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The hippocampus contributes to retroactive
stimulus associations during
trace fear conditioning

Kyle Puhger,’? Ana P. Crestani,” Cassiano R.A. F. Diniz,” and Brian J. Wiltgen'?3*

SUMMARY

Binding events that occur at different times are essential for memory formation. In trace fear conditioning,
animals associate a tone and footshock despite no temporal overlap. The hippocampus is thought to
mediate this learning by maintaining a memory of the tone until shock occurrence, however, evidence
for sustained hippocampal tone representations is lacking. Here, we demonstrate a retrospective role
for the hippocampus in trace fear conditioning. Bulk calcium imaging revealed sustained increases in
CA1 activity after footshock that were not observed after tone termination. Optogenetic silencing of
CA1 immediately after footshock impaired subsequent memory. Additionally, footshock increased the
number of sharp-wave ripples compared to baseline during conditioning. Therefore, post-shock hippo-
campal activity likely supports learning by reactivating and linking latent tone and shock representations.
These findings highlight an underappreciated function of post-trial hippocampal activity in enabling retro-
active temporal associations during new learning, as opposed to persistent maintenance of stimulus rep-
resentations.

INTRODUCTION

A major function of the hippocampus is to learn about events that are separated in space and time.' ™ This information is used to form
episodic memories in humans and spatial maps in animals. In the latter case, proximal and distal stimuli are associated during high-frequency
oscillations called sharp-wave ripples (SWRs).™" For example, when a rat discovers food at the end of a maze, CA1 neurons replay (or reac-
tivate) the path that was taken to get there.>”"*"'* These replay events occur rapidly (150-300ms) and coincide with the release of neuromo-
dulators like dopamine (DA), which strengthens the connections between co-active neurons so the entire path will be remembered in the
future.”'”

Itis possible that a similar process allows animals to learn about nonspatial events that are separated in time. For example, during trace
fear conditioning (TFC), an aversive footshock (US) is presented several seconds after the termination of an auditory cue (CS). Animals can
associate these stimuli provided they have an intact hippocampus.'®*° However, it is not known if SWRs or replay contribute to this learning.
It is typically assumed that the hippocampus maintains a memory of the auditory cue after it terminates so it can be associated with shock
several seconds later.”"?* Although this idea is widely accepted, recording and imaging studies have observed little to no maintenance
of “CS activity” after the auditory cue has terminated.”*** Instead, the hippocampus is transiently activated during the CS and then again
during and after footshock. Interestingly, the activity induced by footshock is prolonged and persists for tens of seconds after this stimulus
terminates.””” We hypothesize that this period of prolonged activity represents a period of time when memories of the tone and shock are
reactivated together and become associated, similar to that observed during spatial learning.

The idea that learning occurs after a conditioning trial has ended was first proposed by animal researchers in the 1940s, 50s and 60s.
Edward Tolman wrote, “Learning what to avoid ... may occur exclusively during the period after the shock”. Leo Kamin hypothesized that
unexpected shocks cause animals to perform, ... a backward scanning of their memory store of recent stimulus input; only as a result of
such a scan can an association between CS and US be formed.” In the 1970s, Allen Wagner reintroduced this idea and argued that, “an un-
expected or surprising US event will provoke a post-trial rehearsal process necessary to the learning about the CS-US relationships
involved.”.*® The assertion that surprise is essential for learning later became widely accepted in psychology and drove the development
of many influential learning theories.*'*? However, the assumption that unexpected stimuli induce memory formation because they instigate
a post-trial rehearsal process has largely disappeared from the field. This is despite the fact that a number of behavioral studies provided
support for this idea.”%33-%
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Figure 1. Footshock elicits increases in CA1 activity during TFC training

(A) Left: GCaMP6f was infused into CA1 (n = 11 mice), and an optical fiber (white dotted line) was implanted above the infusion site. Right: Schematic of the fiber
photometry system used to measure bulk fluorescence during TFC training.

(B) Bulk calcium response during TFC training trials show a large increase in activity elicited by the footshock. Gray rectangle indicates when tone is presented.
Dotted rectangle indicates footshock presentation.

(C) GCaMP fluorescence is significantly increased by footshock (paired t-test, t(10) = —6.256, p < 0.001). Light gray lines represent each animal’'s mean
fluorescence for the 20 s before the shock (pre-shock) and the 20 s after the shock (post-shock). Dark line represents the mean pre-shock and post-shock
fluorescence averaged over all subjects.

All data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

In the current paper, we test the idea that hippocampal activity after the US is essential for trace fear learning. We hypothesize that this
activity consists of SWRs, during which memories of the CS and US are reactivated and become associated with one another. The post-trial
period is ideal for learning because it is when neuromodulators like dopamine (DA) are released into the hippocampus.®” DA is well-known to
enhance synaptic plasticity and promote long-term memory formation.***> Consistent with this idea, we recently showed that DA activity is
required for TFC and levels of this catecholamine increase in dorsal CA1 for approximately 40-s after footshock.? To test our current hypoth-
eses, we used a combination of bulk calcium-imaging, optogenetics, in vivo recordings and pharmacological manipulations during trace fear
learning in mice.

RESULTS

Footshock elicits a large increase in CA1 calcium activity

We used fiber photometry to measure bulk calcium fluorescence, an indirect readout of population activity, in order to examine neural activity
in CA1 during TFC. Mice were injected with CaMKII-GCaMPéf which expresses the calcium indicator GCaMPéf in CA1 pyramidal cells (Fig-
ure TA). Mice then underwent a single session of TFC training consisting of 10 training trials. Consistent with previous studies we did not find
any significant GCaMP response to the CS onset, CS offset, or during the trace interval (Figure 1B).”** However, we found a large, sustained
increase in GCaMP fluorescence elicited by the US (Figure 1B). The mean GCaMP fluorescence was significantly greater during the 20 s after
the footshock (post-shock) than during the 20's prior to the shock (pre-shock) (Figure 1C). These data demonstrate a large US-elicited increase
in CA1 activity, raising the possibility that this US-induced activity also contributes to TFC learning. Next, we will test this hypothesis by using
optogenetic inhibition to selectively silence CA1 after the footshock during TFC. We predict that silencing CA1 immediately after the foot-
shock, but not later during the ITI, will impair memory.

CA1 inhibition after the footshock impairs TFC memory

After observing a large increase in US-elicited CA1 pyramidal cell activity, we next sought to determine whether CA1 activity during the post-
shock period was necessary for TFC learing. To test this, we infused either AAV-CaMKII-eArchT3.0-eYFP to express the inhibitory opsin
ArchT or AAV-CaMKIl-eGFP in CA1 pyramidal cells. During training, 561 nm light was delivered continuously for 40 s immediately after
the footshock for all three CS-US pairings (Figures 2B and 2C). During training, there were no group differences in freezing during the baseline
period prior to conditioning, but ArchT mice froze significantly less than eGFP mice during the trace interval and ITI (intertrial interval; time
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Figure 2. CA1 inhibition after the footshock impairs TFC memory

(A) Representative image of AAV expression and optical fiber placement targeting CA1.

(B) Experimental design to silence CA1 after the footshock during TFC.

(C) On the first day mice (n = 12 per group) underwent TFC while laser stimulation (561 nm) was delivered to CA1 continuously for 40 s immediately after the
footshock on each training trial. The next day mice received a tone test in a novel context B. The following day contextual fear memory was tested in the
original training context.

(D) ArchT mice froze significantly less during the trace interval and [Tl than the eGFP control group during the training session (Group X Phase interaction:
F(3,66) = 4.842, p < 0.01; Trace: t(22) = —2.801, p < 0.05; ITI: 1(22) = —3.887, p < 0.01).

(E) ArchT mice froze significantly less than eGFP mice during the tone test (Main effect of Group: F(1,22) = 11.32, p < 0.01).

(F) ArchT mice froze significantly less than eGFP mice during the context test (t(22) = —7.17, p < 0.001).All data are expressed as mean + SEM; *p < 0.05,
**p < 0.01, **p < 0.001.

between the US and the subsequent CS) (Figure 2D). When tone memory was tested the next day in a novel context in the absence of laser
stimulation, ArchT mice froze significantly less than e GFP controls (Figure 2E). Twenty-four hours later we assessed context memory by return-
ing the mice to the training context for 600 s. ArchT mice froze significantly less than eGFP controls (Figure 2F). A deficit in context fear was not
observed previously when CA1 was inactivated during the tone or trace interval.'®'® This suggests that CA1 activity immediately after foot-
shock supports memory for both the tone and context in TFC.

Delayed CA1 inhibition during the ITI does not impair TFC memory

Prior work has demonstrated that CA1 activity during the trace interval is critical for TFC memory.'®"'® Our current results indicate that CA1
activity after the footshock is also necessary for TFC memory formation (Figures 2B and 2C). In order to rule out any potential nonspecific
effects of CA1 inhibition during training, we repeated the previous optogenetic inhibition experiment but delayed inhibition until later in
the ITI. Mice received injections of ArchT or eGFP into dorsal CA1 (n = 12 per group). Three weeks later mice were trained as described
in the previous experiment, but laser stimulation was presented 140 s after each footshock (Figures 3B and 3C). Unlike the results from the
early ITl inhibition, there were no differences in freezing between ArchT and eGFP mice during training (Figure 3D). Additionally, when
tone memory was tested the following day in a novel context both groups of mice displayed similar levels of freezing to the tone (Figure 3E).
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Figure 3. Delayed CA1 inhibition does not impair TFC memory
(A) Representative image of post hoc validation of AAV expression and optical fiber placement (white dotted lines) targeting CA1.

(B) Experimental design to silence CA1 during the ITI. On the first day mice underwent TFC while laser stimulation (561 nm) was delivered to CA1 continuously for
40 s starting 140 s after the footshock on each training trial.

(C) On the first day mice underwent TFC while laser stimulation (561 nm) was delivered to CA1 continuously for 40's after a 140 s delay following termination of the
footshock. The next day mice received a tone test in a novel context B. The following day contextual fear memory was tested in the original training context.
(D) ArchT mice and eGFP performed similarly during training (Main effect of Group: F(1,22) = 0.446, p > 0.05).

(E) ArchT mice and eGFP did not differ in their freezing to the tone CS during the tone test (Main effect of Group: F(1,22) = 0.022, p > 0.05).

(F) Both groups showed similar freezing responses to the training context During the contextual memory test (1(22) = —0.694, p > 0.05).

All data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

This is consistent with previous findings that CA1 disruption during the ITI does not affect tone memory in TFC.""'® Similarly, context memory
was also unaffected when CA1 inhibition after the footshock was delayed (Figure 3F). These results provide evidence that CA1 is selectively
required immediately after the footshock but not later in the ITI.

Post-shock CA1 inhibition late in learning does not impair TFC memory

Our results thus far suggest that CA1 may contribute to TFC learning by retroactively associating the US and CS. Next, we asked whether CA1
activity after the footshock was involved in the maintenance of previously consolidated memories. To test this idea, we injected mice with
ArchT or eGFP (n = 12 per group) as described in the previous experiments. On the first day, mice were given 3 TFC trials in the without laser
stimulation (Figure 4A). No group differences were observed during this session (Figure 4B). On training day 2 mice were given another 3TFC
trials, and laser stimulation was delivered 40 s immediately after the footshock (Figure 4A). Contrary to post-shock CA1 inactivation during
initial learning, silencing CA1 on the second day of training did not impair learning (Figure 4C). During the tone test both groups of mice froze
similarly in response to the tone (Figure 4D). Contextual fear memory was also similar between groups (Figure 4E). These results indicate that
silencing CA1 immediately after the footshock do not impair a previously formed TFC memory. This is consistent with the view that CA1 ac-
tivity after the footshock is required to initially learn the CS-US relationship but is not required when animals have already learned the CS-US
association.

Footshock during TFC produces an increase in the occurrence of SWRs

To test whether SWRs are increased after the footshock, we conducted electrophysiological recording of CA1 LFPs (local field potential) while
mice underwent a single session of TFC training, consisting of 10 tone-trace-shock trials (Figures 5A and 5B). We found that the number of
SWRs was significantly greater after the footshock than during the baseline period (Figure 5C). Consistent with the fact that SWRs are primarily
observed during periods of immobility, we found that the number of SWRs was positively correlated with the amount of time mice spent
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Figure 4. Post-shock CA1 inhibition late in learning does not impair TFC memory
(A) Experimental design to silence CA1 after the footshock on the second training day. Both groups received TFC training on the first day without any laser
stimulation. On the second training day, mice underwent TFC while laser stimulation (561 nm) was delivered to CA1 continuously for 40 s immediately after

the footshock on each training trial. The next day mice received a tone test in a novel context B. The following day contextual fear memory was tested in the
original training context.

(B) ArchT mice and eGFP performed similarly during the first day of training (Main effect of Group: F(1,22) = 0.147, p > 0.05).

(C) ArchT mice and eGFP performed similarly during the second training day (Main effect of Group: F(1,22) = 0.690, p > 0.05).

(D) During the tone test, ArchT mice and eGFP did not differ in their freezing to the tone (Main effect of Group: F(1,22) = 1.88, p > 0.05).
(E) During the context test, both groups showed similar freezing responses to the training context (t(22) = 0.944, p > 0.05).

All data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

freezing during the ITI period (Figure 5D). These data indicate that shock elicits an increase in SWR occurrence, which we hypothesize con-
tributes to retroactive learning in TFC.

Muscarinic cholinergic agonist decreases SWRs, reduces calcium activity during TFC and impairs memory

Prior work has demonstrated that increased acetylcholine suppresses ripples.”® Similarly, others have shown that pilocarpine, a muscarinic
cholinergic agonist, decreases the frequency of SWRs."” Here, we first demonstrated that an |.P. injection of pilocarpine (10 mg/kg) reduced
the frequency of SWRs = 3x in anesthetized animals (Figure 6A). To determine the effects of acetylcholine on bulk calcium activity and TFC
memory, we infused GCaMP6f into CA1 and subsequently administered either pilocarpine or saline (n = 5 mice per group) 15 min prior to TFC
training (Figure 6B). We found that GCaMP fluorescence was significantly lower in the pilocarpine group compared with the saline group in
the 20 s period after footshock (Figure 6C). Additionally, pilocarpine injected mice showed a memory impairment in the retrieval session per-
formed 24h after training (Figure 6D). Together, these results suggest that the increase in cholinergic transmission induced by pilocarpine
decreases the frequency of SWRs, reduces CA1 activity after footshock and impairs memory.

DISCUSSION

Trace conditioning depends on the hippocampus or its homologue in a variety of specifies including fish, rodents, rabbits and hu-
mans.'??%%852 This is likely the case because it engages a fundamental function of this brain region; associating stimuli that are separated
in time and space.w’5 Consistent with this idea, when animals learn to associate stimuli that overlap in time (e.g., delay conditioning), the hip-
pocampus is not required.’’'?>?=° This suggests that other brain regions can link stimuli provided they receive input about them very close
together in time. We hypothesize that this unique function of the hippocampus underlies the formation of episodic memories in humans and
spatial/cognitive maps in animals. ™
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Figure 5. SWRs increase in frequency after the US

(A) Schematic of the electrophysiological setup used to record local field potentials (LFPs) during TFC training.

(B) Representative LFP recording. Top: raw data example of LFPs. Bottom: 130-200Hz filtered data. Octothorpe (#) indicates detected SWR.
(C) SWR incidence s significantly increased after the shock (t(2) = —19.06, p < 0.01).

(D) Freezing levels during the ITI predict SWR incidence (t(31) = 5.87, p < 0.001).

All data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

One way the hippocampus associates discontiguous events is via SWRs and replay. For example, in spatial learning tasks, animals are
trained to navigate a maze in order to receive food reward. As they travel toward the food, place cells fire at different spatial locations on
the maze. When food is obtained, the same place cells are reactivated in reverse order during SWRs from the end of the maze back to
the beginning.®® This occurs very quickly (150-300ms), which is thought to strengthen the connections between place cells so the path
can be remembered in the future.

We hypothesize a similar process takes place during TFC. That is, when animals receive an aversive shock, SWRs are induced and the hip-
pocampus replays the sequence of events that preceded it. Previous work has shown that extended replay events can stretch backwards in
time for at least 30-40 s.">°**” If that were to happen during TFC, memory for the CS (distal cue) would be reactivated at the same time as
memory for the shock (proximal cue). However, this does not imply that the hippocampus encodes the emotional value of shock like the amyg-
dala and other brain regions.”® Instead, it is thought to form a sensory representation of this event like it does for reward and other cues that
are encountered in the environment.””

To test our hypothesis, we first used fiber photometry to record bulk calcium fluorescence from CA1 during TFC. We found no change in
bulk calcium fluorescence in response to the CS or during the trace interval. The lack of a CS-evoked response is likely due to the small number
of CA1 neurons that respond to pure tones.®'™® The use of more complex auditory stimuli should make this response easier to observe in
future studies.®* The absence of a change in CA1 activity during the trace interval is consistent with a large number of recording and imaging
studies, as noted above.?*?>®>% This result casts doubt on the idea that CA1 neurons maintain an active memory trace of the CS after it
terminates.

In contrast to the auditory cue and trace interval, our fiber photometry recordings showed that footshock elicits a large and prolonged
increase in CA1 activity. These data are congruent with prior work showing that pyramidal cells in CA1 are strongly activated by aversive un-
conditional stimuli.”*?* We next sought to determine whether the increased post-shock activity in CAT was causally involved in the acquisition
of TFC memory. First, we found that optogenetic inhibition of CA1 during the period when activity is elevated by footshock led to a significant
memory impairment for both the tone and training context. This result is similar to that observed in eyeblink conditioning studies where sur-
prising or unexpected post-trial events were shown to interfere with learning, presumably by disrupting a post-trial “rehearsal” process.*>*
Based on these data, we hypothesize that CA1 plays a role in the retroactive processing of the CS-US relationship.

We also found that delaying CA1 inactivation until 140 s after the footshock did not impair TFC memory. This is consistent with previous
studies showing that CA1 inactivation during the ITI does not affect trace fear acquisition.'”'® We also found that post shock activity is most
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Figure 6. Effects of cholinergic agonism on SWRs, GCaMP activity, and TFC memory

(A) Mice (n = 2) were first anesthetized prior to a 5 min baseline LFP recording (baseline) in their home cage prior to receiving an injection of pilocarpine (10 mg/kg,
i.p.). After a 10 min delay, mice underwent another 5 min of LFP recording (pilocarpine).

(B) Schematic of TFC design. GCaMP was infused into the dorsal hippocampus and an optical fiber was implanted above CA1 prior to mice undergoing TFC.

Saline or pilocarpine (10 mg/kg, i.p.) was administered 15 min prior to TFC training (n = 5 per group) wherein bulk calcium activity was measured by fiber
photometry. The next day, mice underwent a tone test in a novel context.

(C) Trial-averaged GCaMP fluorescence in saline and pilocarpine mice. Inset: GCaMP fluorescence was significantly lower after the footshock in pilocarpine mice
compared to saline mice (post — pre shock: t(12) = —2.787, p = 0.016).

(D) Mice that received pilocarpine injections prior to training froze significantly during the trace interval than mice that received saline prior to training (Group X
Phase interaction: F(2,24) = 3.579, p < 0.05; Trace t(12) = —2.771, p < 0.05).All data are expressed as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001.

important early in learning when US prediction errors and dopamine release are largest in CA1.?” When post-shock inactivation occurred dur-
ing a second training session (24 h after initial learning) there was no effect on memory. These results suggest that CS-US associations are
formed when unexpected shocks increase CA1 activity and induce dopamine release in the hippocampus.

When place cells were discovered, O'Keefe and Nadel argued that the main function of the hippocampus was to generate a map of the
environment that animals could use to guide subsequent behavior.”” Subsequent recording studies demonstrated that the hippocampus
binds spatial and non-spatial information together to generate an internal model of the world (i.e., a “cognitive map”) wherein space is
only one of several relevant dimensions.*?**’~%? For example, the hippocampus has been shown to encode non-spatial information such
as odors,”” sound frequencies,®® temporal intervals’’™"* and abstract task variables when it is relevant to an animal’s behavior.”””® These
data support the idea that the hippocampus forms associations between salient internal and external stimuli that then become stored in
long-term memory.”

The hippocampus reactivates or replays sequences of activity during large bursts of population activity known as SWRs.”'? Importantly,
these events can be replayed in forward or reverse order which could support prospective and retrospective associations during behavior.
Although hippocampal replay is often studied in the context of spatial behaviors, recent work has extended these findings to non-spatial
tasks. For example, in a sensory preconditioning task it was found that neurons in CA1 representing reward outcome fired before neurons
that represented the sensory cue during SWRs,”” suggesting that CA1 firing during SWRs can represent inferred relationships between stimuli
(spatial or non-spatial).

It is important to note that reward and aversion are not required to form cognitive maps.”“®° Replay occurs automatically after an animal
explores and then pauses, becomes inactive or goes to sleep.'® However, rewarding and aversive stimuli strengthen spatial memories by
inducing the release of neuromodulators like dopamine and norepinephrine.”*** In addition, reward had been shown to promote replay
of recently experienced events as opposed to future events.®’ These results suggest that spatial/cognitive maps are formed automatically,
and their stability is enhanced by biologically relevant events such as food or pain.
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SWRs are thought to coordinate activity throughout the brain. We hypothesize that US-induced increases in CA1 activity are driven, in part,
by SWRs, which facilitate communication between the hippocampus and other brain areas like the amygdala.® It is possible, therefore, that
SWRs transmit information about recently encountered stimuli to the amygdala (like the CS), which allows them to become associated with
fear. The precise timing of this signal may not be important, as amygdala activity remains elevated for several seconds after an aversive event
occurs.* % Consequently, the convergence of SWRs with elevated amygdala activity could promote synaptic strengthening and allow mem-
ory representations in the hippocampus to drive defensive behaviors like freezing. A similar process may also occur during delay conditioning,
where the CS and US overlap in time.?” However, unlike trace conditioning, the dorsal hippocampus is not required for this type of
learning.”"'®*>* Thus, even if dorsal CA1 were to respond similarly during delay conditioning, synaptic plasticity in the amygdala and other
brain regions is sufficient to mediate learning.

Limitations of the study

This study has demonstrated that the hippocampus is involved retroactively linking two stimuli during learning. While we provide evidence
that hippocampal SWRs are involved in this process, the current work does not investigate the activity of specific ensembles during SWRs nor
examine activity between the hippocampus and other regions important for TFC (e.g., amygdala, PFC). Additional work focusing on single-
unit activity and coordinated reactivation during TFC is needed to directly test this putative learning mechanism. In addition, modern genetic
tools such as FLICRE® enable the tagging of specific neuron ensembles that are active during the post-shock period with high temporal pre-
cision, allowing subsequent examination or manipulation of these ensembles. These data will provide valuable mechanistic insight into how
hippocampal dynamics and interactions between the hippocampus and other regions during the post-shock period support retroactive
learning of the CS-US relationship.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o METHOD DETAILS
Surgery
Histology
Behavioral apparatus
Trace fear conditioning
Optogenetic inhibition of CA1
Fiber photometry
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Fiber photometry analysis
O Statistical analysis

(@]
o
(@]
(@]
o
(@]

ACKNOWLEDGMENTS

We thank Drs. Tim Hanks (University of California, Davis), Diasynou Fioravante (University of California, Davis), and Jun Yamamoto (UT South-
western Medical Center) for providing technical assistance with the electrode assembly and electrophysiology data acquisition. We also thank
all members of the laboratory, as well as Drs. Charan Ranganath, Andrew Yonelinas, and Randy O'Reilly (University of California, Davis), for
their invaluable discussions and comments on the presented work. Some graphical components were created with BioRender.com. This work
was supported by funds from the National Institutes of Health (ROTNS129217 and R56NS129217 to B.W.), and a National Institutes of Health
training grant (T32MH112507 to K.P.).

AUTHOR CONTRIBUTIONS

K.P. and B.W. conceived the project. K.P. performed the GCaMP photometry experiment and all optogenetics experiments, and their statis-
tical analyses. A.P.C. performed the in vivo electrophysiology recording and the LFP data analysis for SWR detection. A.P.C. and C.R.D. per-
formed the pilocarpine photometry experiment and its statistical analysis. B.W., K.P., and A.P.C. interpreted the results and wrote the paper.
B.W. supervised and coordinated all aspects of the project.

DECLARATION OF INTERESTS

The authors declare no competing interests.

8 iScience 27, 109035, March 15, 2024


http://BioRender.com

iScience

Received: August 30, 2023

Revised: December 4, 2023
Accepted: January 23, 2024
Published: January 26, 2024

REFERENCES

1.

o

Wallenstein, G.V., Eichenbaum, H., and
Hasselmo, M.E. (1998). The hippocampus as
an associator of discontiguous events. Trends
Neurosci. 21, 317-323. https://doi.org/10.
1016/S0166-2236(97)01220-4.

. Eichenbaum, H. (2017). On the Integration of

Space, Time, and Memory. Neuron 95, 1007-
1018. https://doi.org/10.1016/j.neuron.2017.
06.036.

. Yonelinas, A.P., Ranganath, C., Ekstrom,

A.D., and Wiltgen, B.J. (2019). A contextual
binding theory of episodic memory: systems
consolidation reconsidered. Nat. Rev.
Neurosci. 20, 364-375. https://doi.org/10.
1038/541583-019-0150-4.

. Schiller, D., Eichenbaum, H., Buffalo, E.A.,

Davachi, L., Foster, D.J., Leutgeb, S., and
Ranganath, C. (2015). Memory and Space:
Towards an Understanding of the Cognitive
Map. J. Neurosci. 35, 13904-13911. https://
doi.org/10.1523/JNEUROSCI.2618-15.2015.

. Buzsaki, G., and Tingley, D. (2018). Space and

Time: The Hippocampus as a Sequence
Generator. Trends Cognit. Sci. 22, 853-869.
https://doi.org/10.1016/j.tics.2018.07.006.

. Foster, D.J., and Wilson, M.A. (2006). Reverse

replay of behavioural sequences in
hippocampal place cells during the awake
state. Nature 440, 680-683. https://doi.org/
10.1038/nature04587.

. Diba, K., and Buzsaki, G. (2007). Forward and

reverse hippocampal place-cell sequences
during ripples. Nat. Neurosci. 10, 1241-1242.
https://doi.org/10.1038/nn1961.

. Karlsson, M.P., and Frank, L.M. (2009). Awake

replay of remote experiences in the
hippocampus. Nat. Neurosci. 12, 913-918.
https://doi.org/10.1038/nn.2344.

. Foster, D.J. (2017). Replay Comes of Age.

Annu. Rev. Neurosci. 40, 581-602. https://doi.
org/10.1146/annurev-neuro-072116-031538.

. Buzsaki, G. (2015). Hippocampal sharp wave-

ripple: A cognitive biomarker for episodic
memory and planning. Hippocampus 25,

1073-1188. https://doi.org/10.1002/hipo.

22488.

. Dupret, D., O'Neill, J., Pleydell-Bouverie, B.,

and Csicsvari, J. (2010). The reorganization
and reactivation of hippocampal maps
predict spatial memory performance. Nat.
Neurosci. 13, 995-1002. https://doi.org/10.
1038/nn.2599.

. O'Neill, J., Senior, T.J., Allen, K., Huxter, J.R.,

and Csicsvari, J. (2008). Reactivation of
experience-dependent cell assembly
patterns in the hippocampus. Nat. Neurosci.
11, 209-215. https://doi.org/10.1038/nn2037.

. Davidson, T.J., Kloosterman, F., and Wilson,

M.A. (2009). Hippocampal Replay of
Extended Experience. Neuron 63, 497-507.
https://doi.org/10.1016/j.neuron.2009.
07.027.

. Berners-Lee, A., Feng, T., Silva, D., Wu, X,

Ambrose, E.R., Pfeiffer, B.E., and Foster, D.J.
(2022). Hippocampal replays appear after a
single experience and incorporate greater
detail with more experience. Neuron 110,
1829-1842.e5. https://doi.org/10.1016/].
neuron.2022.03.010.

15.

16.

20.

21.

22.

23.

24.

25.

26.

27.

Gomperts, S.N., Kloosterman, F., and Wilson,
M.A. (2015). VTA neurons coordinate with the
hippocampal reactivation of spatial
experience. Elife 4, e05360. https://doi.org/
10.7554/eLife.05360.

Wilmot, J.H., Puhger, K., and Wiltgen, B.J.
(2019). Acute Disruption of the Dorsal
Hippocampus Impairs the Encoding and
Retrieval of Trace Fear Memories. Front.
Behav. Neurosci. 13, 116. https://doi.org/10.
3389/fnbeh.2019.00116.

. Kitamura, T., Pignatelli, M., Suh, J., Kohara, K.,

Yoshiki, A., Abe, K., and Tonegawa, S. (2014).
Island Cells Control Temporal Association
Memory. Science 343, 896-901. https://doi.
org/10.1126/science.1244634.

. Sellami, A., Al Abed, A.S., Brayda-Bruno, L.,

Etchamendy, N., Valério, S., Oulé, M.,
Pantaléon, L., Lamothe, V., Potier, M.,
Bernard, K., et al. (2017). Temporal binding
function of dorsal CA1 is critical for
declarative memory formation. Proc. Natl.
Acad. Sci. USA 114, 10262-10267. https://doi.
org/10.1073/pnas.1619657114.

. Chowdhury, N., Quinn, J.J., and Fanselow,

M.S. (2005). Dorsal hippocampus
involvement in trace fear conditioning with
long, but not short, trace intervals in mice.
Behav. Neurosci. 119, 1396-1402. https://doi.
org/10.1037/0735-7044.119.5.1396.

Raybuck, J.D., and Lattal, K.M. (2014).
Bridging the interval: Theory and
Neurobiology of Trace Conditioning. Behav.
Process. 101, 103-111. https://doi.org/10.
1016/j.beproc.2013.08.016.

Kryukov, V.I. (2012). Towards a unified model
of pavlovian conditioning: Short review of
trace conditioning models. Cogn. Neurodyn.
6, 377-398. https://doi.org/10.1007/s11571-
012-9195-z.

Yamazaki, T., and Tanaka, S. (2005). A neural
network model for trace conditioning. Int. J.
Neural Syst. 15, 23-30. https://doi.org/10.
1142/50129065705000037.

Rodriguez, P., and Levy, W.B. (2001). A model
of hippocampal activity in trace conditioning:
Where's the trace? Behav. Neurosci. 115,
1224-1238. https://doi.org/10.1037/0735-
7044.115.6.1224.

Gilmartin, M.R., and McEchron, M.D. (2005).
Single Neurons in the Dentate Gyrus and CA1
of the Hippocampus Exhibit Inverse Patterns
of Encoding During Trace Fear Conditioning.
Behav. Neurosci. 119, 164-179. https://doi.
org/10.1037/0735-7044.119.1.164.

Ahmed, M.S., Priestley, J.B., Castro, A,
Stefanini, F., Solis Canales, A.S., Balough,
E.M., Lavoie, E., Mazzucato, L., Fusi, S., and
Losonczy, A. (2020). Hippocampal Network
Reorganization Underlies the Formation of a
Temporal Association Memory. Neuron 107,
283-291.e6. https://doi.org/10.1016/].
neuron.2020.04.013.

Tolman, E.C. (1948). Cognitive maps in rats
and men. Psychol. Rev. 55, 189-208. https://
doi.org/10.1037/h0061626.

Hudson, B.B. (1950). One-trial learning in the
domestic rat. Genet. Psychol. Monogr. 41,
99-145.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

¢? CellPress

OPEN ACCESS

Kamin, L. (1969). Predictability, Surprise,
Attention, and Conditioning. In Punishment
and Aversive Behavior, B. Campbell and R.
Church, eds. (Appleton-Century-Crofts),

pp. 279-296.

Kamin, L.J. (1968). “Attention-like” processes
in classical conditioning. In Miami Symp.
Predict. Behav. 1967 Aversive Stimul. Coral
Gables Fla (Univ. Miami Press), pp. 9-31.
Wagner, A.R., Rudy, J.W., and Whitlow, J.W.
(1973). Rehearsal in animal conditioning.

J. Exp. Psychol. 97, 407-426. https://doi.org/
10.1037/h0034136.

Rescorla, R., and Wagner, A. (1972). A theory
of Pavlovian conditioning: Variations in the
effectiveness of reinforcement and
nonreinforcement. In Classical Conditioning
[l Current Theory and Research, A.H. Black
and W.F. Prokasy, eds. (Appleton-Century-
Crofts), pp. 64-99.

Sutton, R.S. (1988). Learning to predict by the
methods of temporal differences. Mach.
Learn. 3, 9-44. https://doi.org/10.1007/
BF00115009.

Rescorla, R.A. (1968). Probability of shock in
the presence and absence of CS in fear
conditioning. J. Comp. Physiol. Psychol. 66,
1-5. https://doi.org/10.1037/h0025984.
Wagner, A.R., and Terry, W.S. (1975).
Backward conditioning to a CS following an
expected vs. a surprising UCS. Anim. Learn.
Behav. 3, 370-374. https://doi.org/10.3758/
BF03213461.

Terry, W.S., and Wagner, A.R. (1975). Short-
term memory for “surprising” versus
"expected” unconditioned stimuli in
Pavlovian conditioning. J. Exp. Psychol. Anim.
Behav. Process. 1, 122-133. https://doi.org/
10.1037/0097-7403.1.2.122.

Joos, E., Vansteenwegen, D., and Hermans,
D. (2012). Post-acquisition repetitive thought
in fear conditioning: An experimental
investigation of the effect of CS-US-rehearsal.
J. Behav. Ther. Exp. Psychiatr. 43, 737-744.
https://doi.org/10.1016/j.jbtep.2011.10.011.
Wilmot, J.H., Diniz, C.R.A.F., Crestani, A.P,,
Puhger, K., Roshgadol, J., Tian, L., and
Wiltgen, B.J. (2023). Phasic locus coeruleus
activity enhances trace fear conditioning by
increasing dopamine release in the
hippocampus. Preprint at bioRxiv. https://
doi.org/10.1101/2022.10.17.512590.

Frey, U., Schroeder, H., and Matthies, H.
(1990). Dopaminergic antagonists prevent
long-term maintenance of posttetanic LTP in
the CA1 region of rat hippocampal slices.
Brain Res. 522, 69-75. https://doi.org/10.
1016/0006-8993(90)91578-5.

O'Carroll, C.M., Martin, S.J., Sandin, J.,
Frenguelli, B., and Morris, R.G.M. (2006).
Dopaminergic modulation of the persistence
of one-trial hippocampus-dependent
memory. Learn. Mem. 13, 760-769. https://
doi.org/10.1101/Im.321006.

Ji, J., Zhang, X., and Li, B. (2003). beta-
adrenergic modulation of in vivo long-term
potentiation in area CA1 and its role in spatial
learning in rats. Sci. China C Life Sci. 46,
605-614. https://doi.org/10.1360/02yc0243.

iScience 27, 109035, March 15, 2024 9



https://doi.org/10.1016/S0166-2236(97)01220-4
https://doi.org/10.1016/S0166-2236(97)01220-4
https://doi.org/10.1016/j.neuron.2017.06.036
https://doi.org/10.1016/j.neuron.2017.06.036
https://doi.org/10.1038/s41583-019-0150-4
https://doi.org/10.1038/s41583-019-0150-4
https://doi.org/10.1523/JNEUROSCI.2618-15.2015
https://doi.org/10.1523/JNEUROSCI.2618-15.2015
https://doi.org/10.1016/j.tics.2018.07.006
https://doi.org/10.1038/nature04587
https://doi.org/10.1038/nature04587
https://doi.org/10.1038/nn1961
https://doi.org/10.1038/nn.2344
https://doi.org/10.1146/annurev-neuro-072116-031538
https://doi.org/10.1146/annurev-neuro-072116-031538
https://doi.org/10.1002/hipo.22488
https://doi.org/10.1002/hipo.22488
https://doi.org/10.1038/nn.2599
https://doi.org/10.1038/nn.2599
https://doi.org/10.1038/nn2037
https://doi.org/10.1016/j.neuron.2009.07.027
https://doi.org/10.1016/j.neuron.2009.07.027
https://doi.org/10.1016/j.neuron.2022.03.010
https://doi.org/10.1016/j.neuron.2022.03.010
https://doi.org/10.7554/eLife.05360
https://doi.org/10.7554/eLife.05360
https://doi.org/10.3389/fnbeh.2019.00116
https://doi.org/10.3389/fnbeh.2019.00116
https://doi.org/10.1126/science.1244634
https://doi.org/10.1126/science.1244634
https://doi.org/10.1073/pnas.1619657114
https://doi.org/10.1073/pnas.1619657114
https://doi.org/10.1037/0735-7044.119.5.1396
https://doi.org/10.1037/0735-7044.119.5.1396
https://doi.org/10.1016/j.beproc.2013.08.016
https://doi.org/10.1016/j.beproc.2013.08.016
https://doi.org/10.1007/s11571-012-9195-z
https://doi.org/10.1007/s11571-012-9195-z
https://doi.org/10.1142/S0129065705000037
https://doi.org/10.1142/S0129065705000037
https://doi.org/10.1037/0735-7044.115.6.1224
https://doi.org/10.1037/0735-7044.115.6.1224
https://doi.org/10.1037/0735-7044.119.1.164
https://doi.org/10.1037/0735-7044.119.1.164
https://doi.org/10.1016/j.neuron.2020.04.013
https://doi.org/10.1016/j.neuron.2020.04.013
https://doi.org/10.1037/h0061626
https://doi.org/10.1037/h0061626
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref27
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref27
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref27
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref28
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref28
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref28
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref28
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref28
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref29
https://doi.org/10.1037/h0034136
https://doi.org/10.1037/h0034136
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref31
https://doi.org/10.1007/BF00115009
https://doi.org/10.1007/BF00115009
https://doi.org/10.1037/h0025984
https://doi.org/10.3758/BF03213461
https://doi.org/10.3758/BF03213461
https://doi.org/10.1037/0097-7403.1.2.122
https://doi.org/10.1037/0097-7403.1.2.122
https://doi.org/10.1016/j.jbtep.2011.10.011
https://doi.org/10.1101/2022.10.17.512590
https://doi.org/10.1101/2022.10.17.512590
https://doi.org/10.1016/0006-8993(90)91578-5
https://doi.org/10.1016/0006-8993(90)91578-5
https://doi.org/10.1101/lm.321006
https://doi.org/10.1101/lm.321006
https://doi.org/10.1360/02yc0243

¢? CellPress

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

10

OPEN ACCESS

O'Dell, T.J., Connor, S.A., Guglietta, R., and
Nguyen, P.V. (2015). beta-Adrenergic
receptor signaling and modulation of long-
term potentiation in the mammalian
hippocampus. Learn. Mem. 22, 461-471.
https://doi.org/10.1101/Im.031088.113.
Takeuchi, T., Duszkiewicz, A.J., Sonneborn,
A., Spooner, P.A., Yamasaki, M., Watanabe,
M., Smith, C.C., Ferndndez, G., Deisseroth,
K., Greene, RW., and Morris, R.G.M. (2016).
Locus coeruleus and dopaminergic
consolidation of everyday memory. Nature
537, 357-362. https://doi.org/10.1038/
nature19325.

Kempadoo, K.A., Mosharov, E.V., Choi, S.J.,
Sulzer, D., and Kandel, E.R. (2016). Dopamine
release from the locus coeruleus to the dorsal
hippocampus promotes spatial learning and
memory. Proc. Natl. Acad. Sci. USA 113,
14835-14840. https://doi.org/10.1073/pnas.
1616515114.

Wagatsuma, A., Okuyama, T., Sun, C., Smith,
L.M., Abe, K., and Tonegawa, S. (2018). Locus
coeruleus input to hippocampal CA3 drives
single-trial learning of a novel context. Proc.
Natl. Acad. Sci. USA 115, E310-E316. https://
doi.org/10.1073/pnas.1714082115.

Werlen, E., and Jones, M.W. (2015). Chapter
10 - Modulating the map: dopaminergic
tuning of hippocampal spatial coding and
interactions. In Progress in Brain Research
The Connected Hippocampus, S. O’Mara
and M. Tsanov, eds. (Elsevier), pp. 187-216.
https://doi.org/10.1016/bs.pbr.2015.03.002.
Zhang, Y., Cao, L., Varga, V., Jing, M.,
Karadas, M., Li, Y., and Buzséki, G. (2021).
Cholinergic suppression of hippocampal
sharp-wave ripples impairs working memory.
Proc. Natl. Acad. Sci. USA 118, e2016432118.
https://doi.org/10.1073/pnas.2016432118.
Norimoto, H., Mizunuma, M., Ishikawa, D.,
Matsuki, N., and lkegaya, Y. (2012).
Muscarinic receptor activation disrupts
hippocampal sharp wave-ripples. Brain Res.
1461, 1-9. https://doi.org/10.1016/j.brainres.
2012.04.037.

Rodriguez-Exposito, B., Gémez, A., Martin-
Monzén, I., Reiriz, M., Rodriguez, F., and
Salas, C. (2017). Goldfish hippocampal
pallium is essential to associate temporally
discontiguous events. Neurobiol. Learn.
Mem. 139, 128-134. https://doi.org/10.1016/
j.nIm.2017.01.002.

McEchron, M.D., Bouwmeester, H., Tseng,
W., Weiss, C., and Disterhoft, J.F. (1998).
Hippocampectomy disrupts auditory trace
fear conditioning and contextual fear
conditioning in the rat. Hippocampus 8,
638-646. https://doi.org/10.1002/(SICI)1098-
1063(1998)8:6<638::AID-HIPO6>3.0.CO;2-Q.
Cheng, D.T., Disterhoft, J.F., Power, J.M.,
Ellis, D.A., and Desmond, J.E. (2008). Neural
substrates underlying human delay and trace
eyeblink conditioning. Proc. Natl. Acad. Sci.
USA 105, 8108-8113. https://doi.org/10.
1073/pnas.0800374105.

Knight, D.C., Cheng, D.T., Smith, C.N., Stein,
E.A., and Helmstetter, F.J. (2004). Neural
Substrates Mediating Human Delay and
Trace Fear Conditioning. J. Neurosci. 24,
218-228. https://doi.org/10.1523/
JNEUROSCI.0433-03.2004.

Clark, R.E., and Squire, L.R. (1998). Classical
conditioning and brain systems: the role of
awareness. Science 280, 77-81. https://doi.
org/10.1126/science.280.5360.77.

Kim, J.J., and Fanselow, M.S. (1992).
Modality-specific retrograde amnesia of fear.

iScience 27, 109035, March 15, 2024

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Science 256, 675-677. https://doi.org/10.
1126/science.1585183.

Anagnostaras, S.G., Maren, S., and Fanselow,
M.S. (1999). Temporally graded retrograde
amnesia of contextual fear after hippocampal
damage in rats: Within-subjects examination.
J. Neurosci. 19, 1106-1114. https://doi.org/
10.1523/JNEUROSCI.19-03-01106.1999.
Esclassan, F., Coutureau, E., Di Scala, G., and
Marchand, A.R. (2009). Differential
contribution of dorsal and ventral
hippocampus to trace and delay fear
conditioning. Hippocampus 19, 33-44.
https://doi.org/10.1002/hipo.20473.

Wu, X., and Foster, D.J. (2014). Hippocampal
Replay Captures the Unique Topological
Structure of a Novel Environment.

J. Neurosci. 34, 6459-6469. https://doi.org/
10.1523/JNEUROSCI.3414-13.2014.
Yamamoto, J., and Tonegawa, S. (2017).
Direct Medial Entorhinal Cortex Input to
Hippocampal CA1 Is Crucial for Extended
Quiet Awake Replay. Neuron 96, 217-227.e4.
https://doi.org/10.1016/j.neuron.2017.
09.017.

Malezieux, M., Klein, A.S., and Gogolla, N.
(2023). Neural Circuits for Emotion. Annu.
Rev. Neurosci. 46, 211-231. https://doi.org/
10.1146/annurev-neuro-111020-103314.
Wood, E.R., Dudchenko, P.A., and
Eichenbaum, H. (1999). The global record of
memory in hippocampal neuronal activity.
Nature 397, 613-616. https://doi.org/10.
1038/17605.

Manns, J.R., and Eichenbaum, H. (2006).
Evolution of declarative memory.
Hippocampus 16, 795-808. https://doi.org/
10.1002/hipo.20205.

Green, J.T., and Arenos, J.D. (2007).
Hippocampal and Cerebellar Single-Unit
Activity During Delay and Trace Eyeblink
Conditioning in the Rat. Neurobiol. Learn.
Mem. 87, 269-284. https://doi.org/10.1016/].
nlm.2006.08.014.

Xiao, C., Liu, Y., Xu, J., Gan, X., and Xiao, Z.
(2018). Septal and Hippocampal Neurons
Contribute to Auditory Relay and Fear
Conditioning. Front. Cell. Neurosci. 12, 102.
Aronov, D., Nevers, R., and Tank, D.W. (2017).
Mapping of a non-spatial dimension by the
Hippocampal-Entorhinal circuit. Nature 543,
719-722. https://doi.org/10.1038/
nature21692.

Zhang, G.-W., Sun, W.-J., Zingg, B., Shen, L.,
He, J., Xiong, Y., Tao, HW., and Zhang, L.I.
(2018). A Non-canonical Reticular-Limbic
Central Auditory Pathway via Medial Septum
Contributes to Fear Conditioning. Neuron 97,
406417 .e4. https://doi.org/10.1016/].
neuron.2017.12.010.

McEchron, M.D., and Disterhoft, J.F. (1997).
Sequence of Single Neuron Changes in CA1
Hippocampus of Rabbits During Acquisition
of Trace Eyeblink Conditioned Responses.

J. Neurophysiol. 78, 1030-1044. https://doi.
org/10.1152/jn.1997.78.2.1030.

McEchron, M.D., and Disterhoft, J.F. (1999).
Hippocampal encoding of non-spatial trace
conditioning. Hippocampus 9, 385-396.
https://doi.org/10.1002/(SICI)1098-
1063(1999)9:4<385::AID-HIPO5>3.0.CO;2-K.
O'Keefe, J., and Nadel, L. (1978). The
hippocampus as a Cognitive Map (Clarendon
Press ; Oxford University Press).
Eichenbaum, H., Dudchenko, P., Wood, E.,
Shapiro, M., and Tanila, H. (1999). The
Hippocampus, Memory, and Place Cells: Is It
Spatial Memory or a Memory Space? Neuron

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

iScience

23, 209-226. https://doi.org/10.1016/50896-
6273(00)80773-4.

O'Reilly, R.C., and Rudy, J.W. (2001).
Conjunctive representations in learning and
memory: Principles of cortical and
hippocampal function. Psychol. Rev. 108,
311-345. https://doi.org/10.1037/0033-295X.
108.2.311.

Allen, T.A,, Salz, D.M., McKenzie, S., and
Fortin, N.J. (2016). Nonspatial Sequence
Coding in CA1 Neurons. J. Neurosci. 36,
1547-1563. https://doi.org/10.1523/
JNEUROSCI.2874-15.2016.

Pastalkova, E., Itskov, V., Amarasingham, A.,
and Buzsaki, G. (2008). Internally Generated
Cell Assembly Sequences in the Rat
Hippocampus. Science 321, 1322-1327.
https://doi.org/10.1126/science.1159775.
MacDonald, C.J., Lepage, K.Q., Eden, U.T,,
and Eichenbaum, H. (2011). Hippocampal
“Time Cells” Bridge the Gap in Memory for
Discontiguous Events. Neuron 71, 737-749.
https://doi.org/10.1016/j.neuron.2011.
07.012.

Eichenbaum, H. (2014). Time cells in the
hippocampus: A new dimension for mapping
memories. Nat. Rev. Neurosci. 15, 732-744.
https://doi.org/10.1038/nrn3827.

Mau, W., Sullivan, D.W., Kinsky, N.R.,
Hasselmo, M.E., Howard, M.\W., and
Eichenbaum, H. (2018). The Same
Hippocampal CA1 Population
Simultaneously Codes Temporal Information
over Multiple Timescales. Curr. Biol. 28,
1499-1508.e4. https://doi.org/10.1016/].cub.
2018.03.051.

Wood, E.R., Dudchenko, P.A., Robitsek, R.J.,
and Eichenbaum, H. (2000). Hippocampal
Neurons Encode Information about Different
Types of Memory Episodes Occurring in the
Same Location. Neuron 27, 623-633. https://
doi.org/10.1016/50896-6273(00)0007 1-4.
Nieh, E.H., Schottdorf, M., Freeman, N.W.,
Low, R.J., Lewallen, S., Koay, S.A., Pinto, L.,
Gauthier, J.L., Brody, C.D., and Tank, D.W.
(2021). Geometry of abstract learned
knowledge in the hippocampus. Nature 595,
80-84. https://doi.org/10.1038/s41586-021-
03652-7.

Terada, S., Sakurai, Y., Nakahara, H., and
Fujisawa, S. (2017). Temporal and Rate
Coding for Discrete Event Sequences in the
Hippocampus. Neuron 94, 1248-1262.e4.
https://doi.org/10.1016/j.neuron.2017.
05.024.

Terada, S., Geiller, T., Liao, Z., O'Hare, J.,
Vancura, B., and Losonczy, A. (2022).
Adaptive stimulus selection for consolidation
in the hippocampus. Nature 601, 240-244.
https://doi.org/10.1038/s41586-021-04118-6.
Barron, H.C., Reeve, H.M., Koolschijn, R.S.,
Perestenko, P.V., Shpektor, A., Nili, H.,
Rothaermel, R., Campo-Urriza, N., O'Reilly,
J.X., Bannerman, D.M,, et al. (2020). Neuronal
Computation Underlying Inferential
Reasoning in Humans and Mice. Cell 183,
228-243.e21. https://doi.org/10.1016/j.cell.
2020.08.035.

Rudy, J.W., Huff, N.C., and Matus-Amat, P.
(2004). Understanding contextual fear
conditioning: insights from a two-process
model. Neurosci. Biobehav. Rev. 28, 675-685.
https://doi.org/10.1016/j.neubiorev.2004.
09.004.

Ambrose, R.E., Pfeiffer, B.E., and Foster, D.J.
(2016). Reverse Replay of Hippocampal Place
Cells Is Uniquely Modulated by Changing
Reward. Neuron 91, 1124-1136. https://doli.
org/10.1016/j.neuron.2016.07.047.


https://doi.org/10.1101/lm.031088.113
https://doi.org/10.1038/nature19325
https://doi.org/10.1038/nature19325
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1073/pnas.1714082115
https://doi.org/10.1073/pnas.1714082115
https://doi.org/10.1016/bs.pbr.2015.03.002
https://doi.org/10.1073/pnas.2016432118
https://doi.org/10.1016/j.brainres.2012.04.037
https://doi.org/10.1016/j.brainres.2012.04.037
https://doi.org/10.1016/j.nlm.2017.01.002
https://doi.org/10.1016/j.nlm.2017.01.002
https://doi.org/10.1002/(SICI)1098-1063(1998)8:6&lt;638::AID-HIPO6&gt;3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1098-1063(1998)8:6&lt;638::AID-HIPO6&gt;3.0.CO;2-Q
https://doi.org/10.1073/pnas.0800374105
https://doi.org/10.1073/pnas.0800374105
https://doi.org/10.1523/JNEUROSCI.0433-03.2004
https://doi.org/10.1523/JNEUROSCI.0433-03.2004
https://doi.org/10.1126/science.280.5360.77
https://doi.org/10.1126/science.280.5360.77
https://doi.org/10.1126/science.1585183
https://doi.org/10.1126/science.1585183
https://doi.org/10.1523/JNEUROSCI.19-03-01106.1999
https://doi.org/10.1523/JNEUROSCI.19-03-01106.1999
https://doi.org/10.1002/hipo.20473
https://doi.org/10.1523/JNEUROSCI.3414-13.2014
https://doi.org/10.1523/JNEUROSCI.3414-13.2014
https://doi.org/10.1016/j.neuron.2017.09.017
https://doi.org/10.1016/j.neuron.2017.09.017
https://doi.org/10.1146/annurev-neuro-111020-103314
https://doi.org/10.1146/annurev-neuro-111020-103314
https://doi.org/10.1038/17605
https://doi.org/10.1038/17605
https://doi.org/10.1002/hipo.20205
https://doi.org/10.1002/hipo.20205
https://doi.org/10.1016/j.nlm.2006.08.014
https://doi.org/10.1016/j.nlm.2006.08.014
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref62
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref62
https://doi.org/10.1038/nature21692
https://doi.org/10.1038/nature21692
https://doi.org/10.1016/j.neuron.2017.12.010
https://doi.org/10.1016/j.neuron.2017.12.010
https://doi.org/10.1152/jn.1997.78.2.1030
https://doi.org/10.1152/jn.1997.78.2.1030
https://doi.org/10.1002/(SICI)1098-1063(1999)9:4&lt;385::AID-HIPO5&gt;3.0.CO;2-K
https://doi.org/10.1002/(SICI)1098-1063(1999)9:4&lt;385::AID-HIPO5&gt;3.0.CO;2-K
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref67
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref67
http://refhub.elsevier.com/S2589-0042(24)00256-6/sref67
https://doi.org/10.1016/S0896-6273(00)80773-4
https://doi.org/10.1016/S0896-6273(00)80773-4
https://doi.org/10.1037/0033-295X.108.2.311
https://doi.org/10.1037/0033-295X.108.2.311
https://doi.org/10.1523/JNEUROSCI.2874-15.2016
https://doi.org/10.1523/JNEUROSCI.2874-15.2016
https://doi.org/10.1126/science.1159775
https://doi.org/10.1016/j.neuron.2011.07.012
https://doi.org/10.1016/j.neuron.2011.07.012
https://doi.org/10.1038/nrn3827
https://doi.org/10.1016/j.cub.2018.03.051
https://doi.org/10.1016/j.cub.2018.03.051
https://doi.org/10.1016/S0896-6273(00)00071-4
https://doi.org/10.1016/S0896-6273(00)00071-4
https://doi.org/10.1038/s41586-021-03652-7
https://doi.org/10.1038/s41586-021-03652-7
https://doi.org/10.1016/j.neuron.2017.05.024
https://doi.org/10.1016/j.neuron.2017.05.024
https://doi.org/10.1038/s41586-021-04118-6
https://doi.org/10.1016/j.cell.2020.08.035
https://doi.org/10.1016/j.cell.2020.08.035
https://doi.org/10.1016/j.neubiorev.2004.09.004
https://doi.org/10.1016/j.neubiorev.2004.09.004
https://doi.org/10.1016/j.neuron.2016.07.047
https://doi.org/10.1016/j.neuron.2016.07.047

iScience

82.

83.

84.

Girardeau, G., Inema, |., and Buzséki, G.
(2017). Reactivations of emotional memory in
the hippocampus—amygdala system during
sleep. Nat. Neurosci. 20, 1634-1642. https://
doi.org/10.1038/nn.4637.

Grewe, B.F., Griindemann, J., Kitch, L.J.,
Lecoq, J.A., Parker, J.G., Marshall, J.D.,
Larkin, M.C., Jercog, P.E., Grenier, F., Li, J.Z.,
et al. (2017). Neural ensemble dynamics
underlying a long-term associative memory.
Nature 543, 670-675. https://doi.org/10.
1038/nature21682.

Kim, E.J., Kong, M.-S., Park, S.G., Mizumori,

S.J.Y., Cho, J., and Kim, J.J. (2018). Dynamic
coding of predatory information between the
prelimbic cortex and lateral amygdala in

85.

86.

87.

foraging rats. Sci. Adv. 4, eaar7328. https://
doi.org/10.1126/sciadv.aar7328.

Pelletier, J.G., Likhtik, E., Filali, M., and Paré,
D. (2005). Lasting increases in basolateral
amygdala activity after emotional arousal:
Implications for facilitated consolidation of
emotional memories. Learn. Mem. 12,
96-102. https://doi.org/10.1101/Im.88405.
Rosen, J.B., Fanselow, M.S., Young, S.L.,
Sitcoske, M., and Maren, S. (1998).
Immediate-early gene expression in the
amygdala following footshock stress and
contextual fear conditioning. Brain Res. 796,
132-142. https://doi.org/10.1016/S0006-
8993(98)00294-7.

Berger, T.W., Alger, B., and Thompson, R.F.
(1976). Neuronal Substrate of Classical

88.

89.

¢? CellPress

OPEN ACCESS

Conditioning in the Hippocampus. Science
192, 483-485. https://doi.org/10.1126/
science.1257783.

Kim, C.K., Sanchez, M.I., Hoerbelt, P., Fenno,
L.E., Malenka, R.C., Deisseroth, K., and Ting,
A.Y. (2020). A Molecular Calcium Integrator

Reveals a Striatal Cell Type Driving Aversion.
Cell 183, 2003-2019.e16. https://doi.org/10.

1016/j.cell.2020.11.015.

Voigts, J., Newman, J.P., Wilson, M.A,,
and Harnett, M.T. (2020). An easy-to-
assemble, robust, and lightweight drive
implant for chronic tetrode recordings in
freely moving animals. J. Neural. Eng. 17,
026044. https://doi.org/10.1088/1741-2552/
ab77f9.

iScience 27, 109035, March 15, 2024 11



https://doi.org/10.1038/nn.4637
https://doi.org/10.1038/nn.4637
https://doi.org/10.1038/nature21682
https://doi.org/10.1038/nature21682
https://doi.org/10.1126/sciadv.aar7328
https://doi.org/10.1126/sciadv.aar7328
https://doi.org/10.1101/lm.88605
https://doi.org/10.1016/S0006-8993(98)00294-7
https://doi.org/10.1016/S0006-8993(98)00294-7
https://doi.org/10.1126/science.1257783
https://doi.org/10.1126/science.1257783
https://doi.org/10.1016/j.cell.2020.11.015
https://doi.org/10.1016/j.cell.2020.11.015
https://doi.org/10.1088/1741-2552/ab77f9
https://doi.org/10.1088/1741-2552/ab77f9

¢? CellPress

OPEN ACCESS

iScience

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

PENN.AAV9.CamKIl.GCaMP6f.WPRE.SV40 Addgene Addgene virus 100834
rAAV5/CamKlla-eArchT3.0eYFP UNC Vector Core N/A
rAAV5/CamKII-GFP UNC Vector Core N/A
Chemicals, peptides, and recombinant proteins

Pilocarpine hydrochloride Tocris 06-941-00
Experimental models: Organisms/strains

Mouse: B6129F1 Taconic B6129F1
Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Software and algorithms

Prism
Python (3.10)

GraphPad

Python Software Foundation

https://www.graphpad.com/features
https://www.python.org

fiberphotopy This paper https://github.com/kpeez/fiberphotopy

Cheetah Neuralynx https://neuralynx.fh-co.com/research-software/cheetah/
MATLAB (R2022a) Mathworks N/A

Biorender Biorender N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the Lead Contact, Brian Wiltgen (bjwiltgen@ucdavis.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data generated in this study are available upon reasonable request to the lead contact.
e All original code generated in this study are available upon reasonable request to the lead contact.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subjects in this study were 8-16-week-old male and female mice (C57BL/6&J, Jackson Labs; B6129F1, Taconic). Mice were maintained on a
12h light/12h dark cycle with ad libitum access to food and water. All experiments were performed during the light portion of the light/
dark cycle (0700-1900). Mice were group housed throughout the duration of the experiment. All experiments were reviewed and approved
by the UC Davis Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

Surgery

Stereotaxic surgery was performed 2-3 weeks before behavioral experiments began. Mice were anesthetized with isoflurane (5% induction,
2% maintenance) and placed into a stereotaxic frame (Kopf Instruments). An incision was made in the scalp and the skull was adjusted to place
bregma and lambda in the same horizontal plane. Small craniotomies were made above the desired injection site in each hemisphere. AAV
was delivered at a rate of 2nl/s to dorsal CA1 (AP - 2.0 mm and ML + 1.5 mm from bregma; DV -1.25 mm from dura) through a glass pipette
using a microsyringe pump (UMP3, World Precision Instruments). For the optogenetic inhibition experiments, the constructs were AAV5-
CaMKlla-eArchT3.0-EYFP (250 nl/hemisphere, titer: 4 x 10"?, diluted 1:10, UNC Vector Core) and AAV5-CaMKlla-GFP (250 nl/hemisphere,
titer: 5.3 x 102, diluted 1:10, UNC Vector Core). After AAV infusions, an optical fiber (optogenetics: 200 um diameter, RWD Life Science, fiber
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photometry: 400 um diameter, Thorlabs) was implanted above dorsal CA1 (AP -2.0 mm and ML £ 1.5 mm from bregma; DV -1.0 mm from
dura). The fiber implants were secured to the skull using dental adhesive (C&B Metabond, Parkell) and dental acrylic (Bosworth Company).
Optogenetic inhibition and fiber photometry recordings took place ~2-3 weeks after surgery.

For the microdrive implantation, a ~ 2 x 2 mm craniotomy was performed above the right hemisphere of the CA1 subregion of the dorsal
hippocampus. One stainless-steel screw fixed in the interparietal bone area on the contralateral site served as ground reference for the re-
cordings. The base of the microdrive and the screw were secured to the skull using dental adhesive (C&B Metabond, Parkell) and dental acrylic
(Bosworth Company). The microdrive then was covered by a cap to avoid any damage.

Histology

To verify viral expression and optical fiber location, mice were deeply anesthetized with isoflurane and transcardially perfused with cold
phosphate buffered saline (1X PBS) followed by 4% paraformaldehyde (PFA) in 1X PBS. Brains were extracted and post-fixed with PFA over-
night at room temperature. The following day 40 um coronal sections were taken on a vibratome (Leica Biosystems) and stored in a cryopro-
tectant solution. Finally, slices containing the dorsal hippocampus were washed for 5 mins with 1X PBS three times before staining the slices
for 10 minutes with DAPI (1:1,000, Life Technologies) and mounted on slides with Vectashield (Vector Labs). Images were acquired at 10x
magnification on a fluorescence virtual slide microscope system (Olympus).

Behavioral apparatus

The behavioral apparatus has been described previously.'® Briefly, fear conditioning occurred in a conditioning chamber (30.5 cm x 24.1 cm x
21.0 cm) within a sound-attenuating box (Med Associates). The chamber consists of a front-mounted scanning charge-coupled device video
camera, stainless steel grid floor, a stainless-steel drop pan, and overhead LED lighting capable of providing broad spectrum and infrared
light. For context A, the conditioning chamber was lit with both broad spectrum and infrared light and scented with 70% ethanol. For context
B, a smooth white plastic insert was placed over the grid floor and a curved white wall was inserted into the chamber. Additionally, the room
lights were changed to red light, only infrared lighting was present in the conditioning chamber, and the chamber was cleaned and scented
with disinfectant wipes (PDI Sani-Cloth Plus). In both contexts, background noise (65 dB) was generated with a fan in the chamber and HEPA
filter in the room.

Trace fear conditioning

All behavioral experiments took place during the light phase of the light-dark cycle. Prior to the start of each experiment, mice were habit-
uated to handling and tethering to the optical fiber patch cable for 5 mins/day for 5 days. Next, mice underwent training in context A. For
optogenetic inhibition experiments, mice were allowed to explore the conditioning chamber during training for 240 s before receiving three
conditioning trials. Each trial consisted of a 20-second pure tone (85 dB, 3 kHz), a 20 s stimulus-free trace interval, and a 2 s footshock (0.4 mA)
followed by an intertrial interval (ITl) of 240 s. The following day, mice were placed in a novel context (context B) for a tone memory test con-
sisting of a 240 s baseline period followed by six CS presentations separated by a 240 s ITI. Twenty-four hours later mice were returned to the
training context A for 600 s to test their context memory. For fiber photometry experiments, mice were allowed to explore the conditioning
chamber during training for 120 s before receiving ten conditioning trials. Each trial consisted of a 20-second pure tone (85 dB, 3 kHz), a
20-second stimulus-free trace interval, and a 2-second footshock (0.3 mA) followed by an intertrial interval (ITl) of 120 s. Freezing behavior
was measured using VideoFreeze software (Med Associates) and processed using custom python scripts.

Optogenetic inhibition of CA1

For optogenetic inhibition experiments green light (561 nm, ~10 mW) was delivered continuously for 40 s during each training trial. No light
was delivered during the tone or context memory tests. For both post-shock silencing experiments light was delivered immediately after
termination of the footshock. For the ITI silencing experiment light was delivered 140 s after termination of the footshock.

Fiber photometry

Fiber photometry enables the measurement of bulk fluorescence signal from a genetically defined population of cells in freely-moving,
behaving mice. To characterize bulk CA1 pyramidal cell bulk calcium activity, we expressed GCaMP6f under the CaMKIl promoter and a
400 um 0.37 NA low autofluorescence optical fiber was implanted above the injection site. The fiber photometry system (Doric) consisted
of an FPGA based data acquisition system (Fiber Photometry Console, Doric) and a programmable 2-channel LED Driver (Doric) to control
two connectorized light-emitting diodes (LED): a 465 nm LED (to measure calcium-dependent changes in GCaMP fluorescence) and a 405 nm
LED (an isosbestic control channel that measures calcium-independent changes in fluorescence). LED power was set to ~40 pW, and the LEDs
were modulated sinusoidally (465 nm at 209 Hz, 405 nm at 311 Hz) to allow for lock-in demodulation of the source signals. Light was passed
through a sequence of dichroic filters (Fluorescent Mini Cube, Doric) and transmitted into the brain via the implanted optical fiber. Bulk
GCaMP fluorescence from pyramidal cells beneath the optical fiber was collected and passed through a GFP emission filter (500-540 nm)
and collected on a femtowatt photoreceiver (Newport 2151). Doric Neuroscience Studio software was used to modulate the LEDs and sample
signals from the photoreceiver at 12 kHz, apply a 12 Hz low-pass filter, and decimate the signal to 120 Hz before writing the data to the hard
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drive. The start and end of every behavioral session were timestamped with TTL pulses from the VideoFreeze software and were recorded by
photometry acquisition system to sync the photometry and behavioral data.

Electrophysiological recordings

To improve SWRs detection, a custom-built microdrive®’ holding 2-4 movable tetrodes (12.7um nichrome wire, Sandvik) allowed the vertical
adjustment of each individual tetrode over the CA1 subfield. Tetrodes were lowered down once day and animals were recorded in an open
field in the following day, until SWRs were visually identified; the tetrode lowering procedure lasted between 3-7 days. Local field potential
(LFP) activity was recorded during TFC using a Cheetah data acquisition system (Digital Lynx 4SX, Neuralynx). LFP recordings were sampled at
2kHz, using a 0.3 - 500Hz bandpass filter. Recording data was synchronized with behavior using TTL pulses from the VideoFreeze software
(Med Associates). To reduce electrical noise a lickometer switch (Med-Associates ENV-250S) was used to disconnect the shock generator
from the grids during all periods when it was not in use. For anesthetized recordings, animals were injected (l.P.) with a ketamine
(100 mg/kg), xylazine (15 mg/kg), acepromazine (2 mg/kg) mixture. Depth of anesthesia was monitored by tail pinch and respiratory rate. An-
imals were kept in their homecage during the entire recording. The experiment consisted of a baseline recording (5min duration) followed by
an additional recording (5Smin duration) 10 minutes after the pilocarpine injection (10 mg/kg).

QUANTIFICATION AND STATISTICAL ANALYSIS
Fiber photometry analysis
Fiber photometry data were analyzed using a custom python analysis pipeline. The fluorescence signals from 405-nm excitation and 465-nm

excitation were downsampled to 10 Hz before calculating AF/F. Briefly, a linear regression model was fit to the 405 nm signal to predict the
465 nm signal. The predicted 465 nm signal was then used to normalize the actual 465 nm signal:

465nmactua| - 465nmpredicted

AF /F =
/ 465nmpredicted

X 100

For analysis, individual TFC trials were extracted from the whole-session recording data, where each trial begins 20 s prior to CS
onset and ends 100 s after the footshock. For each trial, AF/F values were z-scored using the 20 s baseline period prior to CS onset ((AF/
F- ."Lbaseline)/a-base\ine)~

Trial-averaged GCaMP responses were smoothed with loess regression for visualization purposes only; all statistical analyses were per-
formed on the non-smoothed data. For statistical analysis, mean fluorescence values were calculated during the trace interval (“pre-shock”,
20-40 s after CS onset) and after the footshock (“post-shock”, 42-62 s after CS onset).

Electrophysiological data analysis

Neuralynx data was converted to MATLAB format using a custom python script. The ripples were then analyzed in MATLAB using a custom-
made routine. Raw signals were downsampled to 1TkHz and bandpass filtered in the ripple band 130-200Hz. Putative SWR events were detect
using the FindRipple function from FMAToolbox (https://fmatoolbox.sourceforge.net). SWR events were defined as those where the begin-
ning/end thresholds exceeded 2 standard deviations and the peak exceeded 5 standard deviations. The minimum-maximum range for ripple
duration was considered 20-100 ms, and a minimum of 30 ms for inter-ripple interval. Ripple frequency was classified between the ones that
occurred during the baseline period of the TFC (2 minutes prior to the first tone presentation) or intertrial (2 minutes post-shock) periods. To
quantify the relationship between freezing and SWR incidence, average freezing and SWR counts were obtained for each [Tl period for each
animal to calculate the Pearson correlation coefficient.

Statistical analysis

For analysis of the training and tone test behavioral data, freezing was measured during each trial epoch (session baseline, tone, trace, ITl) and
averaged across trials for each animal. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to
those reported in previous publications. All behavioral data were analyzed using Two-Way Repeated Measures ANOVA followed by post
hoc comparisons adjusted with the Sidak method when appropriate. For the context test session, freezing was computed across the entire
session and analyzed using Welch's unpaired t-test. For the fiber photometry a paired t-test was used to compare pre-shock and post-shock
fluorescence within subjects. For the electrophysiological recordings a paired t-test was used to compare baseline with SWR frequency during
intertrial intervals. A threshold of p < 0.05 was used to determine statistical significance. All data are shown as mean + SEM. Statistical an-
alyses were performed in python or GraphPad Prism version 10, and all figures were generated in python and BioRender.
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