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Acute stress facilitates habitual behavior in female rats 
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A B S T R A C T   

Instrumental behavior can reflect the influence of goal-directed and habitual systems. Contemporary research 
suggests that stress may facilitate control by the habitual system under conditions where the behavior would 
otherwise reflect control by the goal-directed system. However, it is unclear how stress modulates the influence 
of these systems on instrumental responding to achieve this effect, particularly in females. Here, we examine 
whether a mild psychogenic stressor experienced before acquisition training (Experiment 1), or prior to the test 
of expression (Experiment 2) would influence goal-directed and habitual control of instrumental responding in 
female rats. In both experiments, rats acquired an instrumental nose-poke response for a sucrose reward. This 
was followed by a reinforcer devaluation phase in which half the rats in Stressed and Non-Stressed conditions 
received pairings of the sucrose pellet with illness induced by lithium chloride until they rejected the pellet when 
offered. The remaining rats received a control treatment consisting of pellets and illness on separate days (Un
paired). Control by goal-directed and habitual systems was evaluated in a subsequent nonreinforced test of nose 
poking. The results of Experiment 1 indicated that the Non-Stressed Paired group reduced nose-poking compared 
to the Unpaired controls, identifying the response as goal directed, whereas the Stressed Paired and Unpaired 
groups made a similar number of nose pokes identifying the response as habitual despite a similar amount of 
training. Results from Experiment 2 indicated habitual control of nose-poke responding was present when stress 
was experienced just prior to the test. Collectively, these data suggest that stress may facilitate habitual control 
by altering the relative influence of goal-directed and habitual processes underpinning instrumental behavior. 
These results may be clinically relevant for understanding the contributions of stress to dysregulated instru
mental behavior in compulsive pathologies.   

1. Introduction 

Stress can cause perseveration of established behavioral responses 
and hinder the ability to adapt behavior to changing environments 
[1–3]. This influence on behavioral flexibility may play a role in mal
adaptive voluntary behaviors that characterize diverse psychiatric 
conditions, including substance use disorder, obsessive-compulsive 
disorder, and the enduring fear experienced in post-traumatic stress 
disorder [4–6]. Stress also has an important influence on instrumental 
behavior in the laboratory ([7]; reviewed in [8]). Instrumental 
responding can be goal-directed in the sense that it is sensitive to the 
current value of the reinforcing outcome. In contrast, responses can be 

insensitive to the current value of the outcome and therefore habitual 
[9–11]. 

In the laboratory, goal direction and habit can be identified with the 
reinforcer devaluation method. In a typical procedure, a rat, for 
instance, first acquires an instrumental response (e.g., a nose poke) 
paired with the contingent presentation of a reinforcing outcome. In a 
second phase, the response is not available to be performed and the 
reinforcer is devalued with taste aversion learning or specific satiety 
([10]; reviewed in [12]). The following test phase consists of the op
portunity to make the response without the outcome. If the behavior is 
goal-directed, rats that received the devaluation treatment will make 
fewer responses in comparison to a control group that received identical 
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training but did not experience a change in the outcome value. In 
contrast, following devaluation, if responding does not differ from 
controls, then the response is not sensitive to changed value and meets 
criteria for habit. 

Stress seems to facilitate control by the habit system in both humans 
and rodents [7,13]. However, while most human studies have used acute 
stressors [1,3,7], those conducted in rodents have primarily used 
chronic stress paradigms [13,14]. The extent to which the timing of the 
acute stressor (i.e., before response acquisition or before testing) mod
ulates its influence on habit, also remains unclear. Further, while stress 
facilitated habit control in male rats [15], little is known about how 
stress influences control by goal-directed and habitual processes in fe
male rats. This is especially relevant given women’s higher risk for 
stress-related disorders [16], and the sexually dimorphic influences of 
stress on other learning processes [17–19]. 

The present experiments extended our recent work with female rats 
[20,21] to examine whether a mild acute stressor prior to acquisition 
training (Experiment 1) or before testing (Experiment 2) enhances 
habitual behavior when goal-directed behavior would otherwise be 
expected (diagrammed in Fig. 1). Based on studies of spatial learning in 
rodents and reward-based decision-making in humans (for review see 
[22,23]), we hypothesized that acute stress would provoke habitual 
responding in each experiment. 

2. Material and methods 

2.1. Subjects 

Experiments 1 and 2 were conducted successively and each included 
a cohort of 36 Female Long Evans rats (Charles River, Quebec; 75–90 
days old at the time of arrival). Sample size was based on a prior 
experiment in this laboratory that found sensitivity of nose-poke 

responding to outcome devaluation under training conditions identical 
to those described below [21]. Rats were pair-housed with unlimited 
access to water in a climate-controlled colony room maintained at 23 ◦C 
with a 12-hour light/dark cycle (7:00–19:00 light-on period). Rats were 
handled by an experimenter each day. Experimental sessions were 
conducted each day at approximately 08:30. Rats were maintained at 85 
% of their free-feeding weights and were given supplementary feeding 
approximately 4 h after each session. During experimental phases that 
included acute restraint stress (see below), we conducted vaginal 
cytology to confirm that normal estrus cycling continued following the 
stressor. Vaginal lavage was performed on these days approximately 4 h 
after each experimental session, prior to food allotment delivery. All 
procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Vermont. 

2.2. Apparatus 

The instrumental training equipment consisted of 6 standard rat 
operant chambers (model ENV-007; Med Associates, St. Albans, VT) 
housed within individual sound-attenuating cabinets. In the center of 
the right-facing chamber wall was a food cup (5 cm x 5 cm) into which a 
pellet dispenser (model ENV-203–45; Med Associates) could deliver 45- 
mg sucrose pellets (Bio-Serv). Entries to the food cup were recorded by 
an infrared beam. To the right of the food cup was a nose-poke response 
manipulandum (model ENV-114; Med Associates). The nose poke 
measured 2.5 cm in diameter and 2 cm deep and was located 6.3 cm (to 
center) above the chamber floor near the side panel that functioned as 
the chamber door. Entries into the nose-poke were recorded by an 
infrared beam. Experimental events were controlled and data were 
recorded by a computer located in an adjacent room. 

The apparatus for acute restraint stress consisted of a cylindrical 
restraining device 9 cm x 15 cm (D x H) placed in a brightly lit room 

Fig. 1. Experimental timeline. 
Note. A) Experimental timeline for Experiment 1: Stress before acquisition. B) Experimental timeline for Experiment 2: Stress before test. 
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upon the center of a countertop. 

2.3. Procedure 

2.3.1. Experiment 1 
The timeline of Experiment 1 is diagrammed in Fig. 1a. Prior to the 

experiment, rats were assigned to an operant chamber in which they 
received all training and testing procedures. A house light located on the 
rear wall of the chamber signaled the beginning and end of each session. 

2.3.1.1. Magazine training. On the first two days, all rats received 30 
min sessions in which one sucrose pellet was delivered into the food cup 
every 60 s, on average (variable-time 60 s schedule; VT 60 s). Pellet 
delivery was signaled by the sound of the pellet striking the food cup; no 
other stimuli were presented. The nose-poke manipulandum was 
removed during magazine training. 

2.3.1.2. Nose-poke training. The nose-poke device was installed in each 
chamber and rats received two days of free-operant nose-poke training. 
Each nose-poke response resulted in the delivery of a sucrose pellet (a 
fixed-ratio 1 schedule; FR 1). Sessions terminated after the delivery of 25 
pellets or 1 h, whichever occurred first. No other stimuli were presented 
during these sessions. 

2.3.1.3. Acute stress. Rats were randomly assigned to Stressed and Non- 
Stressed groups. Prior to the next 2 sessions, rats in the Stressed group 
received 60 min of acute restraint stress in a separate brightly lit labo
ratory room directly before each session. Acute restraint stress has 
previously been demonstrated to induce robust physiological and 
behavioral stress responses in rats [24]. Concurrently, the Non-Stressed 
group spent 60 min in a standard cage in a darkened room. For all rats, a 
variable-interval (VI) schedule arranged a sucrose pellet to become 
available contingent on a nose-poke response after 30 s, on average (VI 
30 s). Sessions terminated after 40 reinforcers were delivered. The 
overall amount of instrumental training (130 reinforced responses over 
4 sessions) was based on previous studies in the laboratory that found 
evidence of sensitivity to reinforcer devaluation, and hence goal direc
tion, following the identical amount of training with female rats [21]. 

2.3.1.4. Outcome devaluation. On the following day, nose-poke manip
ulanda were removed from the operant chambers and the rats were 
randomly assigned to have the sucrose pellet devalued via pairings with 
an injection of lithium chloride (LiCl; Paired group) or to a non-devalued 
control group that received equivalent exposure to sucrose pellets and 
LiCl on different days (Unpaired group). Cage mates always received 
opposite devaluation treatments. The outcome devaluation procedure 
consisted of 2-day cycles (cf. [25]). On odd days (e.g., day 1, 3, 5, 7, 9, 
11, 13), all rats received a 10 ml/kg intraperitoneal (i.p.) injection of 
0.15 M LiCl immediately following the session. On even days, all rats 
received an i.p. injection of the same volume of 0.9 % physiological 
saline. On Day 1, the Paired group received 40 sucrose pellets according 
to VT 30 s, the Unpaired group was placed in the chamber but did not 
receive pellets. On Day 2, the Unpaired group received 40 sucrose pellets 
on VT 30 s and Paired group did not receive pellets. This 2-day cycle 
repeated for the remainder of the devaluation phase. The number of 
pellets eaten was recorded following each session by counting any pel
lets left in the food cup or chamber floor. The number of pellets deliv
ered was adjusted each cycle to match the mean number of pellets 
consumed by the Paired group in the preceding cycle. Cycles repeated 
until the number of pellets consumed by rats in the Paired group reached 
zero. 

2.3.1.5. Test. On the day following the final devaluation cycle, the 
nose-poke device was reinstalled in the operant chambers and all rats 
received a 12-min test. Rats were placed in the chamber and responses 

were recorded but had no programmed consequences. 

2.3.1.6. Consumption test. On days subsequent to the test day, rats 
received pellet consumption tests to confirm the total devaluation of the 
outcome. Rats were placed in the operant chamber and 10 pellets were 
delivered according to VT 30 s. The nose-poke devices were again 
physically removed from the chamber and pellet consumption was 
recorded. All rats received one consumption test session with 60 min 
acute stress immediately beforehand and one without (order counter
balanced) to assess whether the presence or absence of stress would 
influence the expression of the aversion to the pellets in the Paired group 
as indexed by free pellet consumption. Acute stress procedures were 
identical to those performed in acquisition. 

2.3.1.7. Reacquisition. The next day, nose-poke manipulanda were 
again reinstalled in the chambers and rats received a 30-min session in 
which nose-poking could earn pellets according to VI 30 s. 

2.3.2. Experiment 2 
The timeline of Experiment 2 is diagrammed in Fig. 1b. 

2.3.2.1. Training. Magazine and nose-poke training procedures were 
identical to Experiment 1. All rats received VI-30 s training on Days 3 
and 4 similar to the Non-Stressed group in Experiment 1 except that 
stress was not administered before the session. 

2.3.2.2. Outcome devaluation. Following instrumental training, half the 
rats were randomly assigned to Paired and Unpaired groups and 
received the same outcome devaluation procedure as described in 
Experiment 1. 

2.3.2.3. Test. On the day following the final devaluation cycle, rats 
were randomly assigned to Stressed and Non-Stressed groups. The 
Stressed group received 60 min of acute restraint stress in a separate 
brightly lit laboratory room immediately before the test session. The 
Non-Stressed group spent 60 min in a standard cage in a darkened room. 
The test session was the same as described in Experiment 1. Rats were 
placed in the chamber and allowed to make the nose poke response for 
12 min. As before, responses were recorded but had no programmed 
consequences. 

2.3.2.4. Consumption and reacquisition. On the following days, rats 
received the same pellet consumption and 30 min reacquisition test 
sessions as described in Experiment 1 with the exception that con
sumption testing was carried out only once and was not preceded by 
stress. 

2.4. Statistical analysis 

Response rates (nose pokes per minute) during the VI 30-s training 
sessions were analyzed using analysis of variance (ANOVA). Stress 
(Stressed or Non-Stressed) and Devaluation (Paired or Unpaired) were 
entered as between-subject factors, and Session was entered as a within- 
subject factor. Counts of pellets consumed by Stressed Paired and Non- 
Stressed Paired groups in each outcome devaluation cycle were analyzed 
in a Stress by Devaluation by Session ANOVA. 

Nose-poke and food-cup response rates from the test were analyzed 
as a proportion of baseline (nose-poke or food-cup entry rates at test 
divided by respective response rates in the final VI 30-s training session) 
with planned comparison tests of the Devaluation groups in each Stress 
condition [20,26–28]. The planned comparisons of devaluation groups 
for each stress condition were of a priori interest (cf. [29]). Pellets eaten 
in the consumption test and proportion of baseline response rates in the 
reacquisition test were analyzed with a Stress by Devaluation ANOVA. 

Response rate microstructure during the final nose-poke training 
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session and the test were analyzed by parsing nonreinforced nose-poke 
responses not immediately followed by checking the food cup 
(discrete/independent responses) from nose-pokes that were followed 
by a food cup entry within the subsequent 2.5 s period (nose-poke to 
food-cup sequences; cf. [30]). These two types of response rate are 
illustrated in Fig. 3A. Because rats earned all possible rewards during the 
final training session, every animal exhibited approximately 40 rein
forced action sequences and thus, only nonreinforced responses were 
analyzed. Independent nose-poke rates and nose-poke to food-cup se
quences were calculated for the final VI 30-s training session and test 
session. Each rate measure from the test was analyzed as a proportion of 
baseline (i.e., divided by the respective rate from the final training 
session). In each analysis, separate Stress by Devaluation ANOVAs and 
planned comparisons of Devaluation groups compared independent 
nose-poke rates and nose-poke to food-cup sequences . 

For all analyses, response rate outliers were operationalized as ob
servations two standard deviations above or below the group mean (Z 
+/- 2; [31]). Exclusion criteria for Paired condition animals was con
sumption of an average of 4 or more pellets across the two consumption 
sessions (Experiment 1) or in the single consumption session (Experi
ment 2). Sphericity of the data was assessed using Mauchly’s test (p <
0.05), Greenhouse-Geisser (ε > 0.75) or Huynh-Feldt (ε < 0.75) to 
determine if corrections of degrees of freedom were necessary. Effect 
sizes are reported when relevant to study hypotheses. Alpha was set at p 
< 0.05 for all tests. Bayesian independent samples t-tests were per
formed to quantify the evidence in favor of the null hypothesis when 

relevant [25,32]. Bayes factors were computed in JASP using a non
informative default Cauchy prior (JASP [33]). Data and materials are 
available upon request from the corresponding author. 

3. Results 

3.1. Experiment 1 

3.1.1. Vaginal cytology 
Our analysis of vaginal cytology found no evidence to suggest that 

acute stress disrupted the estrous cycle. 

3.1.2. Nose-poke training 
As shown in Fig. 2A, rats increased nose-poke response rates across 

the two training sessions and pre-session acute stress had no apparent 
effect on response rates in the Stressed group. This result was supported 
by a repeated measures ANOVA with a significant main effect of session, 
F(1, 30) = 50.590, p < 0.001, ηp2 = 0.628. Effects involving stress or 
devaluation did not approach significance, Fs < 1. 

3.1.3. Outcome devaluation 
Pellets consumed by Paired groups in each cycle of the devaluation 

phase are shown in Fig. 2B. Unpaired groups consumed all pellets (not 
shown). Paired groups reached the criterion of zero consumption of 
pellets by the seventh devaluation cycle. The ANOVA indicated no main 
effect of stress group or stress group by session interaction, Fs < 1, which 

Fig. 2. Results of Experiment 1. 
Note. A) Mean nose-poke rates (responses per minute) over the two sessions of training on a VI 30-s schedule. B) Mean number of sucrose pellets consumed by Paired 
condition animals during each cycle of the outcome devaluation phase. C) Mean nose-poke rates during the test as a proportion of nose-poke rate in the final VI 30-s 
session (proportion of baseline). D) Mean food-cup entry rates during the test as a proportion of baseline. E) Mean nose-pokes per minute during the reacquisition test 
as a proportion of baseline. Error bars denote standard error of the mean. 
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suggests that stress treatment did not significantly influence the 
outcome devaluation process. 

3.1.4. Test 
The results of the nose-poke test are shown in Fig. 2C. Two animals 

were identified as outliers and excluded from all analyses based on their 
performance in this test: One each from Group Stressed Unpaired, Z =
2.24, and Group Stressed Paired, Z = 2.46. Consistent with our hy
pothesis, Non-Stressed Paired rats exhibited lower proportion baseline 
response rates (M = 0.23, SD = 0.17) than their Unpaired counterparts 
(M = 0.33, SD = 0.12). In contrast, Stressed rats exhibited similar nose- 
poke rates across Paired and Unpaired conditions (respectively: M =
0.24, SD = 0.18; M = 0.23, SD = 0.05). Due to positive skew in this data, 
we applied a logarithm (base 10) transformation to normalize the dis
tribution. In the Non-Stressed group, Bonferroni-corrected planned 
comparisons found significantly lower proportion of baseline response 
rates in Group Paired, F(1, 30) = 4.733, p=0.038, ηp2 = 0.136. In 
contrast, Stressed Paired and Stressed Unpaired groups did not differ 
statistically, F(1, 30) = 0.264, p = 0.611, ηp2 = 0.009. Further, a 
Bayesian independent samples t-test performed on the non-transformed 
data found anecdotal evidence for the null hypothesis of no difference 
between the Stressed Paired and Unpaired groups, BF01 = 2.319. 

Food cup entry rates during the test are shown in Fig. 2D. These data 
were also positively skewed and again logarithm (base 10) transformed. 
Like the pattern observed for the nose-poke response, the planned 
pairwise comparisons with Bonferroni corrections confirmed a signifi
cant devaluation effect on food-cup entry rates in the Non-Stressed 
group, F(1, 30) = 5.259, p = 0.029, ηp2 = 0.149. The effect was not 
significant in the Stressed group, p = 0.129. 

3.1.5. Consumption and reacquisition tests 
Pellet consumption tests confirmed the success of the outcome 

devaluation procedure and that stress did not influence sucrose pellet 
valuation. In each pellet consumption test following stress and no stress, 
Stress and Non-Stressed Paired animals consumed close to no pellets, 
while those in the Unpaired condition consumed almost all pellets (see 
Table 1). No animals met exclusion criteria for pellet consumption. 
Results of the reacquisition test are shown in Fig. 2E. Unpaired groups 
reacquired nose-poke responding to circa-baseline levels while Paired 
groups made few responses. The analysis found a significant devaluation 
effect, F(1, 30) = 118.317, p < 0.001, ηp2 = 0.798). Effects involving 
stress did not approach significance, Fs < 1. 

3.1.6. Response rate microstructure 
Fig. 3B shows the nonreinforced independent nose-pokes per minute 

during the final session of VI 30 s training. A stress by devaluation 
ANOVA found no significant effects of stress, devaluation, or interaction, 
largest F(1, 30) = 1.145. Fig. 3C shows nonreinforced nose-poke to food- 
cup sequence rates during the final training session. The same ANOVA 
found a significant effect of stress, F(1, 30) = 8.287, p = 0.007, ηp2 =

0.216, and no effects involving devaluation, largest F(1, 30) = 1.210. 
Proportion of baseline independent nose-poke rates during the test 

are shown in Fig. 3D. This data was positively skewed and logarithm 
(base 10) transformed prior to analysis. Bonferroni corrected pairwise 
comparisons of Paired and Unpaired groups did not approach 

significance in the Stressed condition, F < 1. The same comparison of 
Non-Stressed Paired and Unpaired groups approached significance, F(1, 
30) = 3.529, p = 0.070, ηp2 = 0.105. Proportion of baseline nose-poke to 
food-cup sequence rates during the test are shown in Fig. 3E. These data 
were also positively skewed and logarithm transformed. Planned com
parisons with Bonferroni corrections found evidence of higher propor
tion baseline nose-poke to food-cup sequence rates in the Unpaired 
condition for Stressed, F(1, 30) = 4.876, p = 0.035, ηp2 = 0.140, and 
Non-Stressed groups, F(1, 30) = 11.137, p = 0.002, ηp2 = 0.271. 

3.2. Experiment 2 

3.2.1. Vaginal cytology 
As in Experiment 1, we found no evidence of disruption to normal 

estrous cycling following acute restraint stress. 

3.2.2. Nose-poke training 
Fig. 4A shows nose-poke response rate in the first and second VI 30-s 

training sessions. There was a significant effect of session, F(1, 31) =
65.934, p < 0.001, ηp2 = 0.680, and no effect of stress, devaluation, or 
interaction, Fs < 1. 

3.2.3. Outcome devaluation 
Pellets consumed by Paired groups in each cycle of the devaluation 

phase are shown in Fig. 4B. Unpaired groups consumed all pellets (not 
shown). The analysis found a significant effect of stress, F(1, 16) =
5.495, p = 0.032, ηp2 = 0.256, and no interaction with session, F(1.606, 
25.697) = 2.596, p = 0.104, ηp2 = 0.140. All rats met the criterion of 
complete cessation of pellet consumption by the end of devaluation. 

3.2.4. Test 
The Experiment 2 test results are shown in Fig. 4C. One rat from 

Group Non-Stressed Unpaired was identified as an outlier and excluded 
from all analyses (Z = 2.62). Stressed Paired rats had slightly lower 
proportion baseline response rates than Stressed Unpaired rats 
(respectively: M = 0.24, SD=0.12; M = 0.33, SD = 0.13). This difference 
was more pronounced in the Non-Stressed group (Paired: M = 0.15, SD 
= 0.07; Unpaired: M = 0.31, SD = 0.09). Planned comparisons with 
Bonferroni corrections indicated that Paired and Unpaired groups did 
not differ significantly in the Stressed condition, F(1, 31) = 2.857, p =
.101, ηp2 = 0.084. A Bayesian independent samples t-test found anec
dotal evidence in favor of the null hypothesis of no devaluation effect in 
the Stressed group, BF01 = 1.199. Paired and Unpaired groups signifi
cantly differed in the Non-Stressed condition, F(1, 31) = 8.808, p =
0.006, ηp2 = 0.221. 

Proportion of baseline food cup entry rates during the test are shown 
in Fig. 4D. In Group Non-Stressed, proportion of baseline food cup entry 
rates were lower in Paired compared to Unpaired animals. Food cup 
rates appeared to not differ in Group Stressed. Planned pairwise com
parisons with Bonferroni corrections found that Paired and Unpaired 
groups differed in the Non-Stressed condition, F(1, 31) = 12.223, p =
0.001, ηp2 = 0.283, and not in Group Stressed, F(1, 31) = 1.080, p =
.307, ηp2 = 0.034. 

3.2.5. Consumption and reacquisition tests 
The results of the consumption test confirmed the success of the 

outcome devaluation procedure. Paired groups rejected nearly all pellets 
(M = 0.83, SD = 1.42). Unpaired groups consumed all pellets offered (M 
= 10, SD = 0). In the reacquisition test, stress condition did not influence 
the observation that Paired groups clearly failed to reacquire the nose- 
poking for the sucrose pellet while the Unpaired reacquired nose- 
poking to circa-baseline levels (see Fig. 4E). There was a significant 
Devaluation effect, F(1, 31) = 108.798, p < 0.001, ηp2 = 0.778, and no 
effects involving stress group approached significance, F’s < 1. 

Table 1 
Results of experiment 1 consumption tests.  

Group Unstressed consumption Stressed consumption 

Stressed unpaired 10.00 (0.00) 9.75 (0.71) 
Stressed paired 0.88 (1.13) 0.38 (0.74) 
Non-stressed unpaired 10.00 (0.00) 10.00 (0.00) 
Non-stressed paired 0.11 (0.33) 0.56 (1.33) 

Note: Mean (standard deviation) pellet consumption during the unstressed and 
stressed consumption tests by stress and devaluation group. 
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3.2.6. Response rate microstructure 
Mean nonreinforced independent nose-poke rates in the final 

training session are shown in Fig. 5A. These rates did not differ between 
groups at this point in the experiment, F’s < 1. As shown in Fig. 5B, there 
were also no differences in nonreinforced nose-poke to food-cup entry 
sequence rates, F’s < 1. 

Fig. 5C shows the proportion of baseline independent nose-poke 
rates per minute during the test. Independent nose pokes were lower 
in Paired compared to Unpaired Non-Stressed groups and supported by a 
Bonferroni-corrected planned comparison, F(1, 31) = 4.183, p = 0.049, 
ηp2 = 0.119. These rates did not differ significantly in the Stressed 
group, F < 1. The proportion of baseline nose-poke to food-cup entry 
sequence rate, shown in Fig. 5D, was lower in the Paired group in the 
Non-Stressed condition, F(1, 31) = 10.550, p = 0.003, ηp2 = 0.254. 
Devaluation did not influence sequence rates in the Stressed group, F <
1. 

4. Discussion 

Acute psychogenic stress resulted in habitual behavior, as evidenced 
by insensitivity to outcome devaluation, at a training level that other
wise maintained goal-directed behavior. In two experiments utilizing 

the outcome devaluation method and intact female rats, we found that 
acute restraint stress prior to training, and stress directly before the test 
both rendered a nose-poke response insensitive to outcome devaluation. 
These findings suggest two ways in which acute stress can alter the 
flexibility of decision-making. Experiment 1 suggests that acute stress 
facilitated habit learning, whereas Experiment 2 suggests that stress 
experienced after learning and just before testing may bias instrumental 
responding in female rats toward being expressed as habit. 

Studies with human participants indicate that acute stress may shift 
control of instrumental behavior from goal-directed to habitual ([3,7, 
34]; see also [35,36]). Nonhumans studies have found evidence of habit 
following chronic stress [13,14] and acute stress [15] in males. To our 
knowledge the present study is the first to examine facilitation of habit 
by acute stress in female rats. 

Although across-experiment comparisons should be interpreted with 
caution, it does appear that male and female rats may differ in sensitivity 
to the severity of the stress event. The present study found that 60 min of 
restraint stress facilitated habitual responding in female rats. In contrast, 
Braun & Hauber [15] found that males rats remained goal-directed after 
60 min of restraint stress and habit was observed only after multiple 
stress exposures in male rats. Further work including direct comparisons 
of female and male rats under the same conditions is needed to assess a 

Fig. 3. Results of Experiment 1 response sequence analyses. 
Note. A) Graphic depicting independent nose-poke responses and nose-poke to food-cup entry sequences. B) Mean nonreinforced (NR) independent nose-poke re
sponses per minute during the final VI 30-s training session. C) Mean NR nose-poke to food-cup entry sequences per minute during the final VI 30-s training session. 
D) Mean independent nose-poke responses per minute during the test as a proportion of the independent response rates from the final VI 30-s training session 
(proportion of baseline). E) Mean nose-poke to food-cup entry sequences as a proportion of mean sequence rate in the final VI 30-s training session (proportion of 
baseline). Error bars denote standard error of the mean. 
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potential sex difference. 
Other work on sex differences suggests that female rats exhibit 

similar or greater corticosterone responses to restraint stress than males 
[17,37,38], as well as different effects of restraint stress on spatial [17] 
and Pavlovian memory (reviewed in [39]). These differences, along with 
ovarian hormone effects in females, may mediate the differential effects 
of stress upon these behavior systems in males and females. Indeed, 
studies of ovariectomized female rats suggest that the behavioral effects 
of acute stress can be reversed in the absence of ovarian hormones, and 
that corticosterone is not required to produce stress-induced learning 
deficits in females [19,40]. Similarly, recent evidence from this labo
ratory suggests that ovarian hormones are required for habit formation 
in female rats (unpublished data), and cyclic estrogen and progesterone 
are both required to facilitate this process [20]. Further research is 
needed to ascertain whether females are more prone to expressing habit 
following stress compared to males and whether such changes are 
mediated by gonadal hormones or adrenocortical reactivity. 

Prior work has shown that, like other interoceptive states, stress may 
acquire a modulatory function over instrumental food-seeking behaviors 
[41,42]. That is, nose-poking to earn the sucrose pellet while stressed 
could allow rats to encode the stress state as modulating the relationship 
between nose-poking and pellets. We assessed this potential influence in 
Experiment 1. Here, rats in the Stressed group received VI 30 s training 
for the reward in the presence of stress (note all rats received initial 
response training under identical nonstressed conditions). Devaluation 
occurred under nonstressed conditions for all rats. Given prior exposure 

to sucrose pellets in a stressed state, it was possible for Stressed Paired 
rats to have learned that stress signaled nondevalued sucrose pellets. We 
assessed such a possibility by testing the consumption of sucrose pellets 
under stressed and non-stressed conditions. The results clearly suggest 
that stress did not influence the value of sucrose in the consumption test. 
Therefore, insensitivity to devaluation observed in the Stressed groups is 
not complicated the possibility of the value of the sucrose pellet being 
modulated by stress. 

While such comparisons should be made with caution, it is poten
tially notable that different overall levels of responding were observed in 
the Stressed groups in Experiments 1 and 2. In Experiment 1, responding 
in the Paired and Unpaired Stressed groups was similar to the Paired 
Non-stressed group (Fig. 2C). Some work has suggested that the 
behavioral output of the animals during the test is a composite of both 
goal-directed and habitual components [25,43]. In this way, it is 
possible that stress before acquisition may have resulted in insensitivity 
to reinforcer devaluation by reducing responding in both groups. This 
interpretation is speculative given the lack of influence of stress on 
instrumental responding during the training sessions (Fig. 2A); the two 
groups were virtually identical. However, it remains possible that the 
effect of stress on instrumental control occurred during a post-training 
consolidation period or interfered with retrieval at the test. These re
sults contrast with the those in Experiment 2, where stress before the test 
did not appear to produce an overall reduction in the Stressed groups. 
Altogether, these comparisons suggest directions that could clarify the 
possibly diverse influences of stress on instrumental behavior when 

Fig. 4. Results of Experiment 2. 
Note. A) Mean nose-poke rates (responses per minute) in the two VI 30-s training sessions. B) Mean number of sucrose pellets consumed by Paired condition animals 
during each cycle of the outcome devaluation phase. C) Mean nose-poke rates during the test as a proportion of nose-poke rate in the final VI 30-s training session 
(proportion of baseline). D) Mean food-cup entries per minute during the test as a proportion food-cup rates in the final VI 30-s training session. E) Mean nose-pokes 
per minute during the reacquisition test as a proportion of baseline. Error bars denote standard error of the mean. 
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experienced before training versus before testing. 
To further explore these possibilities, we compared the execution of 

discrete nose-poke responses and nose-poke-food-cup entry sequences 
[44–46]. Discrete reward-seeking responses not immediately followed 
by checking the food cup may be more adaptive under ambiguous 
reinforcement circumstances than seeking-retrieval sequences which are 
more resource costly [30]. On the other hand, in a reward rich envi
ronment (as in training) rats follow their reward-seeking response with 
an attempt to retrieve the reward more often. Previous research suggests 
that reinforcer devaluation can reduce performance of discrete seeking 
responses but spare seeking-retrieval sequences [30]. That is, following 
devaluation treatment, discrete actions may remain goal-directed while 
action sequences may be more apt to become habits [47]. Discrete 
reward-seeking responses and seeking-retrieval sequences may also be 
dissociable at the neural level [30,48]. 

Following this logic, in Experiment 1, if acute stress before training 
diminished goal-directed behavior, then Paired and Unpaired groups 
should not differ in their discrete nose-poking rates. Likewise, if stress 

had a weaker influence on the habitual component of responding, then 
nose-poke-food-cup sequence rate should remain sensitive to reinforcer 
devaluation. This is indeed what we found. When stressed prior to 
training, only the discrete nose-poke responses were insensitive to 
devaluation (Fig. 3d-e). Interestingly, this was not the case when acute 
stress occurred before the test of expression in Experiment 2. Here, both 
discrete nose-poke and nose-poke-food-cup sequences were insensitive 
to the devaluation treatment (Fig. 5c–d). Taken together, these results 
may suggest that stress before training impaired expression of goal- 
direction, whereas stress before the test enhanced habitual control. 
Further studies are needed to investigate the diverse influence of stress 
on aspects of instrumental behavior, particularly with female rats. 

To summarize, two experiments with minimally-trained female rats 
found that acute stress administered either before instrumental condi
tioning or before the test resulted in the expression of habit in instru
mental behavior, albeit by distinct mechanisms. These results may have 
important implications for understanding how stress may lead to 
behavioral inflexibility in disorders associated with compulsive 

Fig. 5. Results of Experiment 2 response sequence analyses. 
Note. A) Mean NR independent nose-poke responses per minute during the final VI 30-s training session. B) Mean NR nose-poke to food-cup entry sequences per 
minute during the final VI 30-s training session. C) Mean independent nose-poke responses per minute during the test as a proportion of baseline independent 
response rates from the final VI 30-s training session. D) Mean nose-poke to food-cup entry sequences as a proportion of baseline sequence rates from the final VI 30-s 
training session. Error bars denote standard error of the mean. 
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responding to stimuli. This knowledge could help us engineer in
terventions for reinstating goal-directed control, or instituting produc
tive habitual control, and reducing problematic behaviors in these 
pathologies. 

Funding 

This research was supported by funding from the University of 
Vermont Department of Psychological Science. EAT was supported by 
K01-DA044456 and P20-GM103644 from the National Institutes of 
Health. 

Disclosures 

The authors report there are no competing interests to declare. 

CRediT authorship contribution statement 

Russell Dougherty: Conceptualization, Formal analysis, Investiga
tion, Methodology, Visualization, Writing – original draft, Writing – 
review & editing. Eric A. Thrailkill: Funding acquisition, Methodology, 
Supervision, Writing – review & editing. Zaidan Mohammed: Data 
curation, Investigation, Supervision, Writing – review & editing. Sarah 
VonDoepp: Investigation. Ella Hilton-Vanosdall: Investigation. Sam 
Charette: Investigation. Sarah Van Horn: Investigation. Adrianna 
Quirk: Investigation. Adina Kraus: Investigation. Donna J. Toufexis: 
Conceptualization, Funding acquisition, Methodology, Project admin
istration, Resources, Supervision, Writing – review & editing. 

Data availability 

Data will be made available on request. 

Acknowledgements 

Graphic was created with BioRender.com. 

References 

[1] Meier, J.K., Staresina, B.P., & Schwabe, L. (2022). Stress diminishes outcome but 
enhances response representations during instrumental learning. ELife, 11, 
e67517. https://doi.org/10.7554/eLife.67517. 

[2] A.R. Otto, C.M. Raio, A. Chiang, E.A. Phelps, N.D. Daw, Working-memory capacity 
protects model-based learning from stress, Proc. Natl Acad. Sci. 110 (52) (2013) 
20941–20946, https://doi.org/10.1073/pnas.1312011110. 

[3] L. Schwabe, O.T. Wolf, Socially evaluated cold pressor stress after instrumental 
learning favors habits over goal-directed action, Psychoneuroendocrinology 35 (7) 
(2010) 977–986, https://doi.org/10.1016/j.psyneuen.2009.12.010. 

[4] J. Goodman, K.-C. Leong, M.G. Packard, Emotional modulation of multiple 
memory systems: implications for the neurobiology of post-traumatic stress 
disorder, Rev. Neurosci. 23 (5–6) (2012), https://doi.org/10.1515/revneuro-2012- 
0049. 

[5] L. Schwabe, A. Dickinson, O.T. Wolf, Stress, habits, and drug addiction: a 
psychoneuroendocrinological perspective, Exp. Clin. Psychopharmacol. 19 (1) 
(2011) 53–63, https://doi.org/10.1037/a0022212. 

[6] V. Voon, K. Derbyshire, C. Rück, M.A. Irvine, Y. Worbe, J. Enander, L.R. 
N. Schreiber, C. Gillan, N.A. Fineberg, B.J. Sahakian, T.W. Robbins, N.A. Harrison, 
J. Wood, N.D. Daw, P. Dayan, J.E. Grant, E.T. Bullmore, Disorders of compulsivity: 
a common bias towards learning habits, Mol. Psychiatry 20 (3) (2015) 3, https:// 
doi.org/10.1038/mp.2014.44. 

[7] L. Schwabe, O.T. Wolf, Stress prompts habit behavior in humans, J. Neurosci. 29 
(22) (2009) 7191–7198, https://doi.org/10.1523/JNEUROSCI.0979-09.2009. 

[8] L. Wirz, M. Bogdanov, L. Schwabe, Habits under stress: mechanistic insights across 
different types of learning, Curr. Opin. Behav. Sci. 20 (2018) 9–16, https://doi.org/ 
10.1016/j.cobeha.2017.08.009. 

[9] C.D. Adams, Variations in the sensitivity of instrumental responding to reinforcer 
devaluation, Q. J. Experim. Psychol. Section B 34 (2b) (1982) 77–98, https://doi. 
org/10.1080/14640748208400878. 

[10] C.D. Adams, A. Dickinson, Instrumental responding following reinforcer 
devaluation, Q. J. Experim. Psychol. Section B 33 (2b) (1981) 109–121, https:// 
doi.org/10.1080/14640748108400816. 

[11] A. Dickinson, Actions and habits: the development of behavioural autonomy, 
Philos. Trans. Royal Soc. London. B, Biol. Sci. 308 (1135) (1985) 67–78, https:// 
doi.org/10.1098/rstb.1985.0010. 

[12] Watson, P., & de Wit, S. (2018). Current limits of experimental research into habits 
and future directions. Curr. Opin. Behav. Sci., 20, 33–39. https://doi.org/10.10 
16/j.cobeha.2017.09.012. 

[13] E. Dias-Ferreira, J.C. Sousa, I. Melo, P. Morgado, A.R. Mesquita, J.J. Cerqueira, R. 
M. Costa, N. Sousa, Chronic stress causes frontostriatal reorganization and affects 
decision-making, Science (New York, N.Y. 325 (5940) (2009) 621–625, https://doi. 
org/10.1126/science.1171203. 

[14] S.B. Taylor, J.M. Anglin, P.R. Paode, A.G. Riggert, M.F. Olive, C.D. Conrad, Chronic 
stress may facilitate the recruitment of habit- and addiction-related 
neurocircuitries through neuronal restructuring of the striatum, Neuroscience 280 
(2014) 231–242, https://doi.org/10.1016/j.neuroscience.2014.09.029. 

[15] S. Braun, W. Hauber, Acute stressor effects on goal-directed action in rats, Learn. 
Memory 20 (12) (2013) 700–709, https://doi.org/10.1101/lm.032987.113. 

[16] D.A. Bangasser, R.J. Valentino, Sex differences in stress-related psychiatric 
disorders: neurobiological perspectives, Front. Neuroendocrinol. 35 (3) (2014) 
303–319, https://doi.org/10.1016/j.yfrne.2014.03.008. 

[17] C.D. Conrad, J.L. Jackson, L. Wieczorek, S.E. Baran, J.S. Harman, R.L. Wright, D. 
L. Korol, Acute stress impairs spatial memory in male but not female rats: influence 
of estrous cycle, Pharmacol. Biochem. Behav. 78 (3) (2004) 569–579, https://doi. 
org/10.1016/j.pbb.2004.04.025. 

[18] A.L. McDowell, K.M.H. Fransen, K.S. Elliott, A. Elghouche, P.V. Kostylev, P. 
K. O’Dea, P.E. Garraghty, Sex differences and the impact of chronic stress and 
recovery on instrumental learning, Neurosci. J. (2015) 1–12, https://doi.org/ 
10.1155/2015/697659. 

[19] G.E. Wood, T.J. Shors, Stress facilitates classical conditioning in males, but impairs 
classical conditioning in females through activational effects of ovarian hormones, 
in: Proceedings of the National Academy of Sciences of the United States of 
America 95, 1998, pp. 4066–4071. 

[20] H.L. Schoenberg, G.P. Bremer, F. Carasi-Schwartz, S. VonDoepp, C. Arntsen, A.M. 
J. Anacker, D.J. Toufexis, Cyclic estrogen and progesterone during instrumental 
acquisition contributes to habit formation in female rats, Horm Behav 142 (2022) 
105172, https://doi.org/10.1016/j.yhbeh.2022.105172. 

[21] H.L. Schoenberg, E.X. Sola, E. Seyller, M. Kelberman, D.J. Toufexis, Female rats 
express habitual behavior earlier in operant training than males, Behav. Neurosci. 
133 (1) (2019) 110–120, https://doi.org/10.1037/bne0000282. 

[22] M.G. Packard, J. Goodman, Emotional arousal and multiple memory systems in the 
mammalian brain, Front. Behav. Neurosci. 6 (2012), https://doi.org/10.3389/ 
fnbeh.2012.00014. 

[23] L. Schwabe, O.T. Wolf, Stress-induced modulation of instrumental behavior: from 
goal-directed to habitual control of action, Behav. Brain Res. 219 (2) (2011) 
321–328, https://doi.org/10.1016/j.bbr.2010.12.038. 
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