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Abstract
There is a pressing need for an ecologically relevant behavioral task that would enable the study of
elementary aspects of episodic memory. In everyday life, episodic memories are acquired incidentally in a
single-encounter fashion and are composed of sub-events separated by time gaps. We designed a
behavioral task called One-Trial Trace Escape Reaction (OTTER), in which rats incidentally associated
two temporally discontinuous stimuli. In OTTER, rats associate a neutral acoustic cue (conditioned
stimulus, CS) with an aversive stimulus (unconditioned stimulus, US) which occurs two seconds later: we
call this sequence CS-2s-US. In the �rst few sessions, rats are habituated to two similar environmental
contexts (A and B); each context consists of interconnected dark and light sub-areas. Next, in the pairing
session, rats experience CS-2s-US in the dark sub-area of one of the environmental contexts (either A or
B). The US is terminated immediately after a rat escapes into the light sub-area. During the recall session
24 hours later, rats are presented with only the CS in the alternate environmental context (B or A) and their
behavioral response is observed. Our results show that 50% of handled rats and 14% of non-handled rats
responded to the CS by escaping to the light sub-area although they experienced only a single CS-2s-US
pairing. The capacity to acquire a CS-2s-US association in a single CS-2s-US pairing indicates that
rodents are able to form incidental temporal associations. The OTTER behavioral task offers a �exible
high throughput tool to study memories acquired incidentally after a single experience.

Results And Discussion
Episodic memory is the ability to retain and recall knowledge of personally experienced past events[1].
These events are often composed of successive sub-events separated by time gaps and might be
experienced as a single memory[2]. The ability to form associations between events, known as temporal
binding, is likely an essential prerequisite for the formation of more complex episodic memories[3].
Another aspect of episodic memories is that they are acquired incidentally, i.e., we remember events we
did not intend to memorize. In an experimental setup, incidental memory can be tested in situations when
subjects are not aware that they will be tested on recall[4–6]. We believe that the encoding of episodic-like
memory should not require conditioning or pretraining and evidence suggests that mechanisms of
incidental encoding might differ from encoding with intent[7–10].

In order to ultimately understand the neural mechanism of episodic memory it is vital to �rst elucidate the
neural mechanisms of encoding and retrieval of temporally bound sub-events. The �rst step towards this
goal is to develop a valid and reliable behavioral task. Our goal was to develop a simple temporal binding
task with a clear behavioral response and with a balanced ratio of success. We focused on a one-trial
design to ensure that memory was encoded incidentally. To achieve this, we took advantage of two
natural behavioral tendencies of rodents. Firstly, rodents avoid brightly lit environments[11] and secondly,
they actively escape from an immediate threat[12, 13].

Our task, which we named One-Trial Trace Escape Reaction (OTTER), consisted of three stages:
habituation, pairing, and recall (Figure 1A–C). The purpose of habituation is to familiarize rats with a
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novel environment and to reduce their exploratory activity. Rats were habituated to two similarly
constructed environmental contexts; context A was oval-shaped while context B was slightly larger and
rectangular-shaped, see (Figure 1A). Both contexts consisted of one dark and one light sub-area,
separated by a partition with a rectangular opening. This design allowed us to exploit the natural
tendency of rodents to avoid bright light. It should be noted that even when rats are free to move between
both sub-areas, they strongly prefer the dark sub-area. To olfactorily diversify both contexts, context A
was cleaned with alcohol-based wash, while context B was cleaned using vinegar-based wash.

During the pairing session, rats experience two novel stimuli separated by a time gap, see (Figure 1B). A
rat is �rst allowed to explore the apparatus of context A or B exactly as it would during the habituation
sessions. When the rat settles in the dark sub-area, it is presented with an acoustic cue (the conditioned
stimulus CS, of three second duration). Two seconds after the CS is terminated the rat receives an electric
shock to its feet (unconditioned stimulus, US). The US is terminated immediately after the rat escapes to
the light sub-area. This is the opportunity for the rat to incidentally associate the CS with US (CS-2s-US)
and learn that escape to the light-sub area provides safety from the US.

Association between the CS and US is tested during the recall session 24 hours later (Figure 1C). Unlike in
traditional active avoidance tasks, the recall in OTTER is tested in a different environmental context.
Testing the recall in a different environmental context renders the association between the US and
environmental context irrelevant, therefore fear-related behavioral responses are only attributable to the
association between the CS and US. At the beginning of the recall session, each rat was placed in the
alternate environmental context from the one used in the pairing session (B or A). If at least 15 minutes
elapsed and the rat rested in the dark sub-area, the CS was delivered, and the reaction of the rat was
observed. There are two possible reactions: either the rat escapes into the light sub-area (‘responder’), or it
remains in the dark sub-area (‘non-responder’).

We evaluated the effect of animal handling on OTTER performance using Wistar rats. The �rst group of
rats was handled for a week prior to the experiment while the second group experienced only standard
manipulation (non-handled). During the 15-minute habituation sessions in environmental contexts A and
B, both groups of rats preferred the dark sub-area in both contexts (Figure 2A–E). Despite the difference
in shape, scent and area size of environmental contexts A and B, there was no notable difference in the
number of transfers (Figure 2F–J) or in time spent in the light sub-area between the handled and non-
handled rats (Figure 3).

During the pairing session, all rats transferred to the light compartment to escape the US. The average
time to escape was 4.4 ±3 seconds in handled and 4.9 ±3.5 seconds in non-handled rats (SEM, 95%
con�dence level). Five animals (four handled and one non-handled) received only the CS and served as
controls.

The rats’ responses to the CS during the recall session differed based on handling treatment: 50%
handled rats and (14%) of the non-handled rats escaped within 10 seconds of the start of CS (Figure 4A).
This result highlights the importance of animal handling on performance in cognitively demanding tasks.
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The average time to escape was 4.9 ±3.3 seconds in handled rats (SEM, 95% con�dence level) and 3
seconds in the non-handled rat (Figure 4B). None of the control rats escaped into the light sub-area in a
response to the CS.

It is evident, that OTTER is designed so that a single event is su�cient for an animal to acquire
knowledge of a contingency without a need for pre-training or any kind of ‘priming’ the animal that a
behaviorally relevant event can be anticipated. The pre-training in existing rodent paradigms can be
twofold; �rstly, shaping the desired response behavior, or secondly, repeated exposure to stimuli. Both
types of pretraining create an expectancy of contingency. For example, in trace fear conditioning the CS-
trace-US is presented more than once[14, 15]. Although it is possible that rodents in trace fear
conditioning associate CS with US even after a single CS-trace-US exposure, there is no observable
variable which could indicate the acquired knowledge. Freezing is an outcome measured in trace fear
conditioning and similar tasks, it is a response associated with an absence of an escape route[16], and
might indicate behavioral despair as no action can avert the stressor. In this context, it is possible that
freezing behavior emerges only after repeated CS-trace-US presentation. From this perspective, OTTER
bypasses the potentially non-speci�c freezing response because a single pairing session results in a clear
avoidance response during the recall session in rats.

In OTTER, active avoidance behavior offers an unambiguous binary measure of recall, so that each
animal can be con�dently singled out as a ‘responder’ or ‘non-responder’. In contrast, fear conditioning
tests and novel object recognition tasks use a continuous variable as an indicator of learning, such as
freezing or a duration of exploration. When a continuous variable is used to classify animals into discrete
groups then setting a threshold is needed. Setting the threshold value might be di�cult; in addition, it is
not clear how con�dent we can be about the classi�cation of animals that are just around the threshold
values. Therefore, using a continuous outcome variable as a basis for classi�cation might provide
unclear results. Rodent tasks with unambiguous output variables usually involve ‘declaring’ the
knowledge by entering a correct place or pressing a correct button[5, 17]. However, in rodents, extensive
training is required since declarative behavior (usually approach behavior) must be shaped by the
experimenter. The need of extensive training to achieve declarative behavior precludes the study of
incidentally acquired memories. In OTTER, the response is binary, and the declarative behavior is acquired
without a need for pretraining.

However, to be able to ascribe the escape reaction to the CS-2s-US association, it is essential that we �rst
establish an invariant baseline behavior — the animal has to stay in the dark sub-area most of the time on
its own accord. To this aim, we �rstly explored the in�uence of rat strain on behavior within the same
environmental context and discovered that Wistar rats displayed the most suitable behavior for OTTER.
Due to their increased light sensitivity, Wistar rats naturally spent most of their time in the dark sub-area
and transferred less frequently to the light sub-area when compared to Sprague-Dawley and Long-Evans
rats (Supplementary Fig. S1A-B online). Secondly, we changed the size and shape of the opening in the
partition between compartments which further reduced time Wistar rats spent in the light sub-area
(Supplementary Fig. S2A–B online). By implementing these measures rats seldom spontaneously move
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to the light sub-area, hence it is very likely that when an animal ‘responds’ to the CS, it does so because it
remembers the CS-2s-US association and not because of a random exploration.

Notably, OTTER displays no ‘ceiling effect’ and offers a good balance between ‘responders’ and ‘non-
responders’ in the handled group (approximately 1:1). Comparison between ‘responders’ and ‘non-
responders’ may be valuable when tracing neural changes in early acquisition of episodic-like memory.
The ratio of ‘responders’ and ‘non-responders’ is strongly shifted towards ‘non-responders’ in non-handled
animals (86% of rats were ‘non-responders’). It is possible that the presence of an experimenter and/or
manipulation stressed the rats. Acute stress, e.g., by a predator, was previously shown to impair
consolidation and retrieval of hippocampus-dependent memories[18] which could explain the decreased
performance in non-handled rats.

The OTTER task is very �exible. As long as the general principle of OTTER is adhered to, namely,
controlling animal behavior by balancing con�icting species-speci�c behavioral tendencies, OTTER can
be embodied by different physical instances. We are in the process of developing a second variant of
OTTER with the working title ‘ice-OTTER.’ In ‘ice-OTTER,’ the invariant behavior in rats and mice is
achieved by utilizing their preference for warmth, which results in the avoidance of the cold sub-area of
the apparatus. The �exible nature of OTTER allows adapting the task for different species and research
contexts.

OTTER offers a high temporal precision of the recall event making it a very promising task for a detailed
study of retrieval mechanisms. There is a very small time-window when an animal retrieves information
and acts upon it. Such pinpointing of the recall event is di�cult in tasks where behavioral response is
registered as a frequency of behavior during a time interval (freezing or exploration duration). Temporal
precision of the recall event offered by OTTER can be especially advantageous if combined with methods
using high temporal resolution, such as electrophysiology[19] or calcium imaging[20]. OTTER might
therefore serve as a valuable behavioral paradigm for a detailed study of neural mechanisms involved in
episodic-like memory retrieval.

We consider OTTER highly relevant to episodic memory because the successful recall of CS-2s-US in
OTTER meets several criteria of episodic memory: a) the memory was incidentally encoded(6), b)
encoding occurred after a single exposure[21], c) there was no pre-training involved [22], d) rat behavior
observed threshold retrieval dynamics[23], and e) rats were able to retrieve information �exibly in a
different context[24]. Considering these �ve criteria, OTTER is a good model of several putative aspects
of episodic memory. However, OTTER does not meet the episodic-like memory criterion of demonstration
of what-where-when knowledge of past experiences[25] because the �ight in response to the CS does not
indicate if the rat remembers where and when it experienced CS-2s-US. Rather than puzzling over whether
OTTER is 'an episodic-like memory task' or not, we �nd it more helpful to focus on the fact that OTTER
captures several important aspects of episodic memory and enables us to study them.

OTTER might also be utilized for the study of extinction of incidentally acquired memory based on a
single exposure. This aspect is highly relevant for several neuropsychiatric disorders and seems
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especially promising as an ecologically valid model of memory acquisition/extinction in post-traumatic
stress disorder (PTSD). We expect that the OTTER extinction curve could be manipulated in both
directions (faster/slower) by behavioral manipulations during or after the recall session.

As in any behavioral task, there are limitations to OTTER. First, the one-trial nature of OTTER precludes
repeated measurements that are often required to accumulate su�cient amounts of data (as in
electrophysiology). This limitation stems from probing the incidental one-trial aspects of episodic-like
memory and seems to be unavoidable. Second, it cannot be ruled out that ‘non-responders’ did in fact
form the CS-2s-US association but failed to act upon it. In assessing recall, we rely on motoric output that
is only indirectly related to the mental state of an animal.

In conclusion, we designed a temporal binding task called OTTER that is adaptable, gives rapid results
and is easy to conduct. Due to the association of temporarily discontinuous events, OTTER can be of
great help in understanding the neural mechanisms of temporal binding and possibly memory extinction.
The behavioral response in OTTER is ecologically valid because it takes advantage of the natural
behavioral tendencies of rodents. We demonstrated that rats can utilize the knowledge acquired from a
single past experience and use it to their advantage in a different context: rats demonstrated the same
behavior that resulted in the termination of the unpleasant stimulus they experienced 24-hours earlier.
OTTER extends the current range of trace conditioning tasks, capturing the one-trial and incidental nature
of encoding, and offers high temporal precision as to when the memory recall occurred. Moreover, the
OTTER task shares aspects with episodic memory due to its incidental, single-trial character with minimal
training requirements. Another notable advantage of OTTER is its unambiguous binary outcome. The rat
either crosses to the light sub-area or it does not, thus there is no need to set an arbitrary threshold for the
outcome variable, as is needed for continuous outcome measures.

Methods
Altogether, 20 adult Wistar male rats were used for the OTTER experiment. Upon arrival at Anlab, the 28-
day old rats were housed in standard laboratory cages (50 x 25 x 25 cm), two animals per cage.
Laboratory food and tap water were supplied ad libitum. The room where the animals were kept was
ventilated with a constant temperature of 22 °C and 50% humidity. The rats were kept on a 12-hour light
cycle and lights were turned on daily at 6 am. 

Rats were randomly assigned into two groups, the �rst group (N = 12) received handling by the
experimenter daily for 2 minutes for 4 days preceding the start of OTTER, while the second group (N = 8)
received no handling. All experiments were conducted in the light phase of the day because rats show
lower locomotion during that time[26]. All animal procedures were approved by Ethical Committee of the
Czech Academy of Sciences and complied with the Animal Protection Act of the Czech Republic and EU
directive 2010/63/EC.

Apparatus
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Two modi�ed TSE multi conditioning shuttle boxes (TSE Systems GmbH, Germany) were used in the
experiment. Each shuttle box consisted of two interconnected 24 x 47 cm sub-areas. The �rst sub-area of
both shuttle boxes was built from transparent acrylic glass (light sub-area), while the second sub-area
was created using dark opaque acrylic glass (dark sub-area). A dark opaque lid was used to cover the
dark sub-area, which resulted in a light intensity of less than 3 lx in the center of the sub-area. The light
sub-area was left uncovered; moreover, we added an additional light source to reach a light intensity of
1090 lx in the center of the sub-area. Intense light is highly uncomfortable for rodents[27] and aversively
motivated rats spend most of their time in the dark sub-area. The sub-areas were separated by a custom
made dark acrylic glass partition with a 4 x 40 cm wide central opening.

The shuttle boxes were soundproofed and equipped with a speaker. Once triggered by the TSE software,
the speaker delivered a 2400 Hz sound cue. The sound cue was delivered at 80 dB SPL intensity for 2
seconds. The walls of both sub-areas were equipped with infrared devices which registered the location
of the animal within the apparatus. The �oor of both sub-areas consisted of a metallic grid with 0.5 cm
diameter metal rods spaced 1.5 cm apart. When prompted, the metal rods delivered a 1.0 mA pulsatile
electric stimulus with a 400 ms period (a 200 ms, 1 mA stimulus followed by 200 ms no stimulus), to the
animal in the dark sub-area.

The two TSE multi conditioning shuttle boxes were visually and olfactorily distinct so that one shuttle box
served as environmental context A and the other as environmental context B. In context A, the walls of the
light sub-area were decorated with an aquarium scene on a circular insert, while in context B the walls
were decorated with black stripes. The surfaces of the sub-areas were washed with an alcohol-based
wash in context A, while a vinegar-based wash was used for cleaning in context B.

We presume that the OTTER task can be conducted using any similar apparatus where the above-
described general principles are adhered to will deliver comparable results to those using TSE shuttle
boxes.

Habituation, Pairing and Recall

Rats were individually habituated to each environmental context in two 15-minute daily sessions and the
sessions in contexts A and B were alternated daily. At the start of the habituation, rats were �rst placed in
the dark sub-area, then they were left to freely explore both sub-areas. 

Following habituation, rats were conditioned to CS-2s-US pairing. The pairing took place in the same
context as the �rst habituation session: rats that were exposed to context A �rst experienced CS-2s-US
pairing in context A and vice versa for context B. The beginning of the pairing session closely resembled
the habituation session where the rats were allowed to move freely through the apparatus for 15 minutes.
At this point, the rats did not transfer between the sub-areas at all or only very infrequently. Following the
15-minute interval a to-be-conditioned stimulus, a sound cue, was delivered. The CS must be delivered
cautiously as delivering the CS at an inappropriate moment might hamper the CS-2s-US acquisition. At
the time of the CS the animal must be located in the dark sub-area and it should be resting and not facing
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the door (to avoid bias toward escaping through the door). Two seconds after the termination of the CS,
an electric foot-shock was delivered (US) from the metallic �oor grid. The US was automatically
terminated when the position of the rat was registered in the light sub-area or if the rat did not leave the
dark sub-area in 20 seconds. Rats that did not escape were excluded and did not proceed to the recall
session. Rats that did escape were retrieved from the light sub-area and returned to their home cage
immediately after the escape. Rats were left undisturbed in their home cages for the next 24-hours, after
which they were tested for recall.

The recall of the CS-2s-US pairing took place in the alternate context, i.e., if the pairing took place in
context A, the recall was tested in context B. Recall session resembled the pairing session with the
exception that the US was not delivered. The CS was delivered no sooner than after 15 minutes and only
if the rat rested in the dark sub-area. Following the delivery of the CS, the response of the rat was
observed. Rats that escaped to the light sub-area within 10 seconds of the CS start were considered
‘responders’, while those that remained in the dark sub-area were considered ‘non-responders.’

Data visualization

Data visualizations were created in R using the visualization library ggplot2[28]. Heatmaps were obtained
using the two-dimensional kernel density estimation function, kde2d from the MASS library[29].
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Figure 1

Schematic overview of OTTER. (A) A rat is initially habituated to environmental contexts A and B in a
series of alternating daily sessions. (B) During the pairing session, the rat hears a sound cue (CS) while in
the dark sub-area of one of the two contexts (context A or B); two seconds later the rat receives a foot
shock (US) terminated once the rat transfers to the light sub-area. (C) After 24 hours, the association of
CS with US is tested in the recall session occurring in the alternate context (context B or A). When the rat
settles in the dark sub-area, the CS is delivered, and reaction observed. Rat either escapes into the light
sub-area (‘responder’) or stays in the dark sub-area (‘non-responder’).
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Figure 2

Sub-area preference and movement through the apparatus during habituation and pairing sessions. (A–
E) Where animals were likely to be during each session, red signi�es a frequent stay, a blue indicates
minimal presence. Rats were most often present in the dark sub-area of context A and B during each
session. (F–J) Location of rat (vertical axis) at a speci�c time during habituation sessions (seconds,
horizontal axis). Black represents the dark sub-area; gray represents the light sub-area.
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Figure 3

Time spent in sub-areas of contexts A and B by handled and non-handled rats during habituation
sessions. (A–D) Each rat (N = 12 handled, N = 8 non-handled) received two habituation sessions per
context in an alternating manner. Starting context was chosen randomly for each rat. Rats preferred the
dark sub-area (blue bar) and spent very little time in the light sub-area (yellow bar) in both contexts across
habituation sessions. Handling treatment did not affect sub-area preference. The green bar represents
time spent between sub-areas (‘door area’). Error bars indicate SEM.
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Figure 4

Effect of handling on performance in OTTER. (A) Ratios of responders (orange) to non-responders (blue)
in handled (N = 8) and non-handled (N = 7) rats which received CS-2s-US pairing, and in rats that received
CS only (controls, N = 5). Handling increased the ratio of responders to non-responders from 1:7 to 1:1.
(B) Time to translocate to the light sub-area following the CS presentation during recall session. Average
time to escape was: 4.9 ±3.3 seconds in handled rats and three seconds in the non-handled rat. Error bars
indicate SEM.
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