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Abstract

Investigations of hippocampal functions have revealed a dizzying array of findings,

from lesion-based behavioral deficits, to a diverse range of characterized neural acti-

vations, to computational models of putative functionality. Across these findings,

there remains an ongoing debate about the core function of the hippocampus and

the generality of its representation. Researchers have debated whether the hippo-

campus's primary role relates to the representation of space, the neural basis of (epi-

sodic) memory, or some more general computation that generalizes across various

cognitive domains. Within these different perspectives, there is much debate about

the nature of feature encodings. Here, we suggest that in order to evaluate hippo-

campal responses—investigating, for example, whether neuronal representations are

narrowly targeted to particular tasks or if they subserve domain-general purposes—a

promising research strategy may be the use of multi-task experiments, or more gen-

erally switching between multiple task contexts while recording from the same neu-

rons in a given session. We argue that this strategy—when combined with explicitly

defined theoretical motivations that guide experiment design—could be a fruitful

approach to better understand how hippocampal representations support different

behaviors. In doing so, we briefly review key open questions in the field, as exempli-

fied by articles in this special issue, as well as previous work using multi-task experi-

ments, and extrapolate to consider how this strategy could be further applied to

probe fundamental questions about hippocampal function.
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1 | INTRODUCTION

A multitude of investigations have explored the functional role(s) of the

hippocampus, with results from across domains and modalities finding

that responses in the hippocampus and surrounding brain structures

can represent many different aspects of behavior that seemingly

extend beyond one specific cognitive domain, as demonstrated by

many of the works within this special issue. Even within cognitive

domains—with episodic memory and spatial navigation being the most

typical associated functions—multiple studies with comparable task

designs aimed at detecting similar hippocampal responses often find

somewhat divergent results. These myriad responses—that vary across

task domains and often have seemingly discrepant results even within

similar contexts—challenge our attempts at characterizing the overall

function(s) of this clearly important brain area. These seeming inconsis-

tencies imply that the hippocampus likely employs various encodingClaire Z. Han and Thomas Donoghue contributed equally.
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mechanism(s), with flexible, task-dependent activity, requiring us to

take variability across tasks as a serious consideration to be understood

and included in our explanations. The alternative is to develop theories

and hypotheses that are predicated on a sub-sampling of hippocampal

functions, which are likely doomed to fall apart as soon as the task

changes.

In this piece, we argue that this apparent variability across domains

and tasks need not only be a troublesome caveat lamented in discus-

sion sections and review papers, but can instead be leveraged as an

empirical strategy to explicitly investigate the nature of hippocampal

neural representations and whether they distinguish or generalize

across different contexts. Specifically, we explore the use of “multi-

task” experiments—meaning single experimental sessions in which mul-

tiple tasks are administered such that the responses of the same neural

circuits can be examined and compared across different behavioral

tasks (Figure 1). This design allows for directly asking questions about if

and how neural representations in the hippocampus keep or change

their tuning under different cognitive demands. While this approach

does exist in the literature, we contend that it is an under-utilized strat-

egy, in particular for the hippocampus for which there are debates

around describing adequate theoretical framework(s) that address how

this structure is involved in the broad range of tasks it responds to, and

what function(s) it is fulfilling.

Here, we will first briefly describe an overview of what we see as

major theoretical frameworks that are currently employed and

discussed in relation to hippocampal function. This discussion outlines

the different themes of current work demonstrating how hippocampal

function varies across tasks, which we use both to discuss current

research themes, and to structure topics that we believe can be pro-

ductively examined using multi-task experiment designs. After this

overview, we explore examples of multi-task experiments, noting pre-

vious examples of using this strategy, as well as exploring open ques-

tions that we believe could be productively investigated through the

use of multi-task designs, drawing in particular from examples from

across the current special issue on view-related responses in the hip-

pocampus. For simplicity and convenience, this paper will focus on

studies analyzing single-neuron responses, though many if not all of

the key points raised likely generalize to other recording modalities

such as optical imaging, intracranial EEG, and/or noninvasive neuroim-

aging. Finally, we outline a set of recommendations that may be useful

to consider when pursuing multi-task experiments.

2 | THEORETICAL FRAMEWORKS
OF HIPPOCAMPAL FUNCTION

Historically, studies on the functional role of the hippocampus have

often been oriented around an underlying theoretical framework in

which the hippocampus and surrounding areas reflect a dedicated sys-

tem for a specific cognitive domain, albeit not with a consistent

Task A Task B

Task A Task B Task A Task B Task A Task B

start end start end

(a)

(b)

F IGURE 1 Schematic of possible designs for multi-task experiments. Examples show a multi-task experiment represented by a memory task
(Task A) and a spatial navigation task (Task B) that are either administered back-to-back (a) or interleaved (b). (a) Example layout of a back-to-back
multi-task experiment in which subjects first complete a memory-related task, for example, viewing and responding to images of stimuli (Task A;
blue). After completion of this task, subjects then immediately switch to another task, for example, a space-related task in which they navigate in

a virtual/real-world environment, which could include navigating to specific locations, encountering stimuli, responding to task prompts, and
receiving a reward/score based on performance accuracy (Task B; orange). The bottom raster plot indicates spikes (simulated) representing the
activity of an example neuron recorded across the experiment throughout both tasks in this example multi-task session, color-coded to reflect the
task to which each spike can be associated. (b) Example layout of a multi-task design using the same example tasks, but in an interleaved fashion
such that Task A and B alternate on a block- or trial-level, with example neural activity color-coded by task, with black representing non-task
specific activity at the start and end of the multi-task experiment session. Note that the example tasks shown here are placeholders for any
combination of task designs that can be combined. Icons from https://www.flaticon.com.
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agreement across studies on what this cognitive domain is. Broadly,

these frameworks can be differentiated based on whether they posit

that the hippocampus has its primary role in implementing (episodic)

memory, and/or in representing space. More recently, theoretical

work has also posited that the hippocampus may be best described as

performing a more general relational computation that generalizes

across cognitive domains. Here, we present a brief overview of each

of these frameworks that suggest different primary roles for the hip-

pocampus, introducing the key positions of each approach.

Based on the foundational work in neuropsychology of

Dr. Brenda Milner and colleagues (Milner et al., 1998; Scoville &

Milner, 1957), one line of work has traditionally associated the hippo-

campus and surrounding areas with episodic memory. Behavioral evi-

dence for this association comes from patients who after having

surgical removal of their hippocampi, were impaired in forming new

episodic memories. Subsequent neuroscientific work has examined

the hippocampus as a core part of a neural system dedicated to form-

ing neural representations of episodic events that can be formed,

stored, and recalled (Frankland et al., 2019; Josselyn &

Tonegawa, 2020). Based on work largely done in rodents, the current

view is that the hippocampus and other nearby structures contain

available neurons that can be flexibly allocated to represent memory

substrates and their associations, with flexible memory allocation

based on task context (Josselyn & Frankland, 2018). Relatedly, in

humans, single neurons in the hippocampus and surrounding areas

have been found that are visually selective to faces (Heit et al., 1988;

Kreiman et al., 2000), with subsequent work showing highly selective

and invariant “concept cells” which respond to individual identities

and objects (Ison et al., 2015; Quian Quiroga, 2012; Quian Quiroga

et al., 2005). Collectively, this work establishes that hippocampal cir-

cuits represent conceptual entities and associations that are thought

to contribute to forming episodic memories (Quian Quiroga, 2012).

Separately, often concurrent work in behavioral neuroscience has

focused on the hippocampus as being critically engaged in spatial naviga-

tion. Foundational work in this area stems from the observation of place

cells, which activate whenever the navigating animal is at a particular

location in space (Moser et al., 2017; O'Keefe & Dostrovsky, 1971). Sub-

sequent research has demonstrated a veritable cornucopia of spatially-

tuned responses across the medial temporal lobe (Alexander et al., 2023;

Bicanski & Burgess, 2020; Moser et al., 2017; Rolls & Wirth, 2018; Zhu

et al., 2023). Within the spatial domain, several lines of work have illus-

trated ways in which hippocampal responses are task-dependent, includ-

ing remapping across different environments (Kubie et al., 2020;

Kubie & Muller, 1991), attention-like modulation of place cell activity

based on the availability of spatial cues (Fenton et al., 2010), task

demands that can impact spatial encoding (Duvelle et al., 2023;

Kobayashi et al., 1997), and experience-dependent changes in neural

responses (Moore et al., 2021). Collectively, this work has established

that there are ubiquitous spatial representations across the hippocampus

and related areas, though with a wide variety of which spatial features

they represent, and how this varies across tasks.

Despite many attempts to reconcile the role of the hippocampus

in both episodic memory and spatial navigation, investigations into

the mechanistic contributions of the hippocampus to episodic mem-

ory and spatial navigation remain as largely distinct lines of research.

Some current theoretical formulations have suggested that the hippo-

campus is primarily involved in one key function, and this can be used

to explain responses to other features. Some researchers support the

perspective that the hippocampus is primarily an episodic-memory

system, with representations such as place-cells being explained as

memory responses (Benna & Fusi, 2021; Eichenbaum, 2017a). Alter-

natively, following the tradition of considering the hippocampus as

foundationally about space, other researchers emphasize the primacy

of spatially-modulated neurons in the hippocampus, and suggest that

all other responses can be considered conjunctive annotations of

objects or experiences that occur in space (O'Keefe & Krupic, 2021;

O'Keefe & Nadel, 1978), or the similar idea that spatial navigation is

the fundamental representation upon which neural representations

related to episodic memory are scaffolded (Buzsáki & Moser, 2013).

Alternatively, other perspectives state (or imply) that these different

memory and navigation functions co-exist in the same regions in at

least somewhat distinct circuits, suggesting the hippocampus may

reflect a combination of multiple overlapping and interacting systems

(Sugar & Moser, 2019).

As research has continued in these two streams—on hippocam-

pal-dependent memory and navigation—alternate theoretical formula-

tions have arisen. For example, the “generalized cognitive map”
perspective considers that the hippocampus has a more general task

of representing multidimensional feature spaces—be that the physical

space of navigation or various kinds of cognitive entities (such as

objects or faces) in feature space, which also gets used to encode the

spatio-temporal context of episodic memories (Behrens et al., 2018;

Bellmund et al., 2018; Eichenbaum & Cohen, 2014; Schiller et al.,

2015). An example consistent with this perspective is the finding of

hippocampal neurons that represent specific frequencies in a sound

modulation task (Aronov et al., 2017). In this perspective, neither

space nor episodic memory are the primary functions per se, with the

proposal that both kinds of representations can be redescribed in

terms of a relational memory system (Whittington et al., 2020). This

framework therefore proposes an overall more general/flexible

description of the functionality of the hippocampus and surrounding

areas that is potentially able to encompass the variable responses of

the hippocampus across different task contexts and cognitive

domains.

Altogether, these different theoretical perspectives leave us with

several categories, roughly construed, of theoretical priors the litera-

ture offers, with several differentiating features. One could consider

the hippocampus as being a specialized system for a particular domain

(either for episodic memory or spatial navigation), a collection of mul-

tiple co-embedded but distinct systems, or a more generalized but

unitary system that gets applied across multiple domains. For clarity,

while we do believe that adjudicating between these different frame-

works is an important question, we emphasize that our goal here is

not to rigorously define and contrast the relative merits of each

approach or to adjudicate between them, with much other literature

dedicated to these points—see (Buzsáki & Moser, 2013; Eichenbaum,
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2017b; Eichenbaum & Cohen, 2014; Ekstrom & Ranganath, 2018;

Epstein et al., 2017; Hasselmo, 2012; Lisman et al., 2017; Schiller

et al., 2015). Rather, the goal here is to introduce a useful abstraction

to discuss different theoretical backgrounds on hippocampal function

that, while not always explicitly introduced, often color and constrain

the tasks, analyses, and interpretations that are chosen. Here, we sug-

gest that a productive strategy for making headway on longstanding

questions about hippocampal function may be to first be explicit

about these theoretical perspectives—detailing what predictions they

make—and then testing these predictions using an empirical strategy

that explicitly compares responses across different task contexts in

multi-task experiments.

3 | EXAMPLES OF MULTI-TASK RESEARCH
DESIGNS

We now consider how using multi-task experiment designs can help

to investigate questions of interest within and between these differ-

ent theoretical frameworks. In the spatial domain, in rats, using multi-

ple tasks in the same spatial area has been used to investigate the

activity of place cells across different tasks, showing that while place

cells maintain their representation across different navigation tasks

(Trullier et al., 1999), changes in memory and/or attentional demands

can induce remapping (Hallock & Griffin, 2013; Levy & Hasselmo,

2023; Markus et al., 1995). Similarly, by using two tasks in the same

location, it has been shown that adding an associative memory task

changes the representation of space in the monkey hippocampus

(Gulli et al., 2020). Another study, in bats, has shown how alternating

between solo-flights and cross-over flights with a conspecific induces

changes whereby individual neurons can switch from representing

position to representing distance-by-position conjunctions (Sarel

et al., 2022). Collectively, these studies demonstrate that different

behavioral contexts across tasks can induce changes to how the hip-

pocampus encodes space and memory related representations. In the

next examples, we explore how other multi-task designs could help

address other outstanding questions about the hippocampus, drawing

from topics discussed across this special issue including local versus

remote encoding of space, allo- versus ego-centric representations,

properties of memory-related representations, and theories that con-

nect across the space and memory related functions of the

hippocampus.

3.1 | Example 1: Representations of current/self
versus remote/other position

Within the spatial domain, there are ongoing discussions regarding if

and to what extent hippocampal neurons maintain the same kinds of

spatial representations across contexts, and/or to what extent such

representations can flexibly shift based on behavioral demands. Spe-

cifically, an open question is to explain when and why hippocampal

responses respond to current/self or to remote/other locations. Early

findings in rats showed “place cells,” which activate whenever the ani-

mal is in a particular location in space relative to the external environ-

ment (Moser et al., 2017; O'Keefe & Dostrovsky, 1971). However, in

primate studies, hippocampal neurons can be modulated by the spatial

views of the monkeys—where monkeys are looking “out there” in

space, regardless of their physical location (Rolls, 1999; Rolls & Wirth,

2018), as well as grid-like representations of visual space (Killian et al.,

2012). Based on these differences across different animal models, it

has been suggested that there may be species differences between

the hippocampal representations of space (Rolls, 2023; Rolls &

Wirth, 2018).

An additional, non-exclusive, explanation is that the spatial repre-

sentation enacted by the hippocampus may vary depending on the

behavioral task. Hippocampal neurons in monkeys do manifest place-

cell-like representations in some spatial navigation and foraging tasks

(Gulli et al., 2020; Ono et al., 1993), suggesting that both place and

spatial-view responses can occur in the primate hippocampus. Similar

discrepancies of place-related hippocampal activity have also been

found in humans. Several studies have found neural responses akin to

the firing of place cells in rodents using similar tasks where subjects

were instructed to navigate in a virtual arena and in which subjects

have to learn to use their own location in conjunction with knowledge

of a partially occluded arena in order to succeed at the task (Ekstrom

et al., 2003; Miller et al., 2013). However, in other experiments in

which subjects have to navigate to remote locations that are always in

view, spatial target cells—cells that are significantly modulated by the

target locations that subjects are navigating toward—were found

instead of place cells, which were observed to a much lesser extent

(Donoghue et al., 2023; Tsitsiklis et al., 2020). Collectively, a potential

explanation of these findings is that the difference in encoding is

related to the task demands, suggesting that hippocampal neurons are

spatially-modulated, but that the specific nature of this spatial coding

(i.e., being directed at one's current location or on a remote/target

location) can shift in a task-dependent manner, being driven by task

demands that require or emphasize either self or remote locations in

order to complete the task.

In order to test the potential task-dependent nature of neural

responses in the hippocampus, a multi-task paradigm could be useful

to investigate how and to what extent hippocampal neurons quickly

adapt to encode current or remote locations. For example, a multi-

task experimental design could be used that combines tasks where

either one's current or future locations are most relevant to complet-

ing the tasks, while also recording eye-tracking data (in order to disas-

sociate between the location and view responses). Examining across

these multiple navigation tasks could help elucidate (i) if hippocampal

neurons encode current position (place cells) in the task that focuses

on the subject's current location and encode remote location repre-

sentations (spatial target cells) in the task that requires subjects to

focus more strongly on remote locations; (ii) if some task variants

induce both representations to co-occur; and (iii) if individual neurons

can switch from representing one's current position to representing

remote locations, or whether distinct neural populations encode the

different features.
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Another related distinction in hippocampal encoding of spatial vari-

ables relates to the encoding of self- versus other locations. Experiments

in both rodents and bats have revealed the existence of “social place
cells,” which can reflect the spatial location of both the self and/or

another conspecific in experiments in which animals were required to

observe or mimic the other rodent/bat's trajectory in a shared environ-

ment (Danjo et al., 2018; Omer et al., 2018). An interesting prediction is

therefore of “social target cells,” which could be investigated using a var-

iant of a spatial navigation task tailored for target cells, where subjects

observe the experimenter or another subject performing the task prior

to their own completion or vice versa, with task switches between

other- and self-performance (Stangl et al., 2020). Advances in virtual

reality systems that are becoming more and more available in research

settings also open up exciting possibilities to perform multi-task experi-

ments by allowing rapid switches between different task and environ-

ment settings. This enables researchers to more fully characterize

hippocampal coding of different spatial variables, often in combination

with more complex and naturalistic environments, as further discussed

elsewhere in this special issue (Lee et al., 2023).

3.2 | Example 2: Comparing allocentric and
egocentric reference frames

Parallel to the distinction of whether the hippocampus mainly repre-

sents one's current location or remote locations, another key open

question is whether the hippocampus and surrounding medial tempo-

ral lobe regions represent spatial information in allocentric or egocen-

tric coordinates, or both (Alexander et al., 2020, 2023; Kunz et al.,

2021; LaChance et al., 2019; LaChance & Taube, 2023; Wang et al.,

2018, 2023). Allocentric neural codes represent spatial locations and

directions relative to the external environment, whereas egocentric

representations encode them relative to the navigating subject

(Bicanski & Burgess, 2018, 2020; Burgess, 2006). Place cells are a hall-

mark of allocentric encoding of space because they activate whenever

the animal is in a particular location in space relative to the external

environment, independent of the orientation when moving through

the place field (Barry et al., 2006; Muller & Kubie, 1989). Recently,

however, research has shown that neurons in the hippocampus can

also represent space in egocentric coordinates. For instance, hippo-

campal neurons in the hippocampus of mice, rats, and bats have been

shown to represent egocentric directions and distances to spatial

goals or reference points (Jercog et al., 2019; Ormond & O'Keefe,

2022; Sarel et al., 2017). Overall, it remains an open and important

question to understand how space is represented in different coordi-

nate frames, as well as understanding the transformations that may

give rise to the allocentric nature of place cells (LaChance & Taube,

2022; Wang et al., 2018, 2020).

In this special issue, several studies have continued the quest of

understanding allocentric versus egocentric representation in the hip-

pocampus and surrounding areas. In a study of monkeys performing a

context-object association task in a virtual environment, a consider-

able number of view cells were found in the hippocampus that acti-

vated whenever the monkey viewed a left or right side corridor at

either end of a central corridor, thus potentially representing particu-

lar views in an egocentric rather than an allocentric coordinate frame-

work (Corrigan et al., 2023). In another study, egocentric tuning was

found in deep layers of the lateral entorhinal cortex in rats (Wang

et al., 2023), extending previous work demonstrating egocentric tun-

ing in the superficial layers of the lateral entorhinal cortex (Wang

et al., 2018) and in the retrosplenial cortex (Alexander et al., 2020).

These findings suggest that egocentric tuning is prevalent throughout

several parahippocampal areas, suggesting these regions may perform

important computations for converting allocentric hippocampal

representations into an egocentric form (Alexander et al., 2023). Such

egocentric representations seem to be, among others, useful for goal-

directed navigation, for example by representing egocentric bearings

and distances toward the geometric center and “anchor points” of an
environment (LaChance & Taube, 2023).

In order to further explore how the hippocampal formation uses

allocentric and/or egocentric representations, we suggest that multi-

task experiments might also constitute a powerful approach to better

understand under which conditions neurons in the hippocampus and

surrounding medial temporal lobe regions represent space mainly in

allocentric or egocentric coordinates. For example, consecutive task

sessions or alternating trials could be used in a hybrid task that

requires subjects to alternately remember spatial information from

either an allocentric or from an egocentric perspective. Various tasks

have been developed that test allocentric and egocentric representa-

tions separately—for example, the Morris Water Maze task and

adapted variants for allocentric representations (Vorhees & Williams,

2006), and path integration tasks for egocentric representations

(McNaughton et al., 2006).

Combining these pre-existing tasks into multi-task experiments

could reveal whether individual neurons in the hippocampal formation

show (i) the same responses in both tasks and thus exhibit a particular

type of task-invariant spatial tuning; (ii) allocentric spatial tuning in

allocentric tasks but egocentric spatial tuning in egocentric tasks, thus

generally representing space but adapting their firing in response to

the spatial information that is most important for the task at hand;

and/or (iii) allocentric spatial tuning in the allocentric task but no tun-

ing in the egocentric task and vice versa. We suggest that performing

these different tasks back-to-back could resolve fundamental ques-

tions regarding the spatial tuning of neurons in the hippocampus and

surrounding medial temporal regions. More specifically, they could

help us understand whether spatial coding in the medial temporal

lobes is invariant or flexible, whether allocentric and egocentric spatial

tuning is encoded in different or overlapping neuronal populations,

and whether behavioral requirements alter the prevalence of allo-

centric versus egocentric tuning.

3.3 | Example 3: Comparing visual pattern
separation versus invariant concept encoding

For the next example, we consider work primarily in the episodic/

semantic-memory framework of hippocampal function, and in particu-

lar, how individual neurons respond to images of faces and objects. In
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this area of research, there is an ongoing debate over whether hippo-

campal neurons rely on visual pattern separation or concept associa-

tion to recognize objects and form new declarative memories (Quian

Quiroga, 2020), as is also discussed in the current special issue (Quian

Quiroga, 2023). The concept model is supported by human single-

neuron studies showing that hippocampal neurons respond highly

selectively to specific persons or objects, regardless of visual appear-

ances or stimulus modalities (Quian Quiroga, 2012; Quian Quiroga

et al., 2005, 2008). It has also been shown that concept neurons

encode multiple identities based on conceptual associations, personal

experience, and memory (De Falco et al., 2016; Rey et al., 2018,

2020), and that these neurons can expand their selectivity through

learned associations of new concepts (Ison et al., 2015). Based on

these findings, it has been argued that there is no pattern separation

in the human hippocampus; instead, individual concepts are repre-

sented by specific and invariant engrams and the association between

related concepts is encoded via partially overlapping assemblies

(Quian Quiroga, 2020).

On the contrary, a large literature on animal neurophysiology and

human neuroimaging suggests visual pattern separation, which pro-

poses that a key principle of hippocampal function is to transform sim-

ilar representations or memories into dissimilar and non-overlapping

representations (Leal & Yassa, 2018). Human studies using high-

resolution functional neuroimaging support this model by showing

that neural activity in subregions of the hippocampus is subject to

adaptation effects only upon repeated display of identical objects,

rather than visually changed objects, supporting pattern separation in

the human hippocampus and dentate gyrus (Bakker et al., 2008).

Related work in this special issue explores computational constraints

on associative memory built on associated, sparse concepts (Ryom

et al., 2023). Collectively, this work is consistent with the hippocam-

pus having pattern separation.

Most studies on pattern separation focus on comparing neural

response to changes in stimulus features and representations. There-

fore, understanding the coding principles of the hippocampus can pro-

vide valuable insights into pattern separation and reconcile the

discrepancies among human single-neuron, human fMRI, and animal

physiology findings. Specifically, a relevant distinction is whether the

hippocampus uses feature-invariant concept coding which has been

argued to not require pattern separation (Quian Quiroga, 2020),

and/or feature-based coding of stimuli, whereby visually similar stim-

uli would be expected to be encoded similarly such that pattern sepa-

ration mechanisms may be required. For example, as well as the

aforementioned work on concept codes in humans (Quian Quiroga,

2012), evidence for feature-based encoding includes that primate hip-

pocampal neurons are more responsive to face images than names

and voices, and identity coding of the same individuals does not gen-

eralize across modalities (Sliwa et al., 2016), as well as findings of neu-

rons that encode object colors and viewpoints (Gulli et al., 2020). As

such, there is currently evidence consistent with both kinds of encod-

ing in the primate hippocampus.

Recent studies in humans have also shown hippocampal neurons

that encode faces based on visual similarity but not on concept

associations, showing region-based feature coding (Cao et al., 2022;

Wang et al., 2022). These studies may help to reconcile the discrep-

ancy in pattern separation reported by previous studies (Leal &

Yassa, 2018; Quian Quiroga, 2020, 2023). Specifically, the finding of

region-based feature coding suggests that hippocampal neurons

exhibit a “receptive field” in high-dimensional feature space (analo-

gous to cognitive maps and place cells), such that objects or identi-

ties encoded within the receptive field may show a unitized

response and no pattern separation, while neurons can discriminate

between objects or identities within and outside the receptive fields,

showing pattern separation. These receptive fields are thought to

exist in both visual feature space, whereby neurons that respond to

specific features such as color, texture, and shape, and in concept

space, in which neurons respond to abstract concepts or ideas, such

as familiar faces or places. Computationally, the combination of

receptive fields from different neurons can lead to a global pattern

separation, potentially reconciling the evidence from human single-

neuron studies (Quian Quiroga, 2020) and neuroimaging studies

(Bakker et al., 2008). More broadly, discrepancies between the two

models may be attributed to various experimental factors, including

species differences, differences in stimulus selection and familiarity

(using pre-screening for responsive stimuli or not), as well as task

demands and behavioral contexts (passive viewing versus memory

tasks versus visual navigation), all of which make it more challenging

to distinguish between the proposed models.

In order to address these discrepancies, multi-task experiments

with human subjects that incorporate and address the above factors

may be crucial to adjudicate between these different theories.

Through multi-task experiments, the engagement of feature-based

versus concept encodings can be directly compared in different

contexts and tasks while examining the same set of neurons. For

example, a memory task and passive viewing can be applied consec-

utively in recording sessions using the same set of stimuli, including

prescreened and novel stimuli, to examine how task context, and

stimulus selection impacts neural representations. Such multi-task

experiments with combined neural, behavioral, and eye-tracking

measures could be used to examine whether both feature-based

and invariant concept neurons co-occur in the human hippocampus,

and if their activity is modulated by task context. For example, by

combining a one-back task requiring same/different recognition and

an object/face recognition task, analyses for feature and concept

neurons can be applied across tasks, comparing across task

demands, novel versus familiar stimuli, as well as comparing across

stimuli sets with differences in their pre-selection and/or with dif-

ferent feature patterns. Analyzing the data across these dimensions

could help to examine (i) if invariant concept-cells can be identified

across tasks and stimulus sets; (ii) if feature-coding cells can be

identified across tasks and stimulus sets and if they are modulated

by task context and/or by task-relevant features (e.g., features that

are useful for distinguishing novel or familiar items); and/or (iii) if

individual neurons can shift between these different representations

based on behavioral context or if these representations are enacted

by distinct circuits.
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3.4 | Example 4: Comparing different theoretical
frameworks of hippocampal activity

The examples thus far have largely examined work within a single cog-

nitive domain, notably spatial navigation or (episodic) memory, and as

such largely reflect questions that are most salient when working

within one of the aforementioned theoretical frameworks that con-

sider the hippocampus as best described as engaged in a particular

domain. Next, we turn our attention to example experiments that

could be used to test these frameworks themselves, comparing them

to alternatives such as a generalized cognitive map. To do so, we first

revisit a key feature of the majority of neuroscientific experiments,

which is that neural representations are typically only tested for a lim-

ited time across a limited behavioral repertoire. In so far as there are

variations in task and behavior, they are typically measured within the

same domain, for example, examining remapping across different spa-

tial environments in a spatial context (Kubie et al., 2020; Kubie &

Muller, 1991), and/or testing the invariance of concept neurons

across different views or evaluations of the same entities (Ison et al.,

2015; Quian Quiroga, 2012). What is much rarer to examine is the

activity of the same neurons across different cognitive domains—for

example comparing spatial and non-spatial memory tasks—and yet

this is precisely the kind of test that can be used to start to adjudicate

between the different theoretical frameworks for hippocampal func-

tion. A spatial view of the hippocampus may posit, for example, that a

place cell is always a place cell—it may be active in some environments

and inactive in others, but there is often an implicit assumption that

this cell should continue to carry out place-cell-like coding irrespective

of the animal's behavior—with an analogous argument to be made for

the memory framework and concept cells.

This assumption—that cells maintain the same kind of representa-

tion across time and/or tasks—is rarely explicitly tested. It also need

not be the case, as beyond the frameworks interpreting hippocampus

as reflecting either space or episodic memory, there are also alterna-

tive frameworks that posit that hippocampus is best described by a

general-purpose function that gets applied to different domains, func-

tioning, for example, as a generalized cognitive map (Behrens et al.,

2018; Whittington et al., 2020). Though there are differences across

variations of approaches within this framework, individual theories

within this framework make specific, testable predictions regarding

how individual neurons should act across completely different behav-

ioral paradigms. For example, a study that found that hippocampal

neurons could represent “locations” in frequency space also found

that some individual neurons that act as frequency-place cells in the

sound modulation task also act as physical-place cells in a separate

foraging task (Aronov et al., 2017). This study raises the intriguing

possibility that “cell identities” such as “place cell” may be contingent

on the behavioral and environmental context of the recording session,

and in another situation the same cell could appear to encode an

entirely different type of feature.

Testing such questions—for example, examining the consistency

of neural representations across tasks and examining the capacity for

individual neurons to switch representation—is particularly amenable

to investigations using multi-task experiments. By specifying if and

how the different frameworks make different predictions on how

individual neurons should change or maintain representations across

contexts, this provides a useful strategy for empirically testing key

tenets of the different frameworks, in order to assist with adjudicat-

ing between them. If, for example, a place cell is expected to only

respond to space, after identification, this can be tested across

tasks, comparing responses to various hypotheses regarding how a

neuron might change activity if it is acting inline with a generalized

cognitive map. In our recent work, we have started to address this

question by combining a spatial navigation task with a working-

memory task, finding neurons that had task-specific and task-

independent responses to relevant stimuli, as well as neurons that

changed their representation across the two tasks—finding, for

example, neurons that switch from representing stimuli in a working

memory task, to representing serial position in a spatial navigation

task—demonstrating a flexibility in the representations of hippocam-

pal neurons (Donoghue et al., 2023).

Combining multi-task experiments with explicit testing across dif-

ferent frameworks allows for testing specific predictions for how rep-

resentations change (or not) across tasks. For example, in a

generalized cognitive map framework, whereby the hippocampus

maps entities in dimensional space, a place cell in a spatial task may be

predicted to represent an object in feature space in a different task

context. Relatedly, as discussed in the previous section, some cells

that respond to faces and individual identities can be explained by

representing locations in a “face-feature” space (Cao et al., 2022).

Using a multi-task experiment combining facial stimuli with a feature-

based analysis with a spatial task with place- or target-cell analyses

could be used to evaluate whether there are neurons acting as gener-

alized “features-in-dimensional-space” neurons. Alternatively, a pre-

diction of the hippocampus operating as a generalized relational

memory system is that such a system can abstract across structurally

identical exemplars (Whittington et al., 2020), consistent with findings

in primates that hippocampus neurons can abstract across spatial con-

cepts, forming schema-like representations (Baraduc et al., 2019). This

perspective offers testable hypotheses for multi-task experiments, for

example, there could be overlap in the neurons that represent men-

tally traversing a family or phylogenetic tree as compared to a task

navigating a physical maze with a series of branches.

4 | RECOMMENDATIONS

Thus far, we have explored some of the key debates regarding the

function of the hippocampus, and proposed that experiment designs

that examine neural activity across different tasks are a useful strat-

egy to help address them. In comparing how individual neurons

respond across settings, it is important to emphasize that using multi-

ple tasks or manipulating task contexts is not a panacea, but another

tool in the toolkit. As with any other empirical strategy, multi-task

experiments can be used to lesser or greater effect depending on the

design. Here, we explore some themes and recommendations for such
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experiment designs, based in part on our own experience working

with a multi-task experiment.

Firstly, as we have been exploring throughout, is to explicitly con-

sider the theoretical underpinnings of the task(s) being employed

(Levenstein et al., 2020). As discussed in the examples, the theoretical

assumptions and ways in which a particular task constrains the behav-

ior (and therefore, the neural representations) is often under-speci-

fied. This creates particular jeopardy for multi-task experiments, as

combining disparate tasks without explicitly considering what assump-

tions these tasks may embody and what predictions they make about

how neural representations may relate to each other across tasks has

the risk of leading to combining tasks in ways whereby the results of

the study are difficult to interpret. Overall, our recommendation is

that the use of multi-task experiments is an available tool that has

thus far been under-utilized, and could be productively employed to

investigate and attempt to address some key outstanding questions

regarding the function of the hippocampus—if it is combined with

clearly defined predictions drawing from the theoretical frameworks

that are to be tested.

In addition, as we briefly discussed in some of the examples, a

key consideration for using multi-task experiments is to consider

whether the apparent discrepancies seen across experiments relate to

task-dependent or context-related responses, and/or to what extent

some differences may reflect inter-species differences. Coupling, for

example, allocentric and egocentric spatial navigation tasks or tasks

emphasizing self versus remote locations is a good design for observ-

ing shifting neural representation—if these representations can and do

shift within individuals. However, multi-task paradigms are less appli-

cable to the extent that (at least some) of these differences relates to

inter-species variation that may stem from evolutionary differences

and/or potential innate differences related to species-typical behavior

(Payne et al., 2021; Quian Quiroga, 2020; Rolls, 2023; Rolls & Wirth,

2018). For example, one possibility is that flexibly shifting hippocam-

pal representation and/or the specificity of particular representations

is rather specific to humans. Alternatively, the different types of per-

ceptual signals that rodents, primates, and humans rely on during navi-

gation could be transformed from or into self-referenced

representations or allocentric reference frames in species-specific

ways (Alexander et al., 2023; Yang et al., 2023; Zhu et al., 2023).

Future work on explicit cross-species comparisons should therefore

be a complement to multi-task experiments to further investigate hip-

pocampal function.

Another key element of using multi-task designs is to consider

the practical implications. In animal models, there are additional train-

ing requirements that may make multi-task designs more arduous —

though note that there are successful multi-task examples in mice

(Lee et al., 2022), rats (Aronov et al., 2017; Hallock & Griffin, 2013;

Trullier et al., 1999), bats (Sarel et al., 2022), and primates (Asaad

et al., 2000; Gulli et al., 2020; Rolls & Xiang, 2005). Multi-task experi-

ments may be particularly applicable to human experiments

(Donoghue et al., 2023; Minxha et al., 2020), as it is easier to ask sub-

jects to rapidly learn and switch between different tasks/contexts,

suggesting human studies may have an important role to play in

investigating the flexibility of hippocampal activity. However, limita-

tions in human studies include that recording time is limited, requiring

designs that allow for sufficient data acquisition across the tasks, con-

ditions, and/or trial types of interest. Due to this, careful consider-

ation needs to be taken that experiments are designed to be well

powered, and appropriately counter-balanced.

We also believe that multi-task and multi-context experiments

may provide a stepping stone not only to bridge between different

fields of inquiry related to the hippocampus, but also to other

approaches taken in neuroscience. For example, multi-context task

designs including using multiple distinct mazes and different memory

conditions has been used with non-invasive neuroimaging (Brown

et al., 2010; Brown & Stern, 2014), which offers data that could be

usefully compared with other modalities, tasks, and species. Relatedly,

there has been an ongoing conversation on the use of more naturalis-

tic and ecologically valid experiments in neuroscience (Finn et al.,

2022; Geva-Sagiv et al., 2015; Matusz et al., 2019; Nastase et al.,

2020; Sonkusare et al., 2019). While fully naturalistic experiments

require whole new frameworks of analysis, in at least some cases,

using multi-task experiments may provide an intermediate approach

that allows for expanding the range of behavior and evaluating if

responses generalize (or shift) across individual, constrained tasks,

while maintaining the control of using (multiple) laboratory tasks.

Multi-task experiments can also be used to test the robustness of

responses across different contexts, such as comparing real world

navigation to navigating in virtual space (Aghajan et al., 2015), in order

to examine how choices in task design affect neural responses. In

addition, multi-task experiments offer the potential for comparing

between constrained and naturalistic tasks if such tasks can be com-

bined together, to explicitly compare neural activity between more

constrained and naturalistic task settings.

Additionally, drawing from the field of machine learning, recent

work has started to explore how artificial neural networks can be

trained to do multi-task learning, and exploring what kinds of repre-

sentations they acquire when doing so and what this can tell us about

the brain (Driscoll et al., 2022; Yang, Joglekar, et al., 2019). Related

work has further specified how modeling work can be used to investi-

gate neural mechanisms of multiple tasks (Yang, Cole, & Rajan, 2019).

This kind of theoretical and modeling work, combined with examina-

tions of how artificial neural networks can be trained and tested

across different tasks, offers another avenue that could potentially be

productively linked with multi-task empirical work. Future work could

investigate how the different kinds of representations that emerge in

artificial neural networks trained on different task combinations

relates to representations seen in the brain, and what this implies

about the kinds of features and tasks these circuits appear to be most

tuned to.

5 | CONCLUSIONS

The neural representations of the hippocampus and surrounding

structures have been extensively studied, across species, tasks, and
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theoretical frameworks, which typically focus on cognitive domains

such as spatial encoding and memory-related processes. Here, we

emphasize that the typical procedure of examining neural activity

across a single task is limited by not allowing for examining responses

across different behavioral contexts—testing whether responses

change across different task contexts and whether individual neurons

change their representation. This may be important to address impor-

tant questions regarding hippocampal function(s). To address this

limitation, in this commentary, we discussed the feasibility and advan-

tages of using multi-task experiment designs to further disentangle

the flexible and highly task-dependent responses primarily in the

hippocampus—when combined with explicit specifications of theoreti-

cal assumptions and hypotheses—for investigating the nature of how

the hippocampus works.
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