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Abstract

Neuronal ensembles, i.e. coactive groups of neurons, have been long postulated to be functional
building blocks of cortical circuits and units of the neural code. Calcium imaging of neuronal
populations has demonstrated the widespread existence of spontaneous and sensory-evoked
ensembles in cortical circuits /n vivo. The development of two-photon optical techniques to
simultaneously record and activate neurons with single cell resolution (“piano” experiments) has
revealed the existence of pattern completion neurons, which can trigger an entire ensemble, and
demonstrated a causal relation between ensembles and behavior. We review recent results
controlling visual perception with targeted holographic manipulation of cortical ensembles by
stimulating pattern completion neurons. Analyzing population activity as neuronal ensembles and
exploiting pattern completion could enable control of brain states in health and disease.

Introduction

As the genetic code deciphered the relationship between the sequence of nucleotides in the
genome and the structure of proteins, one can view breaking of the neural code, i.e.,
deciphering the relationship between the patterns of neuronal activity and behavior, as the
central problem in neuroscience. And, just like the codon is the basic information unit of the
genetic code [1], one may wonder what is the codon equivalent for the neural code. The
traditional view, the neuron doctrine championed by Cajal [2] and Sherrington [3], states
that individual neurons are the structural and functional units of the nervous system. In this
view, each neuron has a specific function, defined, in sensory systems, by its receptive field.
But an alternative paradigm [4] is that the functional units are groups of neurons acting
together as ensembles, i.e. neurons firing together, and that these ensembles are the coding
units [5]. This view was pioneered by Cajal’s own disciple, Lorente de N6, who, after
careful anatomical analysis of cortical circuits, proposed that recurrent excitatory
connectivity would generate “neuronal chains” with ongoing “reverberant” activity that
would make them get activated as a unit [6]. These endogenously active states could be used
as symbols of objects in the physical world, similar to the representations (“Darstellungen”)
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postulated by Kant [7], and thus enable the mental manipulation of reality. The idea of
groups of recurrently connected neurons working as units was further developed by Hebb,
who argued that these chains, which he renamed “cell assemblies”, would naturally arise
from synaptic learning rules where pre and postsynaptic cells would be coactive, and could
be used to implement associative memories [8]. Applying insights from the physics of
emergent systems, Hopfield provided a mathematical backbone for these ideas, arguing that
recurrently connected neural circuits would settle on to dynamical “attractors”, i.e., stable or
semistable states of the activity of the network, formed by the conjoint activation of a group
of neurons [9]. Because of their settling dynamics, these attractors would have pattern
completion properties, i.e. activation of a few of the neurons could trigger the entire pattern.
Hopfield and Tank then generalized the function of these coactive states, arguing that they
could implement, not only memories, but also solutions to computations such as
optimizations [10]. Finally, using electrophysiological insights, Abeles argued that the
sequential firing of synchronous groups of neurons (“synfire chains™) would preferentially
propagate through cortical circuits, because among others excitatory connections are sparse,
and because neurons have a non-linear activation function near the action potential threshold
[11]. Thus, in spite of different approaches and nomenclatures, these pioneers predicted
essentially the same idea: that the neural code is written with multicellular units, built by the
coordinated activity of groups neurons. For clarity, for the rest of the piece we call these
units neuronal ensembles.

Direct support for the ensemble hypothesis came from the development of optical methods
to image and optically manipulate neural circuits with single cell resolution. Calcium
imaging [12], when combined with two-photon microscopy [13], enabled the direct
visualization of the action potential activity of neuronal populations, revealing spontaneous
coactivations of neurons in cortical slices [14]. These endogenous ensembles could be
triggered by activating thalamic inputs, as if the evoked response was built using a
vocabulary of intrinsic ensembles [15]. Very similar results were found in awake animals:
neuronal ensembles were prevalent in both visually-evoked and spontaneous activity, and
evoked ensembles resembled spontaneous ones [16]. But to test if these ensembles are
indeed functional, one needs to manipulate them. The development of two-photon
photoactivation of neurons [17] and holographic optogenetics [18], has enabled doing this in
all-optical experiments, as if one were optically “playing the piano” with the circuit, where
each neuron is a piano key and one can activate them at will. These holographic “piano”
methods are critical because they have single cell resolution and neuronal ensembles are
built with specific sets of neurons that occupy the same territories, so one needs two-photon
precision to stimulate the neurons from one ensemble selectively, without activating cells
that belong to other ones. In close agreement with early predictions, these “piano
“experiments have revealed that ensembles can be artificially imprinted by coactivating
cortical neurons /n vivo, following Hebbian paradigms [19¢¢]. Moreover, imprinted
ensembles have pattern completion properties, as predicted by Hopfield [9], and are stable
for at least a day [19+]. Finally, recent results using holographic optogenetics have
demonstrated that the activation of ensembles, by turning on individual pattern completion
neurons, can actually control visually-evoked behavior in mice [20ee,21¢¢]. Even the
stimulation of two neurons can change the behavior of a mouse. Thus, there is a causal link
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between neuronal ensemble activity and behavior, as ensembles appear necessary and
sufficient to trigger visual perception [20ee,21+¢]. These results have also demonstrated that
targeting neurons with pattern completion capabilities can be an effective strategy to control
behavior [19e¢,20e¢]. Although the idea of recalling a learned behavior by the stimulation of
single neurons is not new [22,23], the precise targeting of visualized neurons paves the road
to understand circuit mechanisms underlying different behaviors with single cell precision.
In the following we review these recent results and briefly discuss their implications for
neuroscience and medicine.

Computational identification of neuronal ensembles

Let’s go back to the neural code. Since ensembles are based on group activity, understanding
how neuronal ensembles are spatially and temporally formed requires population analyses.
To start, imaging the activity of neurons (Figure 1a) can be represented by a matrix [NxT]
where N is the total number of neurons and T is the total number of time points (Figure 1b).
Analyzing these matrices, one can explore the existence of neuronal ensembles, defining the
population activity at a given time as a vector, which constitutes a computation unit (Figure
1b). Thus, each point in a multidimensional space represents a population vector instead of a
single neuron (Figure 1c). Applying dimensionality reduction algorithms to population
vectors then generates a low dimensional visualization of the original matrix of activity, with
clusters of population vectors (Figure 1c). Each cluster of population vectors defines a
neuronal ensemble that represents a given network state [5]. For example, in the case of
primary visual cortex each cluster defines an ensemble that responds to a different
orientation grating or a particular natural scene [16,24]. With this framework, a population
vector at one time can be compared to subsequent population vectors at different times
[20e¢,21¢¢], capturing single-trial variability without averaging [25]. This type of neuronal
ensemble analysis has generated new insights and interpretations for neuronal population
data [19ee,20e+,24,26,27+,28,29].

Pattern completion in neuronal ensembles

The ability to make conjectures from incomplete information sources represents a
fundamental feature of brain computation [8,30,31]. This phenomenon, “pattern
completion”, explained by dynamical properties characteristic of physical or biological
systems, could be used to recall a past state, as a memory, from some of the elements
involved [9]. In a neuronal ensemble context, pattern completion refers to the capacity to
activate the entire neuronal ensemble by the targeted activation of one or few neurons. While
long postulated, pattern completion it was only directly revealed in recent “piano”
experiments with two-photon optogenetics in primary visual cortex [19ee]. It was found that,
when stimulating a random group of neurons together (Figure 2a) 50 to 100 times (as if one
was playing the same cord in a piano), these neurons could be glued together and became
spontaneously coactive (Figure 2b), building an ensemble. This artificially “imprinted”
ensemble, which lacked any sensory or behavioral significance (since the neurons were
chosen randomly), was still spontaneously active a day later, demonstrating long-term
reprogramming of cortical circuits with a Hebbian paradigm [19e¢]. Interestingly,
stimulation of neurons from this imprinted ensemble one by one (as if one were playing the
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piano with a finger), revealed that some of the imprinted neurons had pattern completion
properties, activating the entire ensemble (Figure 2c), even a day after [19e]. The
mechanisms of ensemble imprinting and pattern completion are still under investigation,
although it was assumed to be mediated by Hebbian plasticity. Since neuronal ensembles are
comprised by neurons with higher probability to share synaptic connections [26,32], pattern
completion could be due to reactivation of recurrent connections between pattern completion
neurons and the rest of the ensemble.

Control of alearned behavior with stimulation of pattern completion neurons

The activation of ensembles via pattern completion neurons, as tool, has enabled to start
exploring the causal role of neuronal ensembles in behavior. Moreover, it has also shed light
on the function of individual neurons in circuits, re-examining the basic tenet of the neuron
theory. In fact, pattern completion could explain why earlier behavioral studies succeeded in
electrically activating individual neurons to control behavior [22,23]. These studies were
originally met with considerable skepticism, as they did not provide a plausible explanation
of how the activation of individual neurons, in a brain composed of hundreds of millions
(rat) or billions of neurons (monkey), could ever impact behavior. This difficult arithmetic
could be explained if, in those experiments, the stimulated neurons had pattern completion
capabilities, which triggered an ensemble. This initial ensemble could then activate a set of
secondary pattern completion neurons in other ensembles, triggering an avalanche of
ensemble activity, which resulted in a behavioral outcome. Interestingly, these reported
studies were done in experimental conditions where the identification of driving neurons
was biased by their responses to the task, and these neurons may have enhanced pattern
completion capabilities.

The role of individual neurons in neuronal ensembles has been recently examined in piano
experiments in layer 2/3 of primary visual cortex, where ensembles encode different
orientations to drifting-gratings in non-trained mice [16,24]. To explore the role of
individual neurons, a single-neuron was stimulated in the presence of visual stimuli, while
the activity of the surrounding cells was recorded with two-photon imaging. This revealed
feature competition properties where neurons with similar tuning were suppressed,
apparently reducing information redundancy [33]. Such experiments did not find pattern
completion, but the examined ensembles had not been trained to the visual stimuli. Thus,
training, or imprinting (Figure 2), could be critical for pattern completion. Indeed, recent
“piano” experiments with trained animals have confirmed that stimulation of pattern
completion neurons in mouse visual cortex can drive behavior, by recalling specific
ensembles generated by the training [20ee,219¢] (Figure 3). Two independent research groups
used a visually guided Go/No-Go task and holographic optogenetics to demonstrate that
single cell photostimulation can control behavior by triggering ensembles [20¢e,21¢¢]. Mice
were first trained to lick in response to drifting-gratings (Go stimulus) and two-photon
calcium imaging of layer 2/3 in primary visual cortex revealed ensembles that responded to
the Go stimulus. Then, pattern completion neurons from Go ensembles were
computationally extracted from these responses, and their activation using holographic
optogenetics, was able to recall Go ensembles and enhance behavioral responses to
challenging low-contrast stimuli, or even trigger behavior in the absence of visual stimuli
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[20e¢]. In a second study, the simultaneous activation of Go ensemble neurons and visual
stimuli was necessary to successfully evoke the learned behavior [21+¢]. Consistent with
these studies, visual cortex stimulation using holographic opto-genetics enhances perception
in a challenging visually-guided task [34¢]. However, in less challenging scenarios, cortical
stimulation actually suppresses stimulus detection, indicating that in some conditions the
activity of primary visual cortex lacks meaningful information [34¢]. Thus, the effect of
single cell stimulation on behavioral performance could be dependent not only on the
training, but also on the task demand or even on the brain state [5]. Although the
mechanisms underlying these behavioral effects of single neurons activation are still under
investigation, these experiments altogether demonstrate that holographic optogenetics can be
used to manipulate ensembles, proving a causal relation between ensemble activity,
perception and learned behaviors.

Future perspectives: is the neural code written with ensembles?

In summary, these recent experiments [20ee,21¢¢,34¢], an outcome of the development of the
“piano” combination of two-photon holographic optogenetics with two-photon calcium
imaging [17,18,35,36], have started to provide the first causal evidence linking ensembles
with behavior. Thus, they can be viewed as an initial confirmation of proposals of
reverberating chains, assemblies, attractors or synfire chains [6,8,9,11]. The synaptic and
circuit mechanisms by which this happens are still unclear and remain an area of active
investigations. But regardless of the mechanisms, these recent results are consistent with the
hypothesis that neuronal ensembles are functional units of the neural code. While these
experiments have been performed in mouse primary visual cortex, the presence of coactive
ensembles of neurons that are causally related to behavior has also been observed in cnidar-
ians [37], given credence to the idea that, like the genetic code, some basic features of the
neural code could be similar across phyla. These results also enable the reinterpretation of
the neuron doctrine, as they have revealed the direct effect of individual neurons in behavior
and perception. While this may seem a demonstration of the validity of the neuron doctrine,
a critical detail from these recent results is that individual neurons only have a behavioral
effect if they successfully recall an ensemble [20+¢]. Thus, echoing a proper Kuhnian
paradigm shift [38], the new theory (the ensemble hypothesis) can explain the older one (the
neuron doctrine), subsuming it.

A lot more needs to be done to explore the role of ensembles in the neural code. The
neurobiology of neuronal ensembles, their anatomy, connectivity, development, synaptic
mechanisms, and functional role in normal and diseased states, remains essentially virgin
territory. To capture all the ensembles, a dream experiment for many neuroscientists, and
one that inspired the BRAIN initiative [39], would be to visualize the spatial and temporal
dynamics of every neuron involved in a behavior and then have the ability to precisely
manipulate targeted neurons with single cell resolution. The development of all-optical
reading and writing of neuronal activity with holographic “piano” experiments and two-
photon calcium imaging has enabled an initial exploration of ensemble function, and has
moved experimental capabilities one step forward toward such dream [17,35,40]. Instead of
“playing the piano”, a different approach to study the effect of perturbations in local cortical
circuits is the photoablation of neurons [41]. Such experiments could be useful to investigate
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damage sensitivity of ensembles but, like all lesion experiments, have the disadvantage of
being irreversible and difficult to control. In addition, to investigate the role of ensembles of
more complex behaviors it would be necessary to record and target multiple regions of the
brain with single cell resolution. Thus, more powerful optical and analytical methods need to
be developed, including voltage, volumetric and mesoscopic in vivo imaging methods [42—
44]. Finally, the identification of neuron subtypes belonging to neuronal ensembles in
conjunction with trascriptomics [45] will be necessary to target molecularly identified
subtypes of neurons with holographic optoge-netics and to understand their role in
functional microcircuits across brain areas.

The neuronal ensemble hypothesis could have significant repercussions for translational
neuroscience and medicine. Methods to selectively activate ensembles could in principle
also be applied to humans. Indeed, electrical stimulation of primary visual cortex in human
subjects produces the perception of moving lines or spatially located images [46]. Scaling
“piano” methods with single cell precision to humans could lead to replaying of natural
scenes to guide learning. For this, it is necessary to develop methods that capture population
activity on a single-trial basis, allowing the visualization of circuit mechanisms underlying
brain states. Thus, to recreate a percept or a representation, the activation of specific neurons
that recall neuronal ensembles in sequential order might be enough, instead of targeting
hundreds or thousands of neurons. Such single cell methods could be used to manipulate
memories or circuit states in mental or neurological diseases. The characterization of the
circuit mechanisms underlying changes in cortical neuronal ensembles related to memory
and behavior could be extended to different brain regions to define biomarkers of population
activity to diagnose and intervene during pathological states [5]. In fact, ensembles are
abnormally recruited in epileptic seizures [47], are less synchronized in mouse models of
schizophrenia [48], have a reduced repertoire in medically-induced loss of consciousness
[49] and are more numerous in a mouse model of autism [50]. Thus, deciphering the role of
ensembles in cortical circuits could help to understand the pathophysiology of neurological
and mental impairments and enable strategies to reprogram abnormal ensembles to rescue
the functionality of patients.

Acknowledgements

L.C-R is supported by the Direccion General de Asuntos del Personal Académico de la Universidad Nacional
Autdnoma de México PAPIIT-1A201819. R.Y. is supported by the NEI (RO1EY011787), NINDS (RO1INS110422),
NIMH (RO1MH115900) and NSF (CRCNS 1822550). R.Y. is an lkerbasque Research Professor at the Donostia
International Physics Center. Dedicated to the health workers and volunteers fighting the COVID-19 pandemic
worldwide.

References

1. Crick FH, Barnett L, Brenner S, Watts-Tobin RJ: General nature of the genetic code for proteins.
Nature 1961, 192:1227-1232. [PubMed: 13882203]

2. Ramon y Cajal S: Nobel Lecture. Nobel Lectures, Physiology or Medicine 1901-1921. Elsevier
Publishing Company; 1906.

3. Sherrington CS: The integrative action of the nervous system. New York: Yale University Press;
1948.

4. Yuste R: From the neuron doctrine to neural networks. Nat Rev Neurosci 2015, 16:487-497.
[PubMed: 26152865]

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrillo-Reid and Yuste

10.

11.
12.

13.

14.

15.

16.

17.

18.

19

20

21

22

23

Page 7

. Carrillo-Reid L, Yang W, Kang Miller JE, Peterka DS, Yuste R: Imaging and Optically

Manipulating Neuronal Ensembles. Annu Rev Biophys 2017, 46:271-293. [PubMed: 28301770]

. Lorente de N6 R: Studies on the structure of the cerebral cortex. I. The area entorhinalis. Journal fiir

Psychologie und Neurologie 1933, 45:381-438.

. Kant I: Kritik der reinen Vernunft 1781. Stuttgart: Reclams Universal Bibliothek; 1966.
. Hebb DO: The organization of behavior; a neuropsychological theory. New York: Wiley; 1949.
. Hopfield JJ: Neural networks and physical systems with emergent collective computational abilities.

Proc Natl Acad Sci U S A 1982, 79:2554-2558. [PubMed: 6953413]

Hopfield JJ, Tank DW: Computing with neural circuits: A model. Science 1986, 233:625-633.
[PubMed: 3755256]

Abeles M: Corticonics. Cambridge, England: Cambrdige University Press; 1991.

Yuste R, Katz LC: Control of postsynaptic Ca2+ influx in developing neocortex by excitatory and
inhibitory neurotransmitters. Neuron 1991, 6:333-344. [PubMed: 1672071]

Yuste R, Denk W: Dendritic spines as basic units of synaptic integration. Nature 1995, 375:682—
684. [PubMed: 7791901]

Cossart R, Aronov D, Yuste R: Attractor dynamics of network UP states in neocortex. Nature 2003,
423:283-289. [PubMed: 12748641]

MacLean JN, Watson BO, Aaron GB, Yuste R: Internal dynamics determine the cortical response

to thalamic stimulation. Neuron 2005, 48:811-823. [PubMed: 16337918]

Miller JE, Ayzenshtat I, Carrillo-Reid L, Yuste R: Visual stimuli recruit intrinsically generated

cortical ensembles. Proceedings of the National Academy of Sciences of the United States of

America 2014, 111 :E4053-4061. [PubMed: 25201983]

Nikolenko V, Poskanzer KE, Yuste R: Two-photon photostimulation and imaging of neural circuits.

Nat Methods 2007, 4:943-950. [PubMed: 17965719]

Packer AM, Peterka DS, Hirtz JJ, Prakash R, Deisseroth K, Yuste R: Two-photon optogenetics of

dendritic spines and neural circuits in 3D. Nature methods 2012, 9:1202-1205. [PubMed:

23142873]

e, Carrillo-Reid L, Yang W, Bando Y, Peterka DS, Yuste R: Imprinting and recalling cortical
ensembles. Science 2016, 353:691-694. [PubMed: 27516599] The repetitive activation of a
group of neurons in layer 2/3 of mouse primary visual cortex using simultaneous two-photon
imaging and two-photon optogenetics generates a coactive (imprinted) neuronal ensemble, which
is active spontaneously even a day later. The activation of some individual neurons from
imprinted ensembles recalled the whole ensemble demonstrating pattern completion. This also
still occurs a day after the imprinting.

e, Carrillo-Reid L, Han S, Yang W, Akrouh A, Yuste R: Controlling Visually Guided Behavior by
Holographic Recalling of Cortical Ensembles. Cell 2019, 178:447-457 e445. [PubMed:
31257030] Demonstration that ensembles are necessary and sufficient for behavior, using
simultaneous two-photon imaging and holographic optogenetics. Mice were trained in a visually
guided Go/No-Go task and ensembles corresponding to both stimuli were mapped. The activation
of neurons not belonging to the Go ensemble turned off the Go ensemble and stopped behavior.
Meanwhile, the activation of only two pattern completion neurons recalled Go ensembles and
produced licking behavior, even in the absence of visual stimuli or behavioral cues.

es. Marshel JH, Kim Y'S, Machado TA, Quirin S, Benson B, Kadmon J, Raja C, Chibukhchyan A,
Ramakrishnan C, Inoue M et al.: Cortical layer-specific critical dynamics triggering perception.
Science 2019, 365.Using simultaneous two-photon imaging and holographic optogenetics,
dozens of neurons were activated during behavioral training with visual stimuli in layer 2/3 of
mouse primary visual cortex. After training, activation of dozens of neurons in layer 2/3 or one
neuron in layer 5 evoked licking response in a visually guided Go/No-Go task. The paper also
demonstrated a method for millimeter-wide lateral stimulation of single neurons and the
successful application of a new red-shifted opsin for two-photon optogenetics.

. Brecht M, Schneider M, Sakmann B, Margrie TW: Whisker movements evoked by stimulation of

single pyramidal cells in rat motor cortex. Nature 2004, 427:704-710. [PubMed: 14973477]

. Romo R, Hernandez A, Zainos A, Salinas E: Somatosensory discrimination based on cortical

microstimulation. Nature 1998, 392:387-390. [PubMed: 9537321]

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carrillo-Reid and Yuste Page 8

24. Carrillo-Reid L, Miller JE, Hamm JP, Jackson J, Yuste R: Endogenous Sequential Cortical Activity
Evoked by Visual Stimuli. J Neurosci 2015, 35:8813-8828. [PubMed: 26063915]

25. Pandarinath C, O’Shea DJ, Collins J, Jozefowicz R, Stavisky SD, Kao JC, Trautmann EM,
Kaufman MT, Ryu SI, Hochberg LR et al.: Inferring single-trial neural population dynamics using
sequential auto-encoders. Nat Methods 2018, 15:805-815. [PubMed: 30224673]

26. Carrillo-Reid L, Lopez-Huerta VG, Garcia-Munoz M, Theiss S, Arbuthnott GW: Cell Assembly
Signatures Defined by Short-Term Synaptic Plasticity in Cortical Networks. Int J Neural Syst
2015, 25:1550026. [PubMed: 26173906]

27+. Jennings JH, Kim CK, Marshel JH, Raffiee M, Ye L, Quirin S, Pak S, Ramakrishnan C,

Deisseroth K: Interacting neural ensembles in orbitofrontal cortex for social and feeding
behaviour. Nature 2019, 565:645-649. [PubMed: 30651638] Two-photon calcium imaging and
single-cell two-photon optogenetics were performed in orbitofrontal cortex. Sequential activation
of neurons related to feeding increased feeding behavior whereas activation of neurons related to
social response inhibited feeding. This paper demonstrates that two-photon optogenetics with
single-cell resolution isachiev-able through a GRIN lens.

28. Poort J, Khan AG, Pachitariu M, Nemri A, Orsolic I, Krupic J, Bauza M, Sahani M, Keller GB,
Mrsic-Flogel TD et al.: Learning Enhances Sensory and Multiple Non-sensory Representations in
Primary Visual Cortex. Neuron 2015, 86:1478-1490. [PubMed: 26051421]

29. See JZ, Atencio CA, Sohal VS, Schreiner CE: Coordinated neuronal ensembles in primary auditory
cortical columns. Elife 2018, 7.

30. Marr D: Simple memory: a theory for archicortex. Philosophical transactions of the Royal Society
of London. Series B, Biological sciences 1971, 262:23-81. [PubMed: 4399412]

31. Tang H, Schrimpf M, Lotter W, Moerman C, Paredes A, Ortega Caro J, Hardesty W, Cox D,
Kreiman G: Recurrent computations for visual pattern completion. Proc Natl Acad Sci U S A
2018, 115:8835-8840. [PubMed: 30104363]

32. Ko H, Hofer SB, Pichler B, Buchanan KA, Sjostrom PJ, Mrsic-Flogel TD: Functional specificity of
local synaptic connections in neocortical networks. Nature 2011, 473:87-91. [PubMed: 21478872]

33. Chettih SN, Harvey CD: Single-neuron perturbations reveal feature-specific competition in V1.
Nature 2019, 567:334-340. [PubMed: 30842660]

34e. Russell LE, Yang Z, Tan PL, Fisek M, Packer AM, Dalgleish HWP, Chettih S, Harvey CD,

Hausser M: The influence of visual cortex on perception is modulated by behavioural state.
bioRxiv 2019:706010.Combining two-photon calcium imaging and single-cell two-photon
optogenetics, activating individual neurons in mouse primary visual cortex demonstrates that the
response to visual stimuli is modulated by behavioral state, as it can have different effects on the
rest of the circuit, depending on whether the task is challenging or not.

35. Packer AM, Russell LE, Dalgleish HW, Hausser M: Simultaneous all-optical manipulation and
recording of neural circuit activity with cellular resolution in vivo. Nat Methods 2015, 12:140-
146. [PubMed: 25532138]

36. Yang W, Carrillo-Reid L, Bando Y, Peterka DS, Yuste R: Simultaneous two-photon imaging and
two-photon optogenetics of cortical circuits in three dimensions. Elife 2018, 7.

37. Dupre C, Yuste R: Non-overlapping Neural Networks in Hydra vulgaris. Curr Biol 2017.

38. Kuhn TS: The Structure of Scientific Revolutions. University of Chicago Press; 1963.

39. Alivisatos AP, Chun M, Church GM, Greenspan RJ, Roukes ML, Yuste R: The brain activity map
project and the challenge of functional connectomics. Neuron 2012, 74:970-974. [PubMed:
22726828]

40. Rickgauer JP, Deisseroth K, Tank DW: Simultaneous cellular-resolution optical perturbation and
imaging of place cell firing fields. Nat Neurosci 2014, 17:1816-1824. [PubMed: 25402854]

41. Peron S, Pancholi R, Voelcker B, Wittenbach JD, Olafsdottir HF, Freeman J, Svoboda K: Recurrent
interactions in local cortical circuits. Nature 2020.

42. Bando Y, Grimm C, Cornejo VH, Yuste R: Genetic \oltage indicators. BMC 2019.

43. Yang W, Yuste R: In vivo imaging of neural activity. Nat Methods 2017, 14:349-359. [PubMed:
28362436]

44. Stirman JN, Smith IT, Kudenov MW, Smith SL: Wide field-of-view, multi-region, two-photon
imaging of neuronal activity in the mammalian brain. Nat Biotechnol 2016.

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Carrillo-Reid and Yuste

45.

46.

Page 9

Tasic B, Yao Z, Graybuck LT, Smith KA, Nguyen TN, Bertagnolli D, Goldy J, Garren E, Economo
MN, Viswanathan S et al.: Shared and distinct transcriptomic cell types across neocortical areas.
Nature 2018, 563:72-78. [PubMed: 30382198]

Lewis PM, Ackland HM, Lowery AJ, Rosenfeld JV: Restoration of vision in blind individuals
using bionic devices: a review with a focus on cortical visual prostheses. Brain Res 2015,
1595:51-73. [PubMed: 25446438]

47. Wenzel M, Hamm JP, Peterka DS, Yuste R: Acute Focal Seizures Start As Local Synchronizations

of Neuronal Ensembles. Journal of Neuroscience 2019, 39:8562-8575. [PubMed: 31427393]

48. Hamm JP, Peterka DS, Gogos JA, Yuste R: Altered Cortical Ensembles in Mouse Models of

Schizophrenia. Neuron 2017, 94:153-167 e158. [PubMed: 28384469]

49. Wenzel M, Han S, Smith EH, Hoel E, Greger B, House PA, Yuste R: Reduced Repertoire of

Cortical Microstates and Neuronal Ensembles in Medically Induced Loss of Consciousness. Cell
Syst 2019, 8:467-474 e464. [PubMed: 31054810]

50. Fang WQ, Yuste R: Overproduction of Neurons Is Correlated with Enhanced Cortical Ensembles

and Increased Perceptual Discrimination. Cell Rep 2017, 21:381-392. [PubMed: 29020625]

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 March 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Carrillo-Reid and Yuste

Page 10

o) N ((b) population vectors @] dimensionality reduction N
N 7 ==l [l [ ti ct
E O.%ng 1 | T‘ 0 0 ‘ ol |0 y (populestian vecion)
TR Sonepd Rl il aj 0 5 |? ﬁ g
® O o .o' !0. o| .o' 0 '.0. 0 ® oo & o population vector
0 o|o||sm||o & (o |km R 3 °e®
= O 0|0 | Lo 0 o o092 neuronal ensemble
g f2) OOOOOO — Vv(2) n %: n : % |n %l vi@) :.. o8 (cluster of vectors)
£ 2> l;' § :3.| E lgl E lgl ensemble 2
: T ool o] o o| |0l |0 ° 00
5.0 2 & (1] o| [ 1] o EH o
TRl ieEEE LB
f t 1
% OOO..O i § L 112 ﬁ [T lé L] ensemble 3
® 0o v(1) v(2) v@) vit)
A n dimensions
N Sy, e e P

Current Opinion in Neurobiology

Figure 1. Analysis of neuronal ensembles.

(a) Schematic representation of calcium imaging recordings where active neurons at
different frames (f(1) to f(t)) are depicted by black dots. The activity profile from each frame
defines a population vector (v(1) to v(t)). (b) Representation of population vectors as binary
arrays where 0’s and 1’s indicate silent and active neurons. Colors depict population vectors
form by similar groups of coactive neurons. Each row represents a neuron and each column
represents a population vector. (c) Dimensionality reduction applied to population vectors
reveals clusters in a low dimensional space, where each cluster defines a neuronal ensemble.
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Figure 2. Pattern completion in imprinted ensembles.
“Piano” experiments in primary visual cortex of awake mice. (a) Two-photon population

photostimulation of a group of neurons (red), using two-photon calcium imaging to detect
the neuronal response to the stimulation laser. Scale bar 50 pm. (b) Imprinted ensemble
active during spontaneous, ongoing activity. Red contours indicate activated neurons during
the imprinting protocol. Filled neurons depict spontaneous activation of imprinted neuronal
ensemble in the absence of any stimulation. (c) Recalling of imprinted ensemble by single-
cell photostimulation of a pattern completion neuron (photostimulated neuron shown with
arrow). Recalled neurons are shown in red. Modified from [19e¢], with permission from

AAAS.

Curr Opin Neurobiol. Author manuscript; available in PMC 2021 March 29.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Carrillo-Reid and Yuste

Page 12

((a)

sensory stimuli

~

Go ensemble
AA 7 AA
A
AAA

A
AA

A AA

_4

recalled Go ensemble I
A A
A

AA
AAA

A
AA

A AA

A pattern completion neuron/

“u
Ac) I

learned behavior

Current Opinion in Neurobiology

Figure 3. Recalling of neuronal ensembles by stimulating pattern completion neuronstriggers

visually-guided behavior.

“Piano” experiments in primary visual cortex of awake mice during a Go/No-Go visual
discrimination task. (a) Neuronal Go ensemble activated by a visual stimulus (green
neurons). (b) Recalling of Go ensemble by activating pattern completion neurons (red) with
holographic optogenetics. (c) Recalling of Go ensemble by visual stimuli or holographic
optogenetics evokes behavior. Modified from Carrillo-Reid et al., 2019. See also Marshel et

al., 2019.
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