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INTRODUCTION

When we think of how several events unfold during an experience, our sense of the duration, intervals, and order of these events is subjective and distinct from a precise representation of metric time. Such temporal information, so-called episodic time, is fundamental for encoding and retrieving episodic memories, the record of what happened, where it happened, and when. Recently, several studies monitored the activity of individual neurons (Tsao et al., 2018; Bright et al., 2020) or hemodynamics (Bellmund et al., 2019; Montchal et al., 2019) to provide evidence that the neural representation of episodic time exists in the lateral entorhinal cortex (LEC).

The LEC is one of the first and most severely affected regions in Alzheimer's disease patients (Khan et al., 2014; Wisse et al., 2014; Nosheny et al., 2019), and the targeted disruption of the LEC impairs various rodent models of episodic memory (Morrissey and Takehara-Nishiuchi, 2014). Within the network of inter-connected regions supporting episodic memory, the LEC is unique in that it maintains reciprocal connections with the hippocampus on the one hand and with the neocortical regions on the other (Bota et al., 2015; Nilssen et al., 2019). This anatomical feature led to a view that the LEC is an essential relay structure between the hippocampus and neocortex (Squire, 1992; Eichenbaum, 2000, 2017). Specifically, during memory encoding, the LEC routes multiple pieces of highly processed sensory information from the neocortex to the hippocampus, thereby helping the hippocampus combine them into a single representation of an experience. During memory retrieval, the LEC transfers the stored information from the hippocampus to the neocortex to reinstate the neocortical activity patterns during the original experience.

The discovery of neural representations of episodic time in the LEC provides a prime opportunity to refine the role of the LEC in the network processes supporting episodic memory. The present opinion article first summarizes findings in several electrophysiological studies that monitored the activity of individual neurons in the LEC with the focus on temporal features of their firing patterns. The survey has identified two distinct types, (1) drifting patterns during novel, open-ended experiences and (2) stable patterns during familiar, structured experiences (Figure 1). I then discuss their potential functions in the network dynamics supporting memory encoding and retrieval with several ideas for future investigations.
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FIGURE 1. Drifting and stable neural activity in the LEC. (A) Schematic depictions of the main findings in Tsao et al. (2018). When a rat sequentially explored two rooms with two different wall colors, some LEC neurons gradually increased/decreased the rate of action potentials (black vertical lines). Because the time constant of the changing rates differed across neurons, the population activity pattern continuously changed across time and did not repeat the identical pattern. Such ever-drifting activity helps efferent regions decorrelate the neural activity across time, thereby putting a unique timestamp on each ongoing event during a novel experience. (B) Schematic depictions of the main findings in Pilkiw et al. (2017). Over two weeks, a rat repeatedly underwent multiple combinations of stimulus pairings (A–D) in two different environments in a fixed temporal order. Almost all LEC neurons maintained stable rates of action potentials while the rat was experiencing one of the combinations; however, they drastically changed the rates upon the transition from one combination to another. Such remapping of baseline firing rates generates a unique population activity pattern for each event-environment combination. By stably maintaining the unique pattern during a familiar experience, the LEC helps efferent regions faithfully reinstate the original neural activity pattern associated with familiar events.




LEC ENSEMBLE DYNAMICS DURING NOVEL, OPEN-ENDED EXPERIENCES

Tsao et al. (2018) is the first to demonstrate that LEC neuronal ensembles play an essential role in representing episodic time. They recorded the spiking activity of individual neurons in the LEC while rats were placed in one of two empty boxes with different wall colors (Figure 1A). The rats alternatively visited these boxes 12 times, during which they freely explored in the box for ~four minutes. They found that ~20% of individual LEC neurons monotonically changed their firing rates over time, thereby showing “ramp-like” firing patterns. Importantly, these “temporal cells” marginally changed their firing rates depending on which box the rat was in (selectivity for wall color) or where in the box the rat was at a given time (selectivity for position). In some temporal cells, the ramp started from the box entry and ended with the box exit. In contrast, others showed ramp-like firing patterns covering from the start to the end of the entire recording session. Due to this variation in the time constant of the ramp, LEC ensemble activity patterns differentiated successive visits to the same box, thereby forming an accurate code for the temporal context of the entire experience.

Similar time selectivity was also observed in the entorhinal cortex while head-fixed monkeys passively viewed various images on a computer screen (Bright et al., 2020). Approximately 30% of entorhinal cells changed their firing rates at the onset of the image presentation and returned to their baseline firing rates over variable time durations ranging from a few 100 ms to 10 s.

Collectively, these findings suggest that LEC neurons possess the innate propensity to change firing rates in a ramp-like manner starting from the onset of events, such as an entry to an enclosure or a presentation of novel stimuli. Because the slope of the ramp varies across neurons, neural population activity drastically decorrelates over time, which enables the LEC to represent the passage of time within each experience.



LEC ENSEMBLE DYNAMICS DURING FAMILIAR, STRUCTURED EXPERIENCES

Parallel evidence suggests that the dynamics of LEC activity become considerably stabilized during a structured experience that consists of repeated presentations of familiar stimuli or repetitive, stereotypic movements in a familiar environment. For example, when rats ran on a figure-eight maze, LEC neuronal ensemble activity no longer drifted across running laps. Instead, it alternated two distinct patterns, each corresponding to a specific turning direction (Tsao et al., 2018). In parallel, during various forms of associative learning tasks, LEC neurons showed stable firing responses to sensory stimuli (Igarashi et al., 2014; Pilkiw et al., 2017; Suter et al., 2019; Woods et al., 2020; Lee et al., 2021) and objects (Keene et al., 2016) that were repeatedly presented over ~30–60 min. Notably, the across-time stability was detected not only in stimulus-evoked firing rates but also spontaneous firing rates during intervals between stimulus presentations (Pilkiw et al., 2017; Figure 1B). In this study, rats repeatedly underwent six blocks of trials in a fixed temporal order over two weeks. Each of six trial blocks included the repeated presentations of one of two sensory stimuli with or without an aversive outcome in one of two rooms. During the entire duration of each trial block, individual LEC neurons showed highly stable baseline firing rates. Upon the transition from one block to the other block, however, almost all neurons changed baseline firing rates drastically, leading to ensemble firing patterns that clearly differentiated all six trial blocks. Moreover, the ensemble firing pattern for each block emerged immediately after the rat entered the room but before the first stimulus presentation, alluding that the LEC network is capable of prospectively signaling imminent sensory events based on the temporal and environmental context.

Collectively, these findings suggest that during familiar, structured experiences, neural activity in the LEC is highly stable across time and even possesses the ability to prospectively signal upcoming events from the temporal contextual information.



FUNCTIONAL IMPLICATIONS OF DRIFTING AND STABLE FIRING PATTERNS IN THE LEC

The evidence summarized above suggests that the temporal stability of neural activity in the LEC changes dramatically depending on what type of experiences subjects are undergoing (Figure 1). During novel, open-ended experiences, the firing rates of individual neurons change over seconds to hours without any strong relations to moment-to-moment changes in subjects' movement or perceivable features of the environment. Such time-dependent drift is markedly suppressed during familiar, structured experiences. The LEC neurons show consistent firing patterns in response to repeatedly presented stimuli and stable baseline firing rates during memory tasks. The co-existence of drifting and stable neural activity might be because the consistency of sensory inputs across time differs between open-ended and structured experiences (Tsao et al., 2018; Sugar and Moser, 2019). In the former, external incoming inputs change continuously and rarely repeat the same patterns. In contrast, in the latter, the subjects repeatedly undergo a near-identical sequence of sensory inputs.

I here argue an alternative view that the drifting and stable activity in the LEC reflects its role in controlling the balance between flexibility and stability of network dynamics. Accumulating evidence suggests that each brain region is endowed with a mix of stable and changing neural activity patterns across various time scales and magnitude (Clopath et al., 2017; Rule et al., 2019; Mau et al., 2020). The widespread anatomical connectivity (Bota et al., 2015; Nilssen et al., 2019) places the LEC in a strategic position to coordinate the switch between the stable and changing neural activity across brain regions depending on the type of experiences. Specifically, during novel experiences, the slowly drifting neural activity in the LEC decorrelates the activity of neurons in the hippocampus, thereby providing timestamps for accurately encoding the temporal sequence of events as they unfold. In contrast, during familiar experiences, the stable neural activity in the LEC will continuously provide excitatory inputs into a specific set of neurons in the hippocampus and neocortex, thereby facilitating the reinstatement of the neural activity patterns associated with a specific experience. Therefore, representations of episodic time in the LEC are one manifestation of the more fundamental role of the LEC in setting the dynamics for memory encoding and retrieval in the hippocampus-neocortical network.



DISCUSSION

To further explore the functional relevance of time-sensitive activity in the LEC, the two following points warrant future investigations. Firstly, it is crucial to investigate how drifting neural activity in the LEC contributes to developing neural representations of new experiences in efferent regions. By using the computational modeling approach, Rolls and Mills (2019) argued that the activity of temporal cells in the LEC serves as essential inputs for hippocampal neurons to gain selectivity for a specific short time segment within an experience. These neurons, so-called time cells, form sequential firing patterns during intervals between task events (Pastalkova et al., 2008; MacDonald et al., 2011; Modi et al., 2014), representing their temporal information (Howard et al., 2014; Eichenbaum, 2017). However, it is important to note that time cells were detected while well-trained subjects underwent structured experiences. Therefore, it is necessary to manipulate LEC inputs into the hippocampus and examine how it affects the development of the sequential activity of hippocampal neurons during novel experiences.

Secondly, the relevance of stable activity in the LEC for memory retrieval requires further investigation. In support of the model described above, our recent study showed that reversible, pharmacological inactivation of the LEC impaired the reinstatement of task-related neural firings in one of its primary efferent targets, the medial prefrontal cortex (mPFC; Pilkiw et al., 2022). When male rats underwent multiple epochs of identical stimulus sequences in the same environment, the mPFC maintained a stable ensemble firing pattern across repetitions. With LEC inhibition, the mPFC still formed an ensemble pattern that accurately captured the stimulus sequence within each epoch. However, LEC inhibition markedly disrupted its consistency across the epochs by decreasing the proportion of mPFC neurons that stably maintained firing selectivity for stimulus associations. Although these findings support the idea that the LEC is necessary for the reinstatement of cortical memory representations, the pharmacological inactivation lacks the layer, cell-type, and projection specificity. Therefore, future studies must use a manipulation that disrupts the projections from the LEC to a neocortical region or the hippocampus and investigate the impact on their task-related activity during memory retrieval.

To conclude, the discovery of time-sensitive activity in the LEC represents an essential breakthrough for studying how the brain network processes temporal information during the encoding and retrieval of episodic memory. It also illuminates the need to develop a model that explains mechanisms of these processes by incorporating dynamics of neuronal ensemble activity. Future investigations on this topic are also clinically relevant because they will help explain why the disruption of the LEC with aging and Alzheimer's disease results in severe memory deficits.



AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and has approved it for publication.



FUNDING

This work was supported by NSERC Discovery Grant (RGPIN-2020-04479) and CFI Leaders Opportunity Fund (25026; KT-N).



REFERENCES

 Bellmund, J. L., Deuker, L., and Doeller, C. F. (2019). Mapping sequence structure in the human lateral entorhinal cortex. Elife 8, e45333. doi: 10.7554/eLife.45333.023

 Bota, M., Sporns, O., and Swanson, L. W. (2015). Architecture of the cerebral cortical association connectome underlying cognition. Proc. Natl. Acad. Sci. U. S. A. 112, E2093–E2101. doi: 10.1073/pnas.1504394112

 Bright, I. M., Meister, M. L. R., Cruzado, N. A., Tiganj, Z., Buffalo, E. A., and Howard, M. W. (2020). A temporal record of the past with a spectrum of time constants in the monkey entorhinal cortex. Proc. Natl. Acad. Sci. U. S. A. 117, 20274–20283. doi: 10.1073/pnas.1917197117

 Clopath, C., Bonhoeffer, T., Hübener, M., and Rose, T. (2017). Variance and invariance of neuronal long-term representations. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 372, 20160161. doi: 10.1098/rstb.2016.0161

 Eichenbaum, H. (2000). A cortical-hippocampal system for declarative memory. Nat. Rev. Neurosci. 1, 41–50. doi: 10.1038/35036213

 Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in episodic memory. Nat. Rev. Neurosci. 18, 547–558. doi: 10.1038/nrn.2017.74

 Howard, M. W., MacDonald, C. J., Tiganj, Z., Shankar, K. H., Du, Q., Hasselmo, M. E., et al. (2014). A unified mathematical framework for coding time, space, and sequences in the hippocampal region. J. Neurosci. 34, 4692–4707. doi: 10.1523/JNEUROSCI.5808-12.2014

 Igarashi, K. M., Lu, L., Colgin, L. L., Moser, M.-B., and Moser, E. I. (2014). Coordination of entorhinal-hippocampal ensemble activity during associative learning. Nature 510, 143–147. doi: 10.1038/nature13162

 Keene, C. S., Bladon, J., McKenzie, S., Liu, C. D., O'Keefe, J., and Eichenbaum, H. (2016). Complementary functional organization of neuronal activity patterns in the perirhinal, lateral entorhinal, and medial entorhinal cortices. J. Neurosci. 36, 3660–3675. doi: 10.1523/JNEUROSCI.4368-15.2016

 Khan, U. A., Liu, L., Provenzano, F. A., Berman, D. E., Profaci, C. P., Sloan, R., et al. (2014). Molecular drivers and cortical spread of lateral entorhinal cortex dysfunction in preclinical Alzheimer's disease. Nat. Neurosci. 17, 304–311. doi: 10.1038/nn.3606

 Lee, J. Y., Jun, H., Soma, S., Nakazono, T., Shiraiwa, K., Dasgupta, A., et al. (2021). Dopamine facilitates associative memory encoding in the entorhinal cortex. Nature 598, 321–326. doi: 10.1038/s41586-021-03948-8

 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. doi: 10.1016/j.neuron.2011.07.012

 Mau, W., Hasselmo, M. E., and Cai, D. J. (2020). The brain in motion: how ensemble fluidity drives memory-updating and flexibility. Elife 9, e63550. doi: 10.7554/eLife.63550

 Modi, M. N., Dhawale, A. K., and Bhalla, U. S. (2014). CA1 cell activity sequences emerge after reorganization of network correlation structure during associative learning. Elife 3, e01982. doi: 10.7554/eLife.01982.019

 Montchal, M. E., Reagh, Z. M., and Yassa, M. A. (2019). Precise temporal memories are supported by the lateral entorhinal cortex in humans. Nat. Neurosci. 22, 284–288. doi: 10.1038/s41593-018-0303-1

 Morrissey, M. D., and Takehara-Nishiuchi, K. (2014). Diversity of mnemonic function within the entorhinal cortex: a meta-analysis of rodent behavioral studies. Neurobiol. Learn. Mem. 115, 95–107. doi: 10.1016/j.nlm.2014.08.006

 Nilssen, E. S., Doan, T. P., Nigro, M. J., Ohara, S., and Witter, M. P. (2019). Neurons and networks in the entorhinal cortex: a reappraisal of the lateral and medial entorhinal subdivisions mediating parallel cortical pathways. Hippocampus 29, 1238–1254. doi: 10.1002/hipo.23145

 Nosheny, R. L., Insel, P. S., Mattsson, N., Tosun, D., Buckley, S., Truran, D., et al. (2019). Associations among amyloid status, age, and longitudinal regional brain atrophy in cognitively unimpaired older adults. Neurobiol. Aging 82, 110–119. doi: 10.1016/j.neurobiolaging.2019.07.005

 Pastalkova, E., Itskov, V., Amarasingham, A., and Buzsáki, G. (2008). Internally generated cell assembly sequences in the rat hippocampus. Science 321, 1322–1327. doi: 10.1126/science.1159775

 Pilkiw, M., Insel, N., Cui, Y., Finney, C., Morrissey, M. D., and Takehara-Nishiuchi, K. (2017). Phasic and tonic neuron ensemble codes for stimulus-environment conjunctions in the lateral entorhinal cortex. Elife 6, e28611. doi: 10.7554/eLife.28611.019

 Pilkiw, M., Jarovi, J., and Takehara-Nishiuchi, K. (2022). Lateral entorhinal cortex suppresses drift in cortical memory representations. J. Neurosci. 42, 1104–1118. doi: 10.1523/JNEUROSCI.1439-21.2021

 Rolls, E. T., and Mills, P. (2019). The generation of time in the hippocampal memory system. Cell. Rep. 28 1649–1658.e6. doi: 10.1016/j.celrep.2019.07.042

 Rule, M. E., O'Leary, T., and Harvey, C. D. (2019). Causes and consequences of representational drift. Curr. Opin. Neurobiol. 58, 141–147. doi: 10.1016/j.conb.2019.08.005

 Squire, L. R. (1992). Memory and the hippocampus: a synthesis from findings with rats, monkeys, and humans. Psychol. Rev. 99, 195–231. doi: 10.1037/0033-295X.99.2.195

 Sugar, J., and Moser, M. B. (2019). Episodic memory: neuronal codes for what, where, and when. Hippocampus 29, 1190–1205. doi: 10.1002/hipo.23132

 Suter, E. E., Weiss, C., and Disterhoft, J. F. (2019). Differential responsivity of neurons in perirhinal cortex, lateral entorhinal cortex, and dentate gyrus during time-bridging learning. Hippocampus 29, 511–526. doi: 10.1002/hipo.23041

 Tsao, A., Sugar, J., Lu, L., Wang, C., Knierim, J. J., Moser, M. B., et al. (2018). Integrating time from experience in the lateral entorhinal cortex. Nature 561, 57–62. doi: 10.1038/s41586-018-0459-6

 Wisse, L. E. M., Biessels, G. J., Heringa, S. M., Kuijf, H. J., Koek, D. H. L., Luijten, P. R., et al. (2014). Hippocampal subfield volumes at 7T in early Alzheimer's disease and normal aging. Neurobiol. Aging 35, 2039–2045. doi: 10.1016/j.neurobiolaging.2014.02.021

 Woods, N. I., Stefanini, F., Apodaca-Montano, D. L., Tan, I. M. C., Biane, J. S., and Kheirbek, M. A. (2020). The dentate gyrus classifies cortical representations of learned stimuli. Neuron 107, 173–184.e6. doi: 10.1016/j.neuron.2020.04.002

Conflict of Interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Takehara-Nishiuchi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Neuronal Code for Episodic Time in the Lateral Entorhinal Cortex



		Introduction



		LEC Ensemble Dynamics During Novel, Open-Ended Experiences



		LEC Ensemble Dynamics During Familiar, Structured Experiences



		Functional Implications of Drifting and Stable Firing Patterns in the LEC



		Discussion



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Integrative Neuroscience

Neuronal Code for Episodic Time in
the Lateral Entorhinal Cortex





OPS/images/fnint-16-899412-g001.gif
.....

«%%Aw Al ||n|§










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
' frontiers ‘ Frontiers in Integrative Neuroscience





