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Abstract

Cortical neurons activated during recent experiences often reactivate with dorsal hippocampal CA1l
sharp-wave ripples (SWRs) during subsequent rest. Less is known about cortical interactions with
intermediate hippocampal CAL, whose connectivity, functions, and SWRs differ from those of dorsal
CALl. We identified three clusters of visual cortical excitatory neurons that are excited together with
either dorsal or intermediate CA1 SWRs, or suppressed before both SWRs. Neurons in each cluster were
distributed across primary and higher visual cortices and co-active even in the absence of SWRs. These
ensembles exhibited similar visual responses but different coupling to thalamus and pupil-indexed
arousal. We observed a consistent activity sequence: (i) suppression of SWR-suppressed cortical
neurons, (ii) thalamic silence, and (iii) activation of the cortical ensemble preceding and predicting
intermediate CA1 SWRs. We propose that the coordinated dynamics of these ensembles relay visual
experiences to distinct hippocampal subregions for incorporation into different cognitive maps.

Introduction

A key goal in cortical neuroscience is to understand large-scale patterns of activity in recordings from

hundreds or thousands of cortical neurons. Numerous studies have indicated that the effective dimensionality of

such patterns is most likely significantly lower due to the presence of neuronal ensembles distributed within and

across brain areas that exhibit similar sensory tuning properties and strong trial-to-trial correlations in sensory

responses (Carrillo-Reid et al., 2015; Clancy et al., 2019; Cossell et al., 2015; Hofer et al., 2011; Ko et al., 2011;

Ramesh et al., 2018). Some studies find that neuronal ensembles defined by co-variability of sensory responses

can also exhibit co-variability in spontaneous activity during quiet waking (Berkes et al., 2011; Carrillo-Reid et

al., 2015; Ch’Ng & Reid, 2010; Han et al., 2008; Hofer et al., 2011; Hoffman & McNaughton, 2002; Kenet et al.,

2003; Miller et al., 2014). However, studies in humans argue that ‘default mode’ network patterns of spontaneous

cortical activity differ considerably from patterns observed during sensory stimulation (Raichle, 2015).

Furthermore, in contrast to cortical ensembles defined by shared co-variability in response to a stimulus, co-

variability in spontaneous activity is not usually referenced to specific internally generated events. This has
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hindered head-to-head comparisons of the nature of neuronal ensembles defined by shared sensory responses

and shared “spontaneous” fluctuations.

The hippocampal sharp-wave ripple is an exceptionally well-studied internally generated event (Buzsaki,
2015; ripple for short). Ripples are generated stochastically during immobility or non-REM sleep (Buzséaki, 2015).
During waking ripples, the pupil is constricted (McGinley et al., 2015) and the thalamus is strongly suppressed
(Logothetis, 2015; Logothetis et al., 2012; Yang et al., 2019), indicating that animals are in a state of particularly
low arousal and insensitivity to sensory stimuli. Ripples are often associated with replays, which are temporally
compressed sequential reactivations of neurons that were activated during a prior experience. Such replay
events are believed to reflect recollection and consolidation of past experiences as well as rehearsal of an
internal model (Bhattarai et al., 2020; Carr et al., 2011; Foster, 2017; Gillespie et al., 2021; Gupta et al., 2010;
Jung et al., 2018; K Namboodiri & Stuber, 2021; Olafsdottir et al., 2018; O'Neill et al., 2010). Consistent with
these proposals, ripples are coupled to brain-wide activity changes across cortical and subcortical areas
(Logothetis et al., 2012; Karimi Abadchi et al., 2020; Liu et al., 2021; Chrobak & Buzsaki, 1996; Siapas & Wilson,
1998; Jadhav et al., 2016; Rothschild et al., 2017; Gomperts et al., 2015; Pennartz et al., 2004). Notably, ripples
do not always occur over the entire longitudinal axis of the hippocampus; instead, localized ripples are frequently
observed (De Filippo & Schmitz, 2022; Nitzan et al., 2022; Patel et al., 2013; Sosa et al., 2020). These localized
ripples have different features such as amplitude, duration, and frequency (Nitzan et al., 2022), and recruit
distinct populations of nucleus accumbens neurons (Sosa et al., 2020). In addition, different parts of the

hippocampus serve distinct functions with distinct anatomical connectivity with the neocortex (Fanselow & Dong,
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2010; Moser & Moser, 1998; Strange et al., 2014). Thus, we reasoned that localized hippocampal ripples may

couple with distinct networks of cortical neurons, and that this coupling may define previously unknown functional

cortical ensembles.

To test this hypothesis, we analyzed the activity of hundreds of neurons recorded simultaneously from

various regions of the visual cortex, hippocampus, and thalamus (Neuropixels data, Functional Connectivity

dataset, Allen Institute; Siegle et al., 2021). We identified three distinct ripple-associated cortical activity patterns:

two cortical clusters activated in conjunction with dorsal or intermediate CA1 ripples, and one suppressed before

either type of ripple event. Neurons in the same cluster exhibited correlated spiking across arousal levels,

especially during low arousal, even in the absence of ripple events. Neurons in each cluster were distributed

nearly evenly across primary and higher visual cortical areas and exhibited similar visual response properties.

These findings suggest that duplicate copies of visual information are routed to different regions of hippocampus

via distinct sensory cortical ensembles. This process may facilitate the integration of visual experiences into

multiple brain-wide networks and the updating of distinct internal models during quiet waking.

Results

Three distinct patterns of ripple-associated cortical neuronal activity

Spiking activity was measured simultaneously from six Neuropixels probes during passive presentation

of various visual stimuli in awake mice (Allen Institute, the Functional Connectivity dataset; Fig. 1A). Each session
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also included a thirty-minute ‘spontaneous period’, during which a static gray screen was shown to the mice.

Each Neuropixels probe targeted one of six visual cortical areas and passed through the dorsal (dCA1) or

intermediate CA1 (iCA1) (Fig. 1B). We focused on the analysis of hippocampal ripples and associated cortical

activity during the spontaneous period. As reported previously (De Filippo & Schmitz, 2022; Nitzan et al., 2022;

Patel et al., 2013; Sosa et al., 2020), we observed some ripples propagating along the longitudinal axis of CA1

and others localized to dCA1 or iCA1 (Fig. 1C-E). Ripples were classified into global (ripples detected at both

dCA1 and iCA1 with temporal overlap; 47.3+14.6% and 58.6+17.3% of all ripples detected at dCA1 and iCA1,

respectively), dCAL (ripples detected only at dCA1), and iCA1 (ripples detected only at iCA1L). Ripple strength

did not differ significantly between the dCA1 and iCA1, but ripple duration was longer in dCA1 (41.2 + 5 ms) than

iCAl (32.1 £ 5 ms, p<0.001). Also, global ripples were stronger and lasted longer than local ripples, with no

consistent bias in travel direction (Fig. S1).

We next examined the activity of visual cortical neurons during ripples. We found that 30.4 + 14.6% of

regular spiking neurons changed their activity significantly around ripples (Fig. 1F; See Methods). All visual

cortical areas, including the primary visual cortex, had similar proportions of ripple-modulated neurons (~20-

30%), but the fraction was slightly larger in the lateral (LM and AL) than medial visual cortical areas (AM and PM;

Fig. 1G). Notably, many neurons were modulated preferentially by either dCA1 or iCA1 ripples (Fig. 1F, H). We

classified ripple-modulated cortical neurons based on their activity profiles around dCA1 and iCAL1 ripples using

principal component analysis (PCA) and k-means clustering (Fig. S2). We identified three clusters of ripple-

modulated neurons: two showed preferential activation around either iCA1 (iAct) or dCAL1 ripples (dAct), and one
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showed suppression around both types of ripples (Inh; Fig. 1H). The dAct and iAct clusters increased activity,

while the Inh cluster decreased activity around the global ripple (Fig. S1C). The activity profiles of these three

clusters matched those of the first three PCs, and together they explained ~56% of the total variance in neural

activity during the 3-s time window centered around ripple onset (Fig. S2B).

When compared to ripple-non-modulated neurons (Nomod, 69.6 + 14.6%), ripple-modulated neurons

were more likely to be in deeper layers (Fig. 11). In particular, ripple-modulated neurons were less likely to be in

putative layer 4 and more likely to be in putative layer 6 than non-modulated neurons (Fig. S3). This suggests

that ripple-modulated neurons are more likely to send feedback to the thalamus than to receive thalamic

feedforward sensory inputs (Jia et al., 2022; Lamme et al., 1998). Although neurons from each visual cortical

area were included in all three ripple-modulated clusters, the iAct and dAct clusters were biased towards the

lateral and medial visual cortices, respectively (Fig. 1J). These regional biases were more pronounced in the

analysis of local field potentials (Fig. S4). This may reflect stronger connections between the medial visual

cortices and dorsal hippocampus via the retrosplenial cortex, and between the lateral visual cortices and

intermediate hippocampus via the entorhinal and temporal association cortices (Cenquizca & Swanson, 2007;

Meier et al., 2021; Wang et al., 2012; Yao et al., 2021).

Ripple-modulated cortical clusters are functional ensembles spanning the visual hierarchy

It has been suggested that an ensemble of co-active neurons may be a functional unit of neural

computation (Yuste, 2015). We measured neuronal activity correlations in the absence of a ripple (ripple epochs
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were removed; see Methods) during the spontaneous period to see if ripple-modulated cortical clusters represent

functional ensembles (Fig. 2A). On average, pairs of ripple-modulated neurons had significantly stronger

correlations than non-modulated neurons (Fig. 2B). Also, pairs of neurons from the same cluster showed

stronger correlations than those from different clusters (Fig. 2B). Furthermore, regardless of whether two neurons

were in the same or different visual areas, activity correlations were similarly high for those in the same cluster,

and similarly low for those in different clusters (Fig. 2C). This was similarly observed when analysis was

separately performed for each cluster, but with strongest area dependency in dAct cluster (Fig. S5A). dAct

neurons showed high within-cluster correlation in each visual cortical area (Fig. S5B), but lower between-area

correlation. Collectively, these results suggest that ripple-modulated cortical clusters, especially iAct and Inh

clusters, may represent coherent functional ensembles spanning multiple visual cortical areas, while dAct cluster

is composed of a collection of ensembles within individual visual areas.

Because ripples occur at low arousal, we examined how arousal level influences the activity of ripple-

modulated neurons using running speed and pupil size as proxy for arousal level (Reimer et al., 2014; Vinck et

al., 2015) (Fig. 2A). We found that the activity of the Inh and iAct clusters are positively and negatively correlated,

respectively, with running speed and pupil size (Fig. 2D). This was true regardless of neuronal location (Fig. 2E).

As strong within-cluster correlations can be explained by shared state-dependent modulation of neural activity,

we divided the spontaneous period into three states based on running speed and pupil size (excluding ripple

epochs): immobile with small pupil dilation (Small pupil), immobile with large pupil dilation (Large pupil), and

mobile (Mobile; Fig. 2F). Because ripple epochs were excluded, ripple power did not vary significantly across
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the three states (Fig. 2F). Even though the analysis was limited to a narrow range of arousal level and ripple

power was similarly low in all three states, within-cluster neuronal correlations remained higher than between-

cluster correlations at each arousal level (Fig. 2G, H). We observed similar pattern when separately analyzing

each ensemble (Fig. S5C). These results indicate that strong within-cluster correlations cannot be fully

accounted for by shared state-dependent modulation. Strong within-cluster correlations outside ripple epochs

are more likely to be caused by other mechanisms such as strong recurrent connectivity within each cluster (Ko

et al., 2011).

We also tested the possibility that our results were influenced by subthreshold ripple-like events. In

contrast to this possibility, we obtained similar results even when we limited our analysis to time periods with the

lowest 20% of ripple band power in the small pupil state (Fig. S6A, B). We additionally found that as arousal

level decreases, the difference between within-cluster and between-cluster correlations becomes stronger (Fig.

2H). This suggests that these spontaneous ensembles might be specialized to function during low-arousal states,

when external sensory influences are minimal.

Visual tuning properties are similar across spontaneous ensembles

Recent studies using large-scale recording techniques showed that spontaneous and sensory-evoked

activity are nearly orthogonal across species (Avitan et al., 2021; Liu et al., 2021; McGuire et al., 2022; Stringer

et al., 2019; Triplett et al., 2020; but see Berkes et al., 2011; Han et al., 2008; Hoffman & McNaughton, 2002).

We reasoned that the Inh cluster, which is suppressed during ripples but active during high arousal (Fig. 2D),
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may be more sensitive to sensory stimuli than the clusters that are activated during ripples (dAct and iAct

clusters). To determine whether visual responses vary across ripple-modulated clusters, we analyzed visual

responses of neurons with a significant receptive field (Fig. 3A). The proportion of neurons with a receptive field

was higher in Nomod neurons than ripple-modulated neurons (consistent with the finding that Nomod neurons

are prevalent in layer 4), but did not vary significantly across ripple-modulated clusters, contrary to our prediction.

Furthermore, the size of the receptive field did not differ significantly across clusters (Fig. 3A).

We then compared neuronal responses to drifting gratings which were presented during blocks of trials

that immediately preceded or followed the spontaneous recording period (Fig. 3B). Some neurons in each cluster

increased their activity, while others decreased their activity in response to the grating stimulus (Fig. 3C, D). We

measured responsiveness (activity in the presence versus absence of a stimulus), selectivity (response to

preferred versus orthogonal directions), phase modulation, and response latency. Neurons in each cluster had

a wide range of values for each tuning property, but these distributions were largely similar across clusters (Fig.

3E). The variability in neuronal tuning properties could not be explained by cluster identity, even after accounting

for regional differences (Fig. 3F). While each neuron’s cluster identity could explain more than 10% of the

variance in pupil size-related modulation and ~4% of the variance in running speed-related modulation (cf. Fig.

2D), cluster identity barely explained any variance in visual tuning (Fig. 3G). In sum, there was no difference in

the distribution of visual response properties across ripple-modulated and non-modulated clusters.

Coordinated activity of cortical ensembles and thalamic neurons



https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.17.533028; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The thalamus acts as a state-dependent gate for sensory inputs to the cortex (Aydin et al., 2018; Busse,

2018; Erisken et al., 2014; Liang et al., 2020; Molnar et al., 2021; Reinhold et al., 2023; Spacek et al., 2022;

Williamson et al., 2015). Thalamic activity decreases around hippocampal ripples (Logothetis et al., 2012;

Logothetis, 2015; Lara-Vasquez et al., 2016; Yang et al., 2019; Chambers et al., 2022), potentially preventing

sensory stimuli from interfering with ripple-related neural processing. We took advantage of the simultaneous

recordings from the hippocampus, cortex, and thalamus to examine the relationships between ripple-modulated

clusters and thalamic activity. Neurons in different thalamic nuclei showed highly synchronous activity during the

spontaneous period (Fig. S6C, D). Inh and iAct clusters showed strong positive and negative correlations with

thalamic activity, respectively, while neither dAct cluster nor Nomod neurons showed consistent coupling to

thalamic activity (Fig. 4A, B). This selective coupling between the thalamus and specific cortical clusters was

strongest in the lowest arousal state (Fig. 4B, C). This pattern of correlations did not reflect direct connectivity

between specific thalamic and cortical areas (Fig. S7). Thus, the observed coupling between the thalamus and

visual cortical clusters likely depends more on a shared modulation mechanism (e.g., via heuromodulators [S.-

H. Lee & Dan, 2012] and/or a hub region such as the thalamic reticular nucleus [Takata, 2020]) than it does on

direct anatomical connectivity.

Next, we performed a cross-correlation analysis to investigate temporal ordering of thalamic and cortical

neuronal activity in the absence of hippocampal ripples. This analysis was restricted to the small pupil, immobile

state during which thalamocortical correlations were strongest. Inh cluster activity preceded and was positively

correlated with thalamic activity. In contrast, iAct cluster activity followed and was negatively correlated with
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thalamic activity (Fig. 4D, E). These findings raise the possibility that, even in the absence of hippocampal ripples,

decreased activity of Inh cluster neurons—some of which are located in deep cortical layers (Fig. 1I) and likely

project to thalamus—may deactivate thalamic neurons, which in turn facilitates iAct cluster activity.

To further test this idea, we examined the temporal relationship between cortical ensembles, focusing on

Inh-iAct cluster pairs which show anti-correlated spontaneous activity (Fig. 2B). This analysis yielded consistent

results. The suppression of Inh cluster preceded the activation of iAct cluster (Fig. 4F, G). This temporal

relationship was also observed prior to the onset of a ripple—Inh cluster activity was suppressed before the

suppression of thalamic activity, which was followed by the activation of iAct cluster (Fig. 4H, I; Fig. S1D, E for

dCA1l and iCA1 ripples). Importantly, the strength of the upcoming ripple was significantly correlated with the

levels of thalamic activity suppression, Inh cluster activity suppression, and iAct cluster activity enhancement

during the 1-s period prior to ripple onset (Fig. 4J). These correlations were not merely due to the influence of

sub-threshold ripples, as ripple-band power during the same 1-s period was not related to subsequent ripple

strength (Fig. 4K). Collectively, these results suggest that spontaneous cortical ensembles may play a role in

biasing the brain toward internal processing by suppressing external sensory processing of thalamocortical

neurons (Fig. 4L).

Discussion

Understanding hippocampal-cortical interactions is important to determining how the brain builds and

uses cognitive maps (K Namboodiri & Stuber, 2021; Whittington et al., 2022). Despite well-known functional
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variations along the hippocampal longitudinal axis (Fanselow & Dong, 2010; Moser & Moser, 1998; Strange et

al., 2014), little is known about how different hippocampal regions interact with the cortex. According to Sosa et

al. (2020), ripples that occur selectively in the dCA1 or ventral CA1 (vCAL; iCALl is intermediate between dCA1

and iCA1l) recruit different populations of nucleus accumbens neurons, and neurons coupled to ripples in each

of these regions are modulated differently by novelty and reward. This suggests that distinct brain-wide networks

with different functions are linked to different hippocampal subregions. In the present study, we identified two

distinct visual cortical ensembles that are activated around ripples in dCA1 or iCA1 (dAct and iAct ensembles,

respectively). The dCA1 and iCA1l ripples differed in duration, magnitude, peak frequency, and pre-ripple

thalamic suppression (Nitzan et al., 2022; Fig. S1); their coupled cortical ensembles also differed in modulation

by arousal state and coupling with thalamus and with the Inh ensemble. Considering the differences in

anatomical connectivity, molecular composition, and functional roles of dCA1 and iCA1 (Fanselow & Dong, 2010;

Jarzebowski et al., 2022; Jin & Lee, 2021; Moser & Moser, 1998; Strange et al., 2014), the iAct and dAct

ensembles may be part of separate brain-wide networks that serve related but distinct functions.

Proposed functional variations along the hippocampal longitudinal axis include cognitive versus affective

signal processing (Fanselow & Dong, 2010; Moser & Moser, 1998; Strange et al., 2014), fine-grained versus

coarse representation of information (Harland et al., 2017; Jung et al., 1994; Poppenk et al., 2013), and faithful

versus subjective representation of experienced events (Biane et al., 2022; Yun et al., 2023). Thus, it is likely

that dAct and iAct ensembles have different functions. Consistent with this, the centroid of dAct activity followed

ripples (global ripple, 0.07+0.03 s; dCAL1 ripple, 0.02+0.02) while that of iAct activity preceded ripples on average
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(global ripple, -0.03+0.02 s; iCAl ripple, -0.06+0.02 s; Fig. 41, Fig. S1E). Since it has been suggested that post-

ripple cortical activation might reflect memory consolidation as it often accompanies a volley of ripples (Karimi

Abadchi et al., 2020), dAct activity may contribute more to the consolidation of previous experiences. On the

other hand, iAct ensemble predicts the strength of upcoming ripples (Fig. 4J) and might therefore have some

causal influence on ripples. Further, activities of iCA1 ripple-coupled cortical ensembles (iAct and Inh) are more

coherently modulated by arousal than dAct ensemble or Nomod neurons (Fig. 2D,E). This may be an indication

that iCA1-linked neurons are more sensitive to internal states than dCA1-linked neurons. In addition, the dAct

ensemble showed higher spontaneous correlations for neuron pairs within than between areas (Fig. S5A) with

high within-cluster correlation in each area (Fig. S5B). This suggests the existence of multiple dCAL1 ripple-

coupled sub-ensembles, each locally enriched within a given visual area. Meanwhile, pairwise spontaneous

correlations within the iAct or Inh ensembles were similar regardless of whether the two neurons were within the

same or different areas (Fig. S5A). Collectively, we speculate that multiple brain-wide networks coupled to

different hippocampal areas may construct distinct cognitive maps: the dCAl-coupled network may represent

fine-grained cognitive maps faithfully reflecting the external environment by virtue of connectivity to distinct fine-

grained cortical areas. In contrast, the iCAl-coupled network may represent coarse-grained cognitive maps

emphasizing arousal-inducing features of the external environment by virtue of connectivity to a broad swathe

of cortical areas.

All three spontaneous cortical ensembles spanned all visual cortical areas examined in this study. Given

that different visual cortical areas process different types of visual information (Andermann et al., 2011; Marshel
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et al., 2011), the function and co-activity of visual cortical neurons are determined in part by their anatomical

locations. However, spontaneous correlations were similarly high within a ripple-coupled ensemble for within-

area neuron pairs and across-area pairs, particularly for iAct and Inh ensembles. This lack of correlation between

ripple-related ensemble identity and spatial location suggests that ripple-related ensembles are organized

orthogonal to visual function. Consistent with this, the distribution of visual response profiles was very similar

across ensembles despite significant differences in the degree and nature of ripple-related activity. This suggests

that multiple copies of visual information are routed during rest to distinct large-scale neural networks linked to

different hippocampal areas. It is also worth noting that neurons in the primary visual cortex showed comparable

rates of ripple coupling as neurons in higher visual areas (Fig. 1G, J), which may explain the presence of spatial

coding in the primary visual cortex (Fiser et al., 2016; Flossmann & Rochefort, 2021; Haggerty & Ji, 2015; Ji &

Wilson, 2007; Saleem et al., 2018).

Before a ripple, we observed the following sequence: Inh ensemble suppression, thalamic silence, and

iAct ensemble activation. What might be the identity of Inh ensemble neurons in visual cortex? Deep layer cortical

neurons send strong inputs to the thalamus (Thomson, 2010), and their suppression reduces state-dependent

modulation of thalamic activity (Molnar et al., 2021; Reinhold et al., 2023; but see Nestvogel & McCormick, 2022).

Similar proportions of layer-6 corticothalamic neurons in the primary visual cortex increase or decrease their

activity in response to visual stimuli, and are positively modulated by arousal regardless of response direction

(Augustinaite & Kuhn, 2020). Thus, the overall activity pattern of Inh neurons is similar to those of layer-6

corticothalamic neurons. Thalamic suppression may therefore result from the suppression of the corticothalamic
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subset of Inh ensemble neurons prior to ripple onset (Reinhold et al., 2023). Additionally, local inhibitory cortical

interneurons may mediate the disinhibition of the iAct ensemble following the suppression of the Inh ensemble

(Bortone et al., 2014). These events may precede ripples to prepare hippocampus-coupled brain-wide networks

for internal, rather than external, signal processing. Collectively, these results significantly enhance our

understanding of hippocampo-cortico-thalamic interactions during internal and external signal processing.

Acknowledgements

We thank L. Frank, N. Nguyen, and the Namboaodiri, Jung and Andermann labs for useful feedback. This project
was supported by NIH ROOMH118422, RO1MH129582, R0O1AA029661, and a Scott Alan Myers Endowed
Professorship (V.M.K.N.), the Research Center Program of the Institute for Basic Science (IBS-R002-A1;
M.W.J.), and NIH DP2 DK105570, DP1 AT010971-02S1, R0O1 MH12343, a McKnight Scholar Award, a Harvard
Mind Brain Behavior Interfaculty Initiative Faculty Research Award, and the Harvard Brain Science Initiative

Bipolar Disorder Seed Grant with support from Kent and Liz Dauten (M.L.A.).

Author contributions

H.J., M.W.J. and M.L.A. conceived the project. H.J. conducted all analyses with feedback from V.M.K.N., M.W.J.

and M.L.A. H.J., V.M.K.N., M\W.J. and M.L.A. wrote the manuscript.

References


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(which wa o Certiel by peer review) 1S the autharifntie, who has orantstl biaRo a cense t display the prepit i perpetuiy. i f made
available under aCC-BY-NC-ND 4.0 International license.

Andermann, M. L., Kerlin, A. M., Roumis, D. K., Glickfeld, L. L., & Reid, R. C. (2011). Functional Specialization
of Mouse Higher Visual Cortical Areas. Neuron, 72(6), 1025-1039.
https://doi.org/10.1016/j.neuron.2011.11.013

Augustinaite, S., & Kuhn, B. (2020). Complementary Ca2+ Activity of Sensory Activated and Suppressed Layer
6 Corticothalamic Neurons Reflects Behavioral State. Current Biology, 30(20), 3945-3960.e5.
https://doi.org/10.1016/j.cub.2020.07.069

Avitan, L., Pujic, Z., Mélter, J., Zhu, S., Sun, B., & Goodhill, G. J. (2021). Spontaneous and evoked activity
patterns diverge over development. ELife, 10, €61942. https://doi.org/10.7554/eLife.61942

Aydin, C., Couto, J., Giugliano, M., Farrow, K., & Bonin, V. (2018). Locomotion modulates specific functional
cell types in the mouse visual thalamus. Nature Communications, 9(1), Article 1.
https://doi.org/10.1038/s41467-018-06780-3

Berkes, P., Orban, G., Lengyel, M., & Fiser, J. (2011). Spontaneous Cortical Activity Reveals Hallmarks of an
Optimal Internal Model of the Environment. Science, 331(6013), 83-87.
https://doi.org/10.1126/science.1195870

Bhattarai, B., Lee, J. W., & Jung, M. W. (2020). Distinct effects of reward and navigation history on
hippocampal forward and reverse replays. Proceedings of the National Academy of Sciences, 117(1),
689—697. https://doi.org/10.1073/pnas.1912533117

Biane, J., Ladow, M., Stefanini, F., Boddu, S., Fan, A., Hassan, S., Dundar, N., Apodaca-Montano, D., Woods,
N., & Kheirbek, M. (2022). Population dynamics underlying associative learning in the dorsal and
ventral hippocampus [Preprint]. In Review. https://doi.org/10.21203/rs.3.rs-1176569/v1

Bortone, D. S., Olsen, S. R., & Scanziani, M. (2014). Translaminar Inhibitory Cells Recruited by Layer 6
Corticothalamic Neurons Suppress Visual Cortex. Neuron, 82(2), 474—-485.
https://doi.org/10.1016/j.neuron.2014.02.021

Busse, L. (2018). The influence of locomotion on sensory processing and its underlying neuronal circuits. e-
Neuroforum, 24(1), A41-A51. https://doi.org/10.1515/nf-2017-A046

Buzsaki, G. (2015). Hippocampal sharp wave-ripple: A cognitive biomarker for episodic memory and planning.

Hippocampus, 25(10), 1073-1188. https://doi.org/10.1002/hipo.22488


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(which wa o Certiel by peer review) 1S the autharifntie, who has orantstl biaRo a cense t display the prepit i perpetuiy. i f made
available under aCC-BY-NC-ND 4.0 International license.

Carr, M. F., Jadhav, S. P., & Frank, L. M. (2011). Hippocampal replay in the awake state: A potential substrate
for memory consolidation and retrieval. Nature Neuroscience, 14(2), Article 2.
https://doi.org/10.1038/nn.2732

Carrillo-Reid, L., Miller, J. K., Hamm, J. P., Jackson, J., & Yuste, R. (2015). Endogenous Sequential Cortical
Activity Evoked by Visual Stimuli. Journal of Neuroscience, 35(23), 8813-8828.
https://doi.org/10.1523/JINEUROSCI.5214-14.2015

Cenquizca, L. A., & Swanson, L. W. (2007). Spatial organization of direct hippocampal field CA1 axonal
projections to the rest of the cerebral cortex. Brain Research Reviews, 56(1), 1-26.
https://doi.org/10.1016/j.brainresrev.2007.05.002

Chambers, A. R., Berge, C. N., & Vervaeke, K. (2022). Cell-type-specific silence in thalamocortical circuits
precedes hippocampal sharp-wave ripples. Cell Reports, 40(4).
https://doi.org/10.1016/j.celrep.2022.111132

Ch’Ng, Y., & Reid, C. (2010). Cellular Imaging of Visual Cortex Reveals the Spatial and Functional
Organization of Spontaneous Activity. Frontiers in Integrative Neuroscience, 4.
https://www.frontiersin.org/articles/10.3389/fnint.2010.00020

Chrobak, J. J., & Buzsaki, G. (1996). High-Frequency Oscillations in the Output Networks of the Hippocampal—
Entorhinal Axis of the Freely Behaving Rat. Journal of Neuroscience, 16(9), 3056—3066.
https://doi.org/10.1523/INEUROSCI.16-09-03056.1996

Clancy, K. B., Orsalic, 1., & Mrsic-Flogel, T. D. (2019). Locomotion-dependent remapping of distributed cortical
networks. Nature Neuroscience, 22(5), Article 5. https://doi.org/10.1038/s41593-019-0357-8

Cossell, L., lacaruso, M. F., Muir, D. R., Houlton, R., Sader, E. N., Ko, H., Hofer, S. B., & Mrsic-Flogel, T. D.
(2015). Functional organization of excitatory synaptic strength in primary visual cortex. Nature,
518(7539), Article 7539. https://doi.org/10.1038/nature14182

De Filippo, R., & Schmitz, D. (2022). Differential ripple propagation along the hippocampal longitudinal axis
[Preprint]. Neuroscience. https://doi.org/10.1101/2022.12.22.521603

Erisken, S., Vaiceliunaite, A., Jurjut, O., Fiorini, M., Katzner, S., & Busse, L. (2014). Effects of Locomotion

Extend throughout the Mouse Early Visual System. Current Biology, 24(24), 2899-2907.

https://doi.org/10.1016/j.cub.2014.10.045


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w%iﬁﬁvaéé’rﬁé’{i?é#éﬁiéa“‘é?%ﬁ‘é?%‘&?é&?éﬁ%ﬁﬁi&jﬁ%%@’_ﬁ;;@%{;%ﬁ% l::))c;REdthc%:ég g&?ﬁbéD?h%‘)SryéL?r?éJ}ﬁ"Siié‘éiJE‘ys. R i made

Fanselow, M. S., & Dong, H.-W. (2010). Are the Dorsal and Ventral Hippocampus Functionally Distinct
Structures? Neuron, 65(1), 7-19. https://doi.org/10.1016/j.neuron.2009.11.031

Fiser, A., Mahringer, D., Oyibo, H. K., Petersen, A. V., Leinweber, M., & Keller, G. B. (2016). Experience-
dependent spatial expectations in mouse visual cortex. Nature Neuroscience, 19(12), Article 12.
https://doi.org/10.1038/nn.4385

Flossmann, T., & Rochefort, N. L. (2021). Spatial navigation signals in rodent visual cortex. Current Opinion in
Neurobiology, 67, 163—173. https://doi.org/10.1016/j.conb.2020.11.004

Foster, D. J. (2017). Replay Comes of Age. Annual Review of Neuroscience, 40(1), 581-602.
https://doi.org/10.1146/annurev-neuro-072116-031538

Gillespie, A. K., Astudillo Maya, D. A., Denovellis, E. L., Liu, D. F., Kastner, D. B., Coulter, M. E., Roumis, D.
K., Eden, U. T., & Frank, L. M. (2021). Hippocampal replay reflects specific past experiences rather
than a plan for subsequent choice. Neuron, 109(19), 3149-3163.€6.
https://doi.org/10.1016/j.neuron.2021.07.029

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

Gupta, A. S., van der Meer, M. A. A., Touretzky, D. S., & Redish, A. D. (2010). Hippocampal Replay Is Not a
Simple Function of Experience. Neuron, 65(5), 695—705. https://doi.org/10.1016/j.neuron.2010.01.034

Haggerty, D. C., & Ji, D. (2015). Activities of visual cortical and hippocampal neurons co-fluctuate in freely
moving rats during spatial behavior. ELife, 4, e08902. https://doi.org/10.7554/eLife.08902

Han, F., Caporale, N., & Dan, Y. (2008). Reverberation of Recent Visual Experience in Spontaneous Cortical
Waves. Neuron, 60(2), 321-327. https://doi.org/10.1016/j.neuron.2008.08.026

Harland, B., Contreras, M., Fellous, J.-M., Harland, B., Contreras, M., & Fellous, J.-M. (2017). A Role for the
Longitudinal Axis of the Hippocampus in Multiscale Representations of Large and Complex Spatial
Environments and Mnemonic Hierarchies. In The Hippocampus—~Plasticity and Functions. IntechOpen.
https://doi.org/10.5772/intechopen.71165

Hofer, S. B., Ko, H., Pichler, B., Vogelstein, J., Ros, H., Zeng, H., Lein, E., Lesica, N. A., & Mrsic-Flogel, T. D.
(2011). Differential connectivity and response dynamics of excitatory and inhibitory neurons in visual

cortex. Nature Neuroscience, 14(8), Article 8. https://doi.org/10.1038/nn.2876


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w%iﬁmé”ﬁé’{i?é#é%ié&‘é?%ﬁ‘é??&?é&ﬁ‘éﬁ%ﬁﬁi&jﬁ%%@’_ﬁgffg{gﬁéﬁ% tf,’cgpid?!lc?“lies 322:5,?35QD?h%‘)BryéL?r?éﬂﬁ"Siié‘éﬁ&ﬂ‘f R i made

Hoffman, K. L., & McNaughton, B. L. (2002). Coordinated Reactivation of Distributed Memory Traces in
Primate Neocortex. Science, 297(5589), 2070-2073. https://doi.org/10.1126/science.1073538

Jadhav, S. P., Rothschild, G., Roumis, D. K., & Frank, L. M. (2016). Coordinated Excitation and Inhibition of
Prefrontal Ensembles during Awake Hippocampal Sharp-Wave Ripple Events. Neuron, 90(1), 113-127.
https://doi.org/10.1016/j.neuron.2016.02.010

Jarzebowski, P., Hay, Y. A., Grewe, B. F., & Paulsen, O. (2022). Different encoding of reward location in dorsal
and intermediate hippocampus. Current Biology, 32(4), 834-841.e5.
https://doi.org/10.1016/j.cub.2021.12.024

Ji, D., & Wilson, M. A. (2007). Coordinated memory replay in the visual cortex and hippocampus during sleep.
Nature Neuroscience, 10(1), Article 1. https://doi.org/10.1038/nn1825

Jia, X., Siegle, J. H., Durand, S., Heller, G., Ramirez, T. K., Koch, C., & Olsen, S. R. (2022). Multi-regional
module-based signal transmission in mouse visual cortex. Neuron, 110(9), 1585-1598.e9.
https://doi.org/10.1016/j.neuron.2022.01.027

Jin, S.-W., & Lee, I. (2021). Differential encoding of place value between the dorsal and intermediate
hippocampus. Current Biology, 31(14), 3053-3072.e5. https://doi.org/10.1016/j.cub.2021.04.073

Jung, M. W., Lee, H., Jeong, Y., Lee, J. W., & Lee, |. (2018). Remembering rewarding futures: A simulation-
selection model of the hippocampus. Hippocampus, 28(12), 913-930.
https://doi.org/10.1002/hip0.23023

Jung, M. W., Wiener, S. I., & McNaughton, B. L. (1994). Comparison of spatial firing characteristics of units in
dorsal and ventral hippocampus of the rat. Journal of Neuroscience, 14(12), 7347—7356.
https://doi.org/10.1523/JNEUROSCI.14-12-07347.1994

K Namboodiri, V. M., & Stuber, G. D. (2021). The learning of prospective and retrospective cognitive maps
within neural circuits. Neuron, 109(22), 3552-3575. https://doi.org/10.1016/j.neuron.2021.09.034

Karimi Abadchi, J., Nazari-Ahangarkolaee, M., Gattas, S., Bermudez-Contreras, E., Luczak, A., McNaughton,
B. L., & Mohajerani, M. H. (2020). Spatiotemporal patterns of neocortical activity around hippocampal

sharp-wave ripples. ELife, 9, €51972. https://doi.org/10.7554/eLife.51972


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w?i‘émé”ﬁé’{i?é#éﬁiéa“‘é?%ﬁ‘é?%‘@&?é&?éﬁ%é%@a‘jﬁ%%@’_ﬁg;@%{g%i% l::))c;REdthc%:ég g&?ﬁbQD?h%‘)SryéL?r?éJ}ﬁ"Si'rSZEJE‘yS. R i made

Kenet, T., Bibitchkov, D., Tsodyks, M., Grinvald, A., & Arieli, A. (2003). Spontaneously emerging cortical
representations of visual attributes. Nature, 425(6961), Article 6961.
https://doi.org/10.1038/nature02078

Ko, H., Hofer, S. B., Pichler, B., Buchanan, K. A., Sjostrom, P. J., & Mrsic-Flogel, T. D. (2011). Functional
specificity of local synaptic connections in neocortical networks. Nature, 473(7345), Article 7345.
https://doi.org/10.1038/nature09880

Lamme, V. A., Super, H., & Spekreijse, H. (1998). Feedforward, horizontal, and feedback processing in the
visual cortex. Current Opinion in Neurobiology, 8(4), 529-535. https://doi.org/10.1016/S0959-
4388(98)80042-1

Lara-Vasquez, A., Espinosa, N., Duran, E., Stockle, M., & Fuentealba, P. (2016). Midline thalamic neurons are
differentially engaged during hippocampus network oscillations. Scientific Reports, 6(1), Article 1.
https://doi.org/10.1038/srep29807

Lee, S.-H., & Dan, Y. (2012). Neuromodulation of Brain States. Neuron, 76(1), 209-222.
https://doi.org/10.1016/j.neuron.2012.09.012

Liang, L., Fratzl, A., Reggiani, J. D. S., El Mansour, O., Chen, C., & Andermann, M. L. (2020). Retinal Inputs to
the Thalamus Are Selectively Gated by Arousal. Current Biology, 30(20), 3923-3934.e9.
https://doi.org/10.1016/j.cub.2020.07.065

Liu, X., Ren, C,, Lu, Y., Liu, Y., Kim, J.-H., Leutgeb, S., Komiyama, T., & Kuzum, D. (2021). Multimodal neural
recordings with Neuro-FITM uncover diverse patterns of cortical-hippocampal interactions. Nature
Neuroscience, 24(6), Article 6. https://doi.org/10.1038/s41593-021-00841-5

Logothetis, N. K. (2015). Neural-Event-Triggered fMRI of large-scale neural networks. Current Opinion in
Neurobiology, 31, 214-222. https://doi.org/10.1016/j.conb.2014.11.009

Logothetis, N. K., Eschenko, O., Murayama, Y., Augath, M., Steudel, T., Evrard, H. C., Besserve, M., &
Oeltermann, A. (2012). Hippocampal—cortical interaction during periods of subcortical silence. Nature,
491(7425), Article 7425. https://doi.org/10.1038/nature11618

Marshel, J. H., Garrett, M. E., Nauhaus, I., & Callaway, E. M. (2011). Functional Specialization of Seven

Mouse Visual Cortical Areas. Neuron, 72(6), 1040-1054. https://doi.org/10.1016/j.neuron.2011.12.004


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w%iﬁﬁxv%?ﬁé’{i?ér‘t’i‘éi;é“éiiéﬁ‘é?ir'SC?éiﬁ‘éﬁ%é%@a‘jﬁ%%@’_ﬁgfg{%&% l:lFJ)c;Rfd?Ic%:ég giﬂﬁﬁ’béD‘fh%‘)BryéL?r?éJ}ﬁ'32?521&2‘5. R i made

McGinley, M. J., David, S. V., & McCormick, D. A. (2015). Cortical Membrane Potential Signature of Optimal
States for Sensory Signal Detection. Neuron, 87(1), 179-192.
https://doi.org/10.1016/j.neuron.2015.05.038

McGuire, K. L., Amsalem, O., Sugden, A. U., Ramesh, R. N., Fernando, J., Burgess, C. R., & Andermann, M.
L. (2022). Visual association cortex links cues with conjunctions of reward and locomotor contexts.
Current Biology, 32(7), 1563-1576.e8. https://doi.org/10.1016/j.cub.2022.02.028

Meier, A. M., Wang, Q., Ji, W., Ganachaud, J., & Burkhalter, A. (2021). Modular Network between Postrhinal
Visual Cortex, Amygdala, and Entorhinal Cortex. Journal of Neuroscience, 41(22), 4809-4825.
https://doi.org/10.1523/JINEUROSCI.2185-20.2021

Miller, J. K., Ayzenshtat, |., Carrillo-Reid, L., & Yuste, R. (2014). Visual stimuli recruit intrinsically generated
cortical ensembles. Proceedings of the National Academy of Sciences, 111(38), E4053—-E4061.
https://doi.org/10.1073/pnas.1406077111

Molnar, B., Sere, P., Bordé, S., Koos, K., Zsigri, N., Horvath, P., & Lérincz, M. L. (2021). Cell Type-Specific
Arousal-Dependent Modulation of Thalamic Activity in the Lateral Geniculate Nucleus. Cerebral Cortex
Communications, 2(2), tgab020. https://doi.org/10.1093/texcom/tgab020

Moser, M.-B., & Moser, E. I. (1998). Functional differentiation in the hippocampus. Hippocampus, 8(6), 608—
619. https://doi.org/10.1002/(SICI)1098-1063(1998)8:6<608::AID-HIPO3>3.0.CO;2-7

Nestvogel, D. B., & McCormick, D. A. (2022). Visual thalamocortical mechanisms of waking state-dependent
activity and alpha oscillations. Neuron, 110(1), 120-138.e4.
https://doi.org/10.1016/j.neuron.2021.10.005

Nitzan, N., Swanson, R., Schmitz, D., & Buzsaki, G. (2022). Brain-wide interactions during hippocampal sharp
wave ripples. Proceedings of the National Academy of Sciences of the United States of America,
119(20), €2200931119. https://doi.org/10.1073/pnas.2200931119

Olafsdéttir, H. F., Bush, D., & Barry, C. (2018). The Role of Hippocampal Replay in Memory and Planning.
Current Biology, 28(1), R37—R50. https://doi.org/10.1016/j.cub.2017.10.073

O’Neill, J., Pleydell-Bouverie, B., Dupret, D., & Csicsvari, J. (2010). Play it again: Reactivation of waking
experience and memory. Trends in Neurosciences, 33(5), 220-229.

https://doi.org/10.1016/j.tins.2010.01.006


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w%iﬁmé”ﬁé’{i?é#éﬁiéa“‘é?%ﬁ‘é?%‘@&?é&?éﬁ%é%@a‘jﬁ%%@’_ﬁg;@%{g%i% l::))c;REdthc%:ég g&?ﬁbQD?h%‘)SryéL?r?éJ}ﬁ"Siié‘éiJE‘ys. R i made

Patel, J., Schomburg, E. W., Berényi, A., Fujisawa, S., & Buzséki, G. (2013). Local Generation and
Propagation of Ripples along the Septotemporal Axis of the Hippocampus. Journal of Neuroscience,
33(43), 17029-17041. https://doi.org/10.1523/JINEUROSCI.2036-13.2013

Pennartz, C. M. A, Lee, E., Verheul, J., Lipa, P., Barnes, C. A., & McNaughton, B. L. (2004). The Ventral
Striatum in Off-Line Processing: Ensemble Reactivation during Sleep and Modulation by Hippocampal
Ripples. Journal of Neuroscience, 24(29), 6446—6456. https://doi.org/10.1523/JINEUROSCI.0575-
04.2004

Poppenk, J., Evensmoen, H. R., Moscovitch, M., & Nadel, L. (2013). Long-axis specialization of the human
hippocampus. Trends in Cognitive Sciences, 17(5), 230-240. https://doi.org/10.1016/j.tics.2013.03.005

Raichle, M. E. (2015). The Brain’s Default Mode Network. Annual Review of Neuroscience, 38(1), 433—-447.
https://doi.org/10.1146/annurev-neuro-071013-014030

Ramesh, R. N., Burgess, C. R., Sugden, A. U., Gyetvan, M., & Andermann, M. L. (2018). Intermingled
Ensembles in Visual Association Cortex Encode Stimulus Identity or Predicted Outcome. Neuron,
100(4), 900-915.€9. https://doi.org/10.1016/j.neuron.2018.09.024

Reimer, J., Froudarakis, E., Cadwell, C. R., Yatsenko, D., Denfield, G. H., & Tolias, A. S. (2014). Pupil
fluctuations track fast switching of cortical states during quiet wakefulness. Neuron, 84(2), 355-362.
https://doi.org/10.1016/j.neuron.2014.09.033

Reinhold, K., Resulaj, A., & Scanziani, M. (2023). Brain State-Dependent Modulation of Thalamic Visual
Processing by Cortico-thalamic Feedback. Journal of Neuroscience.
https://doi.org/10.1523/JNEURQOSCI.2124-21.2022

Rothschild, G., Eban, E., & Frank, L. M. (2017). A cortical-hippocampal—cortical loop of information processing
during memory consolidation. Nature Neuroscience, 20(2), Article 2. https://doi.org/10.1038/nn.4457

Saleem, A. B., Diamanti, E. M., Fournier, J., Harris, K. D., & Carandini, M. (2018). Coherent encoding of
subjective spatial position in visual cortex and hippocampus. Nature, 562(7725), Article 7725.
https://doi.org/10.1038/s41586-018-0516-1

Siapas, A. G., & Wilson, M. A. (1998). Coordinated Interactions between Hippocampal Ripples and Cortical

Spindles during Slow-Wave Sleep. Neuron, 21(5), 1123-1128. https://doi.org/10.1016/S0896-

6273(00)80629-7


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w?i‘éﬁxv%?ﬁé’{i?ér‘t’i‘éi;d“‘éiiéﬁ‘é?ir'SC?éiﬁ‘éﬁ%é%@éjﬁ%%@’_ﬁ;j%}%ﬁ% l:lFJ)c;Rfd?Ic%:ég giﬁfﬁbéD?h%‘)BryéL?r?éJ}ﬁ"Siié‘é{JR‘ys. R i made

Siegle, J. H., Jia, X., Durand, S., Gale, S., Bennett, C., Graddis, N., Heller, G., Ramirez, T. K., Choi, H.,
Luviano, J. A., Groblewski, P. A., Ahmed, R., Arkhipov, A., Bernard, A., Billeh, Y. N., Brown, D., Buice,
M. A., Cain, N., Caldejon, S., ... Koch, C. (2021). Survey of spiking in the mouse visual system reveals
functional hierarchy. Nature, 592(7852), Article 7852. https://doi.org/10.1038/s41586-020-03171-x

Sosa, M., Joo, H. R., & Frank, L. M. (2020). Dorsal and Ventral Hippocampal Sharp-Wave Ripples Activate
Distinct Nucleus Accumbens Networks. Neuron, 105(4), 725-741.e8.
https://doi.org/10.1016/j.neuron.2019.11.022

Spacek, M. A., Crombie, D., Bauer, Y., Born, G., Liu, X., Katzner, S., & Busse, L. (2022). Robust effects of
corticothalamic feedback and behavioral state on movie responses in mouse dLGN. ELife, 11, e70469.
https://doi.org/10.7554/eLife.70469

Strange, B. A., Witter, M. P., Lein, E. S., & Moser, E. I. (2014). Functional organization of the hippocampal
longitudinal axis. Nature Reviews Neuroscience, 15(10), Article 10. https://doi.org/10.1038/nrn3785

Stringer, C., Pachitariu, M., Steinmetz, N., Reddy, C. B., Carandini, M., & Harris, K. D. (2019). Spontaneous
behaviors drive multidimensional, brainwide activity. Science, 364(6437), eaav7893.
https://doi.org/10.1126/science.aav7893

Takata, N. (2020). Thalamic reticular nucleus in the thalamocortical loop. Neuroscience Research, 156, 32—40.
https://doi.org/10.1016/j.neures.2019.12.004

Thomson, A. (2010). Neocortical layer 6, a review. Frontiers in Neuroanatomy, 4.
https://www.frontiersin.org/articles/10.3389/fnana.2010.00013

Triplett, M. A., Pujic, Z., Sun, B., Avitan, L., & Goodhill, G. J. (2020). Model-based decoupling of evoked and
spontaneous neural activity in calcium imaging data. PLoS Computational Biology, 16(11), e1008330.
https://doi.org/10.1371/journal.pcbi.1008330

Vinck, M., Batista-Brito, R., Knoblich, U., & Cardin, J. A. (2015). Arousal and locomotion make distinct
contributions to cortical activity patterns and visual encoding. Neuron, 86(3), 740—-754.
https://doi.org/10.1016/j.neuron.2015.03.028

Wang, Q., Sporns, O., & Burkhalter, A. (2012). Network Analysis of Corticocortical Connections Reveals

Ventral and Dorsal Processing Streams in Mouse Visual Cortex. Journal of Neuroscience, 32(13),

4386—-4399. https://doi.org/10.1523/INEUROSCI.6063-11.2012


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

(w?ﬁmé”ﬁé’{i?é#éﬁiéa“‘é?%ﬁ‘é?%‘@&?é&?éﬁ%é%@a‘jﬁ%%@’_ﬁ;;@%{%ﬁ% l::))c;REdthc%:ég g&?ﬁbQD?h%‘)SryéL?r?éJ}ﬁ"Siié‘éiJE‘ys. R i made

Whittington, J. C. R., McCaffary, D., Bakermans, J. J. W., & Behrens, T. E. J. (2022). How to build a cognitive
map. Nature Neuroscience, 25(10), Article 10. https://doi.org/10.1038/s41593-022-01153-y

Williamson, R. S., Hancock, K. E., Shinn-Cunningham, B. G., & Polley, D. B. (2015). Locomotion and Task
Demands Differentially Modulate Thalamic Audiovisual Processing during Active Search. Current
Biology, 25(14), 1885-1891. https://doi.org/10.1016/j.cub.2015.05.045

Yang, M., Logothetis, N. K., & Eschenko, O. (2019). Occurrence of Hippocampal Ripples is Associated with
Activity Suppression in the Mediodorsal Thalamic Nucleus. Journal of Neuroscience, 39(3), 434—-444.
https://doi.org/10.1523/JNEUROSCI.2107-18.2018

Yao, S., Wang, Q., Hirokawa, K. E., Ouellette, B., Ahmed, R., Bomben, J., Brouner, K., Casal, L., Caldejon, S.,
Cho, A., Dotson, N. I, Daigle, T. L., Egdorf, T., Enstrom, R., Gary, A., Gelfand, E., Gorham, M., Griffin,
F., Gu, H., ... Zeng, H. (2021). A whole-brain monosynaptic input connectome to neuron classes in
mouse visual cortex (p. 2021.09.29.459010). bioRxiv. https://doi.org/10.1101/2021.09.29.459010

Yun, M., Hwang, J. Y., & Jung, M. W. (2023). Septotemporal variations in hippocampal value and outcome
processing. Cell Reports, 42(2), 112094. https://doi.org/10.1016/j.celrep.2023.112094

Yuste, R. (2015). From the neuron doctrine to neural networks. Nature Reviews Neuroscience, 16(8), Article 8.

https://doi.org/10.1038/nrn3962


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.17.533028; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

B C Global ripple dCAT1 ripple iCA1 ripple
Natural movie Dorsal CA1
2 (dCA1)
. *ra. iCA1 w,J’Jm\ﬂll.\“/ e W gy
£
| £, " I N A W
30-min mean = N »
e luminance gray a oo 2 L S X
ol 111 [«]
& ngglt,laJ:ﬁsous 6| CAT1 (iCA1) o wﬂV\M HM b o
J SNPY L Wl TR
Drifting S S WS
gratings AP (mm)
8 dCA1 S
10 05s
6 8
ML (mm)
D _ - dCA1 ripple iCA1 ripple Global ripple E < dCAT1 ripple iCA1 ripple Global ripple
2 : dCA1 probe : : £ f ] {
3 2 8 ¢ iCA1 probe g 0.8
N : = ol
T2 0 06 dCAT probe
EZ £ 04 iCA1 probe
S0 = — Inside ripples
< & g 0.2 --- Outside ripples
= Yl : : : O o .
-0.3 0 0.3-0.3 0 0.3-0.3 0 0.3 0 10 20 30 40 50 O 10 20 30 40 50 0 10 20 30 40 50
Time from ripple onset (s) Normalized ripple band power (z-score)
F d4CAT ripple G H Norm. firing rate
CAT 1 * |
' ‘,A'pple 50 = 21012
< B < iCA1 ripple
= , = = —
e o
= i g 20 <
= = 1
) ; =
< ; 2
10 1 0
Time from ripple onset(s) N
s
| J iAct dAct a
S 1
S 60
sl o
o 06 ’ / 8 4
T 04 Nomod = ‘ \ +
> e ]]* 2 ‘ t 5
E 02 fnh ® 20 1 e
o o
0 02040608 1
«Superficial Deep — 0 A 0 1 A 0 1
Norm. depth in cortex DIV (IR (e Time from ripple onset (s)

Fig. 1. Hippocampus ripples classify visual cortical neurons into four types. A. Neuropixels probe locations
and recording session timeline. Neuropixels probes targeted six visual cortical areas and also passed through
the hippocampus and thalamus. Animals passively viewed various visual stimuli including natural movies and
drifting gratings. Most analyses used data from a thirty-minute spontaneous period during which mean luminance
gray was presented. B. CA1 pyramidal layer recording locations (n=20 sessions). Red and blue dots represent
the most medially and laterally positioned probes in each session, which target dorsal and intermediate CAL1,
respectively. C. Three representative CA1 local field potential (LFP) traces from 6 Neuropixels probes showing
ripple events. Red and blue traces represent LFP from dorsal (dCA1) and intermediate (iCA1) CAL, respectively.
Some ripples span dorsal and intermediate CA1 (global ripples; left), while others are more localized in dCA1
(middle) or iCA1 (right). D. Normalized ripple band (100-250 Hz) power from dCA1- and iCAl-targeting probes
around different types of ripples. E. Cumulative fraction of normalized ripple band power at time bins with (Inside
ripples) or without ripples (Outside ripples). Each graph was plotted until 0.99 cumulative fraction (See Methods).
F. Three sample visual cortical neuron responses to dorsal (red) and intermediate (blue) ripples. Top, spike
raster plots; bottom, spike density functions. G. Fractions of dCA1 or iCAL ripple-responsive regular spiking
neurons. Ripples modulated lateral visual cortical neurons (LM and AL, 32.2+16.5%) more than medial ones
(AM and PM, 27.4 £ 15.4 %; n=17 sessions targeting both areas). H. Ripple-responsive visual cortex neurons
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were clustered into three groups based on average activities around ripples (see Methods). The first three
principal components of average ripple responses are shown in gray scale. Green, orange and purple colors
indicate iAct, dAct, and Inh clusters, respectively. I. Cumulative fraction of normalized neuron depth in each
cluster (0, surface; 1, white matter). Ripple non-responsive neurons were located more superficially than ripple-
responsive neurons, but the depth of ripple-responsive neurons did not vary across clusters. J. Fractions of
cluster-specific ripple-modulated neurons per area. Note neurons in every cluster are widely distributed across
visual areas, with slight biases of iAct and dAct neurons towards lateral and medial visual areas, respectively.
Error bars in all figures indicate mean+95% bootstrap confidence intervals unless noted. See Table S1 for
detailed results of statistical tests.
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Fig. 2. Visual cortex clusters maintain correlated activity outside ripple events. A. Spike raster plots of all
neurons during an example spontaneous period. Normalized ripple band power, running speed, and pupil size
are also shown. Pupil size was normalized by average pupil size during running (> 2 cm/s). B. Mean neuronal
correlations within and across clusters during the spontaneous period. We excluded ripple-containing 2-s time
bins. The heatmap was averaged across sessions (n = 18; only sessions with at least one cell in each cluster
were used). The correlation within a ripple-modulated cluster (diagonal line; 0.09+0.006, averaged across the
three ripple-modulated clusters) is stronger than that between clusters (0.01+0.007, averaged across iAct-dAct,
iAct-Inh, and dAct-Inh) or that within the Nomod group (0.02+0.003). C. Mean spontaneous neuronal correlations
within (w/i area) and between areas (b/w areas). Neuronal pairs within a cluster have a higher spontaneous
correlation than those between clusters in both cases. D. Cumulative fraction of running (left) or pupil (right)
modulation index. Positive modulation index indicates neuronal activity is higher during high-arousal (running or
large pupil) than low-arousal (stationary or small pupil). To avoid potential confounding effects of running, pupil
modulation index was calculated using only immobile-state data. E. Average cluster-specific running and pupil
modulation indices. F. Average running speed, normalized pupil size, and normalized ripple band power in four
states: a ripple-containing state (Ripple), two immobile states with small pupil (Small pupil) or large pupil (Large
pupil), and a mobile state (Mobile). Ripple-containing periods were excluded for the latter three states.
Normalized ripple band power used peak power rather than average power within each 2-s analysis window.
Despite clear differences in running speed and pupil size, ripple power was minimally different across the latter
three states. G. Average neuronal correlations in three behavioral states. I. Average correlation of within-or
between-clusters neuronal pairs during three behavioral states. Within-cluster correlation is significantly greater
than between-cluster correlation even in the mobile state, though the difference is smaller than in immobile states.
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Fig. 3. Visual properties did not differ across ripple-coupled ensembles. A. Fraction of neurons with
significant receptive fields in each cluster (left) and cumulative distribution of receptive field size (right). Only
neurons with significant receptive fields were used for the remaining analyses in Fig. 3. Nomod neurons were
more likely to have significant receptive fields than ripple-modulated clusters. Receptive field size did not vary
significantly across clusters. B. Schematic of session structure. Visual response characteristics were
determined by analyzing neural responses to drifting gratings in Fig. 3. C. Fractions of grating-responsive
neurons. D. Responses of ripple-modulate neurons to drifting gratings. Neurons were sorted by cluster identity
and grating response. Each ensemble had neurons with enhanced and suppressed responses to drifting
gratings. E. Cumulative fraction of neurons as a function of responsiveness to the preferred direction,
selectivity between the preferred and orthogonal directions, phase modulation, and response latency. F.
Cluster responsiveness, selectivity, phase modulation, and response latency averaged by area. Note overall
similarity in visual response properties across clusters. G. Explained neural activity variance by behavior states
and visual response properties. Open circle denotes explained variance from shuffled cluster identities.
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Fig. 4. Coordinated visual cortical and thalamic activity precedes aripple during the low arousal state.
A. Top: Raster plots of neuronal activity in visual (lateral geniculate nucleus, LGN; lateral posterior nucleus,
LP) and non-visual thalamic areas (medial geniculate nucleus, MGN; other thalamic areas, other). Bottom:
Mean £s.e.m. (shading) of simultaneously recorded neuronal activity in each thalamic or cortical group (for
single-neuron data from cortex, see last 20 s of Fig. 2A). B. Average noise correlation across all pairs within or
between clusters in visual cortex and thalamus (cf. Fig. 2G). C. Average spontaneous cross-correlation
between each cluster and thalamus (including both visual and non-visual thalamic nuclei). Correlation between
each cluster and thalamus increases as arousal level decreases. Each line indicates an individual session. D.
Cross-correlation between thalamus and each cortical cluster during immobility with small pupil size. iAct and
Inh ensembles showed positive and negative correlations with thalamus, respectively, while dAct neurons and
NoMod showed weaker correlations. Thalamic activity precedes (or follows) cortical cluster activity when
biases are positive (or negative). E. The difference in absolute area under the cross-correlation curve
(Aabsolute AUC) between before (pre; 0.5 s) and after (post; 0.5 s) time zero. Activation of the Inh ensemble
leads the activation of thalamus, which is followed by suppression of iAct ensemble. Thus, suppression of Inh
neurons inhibits thalamic neurons and disinhibits iAct neurons. F-G. Same format as D-E, but between the Inh
ensemble and other ensembles. Activation of the Inh ensemble leads suppression of the iAct ensemble. *,
paired t test with Nomod. H. The average firing rate of visual cortex ensembles and the thalamus around global
ripple onset. Normalized hippocampal ripple band power is also shown. |. Centroid time of ripple-associated
activity of each cluster (in the £1s surrounding ripple onset). Thalamic and visual cortical activity around
hippocampal ripples change in a predictable temporal sequence. J. Correlation between neural activity 1-s
prior to ripple onset and ripple strength. K. Correlation between hippocampal ripple band power 1-s prior to
ripple onset and ripple strength. L. Schematic illustrating how arousal affects visual cortex ensemble-thalamus
interactions. Each dot is a visual cortical neuron with its color representing cluster identity (Green, iAct;
Orange, dAct; Purple, Inh). Dashed lines connect groups with significant activity correlations, with ‘+’ or ‘-
‘indicating the sign of correlation. Pink arrows indicate overall thalamic activity across arousal levels. The
strength of within-ensemble correlations is represented by the proximity of dots. The predominant oscillatory
event in the hippocampus at each arousal level (ripple or theta oscillation) is also shown.
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Fig. S1. Properties of different ripple types. A. Ripple duration (left) and strength (rlght) of three different ripple
types. The duration of global ripples was measured as time from onset of the first detected ripple (either from
dCA1 or iCA1) until ripple band power in both dCA1 and iCA1 goes below a threshold of 2 standard deviations
above mean ripple power. The strength of global ripples was measured as the maximum power of simultaneously
detected ripples from dCA1 and iCA1L. Gray lines: individual sessions (n=20, one session per mouse). Black line
and errorbars: mean * s.e.m. across sessions. B. Fraction of global ripples that initially arise from dCA1 and
travel toward iCA1. dCAL ripples did not consistently lead or lag iCA1 ripples. C. Activity profile of visual cortical
neurons around global ripples. Neurons are ordered by cluster identity as in Fig. 1H. D. Average activity of visual
cortical clusters and thalamus around different ripple types. The traces surrounding global ripples are the same
as in Fig. 4H. Inhibition of activity in the thalamus and in the Inh cluster was consistently observed across the
three ripple types. E. Activity centroid (i.e. center of mass of average activity in the + 1 s surrounding a ripple) of
each ensemble and thalamus around dCA1 or iCAL ripples. F. Comparison of ripple-associated suppression of
activity in thalamus and in the Inh ensemble between dCA1 and iCAL ripples. Ripple-associated suppression
was measured as the area under the curve during the period from -0.5 s to 0.5 s from ripple onset, analyzed for
dCA1l and iCA1 ripples. We did not compare dAct and iAct ensembles here, because their activity must be biased
toward either dCA1 or iCA1 ripples by definition.


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.17.533028; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B PC 1 (23.8%) PC 2 (17%) PC 3 (15.1%) C

0.1 dCAT1 ripple | ,
| : 0

iCA1 ripple
0 H i ;
0 915 30 45 -1.5 0 15-15 0 15-15 0 1.5 0 5 10 15 20
Number of PCs Time from ripple onset (s) Number of clusters (k)

80

60

Fig. 2D

40 |

20 4.}

Activity (a.u.)
o

Explained variance (%)

Explained variance (%

o

k=2 k=4

2000

Neurons
=)
o
o

o
<]

Co-clustering

probability (%)

0

——
1000 2000 k 1000 2000/ 1000 2000 1000 2000

Neurons

Fig. S2. Details of k-means clustering. A. Explained variance of average neural activity profiles surrounding
ripples as a function of the number of principal components (PCs). Principal component analysis (PCA) was
performed using concatenated neural activity profiles surrounding dCA1 and iCAL ripples (see Methods). The
first 9 PCs, whose explained variance together reached 80.2 % (red dot), were used for k-means clustering. B.
Activity profiles of the first three PCs around dCA1 and iCAL ripples. Titles indicate % variance explained. C.
Cumulative explained variance of the dataset composed of the first 9 PCs from A-B, as a function of the
number of clusters used for k-means clustering. Please note that the graph has an elbow around k=2-5. D. Co-
clustering probability of neurons from 100 iterations of k-means clustering for each k. This shows that the
clustering result is most stable when k=3. Thus, for subsequent analyses, we classified ripple-coupled cortical
neurons as belonging to one of three clusters.
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Fig. S3. Layer distribution of each cluster. Fraction of ripple-modulated neurons and of nhon-modulated
neurons across different layers of cortex. Ripple-modulated neurons were more located in layer 6, and less
located in layer 4, in compared to non-modulated neurons. Each light gray or red line represents an individual
session. Black and dark red lines: mean + s.e.m.
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Fig. S4. Ripple band power in medial and lateral visual cortex is differentially coupled to dCA1 and
iCAlripples. A. Normalized power in the ripple band (100-250 Hz) in visual cortical areas in the period
surrounding three different types of hippocampal ripples: global, dCA1 and iCAl ripples. Around global ripples,
ripple-band power similarly increased in all six visual cortical areas. By contrast, medial visual cortical areas
(PM and AM) and lateral visual cortical areas (LM and AL) preferentially increased in ripple-band power around
dCA1 and iCAL ripples, respectively. Bottom row: difference in normalized cortical ripple-band power in each
area during dCAL1 vs. iCAL ripples. V1, primary visual cortex; LM, lateromedial; AL, anterolateral; RL,
rostrolateral; PM, posteromedial; AM, anteromedial. B. Left: area under the curve (AUC) during the 0.1 s
window before (Pre-ripple) and after (Post-ripple) ripple onset. Right: difference in AUC for cortical ripple-band
power during dCA1 vs. iCA1 ripples.
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Fig. S5. Each cluster represents a functional ensemble. A. Mean spontaneous neuronal correlations within
(w/i area) and between areas (b/w areas) for each cluster. Pester, Parea, Pexa @re p-values for effect of cluster,
area, and cluster x area interaction, respectively (two-way mixed ANOVA). Same as Fig. 2C, but each cluster
was separately analyzed. B. Mean spontaneous correlations of dAct-dAct pairs (within cluster) and dAct-other
cluster pairs (between clusters) in each visual area. For each area, only sessions in which there were more
than 3 pairs each of dAct-dAct and dAct-other were used for analysis. C. Mean spontaneous correlations in
three different behavioral states (small pupil, large pupil, and mobile). Same as Fig. 2H, but each cluster was
separately analyzed. Peuster, Pstate, Pexs are p-values for effect of cluster, state, and cluster x state interaction,
respectively. For all clusters, even after accounting for whether the pairs were from the same or different areas
(A) and behavioral state (C), spontaneous neural correlations for pairs within the same cluster were higher
than correlations of pairs of neurons belonging to different clusters (Pcuster, main effect of cluster).


https://doi.org/10.1101/2023.03.17.533028
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.17.533028; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 5 30 B Immobile-small pupil
b g w/ 20% lowest ripple power
8520
2 o 0 W
£ ©
&g 10
]
So dAct
(=1
g 015 g
0 — L iAct g
257 238 oz
o238 38 N d S
T = ¢ = am oMo -0.15 -
S o =5
= g2 S 3
w a 5= @0 R b"' &
o eO
—_—
w/o ripple
C Spont. corr. D Within area
i . . . u - Between areas
Immobile-small pupil Immobile-large pupil 015 0 0.15 P =26x10%
w/o ripple w/o ripple Mobile w/o ripple P = 4.0x10%

Spont. correlation

\,0% NS é@e O.\oé\ \/C’;e NS @Oé

R
& ¥ V&

Fig. S6. Additional analyses of spontaneous correlations. A. Normalized ripple band power (100-250 Hz)
during different states. Ripple, small pupil, large pupil, and mobile states are the same states that are used in
Fig. 2. Additionally, the subset of the non-ripple state with the 20% lowest ripple power and with small pupil size
(below 50% of pupil size in the mobile state) was selected for analysis in B. B. Spontaneous correlation among
clusters in visual cortex during small pupil state with low ripple power. The main properties of correlation structure,
such as stronger correlation within cluster than between clusters and a negative correlation between the iAct
and Inh ensemble, remained even in these moments with negligible ripple band power. C. Spontaneous
correlation between thalamic neurons across visual (LP and LGN) and non-visual (MGN and Other) thalamic
areas. Similar to Fig. 2G, correlations were separately calculated for three states with different levels of arousal
during the spontaneous period. D. Average spontaneous correlation among neurons within the same area
(Within area) or between different areas (Between areas). Spontaneous correlation was higher for a pair of
neurons within area than across areas, but importantly, both within-area and between-areas correlations were
significantly positive (t-test with Bonferroni correction, Within area, p<0.001 for all three states, Between area,
p<0.05 for all three states).
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Fig. S7. Spontaneous correlation of cortical ensembles with their main input thalamic area was not
different from that with other thalamic area. Spontaneous correlation was measured between each ensemble
from primary visual cortex (V1) and two visual thalamic areas, either dorsal lateral geniculate nucleus (dLGN) or
lateral posterior nucleus (LP). The same analysis was done using ensembles in higher visual areas (HVA). V1
receives the main feedforward input from dLGN, while HVA receive stronger feedforward inputs from subregions
of LP. Nevertheless, we could not find any significant difference in spontaneous correlation between dLGN-V1
pairs and LP-V1 pairs or between dLGN-HVA pairs and LP-HVA pairs.
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Methods

Experimental data

We wused an Allen Institute Neuropixels dataset that is freely available to the public
(https://allensdk.readthedocs.io/en/latest/visual coding neuropixels.html). Specifically, we used the ‘Functional
Connectivity’ dataset, which involves neural activity recorded from up to six Neuropixels probes while head-fixed
mice were exposed to a variety of visual stimuli, including a 30-minute block of mean luminance gray screen.
Analyses were conducted on this 30-minute block (‘spontaneous’ period), unless otherwise noted, in order to
study coordinated neural dynamics across brain regions under conditions of minimal visual stimulation. The data
were downloaded as NWB files and converted to MATLAB format before analysis. Animals with a total duration
of immobility < 100 s during the spontaneous period (4/26 animals) or no LFP data (1/26 animal) were excluded
from the analysis for clustering of visual cortical neurons according to ripple-associated responses. Additionally,
we excluded one animal whose maximum distance between hippocampal recording sites was less than 2 mm
in order to have sufficient distance separating the locations of ripple recordings. In total, 20 mice (16 males) were
used for the clustering, including 13 wild-type (WT), two Pvalb-IRES-Cre/wt;Ai32(RCL-ChR2(H134R) EYFP)/wt,
three Sst-IRES-Cre/wt;Ai32(RCL-ChR2(H134R) EYFP)/wt, and two Vip-IRES-Cre/wt;Ai32(RCL-ChR2(H134R)
EYFP)/wt mice.

Sharp-wave ripple detection and classification

LFPs were recorded from one fourth of all channels. We identified the CA1 pyramidal layer based on the density
of single units recorded for each LFP channel near the hippocampus (the sum of all single units detected from
five adjacent channels). LFPs from the channel with the most single units and the two adjacent channels were
filtered using a 4" order Butterworth band-pass filter (100-250Hz). Filtered LFP signals were squared, z-
normalized, and averaged over the three channels to yield normalized ripple band power. We defined an event
as a putative ripple if the ripple band power exceeded 2 SDs for more than 20 ms and the peak power exceeded
5 SDs during this time. If a subsequent ripple occurred less than 30 ms after the previous ripple ends, we merged
them into a single ripple event. We excluded ripples that lasted longer than 250 ms. Ripples were included only
during periods when the animal’s smoothed running speed (Gaussian filter, 0 = 1 s) remained below 2 cm/s for
more than 3 s.

Ripples in the dCA1 and iCA1 were detected using LFPs recorded from the most medially and most laterally
located probes, respectively. We defined an event as a "global ripple" if two ripple events detected in dCA1 and
iCA1 overlapped in time. The onset of the global ripple was determined as the onset of the earlier of the two
ripple events. A ‘dCA1 ripple’ or a ‘iCA1 ripple’ was defined as a ripple that was detected only in dCA1 or iCA1,
respectively (i.e., ripple power in the other region did not cross threshold for ripple detection).

Visual cortex ripple band power

For each visual area, the normalized ripple band power was calculated from 5 channels that were randomly
chosen. The averaged ripple band power was then aligned to hippocampal ripples. In this analysis, only those
hippocampal ripples that had no other ripples within +0.5 s of ripple onset were included. Ripple modulation of
visual cortex ripple band power was quantified by calculating the area under the curve (AUC) of the ripple band
power during the 0.1-s window before and after hippocampal ripple onset.

Determining ripple-modulated neurons

A generalized linear model (GLM) was used to identify visual cortex neurons that were significantly modulated
by dCA1 and/or iCA1 ripples during the spontaneous period:
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where S(t) is averaged firing rate during a 50-ms time bin, g, to g are GLM coefficients, and F/,_ 'is an
occurrence of a ripple at time r—n (dCA1 and iCA1 represent dCAL and iCAL ripples, respectively; both global
and local ripples were included in the analysis). A neuron was considered ‘ripple modulated’ if the GLM
coefficients were significant in more than two consecutive bins within £0.5 s of ripple onset. For the significance

testing of % ripple modulated neurons between medial and lateral visual cortices (Fig. 1G, 1J), we excluded 3
out of 20 sessions lacking either medial or lateral visual cortex neurons.

Clustering of visual cortical neurons

The averaged firing rates (50ms time bin, 6=50ms) during the [-1.5, 1.5] s time window since ripple onset were
calculated separately for dCA1 and iCAL1 ripples for all ripple-modulated neurons. The averaged firing rates
around dCA1 and iCALl ripples were concatenated and z-normalized for each neuron. This resulted in a matrix
of size (humber of neurons) x (number of time bins). Data dimensionality was reduced using PCA to (number of
neurons) x (9), since the first 9 PCs explained >80% of the variance. We used k -means clustering with a wide
range of values of k (2-20) to determine the optimal number of clusters (k). The percentage of variance explained
was plotted as a function of k, and an 'elbow' of the curve was sought (Fig. S2C). After estimating the range of k
that sits around the elbow, we repeated k -means clustering 100 times for these putative ks, which ranged from
2 to 5. For each possible pair of neurons, the iterated clustering results were used to calculate the likelihood of
being clustered in the same cluster (co-clustering probability; Fig. S2D). We found k = 3 clusters to be the optimal
number, as this produced the highest likelihood of co-clustering.

Spontaneous correlation

Each neuron’s spike counts during the spontaneous period were divided into 2-s time bins. Any time bin that
contained a ripple event was excluded from this analysis. Pearson's correlation was calculated for all possible
neuronal pairs before being averaged across all neuronal pairs in the same cluster (Fig. 2B). One session with
only five ripple-modulated neurons was excluded from this analysis. The mean number of neurons in each cluster
(xsem across 19 sessions) was 26.37+3.29 for iAct, 41.74+10.74 for dAct, and 22.89+2.49 for Inh neurons.

Each time bin (2 s) was assigned to one of three states—mobile, immobile-large pupil, or immobile-small pupil—
to estimate behavioral state-dependent spontaneous correlation. The mobile state was when the animal’s
running speed exceeded 2 cm/s. The immobile-small pupil state was when the animal was immobile and the
pupil size was smaller than 50% of the averaged pupil size during the mobile state, and the remaining immobile
period was defined as the immobile-large pupil state. Spontaneous correlation at each behavioral state was
calculated using spike count data associated with the corresponding behavioral state. To compare spontaneous
correlation across behavioral states (Fig. 2G, H), we used only the sessions with the duration of each behavioral
state >50 s (n = 18 sessions). The mean (xsem across 19 sessions) duration was 424 + 53.13 s for immaobile-
small pupil state, 299.11 + 41.58 s for immobile-large pupil state, and 537.11 £+ 90.21 s for mobile state. In Fig.
4B, C, the analysis excluded one session in which no neurons were recorded from the thalamus (total 17
sessions). In Fig. S5B, the spontaneous correlation was calculated using only the time periods with the lowest
20% of ripple band power in the small pupil state (14 sessions with the duration of each behavioral state >50s).
In Fig. S6, spontaneous correlation was separately calculated for V1-dLGN, V1-LP, HVA-dLGN, and HVA-LP
pairs to see if the cortical ensemble has a higher correlation with the visual thalamic area providing the main
feedforward input. Only sessions with both LP and dLGN neurons were used for this analysis (n = 10 sessions).

State-dependent modulation

Running- and pupil-dependent modulation indices were calculated as the following:
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mean( spk ,,,\) = mean( spk )
\/va!"( Spkgmsz) + var( SpksmteB)

where spk . and spk . are 1-s binned spike counts during two different states, siateA and stateB. For the
running-dependent modulation index, stateA is the mobile state (speed > 2 cm/s) while szateB is the immobile
state. For the pupil-dependent modulation index, stareA is the immobile state with top 25% of pupil sizes while
stareB is the immobile state with bottom 25% of pupil sizes.

Analysis of visual properties

The size and significance of each neuron’s receptive field were determined based on neuronal responses to 81
locations of the Gabor stimulus, which were given at the beginning of each session in the Neuropixels data set
(See Siegle et al., 2021 for details of receptive field analyses). Neurons with a significant receptive field had a
receptive field size < 2500 degrees? and a p-value<0.01 (bootstrapping with location-shuffled data). A neuron's
preferred stimulus condition was defined as the grating that elicited the greatest change in firing rate from the
baseline period (0.5 s prior to grating onset) among eight different drifting gratings (4 orientations and 2 contrasts).
We compared the firing rate during the 2-s grating presentation in each neuron’s preferred stimulus condition to
that during baseline. A neuron was considered responsive to gratings if its firing rate was modulated significantly
by grating presentation (p<0.05, paired t-test) and if it had a significant receptive field. Only grating-responsive
neurons were analyzed in Fig. 3E-G. Each neuron's responsiveness to its preferred grating stimulus was
calculated as follows:

mean( spk ) - mean(

grating ‘spkt‘mseline)

\/‘VLU‘( Spkgrmmg) + VLU‘( Spkbam]ine)

where spk

and spk are averaged firing rates during the 2 s after and the 0.5 s before the onset of the

grating baseline

grating, respectively, in the preferred stimulus condition for each neuron.
Selectivity to the preferred grating stimulus was calculated as follows:

mean( A spk - mearz( A spk

pref errea’) ()rfhugmm!)

\/var( A Spkpmf L’)‘Tl’d) + VCH‘( A Spk rJrihr}gr}nu.’)

and A spk
pref erred
gratings, respectively, in the preferred contrast condition.

where A spk are baseline-subtracted firing rates during the preferred and orthogonal

orthogonal

The phase modulation of a neuron reflects how the temporal frequency of a drifting grating stimulus modulates
its activity. Response latency is defined as the time between the onset of the flash stimulus and the first spike.
We used the estimates from the original study (Siegle et al., 2021) that were part of the Neuropixels data set. To
compare the dependence of a neuron’s state-dependent modulation or visual tuning value on its cluster identity,
we calculated the explained variance of each modulation index or visual tuning value by the cluster identity. The
same analysis was run 100 times on neurons with randomly assigned cluster identities to calculate the explained
variance under the null hypothesis.

Cross-correlation analysis

Each neuron’s spike counts were divided into 20-ms bins, z-normalized, and averaged across neurons in the
same cluster. Pearson’s correlation was calculated between the averaged firing rates of two clusters with time
lags of up to £1s. For a given session, cross-correlation was performed iteratively for all time windows longer
than 3 s lacking a ripple event and then averaged over windows. Only sessions which of sum of all time windows
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in each behavior state is above 50s were used (n = 15 sessions). To determine whether the cross-correlogram
is biased (i.e., whether the activity of one cluster leads the activity of the other cluster on average), the difference
in the area under the curve (AAUC) was calculated during the 0.5 s window before and after a time lag of zero.

Analysis of pre-ripple activity

To determine whether neural activity precedes a hippocampal ripple event, we calculated the time at which
averaged ripple-associated neural activity reaches the centroid of activity during +1 s from ripple onset. The
averaged ripple-associated neural activity was normalized to the baseline (the activity between 3 s and 2 s before
ripple onset). We then calculated the correlation between cortical neural activity 1-s prior to ripple onset and the
strength of the subsequent ripple, as well as the correlation between hippocampal ripple band power 1-s prior to
ripple onset and the strength of the subsequent ripple (as a control against possible predictability of ripple
strength by pre-ripple cortical activity). The strength of a ripple was defined as the peak of normalized ripple
band power (See Sharp-wave ripple detection and classification) within each ripple event. One session with only
five ripple-modulated neurons and one session without thalamus recording were excluded from this analysis.

Statistics

Details of statistical testing for each figure is shown in Table. S1.
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Table. S1. Statistical results.

different states

with
Bonferroni
correction

Ripple vs. low pupil, -3.18
Ripple vs. high pupil, -5.57
Ripple vs. Mobile, -5.55
Low pupil vs. high pupil, -
4.68

Low pupil vs. Mobile, -5.54
High pupil vs. Mobile, -5.48

Ripple vs. low pupil, 0.0329
Ripple vs. high pupil,
2.1x10*

Ripple vs. Mobile, 2.1x10*
Low pupil vs. high pupil,
0.0013

Low pupil vs. Mobile,
2.2x10*

High pupil vs. Mobile,
2.5x10*

Normalized pupil size

Paired t-test

t=

Two-tailed p values =

across different states | with Ripple vs. low pupil, 0.64 Ripple vs. low pupil, 1
Bonferroni Ripple vs. high pupil, - Ripple vs. high pupil,
correction 12.65 2.7x10°°

Ripple vs. Mobile, -15.52 Ripple vs. Mobile, 4.0x101*
Low pupil vs. high pupil, - Low pupil vs. high pupil,
13.88 6.4x10710

Low pupil vs. Mobile, - Low pupil vs. Mobile,

51.62 2.4x101°

High pupil vs. Mobile, - High pupil vs. Mobile,
13.46 1.0x10°

Normalized ripple Repeated dCAL1 probe dCAL1 probe

band power across measures of t= Two-tailed p values =

different states ANOVA Ripple vs. low pupil, 24.15

Ripple vs. high pupil, 23.56
Ripple vs. Mobile, 18.77
Low pupil vs. high pupil,
0.05

Low pupil vs. Mobile, -0.58
High pupil vs. Mobile, -0.82

Ripple vs. low pupil, 8.1x10"
14

Ripple vs. high pupil,
1.2x1013

Ripple vs. Mobile, 5.0x10-*?
Low pupil vs. high pupil, 1
Low pupil vs. Mobile, 1
High pupil vs. Mobile, 1

iCAL probe
t=

iCA1 probe
Two-tailed p values =

Figure Description Test Statistic p value Number of

samples

Fig. 1G | % ripple modulated Paired t test t=3.22 Two-tailed p value = 0.0053 | n =17 sessions

(medial vs. lateral
visual cortices)

Fig. 11 Normalized depth Kolmogorov- k= Two-tailed p values = n = 5358 neurons
Smirnov test Nomod vs. iAct, 0.26 Nomod vs. iAct, 6.0x10-%3 (all regular spiking
with Nomod vs. dAct, 0.21 Nomod vs. dAct, 4.4x1021 neurons)
Bonferroni Nomod vs. Inh, 0.28 Nomod vs. Inh, 3.6x1024
correction iAct vs. dAct, 0.07 iAct vs. dAct, 0.7859

iAct vs. Inh, 0.09 iAct vs. Inh, 0.2037
dAct vs. Inh, 0.10 dAct vs. Inh, 0.0254
Fig. 1J | % cluster (medial vs. Paired t test t= Two-tailed p values = n = 17 sessions
lateral visual cortices) iAct, 24.36 iAct, 1.8x106%
dAct, -19.49 dAct, 6.2x1048
Inh, -1.55 Inh, 0.1227
Fig. 2B | Spontaneous Paired t test t= Two-tailed p values = n =19 sessions
correlation within vs. between, 9.42 Within vs. between, 2.3x10"
within vs. nomod, 11.48 8
Within vs. nomod, 4.0x1010
Fig. 2C | Spontaneous Repeated F= One-tailed p values = n =19 sessions
correlation with an measures Cluster, 86.82 Cluster, 2.6x10%
accounting for area ANOVA Area, 1.81 Area, 0.1955
difference Cluster x area, 5.20 Cluster x area, 0.035
Fig. 2E | Running modulation Two-way F= One-tailed p values = n = 4769 neurons
index ANOVA Cluster, 69.19 Cluster, 8.7x1044 (regular spiking
Area, 3.05 Area, 0.0094 neurons in one of
Cluster x area, 2.58 Cluster x area, 7.3x10* six visual cortices:
Pupil modulation index | Two-way F= One-tailed p values = V1, LM, AL, RL,
ANOVA Cluster, 177.16 Cluster, 7.1x10-109 PM, AM)
Area,5.38 Area, 6.2x10°
Cluster x area, 2.88 Cluster x area, 1.6x10*
Fig 2F | Running speed across | Paired t-test t= Two-tailed p values = n = 4769 neurons

(regular spiking
neurons in one of
six visual cortices:
V1, LM, AL, RL,
PM, AM)
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Ripple vs. low pupil, 17.64
Ripple vs. high pupil, 18.95
Ripple vs. Mobile, 18.60
Low pupil vs. high pupil,
2.35

Low pupil vs. Mobile, 3.76
High pupil vs. Mobile, 1.49

Ripple vs. low pupil, 1.4x10"
11

Ripple vs. high pupil,
4.3x10%?

Ripple vs. Mobile, 5.9x101?
Low pupil vs. high pupil,
0.1873

Low pupil vs. Mobile,

0.0093
High pupil vs. Mobile,
0.9338
Fig 2H | Spontaneous Repeated F= One-tailed p values = n = 18 sessions
correlation with an measures of Cluster, 69.81 Cluster, 2.0x107
accounting for state ANOVA State, 8.03 State, 0.001
difference Cluster x state, 58.34 Cluster x state, 1.0x1011
Fig 3A, | Fraction of neurons Chi-square x%>=21.12 One-tailed p value = n = 5358 neurons
left having significant test 7.7x10 (all regular spiking
receptive field neurons)
Fraction of neurons Chi-square x%= One-tailed p values = n=
having significant test following | w/o Nomod, 0.22 w/o Nomod, 1 w/o Nomod, 1734
receptive field without | Bonferroni w/o iAct, 14.63 w/o iAct, 0.022 w/o iAct, 4854
each group correction w/o dAct, 14.39 w/o dAct, 0.025 w/o dAct, 4565
w/o Inh, 17.94 w/o Inh, 0.005 w/o Inh, 4921
neurons
Fig 3A, | Receptive field area One-way F=0.29 One-tailed p values = n = 3442 neurons
right ANOVA 0.8311 (regular spiking
neurons w/
significant
receptive field)
Fig 3F | Responsiveness Two-way F= One-tailed p values = n = 3118 neurons
ANOVA Cluster, 1.93 Cluster, 0.1226 (regular spiking
Area, 1.18 Area, 0.3165 neurons w/
Cluster x area, 1.25 Cluster x area, 0.2296 significant
Selectivity Two-way F= One-tailed p values = receptive field in
ANOVA Cluster, 1.29 Cluster, 0.2774 one of six visual
Area, 1.84 Area, 0.1011 areas: V1, LM,
Cluster x area, 0.95 Cluster x area, 0.5031 AL, RL, PM, AM)
Logl1O(phase Two-way F= One-tailed p values =
modulation) ANOVA Cluster, 0.15 Cluster, 0.9306
Area, 33.15 Area, 4.6x1033
Cluster x area, 0.83 Cluster x area, 0.6478
Response latency Two-way F= One-tailed p values =
ANOVA Cluster, 2.09 Cluster, 0.0989
Area, 1.61 Area, 0.1542
Cluster x area, 1.14 Cluster x area, 0.3108
Fig 4E | Delta absolute AUC Paired t test t= Two-tailed p values = n = 15 sessions
with Nomod, -0.49 Nomod, 1
Bonferroni iAct, 3.40 iAct, 0.0171
correction dAct, 1.94 dAct, 0.2936
Inh, -2.62 Inh, 0.0804
Fig 4G | Delta absolute AUC Paired t test t= Two-tailed p values = n = 15 sessions
with Nomod, 2.78 Nomod, 0.0417,
Bonferroni iAct, 4.17 iAct, 0.0025,
correction dAct, 2.10 dAct, 0.1600
Difference of delta Paired t test T= Two-tailed p values= n = 15 sessions
absolute AUC with iAct, 3.31 iAct, 0.0095
between Inh-Nomod Bonferroni dAct, 0.33 dAct, 1
and Inh-others correction
Fig 4l Centroid time t test t= Two-tailed p values = n = 18 sessions
Inh, -5.83 Inh, 2.0
Thal, -2.60 Thal, 0.0187
iAct, -1.45 iAct, 0.1658,
dAct, 2.91 dAct, 0.0098
Fig 4J Correlation between t test t= Two-tailed p values = n = 18 sessions
pre-ripple firing rate Inh,-2.38 Inh, 0.029
and ripple strength Thal,-3.18 Thal, 0.006
iAct, 2.31 iAct, 0.034
dAct,-0.54 dAct, 0.593
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Fig 4K | Centroid time ttest t= Two-tailed p values = n = 18 sessions
Inh, -5.83 Inh, 2.0x10°
Thal, -2.6 Thal, 0.0187
iAct, -1.4 iAct, 0.1658
dAct, 2.9 dAct, 0.0098
Fig. Ripple duration Paired t test t= Two-tailed p values = n = 20 sessions
S1A, with dCAlvs. iCAL,5.35 dCA1 vs. iCA1, 2.2x10*
left Bonferroni dCA1 vs. global, -11.76 dCA1 vs. global, 2.2x10°
correction iCAL vs. global, -15.94 iCALl vs. global, 1.1x101!
Fig. Ripple strength Paired t test t= Two-tailed p values = n = 20 sessions
S1A, with dCAlvs.iCAl, -1.57 dCA1 vs. iCA1, 0.8040
right Bonferroni dCA1l vs. global, -7.78 dCA1 vs. global, 1.5x10%
correction iCAL vs. global, -5.77 iCA1 vs. global, 8.8x10°%
Fig. % global ripple t test (vs. t=0.47 Two-tailed p value = 0.6448 | n = 20 sessions
S1B 50%)
Fig. Centroid time ttest t= Two-tailed p values = n = 18 sessions
S1E Inh, dCAL, -2.6 Inh, dCA1, 0.0164
Thal, dCA1, -5.2 Thal, dCA1, 7.2x10®
iAct, dCA1, -3.1 iAct, dCA1, 0.0065
dAct, dCA1, 1.1 dAct, dCA1, 0.3077
Inh, iCA1, -2.4 Inh, iCA1, 0.0257
Thal, iCA1, -1.4 Thal, iCA1, 0.1845
iAct, ICAL, -3.2 iAct, iCA1, 0.0057
dAct, iCAlL, 4.2 dAct, iCA1, 5.8x10*
Fig. Ripple-associated Paired t test t= Two-tailed p values, n = 18 sessions
S1F suppression Thalamus, 2.69 Thalamus, 0.0154
Inh, 5.24 Inh, 6.7x10°®
Fig. S3 | % neuron Paired t test t= Two-tailed p values, n = 20 sessions
with L2/3, 0.56 L2/3,1
Bonferroni L4, 5.59 L4, 8.7x10°
correction L5, 0.02 L5,1
L6, -5.68 L6, 7.2x10°
Fig. AAUC (dCA1-iCA1) Paired t test t= Two-tailed p values = n=
S4B, with V1, -3.26 V1, 0.0246 V1, 20 sessions
right Bonferroni LM, 4.90 LM, 0.0022 LM, 13 sessions
correction AL, 8.44 AL, 1.6x10 AL, 17 sessions
RL, 0.81 RL, 1 RL, 17 sessions
PM, -6.05 PM, 7.4x10* PM, 11 sessions
AM, -7.20 AM, 9.0x10© AM, 18 sessions
Fig. Spontaneous Two-way F= One-tailed p values = n = 19 sessions
S5A correlation mixed iAct: iAct:
ANOVA Cluster, 32.18 Cluster, 2.2x10°
Area, 0.13 Area, 0.7246
Cluster x area, 1.06 Cluster x area, 0.3179
dAct : dAct :
Cluster, 19.69 Cluster, 3.2x10*
Area, 12.30 Area, 0.0025
Cluster x area, 8.55 Cluster x area, 0.0091
Inh: Inh:
Cluster, 81.87 Cluster, 4.1x108
Area, 0.37 Area, 0.5517
Cluster x area, 4.70 Cluster x area, 0.0438
Fig. Spontaneous Paired t test t= Two-tailed p values = n=
S5B correlation V1, 4.98 V1, 0.0016 V1, 8 sessions
LM, 1.76 LM, 0.1293 LM, 7 sessions
RL, 3.30 RL, 0.0214 RL, 6 sessions
AL, 2.86 AL, 0.0243 AL, 8 sessions
PM, 3.15 PM, 0.0345 PM, 5 sessions
AM, 3.31 AM, 0.0162 AM, 7 sessions
Fig. Spontaneous Two-way F= One-tailed p values = n = 18 sessions
S5C correlation mixed iAct: iAct:
ANOVA Cluster, 61.80 Cluster, 4.6x1077
State, 3.26 State, 0.0508

Cluster x state, 17.07
dAct :

Cluster, 21.51

State, 3.25

Cluster x state, 6.65

Cluster x state, 7.4x10°6
dAct :

Cluster, 2.4x10*

State, 0.0510

Cluster x state, 0.0037
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Inh: Inh:
Cluster, 46.36 Cluster, 3.0x10¢
State, 9.33 State, 5.9x104
Cluster x state, 34.17 Cluster x state, 7.3x10°
Fig. Spontaneous t test t= Two-tailed p values = n = 15 sessions
S6D correlation following Within area Within area
Bonferroni Low pupil, 6.86 Low pupil, 3.1x10°
correction High pupil, 5.92 High pupil, 1.1x10*
Mobile, 5.36 Mobile, 3.0x10*
Between areas, Between areas,
Low pupil, 6.64 Low pupil, 3.3x10°
High pupil, 4.79 High pupil, 8.6x10*
Mobile, 3.13 Mobile, 0.0222
Fig. S7 | Spontaneous Paired t test t= Two-tailed p values = n =7 sessions
correlation V1, iAct, -0.09 V1, iAct, 0.9316
V1, dAct, -0.18 V1, dAct, 0.8607
V1, Inh, 1.72 V1, Inh, 0.1366
HVA, iAct, -0.64 HVA, iAct, 0.5435
HVA, dAct, 0.58 HVA, dAct, 0.5846
HVA, Inh, 1.21 HVA, Inh, 0.2703
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