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Time and experience are independent
determinants of representational drift in CA1
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In this issue of Neuron, Khatib et al.1 and Geva et al.2 present complementary and breakthrough discoveries
demonstrating that elapsed time and active experience independently affect unique aspects of representa-
tional drift in the hippocampus.
Memories, much like ripples on a pond,

can appear distinct and vivid when fresh,

but over time, their contours blur. Yet, we

retain the ability to recall the essence of

ourmemories, navigatingour lives through

the maps etched in our minds. This diver-

gence between precision and persistence

creates a fascinating paradox at the

heart of our understanding of memory.

Traditionally, the hippocampus—a brain

region essential for episodic memory—

has been viewed as a reliable cartogra-

pher, with a map-like representation of

space believed to remain stable over

weeksand evenmonths.However, a land-

mark paper from Ziv et al.3 challenged this

view, when the authors demonstrated the

phenomenon of ‘‘representational drift’’

in the hippocampus, in which map-like

representations of space progressively

change over time, such that hippocampal

maps of the same space differed dramat-

ically when observed days or weeks

apart (Figure 1A; also see Mankin et al.4).

Since this discovery, representational drift

has been demonstrated in distributed

systems throughout the brain, such as

those underlying vision, olfaction, naviga-

tion, and memory.5 Importantly, the

behavioral and mechanistic determinants

of drift remain largely unknown. One cen-

tral question of recent discussion has

been how the passage of time versus the

accumulation of experience determines

representational drift.5

In this issue of Neuron, two pioneering

studies from Khatib et al.1 and Geva

et al.2 grapple with this question. Their in-

vestigations dissect the influences of time

and experience on hippocampal repre-

sentational drift and suggest that each
act as independent effectors of long-

term spatial representation.

Khatib et al.1 present compelling evi-

dence that representational drift on a

short timescale (within-day) is driven by

active experience rather than the mere

passage of time in the mouse hippocam-

pal subregion dorsal CA1 (dCA1). Specif-

ically, they demonstrate that the amount

of active exploration of a familiar environ-

ment strongly predicts the extent of repre-

sentational drift observed in spatial map-

ping of dCA1 (Figure 1B). Critically, they

also show that experience-dependent

representational drift is independent of

elapsed time. This elegant study under-

scores the dynamic nature of spatial

representation in the hippocampus with

particular emphasis on the role of contex-

tual experience in representational updat-

ing, thereby challenging the view of repre-

sentational drift as a result of merely

passive forgetting.1–5

With a complementary approach, Geva

et al.2 examine how extended time and

experience (days to weeks) impact long-

termrepresentationaldrift indCA1. Ina lon-

gitudinal study in mice, they quantified

changes in spatial tuning and activity rates

of large neural populations in dCA1 while

mice explored two familiar environments

across several weeks. Their findings reveal

a striking double dissociation of time and

experience on the hippocampal neural

code: on one hand, the passage of time

predicts changes to neuronal activity rates

(Figure 1C), while on the other hand, active

experience alters the spatial tuning of

dCA1 neurons (Figure 1B). In keeping with

Khatibi et al.,1 they also show that changes

in spatial tuning were context specific and
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independent of changes to activity rates.

This dissociation of factors underlying

representational drift at the behavioral level

reveals thecomplexnatureof thisphenom-

enon and suggests that multiple, parallel

mechanisms possibly contribute to drift.

Together, Khatib et al.1 and Geva et al.2

show that hippocampal representational

drift is differentially affected by the pas-

sage of time and active experience. Impor-

tantly, this work motivates new avenues

for exploration and questions for future

research. From one broad view of future

studies,we ask: howdo (possibly indepen-

dent) mechanisms at the synaptic level

orchestrate representational drift?

Recent modeling of representational

drift demonstrates that biologically plau-

sible learning rules and simple neural archi-

tectures can express drift while maintain-

ing representational organization for a

given set of inputs (via similarity) across

time and experience,6 similar to recent

experimental results.7 Future modeling

and experimental work should examine

how representations can be preserved in

such networks, specifically looking at the

differences in synaptic updates that occur

with active experience versus time. We

imagine that passive mechanisms, such

as molecular turnover or noise during syn-

aptic updating, could cause drift across

time (Figure 1C). Given that Geva et al.2

demonstrate that active experience spe-

cifically predicts changes to spatial tuning

in dCA1 (Figure 1B), modeling studies

might explore instantiations of biologically

plausible learning rules to this end. We

anticipate that active experience could

uniquely affect feedforward inputs to the

hippocampus from upstream cortical
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Figure 1. Experience and time distinctly affect representational drift
(A) A graphical summary of the classic representational drift observation,3 wherein the similarity of representation decreases across sessions.
(B) Khatib et al.1 and Geva et al.2 show that experience causes drift within1 and across days.2 Specifically, this effect is driven by changes in neuronal tuning
(receptive field above). We speculate that specific behavioral and plasticity functions could either increase or decrease the impact of experience on drift (arrows to
different drift rates).
(C) Geva et al.2 further show that protracted time differently impacts drift through changes in neuronal firing rates (receptive field above). Specific passive
mechanisms might contribute to time-dependent representational drift (arrows).
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structures (e.g., entorhinal cortex) via ac-

tivity-dependent plasticity mechanisms,

such as Hebbian learning.6 While the

observed experience-dependent effects1,2

directly motivate these routes of investiga-

tion on possible synaptic mechanisms

underlying drift, these findings also cast

our attention to outstanding questions on

how the dynamics of experience itself

shape long-term representations.

Khatib et al.1 and Geva et al.2 observe

drift in dCA1 spatial representations while

animals explore familiar, static environ-

ments. Long-term recording studies have

recently shown that variability in animal

behavior dramatically affects hippocampal

representation.8 Indeed, Khatib et al.1 and

Geva et al.2 performed rigorous control

analyses to demonstrate that variation

along several behavioral axes did not

explain their experience-dependent ef-

fects on representational drift per se (see

the papers’ supplemental information1,2).

However, active experience is inextricably

linked to the accumulation of behavioral

variation—to be active is to vary one’s

behavior. From a perhaps subtle but

different perspective, we could view these

findings1,2 to be consistent with the view

that behavioral variability is a determinant

of drift.8 However, to our knowledge,

no experiments have systematically ad-

dressed how variability of the environment

affects representational drift, wherein sys-

tematic comparisons can be made across
2276 Neuron 111, August 2, 2023
static versus variable (but recurring) con-

texts. It is possible that variability of the

environment could either increase or

paradoxically decrease representational

drift. On the one hand, we imagine environ-

mental variation might increase drift

because of variability in behavior and

experience while, on the other hand, varia-

tion of environment could decrease drift

(i.e., increase stability) because of new de-

mand to discriminate between variants of

experience. Future experiments should

therefore attempt to dissociate the impact

of environmental and behavioral variability

on long-term representation and whether

these sources of variation have similar or

opposing effects.

While Khatib et al.1 and Geva et al.2

illustrate the effect of active ‘‘online’’

experience on representational drift, the

impact of ‘‘offline’’ dynamics (e.g., during

sleep) on representational drift is not well

understood. Decades of research have

demonstrated that sequences of neural

activity and their representational struc-

ture from awake episodes are reacti-

vated, or ‘‘replayed,’’ during sharp-wave

ripples (SWRs) in restful and sleeping

states,9 and growing evidence suggests

that such events have an important role

in memory-guided behavior. A recent

study showed that replay during SWRs

predicts the long-term stability of spatial

mapping in the hippocampus.9 While

the relationship between active experi-
ence versus replay and representational

drift remains to be disentangled, we

speculate that each could have distinct,

possibly opposing effects on drift.

Finally, the impact of representational

drift on animal and human cognition re-

mains an exciting yet unexplored research

direction. While the hippocampus has a

well-described and central role in episodic

memory, it remains unclear how represen-

tational drift relates to such cognitive func-

tions. The encoding specificity hypothesis

suggests that memory requires the reacti-

vation of a distributed pattern of activity

present during prior learning.10 However,

the drift phenomenon challenges this

intuition and tasks us to reconsider how

neural representation directs mnemonic

behavior. Perhaps the organization of

neural representations, rather than the

tuning of individual neurons, is the deter-

minant of memory-guided behavior.1,2,5–7

Future experiments should examine how

learning impacts the organization of neural

representations across protracted experi-

ence and whether representational drift or

organization have similar or dissociable

behavioral consequences.

The studies from Khatib et al.1 and

Geva et al.2 echo a fundamental theme

reverberating throughout systems neuro-

science—namely, that our brains’ repre-

sentation of the world hangs in balance

between stability and plasticity. This deli-

cate dance manifests in various aspects
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of neural representation and cognition—

from learning and adaptation to disease

and recovery. These compelling and

complementary studies from Khatib

et al. and Geva et al. reinforce that repre-

sentational drift is a meaningful, experi-

ence-dependent process and open new

doors for future research programs to

elucidate this complex and diverse phe-

nomenon. Specifically, we set our sights

toward experiments that seek to under-

stand how plasticity mechanisms, vari-

ability in behavior and environments,

learning, and remembering cause the

brain’s representations of our dynamic

world to evolve.

DECLARATION OF INTERESTS

The authors declare no competing interests.

REFERENCES

1. Khatib, D., Ratzon, A., Sellevoll, M., Barak, O.,
Morris, G., and Derdikman, D. (2023). Active
Timing matters: A
of astrocyte reactiv
Daniela Rojo1 and Erin M. Gibson1,*
1Department of Psychiatry and Behavioral Scie
*Correspondence: egibson1@stanford.edu
https://doi.org/10.1016/j.neuron.2023.06.014

Sheehan and Nadarajah et al.1 identifi
macroautophagy chaperone enriched
enhancing the phagocytosis of misfo

Alzheimer’s disease (AD) and Parkinson’s

disease (PD) are progressive neurode-

generative disorders that affect the cen-

tral nervous system and currently have

no cure.2 Even though these diseases

have distinct clinical features, leading to

cognitive or motor decline, they both

involve the misfolding and aggregation

of proteins like b-amyloid, tau, or aSynu-

clein (aSyn).2 Hence, understanding the

mechanisms of proteome homeostasis is

imperative for minimizing misfolded pro-

tein aggregates and reducing or reverting

symptomatology for both AD and PD.
experience, not time, determines within day
representational drift in dorsal CA1. Neuron
111, 2348–2356. https://doi.org/10.1016/j.
neuron.2023.05.014.

2. Geva, N., Deitch, D., Rubin, A., and Ziv, Y.
(2023). Time and experience differentially affect
distinct aspects of hippocampal representa-
tional drift. Neuron 111, 2357–2366. https://
doi.org/10.1016/j.neuron.2023.05.005.

3. Ziv, Y., Burns, L.D., Cocker, E.D., Hamel, E.O.,
Ghosh, K.K., Kitch, L.J., El Gamal, A., and
Schnitzer, M.J. (2013). Long-term dynamics of
CA1 hippocampal place codes. Nat. Neurosci.
16, 264–266. https://doi.org/10.1038/nn.3329.

4. Mankin, E.A., Sparks, F.T., Slayyeh, B.,
Sutherland, R.J., Leutgeb, S., and Leutgeb,
J.K. (2012). Neuronal code for extended time
in the hippocampus. Proc. Natl. Acad. Sci.
USA 109, 19462–19467. https://doi.org/10.
1073/pnas.121410710.

5. Driscoll, L.N., Duncker, L., and Harvey, C.D.
(2022). Representational drift: Emerging the-
ories for continual learning and experimental
future directions. Curr. Opin. Neurobiol. 76,
102609. https://doi.org/10.1016/j.conb.2022.
102609.

6. Qin, S., Farashahi, S., Lipshutz, D., Sengupta,
A.M., Chklovskii, D.B., and Pehlevan, C.
protective role
ity in neurodegen

nces, Stanford University School of Medicine,

ed that Bmal1 loss from astrocytes
in Alzheimer’s disease patients and
lded proteins and preventing tau an

Increasing evidence suggests that tau

and aSyn pathologies are associated

with pronounced microglial and astrocyte

activation.3 But whether astrocyte activa-

tion is protective or deleterious for the

progression of pathologies associated

with AD or PD is still under debate. While

decreasing astrocyte reactivity through

a2-Na+/K+ ATPase inhibition has been

shown to be protective for tauopathy

development,4 recent evidence suggests

that astrocyte reactivity also has a protec-

tive effect by inducing proteostasis

through the JAK2-STAT3 axis.5 One

Neuron 111
(2023). Coordinated drift of receptive fields in
Hebbian/anti-Hebbian network models during
noisy representation learning. Nat. Neurosci.
26, 339–349. https://doi.org/10.1038/s41593-
022-01225-z.

7. Keinath, A.T., Mosser, C.-A., and Brandon,
M.P. (2022). The representation of context in
mouse hippocampus is preserved despite
neural drift. Nat. Commun. 13, 2415. https://
doi.org/10.1038/s41467-022-30198-7.

8. Sadeh, S., and Clopath, C. (2022). Contribution
of behavioural variability to representational
drift. Elife 11, e77907. https://doi.org/10.7554/
eLife.77907.

9. Grosmark, A.D., Sparks, F.T., Davis, M.J.,
and Losonczy, A. (2021). Reactivation pre-
dicts the consolidation of unbiased long-
term cognitive maps. Nat. Neurosci. 24,
1574–1585. https://doi.org/10.1038/s41593-
021-00920-7.

10. Jung, J.H., Wang, Y., Mocle, A.J., Zhang, T.,
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