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Abstract

One of the guiding principles of memory research in the preceding decades
is multiple memory systems theory, which links specific task demands to
specific anatomical structures and circuits that are thought to act
orthogonally with respect to each other. We argue that this view does not
capture the nature of learning and memory when any degree of complexity
is introduced. In most situations, memory requires interactions between
these circuits and they can act in a facilitative manner to generate adaptive
behavior.
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Introduction

There is no doubt that most animal species depend on the abil-
ity to learn for survival. Learning and the behaviors through
which learning is expressed require interactions between large-
scale brain networks. In mammals, simple forms of learning,
such as when X perfectly predicts Y, often can be handled by
subcortical networks. Take, for example, basic Pavlovian fear
conditioning in which a tone signals aversive shock 100%
of the time and shock never occurs in the absence of tone. In
this case, projections from auditory thalamus to amygdala
to midbrain periaqueductal gray are sufficient for learning'.
However, as learning becomes more complex, memory and
recall depend on interactions between the cortex and hippoc-
ampus and through those interactions these structures modulate
the subcortical circuits that support simple learning. Healthy
behavior depends on these interactions and abnormal structure
and function in these regions are associated with a variety
of neuropathology and psychopathology, including anxiety
disorders, schizophrenia, and Alzheimer’s dementia’*. Although
the roles of both the hippocampus and frontal cortex in regu-
lating complex behavior have been studied extensively, much
has been learned recently about how the interactions between
these regions impact learning and memory-related functions.

When are hippocampal—cortical interactions
necessary for memory?

Traditionally, the relationship between brain structures and forms
of memory has been conceptualized under a multiple memory
systems taxonomy, in which specific structures are linked to
specific classes of learned behavior’. In this taxonomy, the
hippocampus is associated with episodic memory, the striatum
with skill learning, the neocortex with perceptual learning, and
the amygdala with emotional memory. Although this
taxonomy has been a major impetus to memory research and
spurred considerable advancement in our understanding of
learning, it fosters the idea that there is a simple one-to-one
correspondence between a single structure and a type of
memory and that these separate systems act in an orthogonal
manner’. Such a view fails to capture the fact that even mod-
estly complex memory emerges from a network of interactions
between these structures.

Complex versus simple stimuli

Above we described fear conditioning, in which a tone per-
fectly predicts shock, as an example of simple learning that can
be carried out by a subcortical circuit. However, when experi-
encing fear conditioning, the subject simultaneously learns that
the context or place where this learning occurs is also associated
with shock, enabling that context to trigger fear and avoid-
ance’. Contexts are complex stimuli made of many features,
all of which may lack the salience of the sudden onset of a
simple auditory stimulus such as a tone®. The context is
also less precisely paired with the stimulus that reinforces
learning (in this case, the shock). This modest increase in com-
plexity cannot be handled by the simple subcortical circuit
and instead requires an orchestrated dance between hippocampus,
prefrontal cortex, and amygdala’.
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Consistent with their role in spatial memory, dorsal hippocam-
pal neurons appear to encode the details of the context support-
ing recognition of the trained environment. Two groups of rats
were placed in a novel chamber for 5 min where they received
shock. One group received the shock in a manner that promoted
fear learning (at the end of the session) and the other in a
manner that did not promote fear learning (at the beginning of
the session). When these rats were returned to the same cham-
ber neurons that were active during the initial exposure tended
to reactivate during the second exposure indicating that the
hippocampus recognized the chamber as familiar. Interest-
ingly, the same number of neurons reactivated in both groups
even though they showed large differences in fear expression,
suggesting that hippocampus is not essential for the coding of
affective features of the context’. On the other hand, basolateral
amygdala neurons reactivate only if the animal has learned
fear of the context, indicating that the amygdala is involved
in the affective component of memory.

These two sources of information appear to come together
in the prelimbic portion of the prefrontal cortex as activ-
ity in that region reflects a sum of that found in hippocampus
and amygdala’. In support of this, coordinated 4-Hz rhythmic
activity between the prelimbic and amygdala regions accu-
rately predicts freezing, a behavioral manifestation of fear'’.
Coordinated oscillatory activity between hippocampus and pre-
limbic regions may be the method by which the hippocampus
provides spatial information to the prelimbic cortex''.

The dynamics between the hippocampus, cortex, and amy-
gdala depend on the length of memory retention”'”. Shortly
after learning, the memory is dependent on the hippocam-
pus and there is more hippocampal activity during memory
retrieval *. However, at later time points (weeks to months), the
prefrontal cortex takes on the larger role. A recent study indi-
cated that the development of this prefrontal representation of
contextual memory is dependent on inputs from the entorhi-
nal cortex, hippocampus, and basolateral amygdala during
learning'’. The changes that occur over these long time periods
are referred to as systems consolidation.

This coordination of regions during systems consolidation may
occur off-line during the replay of events that occurs during
sleep”. The integration of spatial information with emotional
memory may also occur during non-REM sleep when there is a
coordinated replay of the amygdala and hippocampal activity
that occurred during learning'®.

Interestingly, the prefrontal cortex can compensate for loss
of hippocampal function to a certain degree, but the resulting
memories differ from those formed using an intact hippocam-
pus. Following damage to the dorsal hippocampus, contextual
fear memories can be formed after extensive training but these
memories lack the permanence of those formed using an intact
hippocampus'”'*. This compensation depends on communication
between the infralimbic and prelimbic regions of the prefrontal
cortex. Damage to and disconnection between these two
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adjacent prefrontal regions abolish contextual fear learning
entirely when combined with dorsal hippocampal damage'®.

Certain versus uncertain predictors

While learning that an auditory stimulus consistently signals
shock can be accomplished by a subcortical circuit, this changes
when the relationship between the tone and shock becomes
ambiguous. The simplest and most translationally relevant exam-
ple of this is fear extinction, in which a stimulus that previously
received consistent reinforcement is now presented without
reinforcement. Because of this inconsistent reinforcement, the
animal treats the tone as ambiguous and uses context to resolve
the decision of whether or not to respond. This decision also
relies on interactions between hippocampus, prefrontal cor-
tex, and amygdala. When communication between the ventral
hippocampus and prelimbic cortex or between the ventral hippoc-
ampus and amygdala is prevented, the subject treats the tone as
safe regardless of context”'. If these connections are intact
but communication between the hippocampus and infralimbic
cortex or between the amygdala and infralimbic cortex is pre-
vented, the animal treats the tone as consistently dangerous”*.
Additionally, infralimbic lesions lead to greater generalization
between two contexts and simultaneously reduce the context’s
ability to modulate responses to an extinguished stimulus'®.
Recent evidence suggests that the hippocampus may help solve
the problem by encoding two distinct contextual memories
of the same context: one where the tone is dangerous and one
where it is safe’’. This may allow the rapid switching that rats
can accomplish between reacting to the tone as dangerous or
safe on the basis of the current context™.

Such a role for the prefrontal cortex in resolving ambiguity has
also been shown in contextual biconditional discrimination pro-
cedures, which require subjects to use contextual information to
resolve the meaning of ambiguous stimuli. In these procedures,
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two different stimuli are presented in two different contexts;
one stimulus is predictive of an outcome in one context whereas
the second stimulus is predictive of that outcome in the second
context’*. Lesions of the prelimbic cortex impair the ability
of subjects to use contextual stimuli to determine which of
two auditory stimuli predicts footshock, instead producing
an intermediate level of fear to both stimuli*.

Conclusions

Learning is often conceptualized as occurring in distinct and
independently acting brain regions. However, to navigate a com-
plex and ever-changing environment, animals must be able to
learn about complex stimuli and complex relationships between
stimuli. In these instances, mammals use environmental cues
to resolve the meaning of ambiguous stimuli. Rather than
being dependent on any one brain region, this ability arises from
a network of cortical and subcortical structures and their inter-
actions. Here, we focused on Pavlovian conditioning because
it is often thought of as a simple form of learning. However,
introducing even slight complexities in this learning, such
as those that occur when contexts are used as stimuli or
following the change in meaning that occurs during extinction,
recruits and requires long-range interactions between
regions that are often thought to serve distinct domains of
memory.

Grant information

This work was supported by National Institute of Mental Health
grant ROIMHG62122, National Science Foundation Division
of Graduate Education grant 1650604, and the Staglin Center
for Brain and Behavioral Health.

The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

F1000 recommended

1. Romanski LM, LeDoux JE: Equipotentiality of thalamo-amygdala and thalamo-
cortico-amygdala circuits in auditory fear conditioning. J Neurosci. 1992;
12(11): 4501-9.

PubMed Abstract | Publisher Full Text

2. Mennesson M, Rydgren E, Lipina T, et al.: Kainate receptor auxiliary
subunit NETO2 is required for normal fear expression and extinction.
Neuropsychopharmacol. 2019.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

3. Tellez-Merlo G, Morales-Medina JC, Camacho-Abrego |, et al.: Prenatal
immune challenge induces behavioral deficits, neuronal remodeling,
and increases brain nitric oxide and zinc levels in the male rat offspring.
Neuroscience. 2019; 406: 594-605.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

4. E Nuzzo T, Feligioni M, Cristino L, et al.: Free d-aspartate triggers NMDA
receptor-dependent cell death in primary cortical neurons and perturbs JNK
activation, Tau phosphorylation, and protein SUMOylation in the cerebral
cortex of mice lacking d-aspartate oxidase activity. Exp Neurol. 2019; 317:
51-65.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

5. Squire LR, Zola SM: Structure and function of declarative and nondeclarative

memory systems. Proc Natl Acad Sci U S A. 1996; 93(24): 13515-22.
PubMed Abstract | Publisher Full Text | Free Full Text

6. McDonald RJ, White NM: A triple dissociation of memory systems:
hippocampus, amygdala, and dorsal striatum. Behav Neurosci. 1993; 107: 3—-22.
PubMed Abstract | Publisher Full Text

7. Kim JJ, Fanselow MS: Modality-specific retrograde amnesia of fear. Science.
1992; 256(5057): 675-7.

PubMed Abstract | Publisher Full Text

8. Fanselow MS: Contextual fear, gestalt memories, and the hippocampus. Behav
Brain Res. 2000; 110(1-2): 73-81.

PubMed Abstract | Publisher Full Text

9. Zelikowsky M, Hersman S, Chawla MK, et al.: Neuronal ensembles in amygdala,
hippocampus, and prefrontal cortex track differential components of
contextual fear. J Neurosci. 2014; 34(25): 8462—6.

PubMed Abstract | Publisher Full Text | Free Full Text

10. E Karalis N, Dejean C, Chaudun F, et al.: 4-Hz oscillations synchronize
prefrontal-amygdala circuits during fear behavior. Nat Neurosci. 2016; 19(4):
605-12.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

11. Shin JD, Jadhav SP: Multiple modes of hippocampal-prefrontal interactions

Page 4 of 6


http://www.ncbi.nlm.nih.gov/pubmed/1331362
http://dx.doi.org/10.1523/jneurosci.12-11-04501.1992
https://f1000.com/prime/735105690
http://www.ncbi.nlm.nih.gov/pubmed/30770891
http://dx.doi.org/10.1038/s41386-019-0344-5
https://f1000.com/prime/735105690
https://f1000.com/prime/735148302
http://www.ncbi.nlm.nih.gov/pubmed/30797024
http://dx.doi.org/10.1016/j.neuroscience.2019.02.018
https://f1000.com/prime/735148302
https://f1000.com/prime/735223036
http://www.ncbi.nlm.nih.gov/pubmed/30822420
http://dx.doi.org/10.1016/j.expneurol.2019.02.014
https://f1000.com/prime/735223036
http://www.ncbi.nlm.nih.gov/pubmed/8942965
http://dx.doi.org/10.1073/pnas.93.24.13515
http://www.ncbi.nlm.nih.gov/pmc/articles/33639
http://www.ncbi.nlm.nih.gov/pubmed/8447956
http://dx.doi.org/10.1037/0735-7044.107.1.3
http://www.ncbi.nlm.nih.gov/pubmed/1585183
http://dx.doi.org/10.1126/science.1585183
http://www.ncbi.nlm.nih.gov/pubmed/10802305
http://dx.doi.org/10.1016/S0166-4328(99)00186-2
http://www.ncbi.nlm.nih.gov/pubmed/24948801
http://dx.doi.org/10.1523/JNEUROSCI.3624-13.2014
http://www.ncbi.nlm.nih.gov/pmc/articles/4061389
https://f1000.com/prime/726148073
http://www.ncbi.nlm.nih.gov/pubmed/26878674
http://dx.doi.org/10.1038/nn.4251
http://www.ncbi.nlm.nih.gov/pmc/articles/4843971
https://f1000.com/prime/726148073
https://f1000.com/prime/726659550

20.

in memory-guided behavior. Curr Opin Neurobiol. 2016; 40: 161-169.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Wiltgen BJ, Brown RA, Talton LE, et al.: New circuits for old memories: the role
of the neocortex in consolidation. Neuron. 2004; 44(1): 101-8.
PubMed Abstract | Publisher Full Text

Lopez J, Herbeaux K, Cosquer B, et al.: Context-dependent modulation of
hippocampal and cortical recruitment during remote spatial memory retrieval.
Hippocampus. 2012; 22(4): 827-41.

PubMed Abstract | Publisher Full Text

Kitamura T, Ogawa SK, Roy DS, et al.: Engrams and circuits crucial for
systems consolidation of a memory. Science. 2017; 356(6333): 73-78.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Penagos H, Varela C, Wilson MA: Oscillations, neural computations and
learning during wake and sleep. Curr Opin Neurobiol. 2017; 44: 193-201.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Girardeau G, Inema |, Buzséaki G: Reactivations of emotional memory in
the hippocampus-amygdala system during sleep. Nat Neurosci. 2017; 20(11):
1634-42.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Zelikowsky M, Bissiere S, Fanselow MS: Contextual fear memories formed in
the absence of the dorsal hippocampus decay across time. J Neurosci. 2012;
32(10): 3393-7.

PubMed Abstract | Publisher Full Text | Free Full Text

Zelikowsky M, Bissiere S, Hast TA, et al.: Prefrontal microcircuit underlies
contextual learning after hippocampal loss. Proc Natl Acad Sci U S A. 2013;
110(24): 9938-43.

PubMed Abstract | Publisher Full Text | Free Full Text

Bouton ME: Context, ambiguity, and unlearning: sources of relapse after
behavioral extinction. Biol Psychiatry. 2002; 52(10): 976-86.
PubMed Abstract | Publisher Full Text

Jin J, Maren S: Prefrontal-Hippocampal Interactions in Memory and

F1000Research 2019, 8(F1000 Faculty Rev):1292 Last updated: 31 JUL 2019

21.

22,

23.

24,

25.

26.

27.

28.

Emotion. Front Syst Neurosci. 2015; 9: 170.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Orsini CA, Kim JH, Knapska E, et al.: Hippocampal and prefrontal projections to
the basal amygdala mediate contextual regulation of fear after extinction.

J Neurosci. 2011; 31(47): 17269-77.

PubMed Abstract | Publisher Full Text | Free Full Text

E Adhikari A, Lerner TN, Finkelstein J, et al.: Basomedial amygdala mediates
top-down control of anxiety and fear. Nature. 2015; 527(7577): 179-85.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

E Marek R, Jin J, Goode TD, et al.: Hippocampus-driven feed-forward
inhibition of the prefrontal cortex mediates relapse of extinguished fear. Nat
Neurosci. 2018; 21(3): 384-92.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Lacagnina AF, Brockway ET, Crovetti CR, et al.: Distinct hippocampal
engrams control extinction and relapse of fear memory. Nat Neurosci. 2019;
22(5): 753-61.

PubMed Abstract | Publisher Full Text | F1000 Recommendation

Bouton ME, Swartzentruber D: Analysis of the associative and occasion-setting
properties of contexts participating in a Pavlovian discrimination. Journal

of Experimental Psychology: Animal Behavior Processes. 1986; 12(4): 333-50.
Publisher Full Text

Haddon JE, Killcross S: Prefrontal cortex lesions disrupt the contextual control
of response conflict. J Neurosci. 2006; 26(11): 2933-40.
PubMed Abstract | Publisher Full Text

Gonzalez ST, Welch ES, Colwill RM: Pavlovian contextual and instrumental
biconditional discrimination learning in mice. Behav Brain Res. 2013; 256:
398-404.

PubMed Abstract | Publisher Full Text | Free Full Text

Sharpe MJ, Killcross S: The prelimbic cortex uses higher-order cues to
modulate both the acquisition and expression of conditioned fear. Front Syst
Neurosci. 2015; 8: 235.

PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Page 5 of 6


http://www.ncbi.nlm.nih.gov/pubmed/27543753
http://dx.doi.org/10.1016/j.conb.2016.07.015
http://www.ncbi.nlm.nih.gov/pmc/articles/5056827
https://f1000.com/prime/726659550
http://www.ncbi.nlm.nih.gov/pubmed/15450163
http://dx.doi.org/10.1016/j.neuron.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/21542054
http://dx.doi.org/10.1002/hipo.20943
https://f1000.com/prime/727479331
http://www.ncbi.nlm.nih.gov/pubmed/28386011
http://dx.doi.org/10.1126/science.aam6808
http://www.ncbi.nlm.nih.gov/pmc/articles/5493329
https://f1000.com/prime/727479331
https://f1000.com/prime/727679219
http://www.ncbi.nlm.nih.gov/pubmed/28570953
http://dx.doi.org/10.1016/j.conb.2017.05.009
https://f1000.com/prime/727679219
https://f1000.com/prime/731077702
http://www.ncbi.nlm.nih.gov/pubmed/28892057
http://dx.doi.org/10.1038/nn.4637
https://f1000.com/prime/731077702
http://www.ncbi.nlm.nih.gov/pubmed/22399761
http://dx.doi.org/10.1523/JNEUROSCI.4339-11.2012
http://www.ncbi.nlm.nih.gov/pmc/articles/3306617
http://www.ncbi.nlm.nih.gov/pubmed/23676273
http://dx.doi.org/10.1073/pnas.1301691110
http://www.ncbi.nlm.nih.gov/pmc/articles/3683762
http://www.ncbi.nlm.nih.gov/pubmed/12437938
http://dx.doi.org/10.1016/S0006-3223(02)01546-9
https://f1000.com/prime/726035448
http://www.ncbi.nlm.nih.gov/pubmed/26696844
http://dx.doi.org/10.3389/fnsys.2015.00170
http://www.ncbi.nlm.nih.gov/pmc/articles/4678200
https://f1000.com/prime/726035448
http://www.ncbi.nlm.nih.gov/pubmed/22114293
http://dx.doi.org/10.1523/JNEUROSCI.4095-11.2011
http://www.ncbi.nlm.nih.gov/pmc/articles/3241946
https://f1000.com/prime/725911465
http://www.ncbi.nlm.nih.gov/pubmed/26536109
http://dx.doi.org/10.1038/nature15698
http://www.ncbi.nlm.nih.gov/pmc/articles/4780260
https://f1000.com/prime/725911465
https://f1000.com/prime/732609365
http://www.ncbi.nlm.nih.gov/pubmed/29403033
http://dx.doi.org/10.1038/s41593-018-0073-9
http://www.ncbi.nlm.nih.gov/pmc/articles/5957529
https://f1000.com/prime/732609365
https://f1000.com/prime/735427704
http://www.ncbi.nlm.nih.gov/pubmed/30936555
http://dx.doi.org/10.1038/s41593-019-0361-z
https://f1000.com/prime/735427704
http://dx.doi.org/10.1037/0097-7403.12.4.333
http://www.ncbi.nlm.nih.gov/pubmed/16540570
http://dx.doi.org/10.1523/JNEUROSCI.3243-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/24016837
http://dx.doi.org/10.1016/j.bbr.2013.09.010
http://www.ncbi.nlm.nih.gov/pmc/articles/4306232
https://f1000.com/prime/725331033
http://www.ncbi.nlm.nih.gov/pubmed/25628542
http://dx.doi.org/10.3389/fnsys.2014.00235
http://www.ncbi.nlm.nih.gov/pmc/articles/4290614
https://f1000.com/prime/725331033

FIOOOResearch F1000Research 2019, 8(F1000 Faculty Rev):1292 Last updated: 31 JUL 2019

Open Peer Review

Current Peer Review Status: v ¢

Editorial Note on the Review Process

F1000 Faculty Reviews are written by members of the prestigious F1000 Faculty. They are commissioned and
are peer reviewed before publication to ensure that the final, published version is comprehensive and accessible.
The reviewers who approved the final version are listed with their names and affiliations.

The reviewers who approved this article are:

1 Mouna Maroun
Sagol Department of Neurobiology, Faculty of Natural Sciences, University of Haifa, Haifa, Israel
Competing Interests: No competing interests were disclosed.
o> Stephen Maren
Department of Psychological and Brain Sciences, Texas A&M University, Texas, USA
Competing Interests: No competing interests were disclosed.
3 Shantanu P Jadhav
Neuroscience Program, Department of Psychology and Volen National Center for Complex Systems,
Brandeis University, Massachusetts, USA
Competing Interests: No competing interests were disclosed.

The benefits of publishing with F1000Research:

®  Your article is published within days, with no editorial bias

®  You can publish traditional articles, null/negative results, case reports, data notes and more
® The peer review process is transparent and collaborative

®  Your article is indexed in PubMed after passing peer review

® Dedicated customer support at every stage

For pre-submission enquiries, contact research@f1000.com F](m Resea rCh

Page 6 of 6


https://f1000research.com/browse/f1000-faculty-reviews
http://f1000.com/prime/thefaculty



