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Analysis of memory modulation by conditioned stimuli
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Conditioned stimuli (CS) have multiple psychological functions that can potentially contribute to their effect on memory

formation. It is generally believed that CS-induced memory modulation is primarily due to conditioned emotional respons-

es, however, well-learned CSs not only generate the appropriate behavioral and physiological reactions required to best

respond to an upcoming unconditioned stimulus (US), but they also serve as signals that the US is about to occur.

Therefore, it is possible that CSs can impact memory consolidation even when their ability to elicit conditioned emotional

arousal is significantly reduced. To test this, male Sprague–Dawley rats trained on a signaled active avoidance task were

divided into “Avoider” and “Non-Avoider” subgroups on the basis of percentage avoidance after 6 d of training.

Subgroup differences in responding to the CS complex were maintained during a test carried out in the absence of the

US. Moreover, the subgroups displayed significant differences in stress-induced analgesia (hot-plate test) immediately

after this test, suggesting significant subgroup differences in conditioned emotionality. Importantly, using the spontaneous

object recognition task, it was found that immediate post-sample exposure to the avoidance CS complex had a similar en-

hancing effect on object memory in the two subgroups. Therefore, to our knowledge, this is the first study to demonstrate

that a significant conditioned emotional response is not necessary for the action of a predictive CS on modulation of

memory consolidation.

Biologically significant stimuli (unconditioned stimuli [US]) sup-
port learning and promote changes in behavior by enhancing
the consolidation ofmemory (White andMilner 1992). Thus, stim-
uli such as food (Huston et al. 1974, 1977), pain (Galvez et al. 1996;
Quirarte et al. 1998), and various drugs of abuse (Krivanek and
McGaugh 1969; White 1996; Leri et al. 2013; Rkieh et al. 2014;
Wolter et al. 2019, 2020) increase memory storage and facilitate
performance on a variety of learning tasks when delivered during
a window of memory consolidation that occurs following a learn-
ing experience (McGaugh and Roozendaal 2009; Roozendaal and
Mcgaugh 2012; McGaugh 2015).

Interestingly, exposure to stimuli paired with both incentive
(Holahan and White 2013; Wolter et al. 2019, 2020; Baidoo et al.
2020) and aversive (Holahan and White 2002, 2004; Leong et al.
2015;Goode et al. 2016)USs also enhancesmemory consolidation,
presumably because of the conditioned emotional responses that
they generate. For example, CSs that precede exposure to footshock
elicit freezing (Díaz-Mataix et al. 2017), avoidance (Dombrowski
et al. 2013), analgesia (McNally et al. 1999), as well as sympathetic
stimulation such as increases in heart rate (Zhang et al. 2019),
blood pressure (Hsu et al. 2012), and release of stress hormones
(Feenstra et al. 1999), all reactions that are elicited by footshock it-
self (Lim et al. 1982; McCarty and Baucom 1982; Conti et al. 1990;
Galvez et al. 1996; O’Doherty 2004; Lázaro-Muñoz et al. 2010).
Holahan and White (2002, 2004) reported that the memory en-
hancing action of a shock-paired CS could be blocked by lesions
of the central amygdala nucleus (CeA), a region involved in gener-
ating the behavioral and neurohormonal responses to emotionally
arousing stimuli (LeDoux 2003). As well, similarly to a range of
aversive USs (anxiogenic drugs, predator odor, tail shock, restraint
stress; Kim et al. 2001; Elliott and Packard 2008; Leong and Packard
2014), the effect of a CS paired with footshock on consolidation
was found dependent on noradrenergic activation of the amygdala
(Goode et al. 2016).

However, well-learned CSs not only generate the appropriate
behavioral and physiological reactions required to best respond to

an upcoming US, but they also serve as signals that the US is about
to occur. Temporal relationships between CSs and USs are learned
rapidly during conditioning (Ohyama and Mauk 2001; Balsam
et al. 2002), and these expectations modulate the expression of
learned responses (Holland 2000; Balsam et al. 2010). Moreover,
the ability of CSs to predict USs is heavily dependent on mesolim-
bic dopamine (DA) activity (Schultz et al. 1997; Flagel et al. 2011),
and there is substantial evidence that mid-brain DA plays an im-
portant role in memory consolidation (White 1989; Managò
et al. 2009; Redondo and Morris 2011; Yamasaki and Takeuchi
2017).

This analysis suggests that CSs can impactmemory consolida-
tion because of their predictive function, evenwhen their ability to
elicit preparatory conditioned emotionality is significantly re-
duced. To test this idea, the current study used a signaled active
avoidance task whereby rats learn to avoid an aversive US (foot-
shock) by crossing from one compartment of a shuttle box to an-
other during the presentation of a warning signal. Miller (1948)
posited that animals perform the shuttle response during the sig-
nal because it prevents the occurrence of the US, and this reduces
the experience of conditioned fear caused by the signal.
However, it has been found that avoidance persists even when
the warning signal no longer elicits a measurable fear state
(Kamin et al. 1963; Linden 1969; Coover and Ursin 1973; Starr
and Mineka 1977; Mineka and Gino 1980), suggesting that CSs
can promote robust avoidance even though conditioned emotion-
al responses are greatly reduced. The current study also used active
avoidance because it consistently reveals robust individual differ-
ences in learning (Choi et al. 2010; Lázaro-Muñoz et al. 2010;
Martinez et al. 2013; Antunes et al. 2020), such that animals can
be distinguished into subgroups of Avoiders and Non-avoiders by
simple median split (Storace et al. 2019) on percentage avoided
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USs. Although the source of the individual differences is unknown,
it has been postulated the subgroups learn different behavioral re-
sponses to the CS (Lázaro-Muñoz et al. 2010; Martinez et al. 2013;
Antunes et al. 2020): Avoiders display a loss of fear responses to the
CS as the avoidance response is acquired (LeDoux et al. 2017; Cain
2018), while those who fail to acquire the avoidance response con-
tinue to display conditioned fear characterized by freezing
(Martinez et al. 2013).

By capitalizing on these individual differences, the current
study explored whether both the predictive and preparatory func-
tions of aversive CSs play a role inmodulating consolidation of ob-
ject memory using the spontaneous object recognition (OR) task.
OR relies on the natural tendency of rats to explore novel objects
(Winters et al. 2008) and this task was selected because it has
been found sensitive to enhancement by exposure to contextual
CSs paired with both incentive and aversive stimuli (Wolter et al.
2019, 2020; Baidoo et al. 2020). Given the evidence reviewed
above, it was predicted that exposure to the avoidance CS complex
(the training chamber, the retractable gate, the warning tone, and
the cue light) would impact consolidation of objectmemory equal-
ly in Avoider and Non-Avoider subgroups. Avoider and
Non-Avoider subgroups were tested for reactivity to thermal pain
throughout avoidance training and testing using the hot-plate to
provide an indirect measure of emotional reactivity to the foot-
shock and/or to the aversive CS complex (Fig. 1). This approach
was selected because fear/stress-inducing stimuli such as footshock
(Maier and Watkins 1991; Rosellini et al. 1994), predator odor
(Williams et al. 2005), and their CSs (Hotsenpiller and Williams
1997;McNally andAkil 2001; Ford et al. 2011), elicit stress-induced
analgesia; a well-known defensive response in various species
(Bolles and Fanselow 1980; Fendt and Fanselow 1999).

Results

Experiment 1
This experiment was designed to establish whether different shock
intensities would impact the acquisition of signaled avoidance,
whether sensitivity to thermal pain would change during acquisi-
tion, whether significant individual differences would emerge over
the course of training, and whether these differences would still
be observed in response to the CS complex in the absence of
shock. Figure 2, A–D, represents mean (±SEM) percentage shocks
avoided during training with different shock intensities (0, 0.2,
0.4, and 0.8 mA) in different groups of rats divided into Avoider
and Non-Avoider subgroups based on percentage avoidance on
training day 6. For 0 mA (panel A), the ANOVA revealed a sig-
nificant subgroup by training day interaction [F(3,21) = 3.88,
P = 0.024], as well as significant main effects of subgroup [F(1,21) =
14.16, P=0.007] and training day [F(3,21) = 13.12, P<0.001].

Multiple comparisons indicated that the Avoider subgroup dis-
played significantlymore avoidance on training day 6. The pattern
of avoidance in animals tested with the other shock intensities was
very similar, although significant differences between Avoider and
Non-Avoider subgroups emerged earlier in training (day 3) and
continued thereafter {panel B: 0.2 mA shock—subgroup by train-
ing day [F(3,21) = 6.26, P=0.003], subgroup [F(1,21) = 25.13,
P = 0.002] and training day [F(3,21) = 10.42, P<0.001]; panel
C: 0.4 mA shock—subgroup by training day [F(3,21) = 8.30,
P < 0.001], subgroup [F(1,21) = 33.03, P<0.001] and training day
[F(3,35) = 12.67, P<0.001]; panel D: 0.8 mA shock—subgroup
by training day [F(3,21) = 6.79, P=0.002], subgroup [F(1,35) = 14.83,
P= 0.006] and training day [F(3,21) = 26.60, P<0.001}.

Significant subgroup differences in hot-plate latency (panels
E–H) were observed only in animals trained with 0.8 mA. In fact,
the ANOVA revealed a significant main effect of subgroup [F(1,28)
= 19.85, P=0.003] and training day [F(3,28) = 4.86, P< 0.010], and
multiple comparisons on marginal means indicated that rats in
the Avoider subgroup displayed significantly shorter latencies
than rats in the Non-Avoider subgroup.

Figure 3A represents mean (±SEM) percentage avoidance
when Avoider and Non-Avoider subgroups were tested with shock-
ers turned off (Shock-OFF test). The ANOVA revealed a significant
main effect of subgroup [F(1,28) = 24.09, P<0.001] and multiple
comparisons on marginal means indicated that the Avoider sub-
group displayed significantlymore avoidance. Figure 3B represents
mean (±SEM) hot-plate latencies assessed immediately following
the Shock-OFF avoidance test. Although the 0.8-mA Avoider sub-
group displayed reduced latency, the ANOVA did not reveal any
significant difference.

Experiment 2
This experiment tested whether post-sample exposure to the CS
complex would equally impact object memory in Avoider and
Non-Avoider subgroups. In this experiment, different groups of an-
imals were trained as in Experiment 1, except that only two shock
intensities were used: 0 and 0.8mA. The 0mA (n=17)was included
because Experiment 1 indicated that even when there are no foot-
shocks, exploration of the two chambers generates a substantial
level of “percentage avoidance.” This probably resulted from a pos-
sible approach component of the paradigm used that may have fa-
cilitated avoidance learning in this apparatus: when the gate
connecting the chambers opens, the tone+ light warning stimuli
emanates from the chamber that the animals must shuttle toward.
This said, the 0-mA group was also included to control for general
locomotion activity, which was found to be significant in this ap-
paratus when a group of control rats (n=6) was trained with 0 mA
in the absence of tone+ light warning stimuli (mean± SEM per-
centage avoidance: day 1=26.7 ±5.2, day 3= 27.8± 10.5, day 6=

Figure 1. Experimental design used in Experiments 1 and 2.
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47.2± 9.1, day 7=40.6 ±9.0). The 0.8 mA (n=69; the experiment
was repeated in various cohorts) was selected because it generated
the greatest individual differences in both avoidance and response
to thermal pain in Experiment 1.

Figure 4A represents mean (±SEM) percentage shocks avoided
during training with 0- and 0.8-mA shocks. Only sessions 1, 3, 6,
and 7 are represented because rats were tested for reactivity to
thermal pain only following these sessions. The median split was
not performed in the 0 mA because of the lack of consistent sub-
group differences observed in 0 mA group of Experiment 1. The
ANOVA revealed a significant interaction between group and
training day [F(6,243) = 38.20, P>0.001], as well as a significant
main effect of group [F(1,243) = 101.01, P<0.001] and training day
[F(3,243) = 112.97, P<0.001]. Multiple comparisons further indicat-
ed that 6 d of consecutive training significantly improved avoid-
ance performance in the Avoider, but not in the Non-Avoider
subgroups. Similarly, percentage avoidance of the Avoider sub-
group was significantly higher than that of the 0-mA group from
training day 3 on, while the Non-Avoider subgroup displayed sig-
nificantly less avoidance than the 0 mA group from the very first
day of training.

Figure 4B represents mean (±SEM) hot-plate response laten-
cies. The ANOVA revealed a significant interaction between group
and training day [F(6,243) = 3.29, P=0.004], as well as a significant
main effect of group [F(1,243) = 32.91, P<0.001] and training day
[F(3,243) = 62.54, P<0.001]. Multiple comparisons further indicated
that latencies significantly decreased over the course of avoidance
training in all groups. Moreover, latencies of the Avoider and
Non-Avoider subgroups were initially identical but started to differ
significantly by training day 3. Finally, while the Non-Avoider sub-
group displayed higher latencies in comparison with the 0-mA

group on all tests, the difference between
the Avoider subgroup and the 0-mA
group was no longer significant by the
last training day.

Figure 5, A and B, represents avoid-
ance performance and hot-plate laten-
cies, respectively, when all subjects were
tested for avoidance in the absence of
footshock (Shock-OFF tests). For percent-
age avoidance, the ANOVA was signifi-
cant [F(2,81) = 40.60, P<0.001] and
multiple comparisons confirmed that
the Avoider subgroup displayed signifi-
cantly higher levels of percentage avoid-
ance than the other groups. Moreover,
both subgroups trained with 0.8 mA
were significantly different from the 0
mA group, but in opposite directions.
For hot-plate latencies, the ANOVA was
also significant [F(2,81) = 16.81, P<0.001],
and multiple comparisons indicated that
the latency of the Non-Avoider subgroup
was significantly different from latencies
of the Avoider subgroup and the 0 mA
group.

Figure 6 representsmean (±SEM) dis-
crimination ratios on sample and choice
phases of object recognition testing. All
subjects received immediate postsample
exposure to the CS complex in the ab-
sence of footshock (Shock-OFF tests).
The ANOVA revealed a significant inter-
action between group and phase [F(2,81)
= 3.90, P =0.024], as well as significant
main effects of group [F(2,81) = 4.70, P=

0.012] and phase [F(1,81) = 37.43, P<0.001]. Multiple comparisons
further indicated that choice discrimination ratios of both sub-
groups trained with 0.8 mA were different from sample, and
from choice of the 0 mA group. A separate analysis of motor activ-
ity during sample and choice phases revealed significantly lower
activity in the Non-Avoider subgroup, but Non-Avoider and
Avoider subgroups displayed equivalent total object exploration
during sample and test (data not shown).

Discussion

Conditioned stimuli have multiple psychological functions that
can potentially contribute to their effect on memory formation.
It is generally believed that CS-induced memory modulation is
due to conditioned emotional responses, however, well-learned
CSs not only generate the appropriate behavioral and physiologi-
cal reactions required to best respond to an upcoming US, but
they also serve as signals that the US is about to occur. Therefore,
to test the possibility that CSs can impact memory consolidation
even when their ability to elicit conditioned emotionality is signif-
icantly reduced, male Sprague–Dawley rats were trained on a sig-
naled active avoidance task and were then assigned to Avoider
and Non-Avoider subgroups by median split based on percentage
avoidance after 6 d of training. It was found that subgroup differ-
ences were maintained during an avoidance test carried out in
the absence of the US. The subgroups also differed in hot-plate la-
tency assessed immediately after avoidance training and testing,
suggesting significant differences in conditioned emotionality.
Notably, immediate postsample exposure to the CS complex had
a similar enhancing effect on objectmemory in the two subgroups.

E F

BA C D

G H

Figure 2. (A–D) Mean (±SEM) percentages shocks avoided across 7 d of avoidance training in
Non-Avoider and Avoider subgroups trained with 0, 0.2, 0.4, and 0.8 mA shock. The asterisk denotes
a significant difference compared with the Non-Avoider subgroup. (E–H) Mean (±SEM) hot-plate laten-
cies assessed immediately after avoidance training. The asterisk denotes a significant difference between
the Non-Avoider and Avoider subgroups.
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To our knowledge, this is the first study to indicate that a robust
conditioned emotional response is not necessary for the action
of a predictive CS on modulation of memory consolidation.

This study capitalized on the known individual differences
that typically emerge when rats are trained on active avoidance
tasks (Choi et al. 2010; Lázaro-Muñoz et al. 2010; Martinez et al.
2013; Antunes et al. 2020). One important conclusion is that
Avoider and Non-Avoider subgroups learned different contingen-
cies and behaviors during training: Avoiders learned to shuttle dur-
ing the presentation of the warning stimulus complex, while
Non-Avoiders learned to freeze in the avoidance chambers. This as-
sertion is supported by the observations that Avoider and
Non-Avoider subgroups displayed significantly higher and lower
percentage avoidance in comparison with the group trained with
0mA, respectively. This difference in response strategy had a signif-
icant impact on sensitivity to thermal pain, as longer duration of
footshock exposure in the Non-Avoiders significantly enhanced
their latency to respond on the hot-plate test (Fig. 4). Although in-
teresting, this result was hardly surprising given the well-known
link between pain and analgesia (Butler and Finn 2009). More in-
teresting, however, was the observation that subgroup differences
in response strategy and sensitivity to thermal pain were main-
tained during the test of avoidance performed in the absence of
footshocks. Hence, our observations suggest that the Avoider sub-
group learned a behavioral response to the warning light + tone

that was performedwithminimal conditioned emotionality, while
the Non-Avoider subgroup learned a freezing response to the test-
ing chambers indicative of high conditioned emotionality.

Demonstrating significant subgroup differences in condi-
tioned emotional responses following exposure to the avoidance
CS complexwas essential to explorewhether preparatory and pred-
icative functions of CSs play similar roles in modulating memory
consolidation. Experiment 2 found that immediate postsample ex-
posure to the CS complex had a similar enhancing effect on dis-
crimination ratios (DR) in both the Avoider and Non-Avoider
subgroups, as both groups spent significantlymore time investigat-
ing the novel objects over the familiar object on test. Importantly,
animals trained with 0 mA shock did not show a change in DR in-
dicating that previous training with 0.8 mA was necessary for the
effect of the CS complex on object memory. Although the experi-
ment did not include a group of animals that received postsample

B

A

Figure 3. (A) Mean (±SEM) percentage avoidance during the
Shock-OFF avoidance test in Non-Avoider and Avoider subgroups
trained with 0-, 0.2-, 0.4-, and 0.8-mA shock. The asterisk denotes a signif-
icant difference between the Non-Avoider and Avoider subgroups. (B)
Mean (±SEM) hot-plate latencies assessed immediately after the
Shock-OFF avoidance test. B

A

Figure 4. (A) Mean (±SEM) percentage shocks avoided across 7 d of
avoidance training in animals trained with 0- and 0.8-mA shock. Only
animals trained with 0.8-mA shock were divided into Non-Avoider and
Avoider subgroups. (B) Mean (±SEM) hot-plate latencies assessed immedi-
ately after avoidance training. The asterisk denotes a significant difference
compared with the 0.8-mA Non-Avoider subgroup. The number sign
denotes a significant difference compared with the 0-mA group. The
“at” sign denotes a significant difference compared with training day 1.
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exposure to the CS complex outside the window of consolidation
(i.e., a delay group, exposed to the context/CS several hours after
the sample phase), the observation that both Avoider and
Non-Avoider subgroups displayed similarly elevated DRs during
the choice phase, and that comparable effects have been observed
in rats exposed to immediate postsample incentive (paired with
nicotine, cocaine or heroin) (Wolter et al. 2019, 2020) and other
aversive (paired with precipitated opiate withdrawal) (Baidoo
et al. 2020) CSs, suggest that the CS complex did, in fact, modulate
the consolidation of object memory.

A possible conditioned memory enhancement in the
Non-Avoider subgroupwas predicted by thewell-known faciliatory
effects of emotionally arousing stimuli on memory consolidation
processes (McGaugh and Roozendaal 2002; Roozendaal and
McGaugh 2012; Schwabe et al. 2012). One crucial function of a
CS is to produce anticipatory responses that are relevant to the na-
ture of the US, and it has been demonstrated that CSs paired with
footshock produce conditioned states that include freezing, avoid-
ance, analgesia, and the release of stress hormones (Feenstra et al.
1999; McNally et al. 1999; Dombrowski et al. 2013; Díaz-Mataix
et al. 2017). The central amygdala nucleus (CeA) is a critical struc-
ture involved in the expression of the behavioral and autonomic
reactions to emotionally arousing stimuli (LeDoux 2003) and it
has an essential role in regulating the consolidation of emotional
memories (Keifer et al. 2015). Therefore, it is likely that the mem-

ory enhancing effects of the CS complex in the Non-Avoider sub-
group was dependent on neuromodulatory actions occurring in
the CeA, as it has been shown that inactivation of the entire amyg-
dala (Holahan and White 2004), or lesions of the CeA (Holahan
and White 2002), eliminate the memory modulating effects of
posttraining exposure to a footshock CS in rats.

A possible conditioned memory enhancement in the Avoider
subgroupwas also predicted, but fromconsidering the role ofDA in
avoidance learning and memory formation. In fact, acquisition of
avoidance is dependent on increased DA neurotransmission in the
ventral medial striatum (VMS) during the warning signal (Oleson
et al. 2012; Dombrowski et al. 2013; Oleson and Cheer 2013;
Gentry et al. 2016; Wenzel et al. 2018), as well as during the safety
period (Oleson et al. 2012; Stelly et al. 2019). Moreover, when the
response is acquired, it likely becomes habit-like and also depen-
dent on DA, but on nigrostriatal projections to the dorsal striatum
(Wenzel et al. 2018). Importantly, mid-brain DA has a known role
in memory consolidation (Redondo and Morris 2011; Yamasaki
and Takeuchi 2017), contributes to spontaneous ORmemory con-
solidation in rats (Nelson et al. 2010; de Lima et al. 2011), and has
been implicated in consolidation of various other memory tasks
such as one-trial inhibitory avoidance (Managò et al. 2009), spatial
water maze training (Setlow and McGaugh 1998), and
object-in-place associations (Nelson et al. 2010).

In summary, by capitalizing on the known individual differ-
ences in learning strategies that typically emerge when rats are
trained in active avoidance tasks, this study explored whether
CSs can impact memory consolidation even when their ability to
elicit conditioned emotionality is significantly reduced. It was
found that exposure to the avoidance CS complex similarly modu-
lated object memory consolidation in animals that learned a
behavioral response to the warning light + tone stimulus per-
formed with minimal conditioned emotionality (Avoider sub-
group), and in animals that learned a freezing response to testing
chambers performed with high conditioned emotionality
(Non-Avoider subgroup). An analysis of known neurobiological
mechanisms involved in avoidance learning suggests the hypoth-
esis that conditionedmemorymodulationmay involve striatal DA
in avoider animals, while in nonavoider animals it may involves
stress hormones and the amygdala.

Materials and Methods

Subjects
A total of 120 male Sprague–Dawley rats (Charles River), weighing
between 225 and 250 g at the beginning of the experiments
were individually housed in standard rat cages (polycarbonate;
50.5 ×48.5 ×20 cm) with standard bedding and environmental en-
richment, and were maintained on a reverse light–dark schedule
(lights off at 07:00; on at 19:00). All testing was conducted during
the dark period. Rats had access to 20 g per dayof standard rat chow
and water was available ad libitum in home cages. All experiments
were approved by the Animal Care Committee of the University of
Guelph andwere performed in accordancewith recommendations
provided by the Canadian Council on Animal Care.

Apparatus

Avoidance Chambers
Gemini avoidance chambers (San Diego Instruments) were con-
structed of acrylic and aluminum walls with compartments of
equal size (9.5 × 8×8 in) separated by a stainless-steel gate.
The chambers were enclosed in acrylic and aluminum boxes
(66 ×33×44.5 cm). Scrambled footshocks are delivered to the
grid floor made of stainless-steel rods with a solid-state feedback
controller, and infrared photobeamswere used to detect subject lo-
cation. At the beginning of every trial, the gate opens, and a

B

A

Figure 5. (A) Mean (±SEM) percentage avoidance during the
Shock-OFF avoidance test in animals trained with 0- and 0.8-mA shock.
Only animals trained with 0.8-mA shock were divided into Non-Avoider
and Avoider subgroups. (B) Mean (±SEM) hot-plate latencies assessed im-
mediately after the Shock-OFF avoidance test. The asterisk denotes a sig-
nificant difference compared with the 0.8-mA Non-Avoider subgroup.
The number sign denotes a significant difference compared with the
0-mA group.
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compound warning stimulus comprised of a 10-sec tone (65 db,
3000 Hz) and cue light (18 lux) is presented in the opposite com-
partment of the animals start position. At the end of each trial fol-
lowing either an escape, avoidance, or nonresponse, the gate closes
and does not open until the beginning of the next trial.

Hot-plate
Response latency to thermal painwas assessed using a hot-plate ap-
paratus (model LE7406; LSI Letica). The heated surface (22×22 cm)
was maintained at 50°C±2.1°C (Plone et al. 1996). Animals were
placed onto the hot-plate apparatus and removed following either
a lick of the fore paw, hind paw, or if 60 sec elapsed.

Object recognition
The Y-apparatus used for OR has been described previously by
Wolter et al. (2019). On each object recognition trial, the rats expe-
rienced a new set of never before seen objects comprised of plastic,
ceramic, and glass ranging in height from 10 to 20 cmwith varying
visual and tactile qualities. Objects were fixed to the floor using
odorless reusable adhesive putty and were always wiped with
50% ethanol before being placed into the apparatus to control
for any olfactory cues that may influence exploration. A JVC
Everio digital camerawasmounted on a tripod above the apparatus
to record all trials.

Procedures

Experiment 1
The avoidance protocol described below was adapted from a study
that explored individual differences in learned helplessness
(Storace et al. 2019), as well as from an active avoidance pilot
(9 rats trained with 0.8 mA footshock) indicating that avoidance
performance tends to spontaneously increase after a break (4 d)
from daily training (Fig. 1). Therefore, rats were habituated to the
avoidance chambers with the house light on for 15 min 1 d prior
to the beginning of training. They then underwent six consecutive
days of avoidance training which included 30 trials per day, with
an inter-trial interval between 22–38 sec. On each trial, the com-
pound warning stimulus was activated for 10 sec, the footshock
was then activated, and both terminated 30 sec later. On each

training trial, rats could: completely avoid the footshock by cross-
ing to the adjacent compartment during the presentation of the
warning stimulus, escape the footshock during the 30-sec foot-
shock activation, or fail to cross to the other compartment alto-
gether. Different groups of rats (n= 9 each) were trained with
different footshock intensities: 0, 0.2, 0.4, or 0.8 mA. All animals
were given a 96-h rest period, and then training resumed for 2 con-
secutive days. On experimental day 9, avoidancewas testedwith all
shockers turned off (Shock-OFF test). Immediately following avoid-
ance sessions on training days 1, 3, 6, 7, and the Shock-OFF test,
hot-plate latencies were assessed.

Experiment 2
In this experiment, different groups of animals were trained iden-
tically as Experiment 1, except that only two shock intensities were
used: the 0 mA (n= 17) was included as a control for general motor
activity in the chambers, while 0.8 mA (n=69; the experiment was
repeated in various cohorts over a period of time) was selected
because it generated the greatest individual differences in both
avoidance learning and responsivity to thermal pain in
Experiment 1.

To test the effects of postsample exposure to conditioned
avoidance CS on object recognition memory, all rats were habitu-
ated to the empty Y-apparatus for 5min following avoidance train-
ing days 7 and 8 (Fig. 1). OR testing consisted of two phases: a
sample phase and a choice phase, separated by a 72-h retention in-
terval. This retention interval was chosen as a “suboptimal” condi-
tion in which treatment naïve rats do not typically express
memory (Wolter et al. 2019, 2020; Baidoo et al. 2020). During
the sample phase, two identical novel objects were placed into
the Y-apparatus at the end of each exploration arm. Each rat was
placed in the start box, and the guillotine door was opened. Rats
were allotted a maximum of 180 sec to explore objects or were re-
moved if 25 sec of total object explorationwas achieved, whichever
came first. Object exploration was defined as directing the nose to
the object at <2 cm and/or touching the object with the nose. Ten
minutes following the conclusion of the sample phase, rats were
tested for avoidance with shockers turned off (Shock-OFF test)
and then immediately tested for reactivity to thermal pain at the
end of the avoidance session. After the 72-h retention interval in
home cages, rats were returned to the Y-apparatus for a test of
choice between a copy of the original sample object in one arm
and a novel object in the other. This choice phase lasted 2 min,
and the time spent exploring the novel and familiar objects was re-
corded. The positions of the objects were counterbalanced across
groups.

Statistical analysis
One-factor and two-factor repeated measures analysis of variance
(ANOVAs) were performed using SigmaPlot (v.12.5, Systat
Software, Inc.). Significant main effects and/or interactions were
further analyzed by Student Newman–Keuls post-hoc analysis.
The significant alpha level for all analyses was set at 0.05.
Analyses of theOR task required the calculation of a discrimination
ratio (DR) to standardize for differences in individual total explora-
tion times between the rats. A DR is a ratio of object preference,
where a score of 0 means the rat shows no preference between
the two objects, a positive score indicates preference of the novel
object, and a negative score indicates preference for the familiar ob-
ject. Exploration data were taken from the first minute of the
choice phase to calculate the choice discrimination ratio [1 min
novel object exploration−1 min familiar object exploration/
1 min novel object exploration+1 min familiar object explora-
tion], as previous research indicates that novelty preference is
most robust during the first minute of the choice phase (Dix and
Aggleton 1999). The sample DR was calculated using an if/then
scenario: (If “novel side is left” (left arm exploration− right arm ex-
ploration)/(total object exploration) If “novel side is right” (right
arm exploration− left arm exploration)/(total object exploration)).
A minimum exploration time was not used in these calculations.

Figure 6. The mean (±SEM) discrimination ratio produced during the
sample and choice phase of object recognition following exposure to
the avoidance context and CS postsample. The asterisk denotes a signifi-
cant difference compared with sample phase discrimination ratio. The
number sign denotes a significant difference compared with the 0-mA
choice phase discrimination ratio.
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