004, Yin et al., 2004, Brigman et al., 2013). Although high-

dose exposures in adult mice have been shown to prime associative processes, our PAE 

model did not alter discrimination learning, suggesting non-spatial tasks may be uniquely 

suited for examining flexible behavior after intact learning in these models (Depoy et al., 

2013). In contrast, early perseverative reversal learning in rodents is mediated by cortical 

subregions, particularly the lateral orbitofrontal cortex (lOFC) (Schoenbaum et al., 2002, 

Chudasama and Robbins, 2003, Izquierdo et al., 2013). The lOFC has been hypothesized to 

be critically important in monitoring expected reward value and signaling when expectations 

are altered or violated (Rudebeck et al., 2013). We have recently shown that optimal early-

reversal in the touch-screen paradigm specifically recruits lOFC in the mouse and that this 

region is functionally necessary for optimal behavioral flexibility on the task (Graybeal et 

al., 2011, Brigman et al., 2013). Together, the profile of intact discrimination learning and 

increased maladaptive perseveration shown here, suggest that PAE may be primarily 

altering cortical development, leading to a loss of top-down control of striatal-subregions. 

This hypofrontality in turn leads to continued responding to a previously learned cue even 

when it ceases to be beneficial, due to a failure to monitor expected outcomes and update 

reward contingencies as needed. This is consistent with previous findings in PAE models 
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which have been shown to alter neocortical development, alter immediate early gene 

expression and decrease social behavior in the rat (Cuzon et al., 2008, Hamilton et al., 

2010a, Hamilton et al., 2010b). Recent evidence in both rat and mouse PAE showing both 

alterations in neurochemistry and spatial flexibility further support the current findings and 

suggest that even moderate exposure can alter cortical function long-term (Allan et al., 2014, 

Hamilton et al., 2014).

In conclusion, our study provides the first evidence using a highly-translatable touchscreen 

learning paradigm that prenatal alcohol exposure can impair behavioral flexibility, a 

common measure cortically-mediated executive control. These data provide strong support 

for both the voluntary prenatal exposure model and operant behavioral measures for 

investigating cortical alterations after developmental insult. More importantly, given reports 

of executive control impairments in adolescents with FASD, the present data provide strong 

evidence that even a low amount of alcohol consumption during pregnancy may have 

detrimental effects on cognition that last well into adulthood.
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Figure 1. Experimental timeline of training and behavioral testing
After limited access voluntary PAE or SAC treatment mice were weaned and allowed to age 

to 6 weeks. The functional observational battery (FOB) was conducted immediately prior to 

food restriction and the three stage pre-training paradigm that acclimated mice to initiate and 

respond to visual stimuli. Next, discrimination learning was tested followed by reversal on 

the session immediately following criterion performance.
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Figure 2. PAE does not alter associative learning, motor or motivation behaviors
(A) After initially responding at approximately chance, mice learn to respond to a rewarded 

stimuli (+) and ignore the unrewarded (−) to high level of criterion (85% over 2 consecutive 

sessions). Female mice required significantly more errors (B) and correction errors (C) than 

males to reach discrimination criterion but did not significantly differ by treatment. (D) 

There were no significant differences between sex or treatment on stimulus response or 

reward response after correct choice across the problem. *=P<.01 main effect of sex.
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Figure 3. PAE specifically and significantly increases maladaptive perseveration during reversal 
learning
(A) Mice show high levels of perseverative responding to the previously rewarded and now 

unrewarded stimulus (−) before re-attaining chance over several sessions (perseverative 

phase= sessions <50% correct). Over several sessions mice then learn to respond to the 

newly rewarded (+) stimuli to high level of criterion (learning phase= sessions ≥50% 

correct). (B) Female and male PAE and SAC controls did not make significantly different 

rates of errors during early perseverative or late learning phases of reversal. (C) Both female 

and male PAE mice made significantly more correction errors during early perseverative 

sessions, but not late learning reversal performance. (D) There were no significant 

differences between sex or treatment on stimulus or reward response times after correct 

choice during either phase of the reversal problem. *=P<.01 main effect of treatment.
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Table 1

PAE mice were normal on measures of physical health, sensory reflexes, neurological functions, and empty 

cage behaviors compared to SAC controls. Data denote the percentage of animals showing a response unless 

specified otherwise in parenthesis.

SAC PAE

Male Female Male Female

Physical health

Bald patches 0 0 0 0

Body weight (g) 24.2 ± 1.0 21.6 ± 0.8 25.1 ± 1.2 22.2± 0.7

Exophthalmus 0 0 0 0

Kinked tail 0 0 0 0

Kyphosis 0 0 0 0

Lordosis 0 0 0 0

Missing whiskers 0 0 0 0

Straub tail 0 0 0 0

Empty cage behaviors

Abnormal gait 0 0 0 0

Circling 0 0 0 0

Defecation 38 44 40 40

Freezing 0 0 0 0

Head bobbing 0 0 0 0

Jumping 0 0 0 0

Licking 0 0 0 0

Rearing 100 100 100 100

Seizure 0 0 0 0

Sniffing 100 100 100 100

Trembling 0 0 0 0

Retropulsion 0 0 0 0

Urination 0 0 0 10

Wild running 0 0 0 0

Sensory reflexes

Approach responses 100 100 100 100

Touch responses 100 100 100 100

Palpebral responses 100 100 100 100

Pinna reflex 100 100 100 100

Tail Pinch Reflex 60 55 65 60

Motor, neurological

Forepaw clutch 50 50 50 45

Hanging Wire (sec) 60.0 ± 0.0 54.2 ± 6.0 58.6 ± 2.0 50.8 ± 8.2

Hindpaw clutch 0 0 0 0

Splayed limbs 0 0 0 0
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Table 2

PAE male and female mice demonstrated normal motivation to retrieve food reward and performance across 

all three pre-training stages compared to SAC control mice (data= sessions to criterion ± SEM).

SAC PAE

Male Female Male Female

Stage 1 (Bar Press) 7.62 ± 1.2 8.00 ± 0.6 8.90 ± 1.2 7.00 ± 1.5

Stage 2 (Touch) 3.75 ± 0.4 5.00 ± 1.5 4.43 ± 0.6 5.44 ± 0.7

Stage 3 (Punish) 1.12 ± 0.1 1.25 ± 0.3 1.42 ± 0.2 3.11 ± 0.9
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