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            Abstract
A large population of neurons can, in principle, produce an astronomical number of distinct firing patterns. In cortex, however, these patterns lie in a space of lower dimension1,2,3,4, as if individual neurons were “obedient members of a huge orchestra”5. Here we use recordings from the visual cortex of mouse (Mus musculus) and monkey (Macaca mulatta) to investigate the relationship between individual neurons and the population, and to establish the underlying circuit mechanisms. We show that neighbouring neurons can differ in their coupling to the overall firing of the population, ranging from strongly coupled ‘choristers’ to weakly coupled ‘soloists’. Population coupling is largely independent of sensory preferences, and it is a fixed cellular attribute, invariant to stimulus conditions. Neurons with high population coupling are more strongly affected by non-sensory behavioural variables such as motor intention. Population coupling reflects a causal relationship, predicting the response of a neuron to optogenetically driven increases in local activity. Moreover, population coupling indicates synaptic connectivity; the population coupling of a neuron, measured in vivo, predicted subsequent in vitro estimates of the number of synapses received from its neighbours. Finally, population coupling provides a compact summary of population activity; knowledge of the population couplings of n neurons predicts a substantial portion of their n2 pairwise correlations. Population coupling therefore represents a novel, simple measure that characterizes the relationship of each neuron to a larger population, explaining seemingly complex network firing patterns in terms of basic circuit variables.
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                    Figure 1: Neighbouring neurons differ markedly in population coupling during spontaneous activity.[image: ]


Figure 2: A simple model based on population coupling predicts the structure of pairwise correlations in a cortical population.[image: ]


Figure 3: Population coupling under natural and optogenetic stimulation conditions.[image: ]


Figure 4: Neurons with strong population coupling receive more synaptic inputs from their neighbours.[image: ]


Figure 5: Population coupling under top-down stimulation conditions.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        The structures and functions of correlations in neural population codes
                                        
                                    

                                    
                                        Article
                                        
                                         22 June 2022
                                    

                                

                                Stefano Panzeri, Monica Moroni, … Christopher D. Harvey

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        A large-scale standardized physiological survey reveals functional organization of the mouse visual cortex
                                        
                                    

                                    
                                        Article
                                        
                                         16 December 2019
                                    

                                

                                Saskia E. J. de Vries, Jerome A. Lecoq, … Christof Koch

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Emergent reliability in sensory cortical coding and inter-area communication
                                        
                                    

                                    
                                        Article
                                        
                                         19 May 2022
                                    

                                

                                Sadegh Ebrahimi, Jérôme Lecoq, … Mark J. Schnitzer

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Tsodyks, M., Kenet, T., Grinvald, A. & Arieli, A. Linking spontaneous activity of single cortical neurons and the underlying functional architecture. Science 286, 1943–1946 (1999)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Yu, B. M. et al. Gaussian-process factor analysis for low-dimensional single-trial analysis of neural population activity. J. Neurophysiol. 102, 614–635 (2009)
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Luczak, A., Bartho, P. & Harris, K. D. Spontaneous events outline the realm of possible sensory responses in neocortical populations. Neuron 62, 413–425 (2009)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Pfau, D., Pnevmatikakis, E. A. & Paninski, L. in Advances in Neural Information Processing Systems Vol. 26 2391–2399 (Curran Associates, 2013)

                    Google Scholar 
                

	Kenet, T., Arieli, A., Tsodyks, M. & Grinvald, A. in 23 Problems in Systems Neuroscience (eds van Hemmen, J. L. & Sejnowski, T. J.) Ch. 9 (Oxford University Press, 2006)

                    Google Scholar 
                

	Ohki, K., Chung, S., Ch’ng, Y. H., Kara, P. & Reid, R. C. Functional imaging with cellular resolution reveals precise micro-architecture in visual cortex. Nature 433, 597–603 (2005)
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Rothschild, G., Nelken, I. & Mizrahi, A. Functional organization and population dynamics in the mouse primary auditory cortex. Nature Neurosci. 13, 353–360 (2010)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Martin, K. A. & Schroder, S. Functional heterogeneity in neighboring neurons of cat primary visual cortex in response to both artificial and natural stimuli. J. Neurosci. 33, 7325–7344 (2013)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Hromádka, T., Deweese, M. R. & Zador, A. M. Sparse representation of sounds in the unanesthetized auditory cortex. PLoS Biol. 6, e16 (2008)
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Sakata, S. & Harris, K. D. Laminar structure of spontaneous and sensory-evoked population activity in auditory cortex. Neuron 64, 404–418 (2009)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	O’Connor, D. H., Peron, S. P., Huber, D. & Svoboda, K. Neural activity in barrel cortex underlying vibrissa-based object localization in mice. Neuron 67, 1048–1061 (2010)
PubMed 
    
                    Google Scholar 
                

	Buzsáki, G. & Mizuseki, K. The log-dynamic brain: how skewed distributions affect network operations. Nature Rev. Neurosci. 15, 264–278 (2014)

                    Google Scholar 
                

	Renart, A. et al. The asynchronous state in cortical circuits. Science 327, 587–590 (2010)
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Okun, M. et al. Population rate dynamics and multineuron firing patterns in sensory cortex. J. Neurosci. 32, 17108–17119 (2012)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Harris, K. D. & Thiele, A. Cortical state and attention. Nature Rev. Neurosci. 12, 509–523 (2011)
CAS 
    
                    Google Scholar 
                

	Tkačik, G. et al. Searching for collective behavior in a large network of sensory neurons. PLOS Comput. Biol. 10, e1003408 (2014)
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Okun, M., Naim, A. & Lampl, I. The subthreshold relation between cortical local field potential and neuronal firing unveiled by intracellular recordings in awake rats. J. Neurosci. 30, 4440–4448 (2010)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Luczak, A., Bartho, P. & Harris, K. D. Gating of sensory input by spontaneous cortical activity. J. Neurosci. 33, 1684–1695 (2013)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Zagha, E., Casale, A. E., Sachdev, R. N., McGinley, M. J. & McCormick, D. A. Motor cortex feedback influences sensory processing by modulating network state. Neuron 79, 567–578 (2013)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Barthó, P. et al. Characterization of neocortical principal cells and interneurons by network interactions and extracellular features. J. Neurophysiol. 92, 600–608 (2004)
PubMed 
    
                    Google Scholar 
                

	Macke, J. et al. in Advances in Neural Information Processing Systems Vol. 24 1350–1358 (Curran Associates, 2011)

	Kohn, A. & Smith, M. A. Stimulus dependence of neuronal correlation in primary visual cortex of the macaque. J. Neurosci. 25, 3661–3673 (2005)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Arenkiel, B. R. et al. In vivo light-induced activation of neural circuitry in transgenic mice expressing channelrhodopsin-2. Neuron 54, 205–218 (2007)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ko, H. et al. Functional specificity of local synaptic connections in neocortical networks. Nature 473, 87–91 (2011)
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Ko, H. et al. The emergence of functional microcircuits in visual cortex. Nature 496, 96–100 (2013)
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Douglas, R. J., Koch, C., Mahowald, M., Martin, K. A. C. & Suarez, H. H. Recurrent excitation in neocortical circuits. Science 269, 981–985 (1995)
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Steinmetz, N. A. & Moore, T. Eye movement preparation modulates neuronal responses in area v4 when dissociated from attentional demands. Neuron 83, 496–506 (2014)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Yamashita, T. et al. Membrane potential dynamics of neocortical projection neurons driving target-specific signals. Neuron 80, 1477–1490 (2013)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Chen, J. L., Carta, S., Soldado-Magraner, J., Schneider, B. L. & Helmchen, F. Behaviour-dependent recruitment of long-range projection neurons in somatosensory cortex. Nature 499, 336–340 (2013)
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Gulati, T., Ramanathan, D. S., Wong, C. C. & Ganguly, K. Reactivation of emergent task-related ensembles during slow-wave sleep after neuroprosthetic learning. Nature Neurosci. 17, 1107–1113 (2014)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Margrie, T. W., Brecht, M. & Sakmann, B. In vivo, low-resistance, whole-cell recordings from neurons in the anaesthetized and awake mammalian brain. Pflugers Arch. 444, 491–498 (2002)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Haider, B., Hausser, M. & Carandini, M. Inhibition dominates sensory responses in the awake cortex. Nature 493, 97–100 (2013)
ADS 
    PubMed 
    
                    Google Scholar 
                

	Ayaz, A., Saleem, A. B., Scholvinck, M. L. & Carandini, M. Locomotion controls spatial integration in mouse visual cortex. Curr. Biol. 23, 890–894 (2013)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Luczak, A., Bartho, P., Marguet, S. L., Buzsaki, G. & Harris, K. D. Sequential structure of neocortical spontaneous activity in vivo. Proc. Natl Acad. Sci. USA 104, 347–352 (2007)
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Hazan, L., Zugaro, M. & Buzsaki, G. Klusters, NeuroScope, NDManager: a free software suite for neurophysiological data processing and visualization. J. Neurosci. Methods 155, 207–216 (2006)
PubMed 
    
                    Google Scholar 
                

	Harris, K. D., Henze, D. A., Csicsvari, J., Hirase, H. & Buzsaki, G. Accuracy of tetrode spike separation as determined by simultaneous intracellular and extracellular measurements. J. Neurophysiol. 84, 401–414 (2000)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Rossant, C. & Harris, K. D. Hardware-accelerated interactive data visualization for neuroscience in Python. Front. Neuroinform. 7, 36 (2013)
PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Harris, K. D., Hirase, H., Leinekugel, X., Henze, D. A. & Buzsaki, G. Temporal interaction between single spikes and complex spike bursts in hippocampal pyramidal cells. Neuron 32, 141–149 (2001)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Schmitzer-Torbert, N., Jackson, J., Henze, D., Harris, K. & Redish, A. D. Quantitative measures of cluster quality for use in extracellular recordings. Neuroscience 131, 1–11 (2005)
CAS 
    PubMed 
    
                    Google Scholar 
                

	Cossell, L. et al. Functional organization of excitatory synaptic strength in primary visual cortex. Nature 518, 399–403 (2015)
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Dorn, J. D. & Ringach, D. L. Estimating membrane voltage correlations from extracellular spike trains. J. Neurophysiol. 89, 2271–2278 (2003)
PubMed 
    
                    Google Scholar 
                

	de la Rocha, J., Doiron, B., Shea-Brown, E., Josic, K. & Reyes, A. Correlation between neural spike trains increases with firing rate. Nature 448, 802–806 (2007)
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Niell, C. M. & Stryker, M. P. Highly selective receptive fields in mouse visual cortex. J. Neurosci. 28, 7520–7536 (2008)
CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank L. Buesing for advice on latent variable analysis, C. Reddy and T. Sato for technical assistance, and M. Häusser for advice on the manuscript. This work was supported by the Wellcome Trust (S.B.H., T.D.M.-F., M.C., K.D.H.), Engineering and Physical Sciences Research Council (K.D.H.), the European Research Council (T.D.M.-F.), the Medical Research Council (L.C.), National Institutes of Health (EY014924, N.A.S. and T.M.) and the Simons Foundation (M.C. and K.D.H.). M.C. holds the GlaxoSmithKline/Fight for Sight Chair in Visual Neuroscience.


Author information
Author notes	Ho Ko & Péter Barthó
Present address: Present addresses: Lui Che Woo Institute for Innovative Medicine and Chow Yuk Ho Technology Center for Innovative Medicine, Faculty of Medicine, the Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, China (H.K.); MTA-TTK NAP-B Sleep Oscillations Research Group, Research Center for Natural Sciences, Hungarian Academy of Sciences, Magyar tudósok körútja 2, 1117 Budapest, Hungary (P.B.)., 

	Matteo Carandini and Kenneth D. Harris: These authors jointly supervised this work.


Authors and Affiliations
	UCL Institute of Neurology, University College London, London WC1N 3BG, UK
Michael Okun, Nicholas A. Steinmetz & Kenneth D. Harris

	Department of Neuroscience, Physiology and Pharmacology, University College London, London WC1E 6DE, UK
Michael Okun, Nicholas A. Steinmetz, Lee Cossell, M. Florencia Iacaruso, Ho Ko, Sonja B. Hofer, Thomas D. Mrsic-Flogel & Kenneth D. Harris

	UCL Institute of Ophthalmology, University College London, London EC1V 9EL, UK
Michael Okun, Nicholas A. Steinmetz & Matteo Carandini

	Howard Hughes Medical Institute and Department of Neurobiology, Stanford University, Stanford, California 94305-5125, USA, 
Nicholas A. Steinmetz & Tirin Moore

	Biozentrum, University of Basel, Klingelbergstrasse 50/70, CH-4056 Basel, Switzerland, 
Lee Cossell, M. Florencia Iacaruso, Sonja B. Hofer & Thomas D. Mrsic-Flogel

	Center for Molecular and Behavioral Neuroscience, Rutgers University, 197 University Avenue, Newark, New Jersey 07102, USA, 
Péter Barthó & Kenneth D. Harris


Authors	Michael OkunView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nicholas A. SteinmetzView author publications
You can also search for this author in
                        PubMed Google Scholar



	Lee CossellView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. Florencia IacarusoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ho KoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Péter BarthóView author publications
You can also search for this author in
                        PubMed Google Scholar



	Tirin MooreView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sonja B. HoferView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thomas D. Mrsic-FlogelView author publications
You can also search for this author in
                        PubMed Google Scholar



	Matteo CarandiniView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kenneth D. HarrisView author publications
You can also search for this author in
                        PubMed Google Scholar





Contributions
M.O. conceived the study and performed the in vivo electrophysiology experiments in mouse V1. M.O., N.A.S. and L.C. performed the analyses. N.A.S. and T.M. performed the experiments in primate V4. L.C., M.F.I., H.K., S.B.H. and T.D.M.-F. performed the imaging and in vitro experiments and contributed to data analyses. P.B. performed the experiments in rat A1. K.D.H. constructed the mathematical model. M.O., M.C. and K.D.H. designed the study and wrote the paper.
Corresponding authors
Correspondence to
                Michael Okun or Kenneth D. Harris.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Extended data figures and tables

Extended Data Figure 1 Pearson correlation between spike trains of individual units and the population rate.
To estimate the relation of a neuron to the population, an alternative to spike-triggered population rate (stPR) would have been to compute the Pearson correlation coefficient of the neuron’s spike train with the summed population rate of all other recorded cells (a measure we term ‘Pearson coupling’). This measure, however, is biased by firing rate. a, Pearson coupling and stPR were computed for a set of individual units in an example experiment. Pearson coupling is related to the stPR, but not identical to it. b, The numerical value of the Pearson coupling depends strongly on the bin size used, but the correlations measured with different bin sizes are tightly related. c, Pearson correlation is biased by firing rate41,42. The spike train of a single cell was ‘thinned’ to different firing rates by keeping only a random subset of its spikes; Pearson correlation with the population was recalculated for different values of firing rate. A strong effect of firing rate is seen. d, Performing the same analysis for population coupling (measured by stPR) demonstrates that this measure does not suffer from rate bias. For this reason, we chose to quantify population coupling with stPR in this work.


Extended Data Figure 2 Neighbouring neurons differ markedly in population coupling during spontaneous activity.
a, Dividing the data into two halves shows that population coupling, measured as the height of stPR at 0 time lag, is highly consistent over time (n = 431 neurons from 13 experiments; ρ = 0.76, P < 10−100, rank correlation). Coloured dots represent the four example cells. b, As in a for peak spike-triggered local field potential (stLFP) (ρ = 0.58, P < 10−100). c, Differences in stLFP disappear after shuffling spikes in a manner that preserves each neuron’s mean firing rate and the population rate (compare with Figure 1g). Inset, stLFPs in the actual spike trains (red) and after shuffling (grey), for neurons from all experiments (compare with Figure 1g). d, stPR size of V4 neurons is consistent over time (n = 262 neurons from 43 experiments; ρ = 0.95, P < 10−100, rank correlation).


Extended Data Figure 3 Neighbouring neurons in auditory cortex differ markedly in population coupling.
a, Spike-triggered population rate (stPR) for four example neurons recorded on the same electrode shank, during spontaneous activity in rat primary auditory cortex. b, Differences in population coupling disappear after shuffling spikes in a manner that preserves each neuron’s mean firing rate and the population rate distribution. c, d, As in a, b for the spike-triggered local field potential (stLFP). e, Dividing the data into two halves shows that population coupling, measured as the height of stPR at 0 time lag, is highly consistent over time (n = 76 neurons from 3 experiments; ρ = 0.92, P < 10−100, rank correlation). Coloured dots represent the four example cells. f, As in e for stLFP (ρ = 0.81, P < 10−100, rank correlation).


Extended Data Figure 4 Firing rate, burstiness and population coupling.
a, Similarly to other studies20,43 our recordings allow separation of narrow spiking (putative Pvalb+ inhibitory) and wide spiking (primarily excitatory pyramidal) neurons. Here, we used a trough-to-peak time of 0.66 ms as the separation criterion. b, There is a negative correlation between burstiness (the ratio between the peak and baseline of a neuron’s autocorrelogram) and mean firing rate, which is also the case individually for wide spiking (n = 384, ρ = −0.60, P < 10−9, rank correlation) and narrow spiking (n = 47, ρ = −0.82, P < 10−9, rank correlation) neurons. a.u., arbitrary units. c, There is a positive correlation between burstiness and population coupling, which is also the case individually for wide spiking (ρ = 0.46, P < 10−9, rank correlation) and narrow spiking (ρ = 0.50, P = 4 × 10−4, rank correlation) neurons. d, There is a negative correlation between firing rate and population coupling, which is also the case individually for wide spiking (ρ = −0.27, P = 10−7, rank correlation) and narrow spiking (ρ = −0.37, P = 0.01, rank correlation) neurons. The correlation between population coupling and firing rate can be predicted from the correlations between burstiness and firing rate and between population coupling and burstiness; the partial rank sum correlation between population coupling and firing rate, once burstiness is taken into account, is insignificant (ρ = 0.06, P = 0.25). This is also the case for wide spiking (ρ = 0.01, P = 0.78) and narrow spiking (ρ = 0.07, P = 0.65) neurons individually.


Extended Data Figure 5 Latent variable analysis.
a, Population coupling of each neuron is highly correlated with its loading in a single-factor latent variable model (see Methods). The similarity of each cell’s population coupling and loading indicates that the low-dimensional structure found by the latent variable model is homologous to that found by the coupling model. b, Percent of pairwise correlation structure explained by a latent variable model with 1–5 factors (black), and by the coupling model introduced in the present study (dashed purple line). Error bars show standard error. While the coupling model outperforms latent variable models with less than four degrees of freedom, this difference may arise primarily from the assumption of a Gaussian distribution for the latent variables. Indeed, if the population rate distribution generated by the latent variable model is substituted into the coupling model instead of the (correct) populate rate distribution, extremely poor performance results (dashed grey line).


Extended Data Figure 6 Population coupling and visual stimulation in mouse V1.
a, stLFPs computed for the four example neurons of Fig. 1a–f, from intervals of natural movie presentation (inverted for ease of comparison, see Figure 1f). b, Comparison of stLFP size during spontaneous and evoked activity across all experiments (ρ = 0.72, P < 10−100, rank correlation). c–e, Population coupling is plotted versus the f1/f0 ratio, preferred spatial frequency and orientation selectivity index (OSI) for neurons recorded in the infragranular layers of V1. All correlations are statistically insignificant. f, Similar to movie presentations (Figure 3e), the mean change in the activity of a cell in response to grating presentations (relative to baseline, averaged across contrasts and orientations) correlates with population coupling measured during spontaneous activity (ρ = 0.32, P = 2 × 10−6, n = 217, rank correlation). Black diamonds, running median. g, In the two-photon imaging data (of ∼10,000 cells) only a very weak correlation between OSI and population coupling was found (ρ = 0.066, P < 10−9, rank correlation).


Extended Data Figure 7 stLFP reflects the correlation between membrane potential (Vm) and LFP.
a, Example of a silicon probe population recording performed simultaneously with a whole-cell recording (in an anaesthetized animal). Four neurons shown in colour were recorded on the same shank of the silicon probe. b, Comparison of stLFP and Vm–LFP cross-correlation (VmLFPcc, appropriately scaled along the ordinate axis) for the intracellularly recorded cell. c, stLFP for the four neurons from a and the intracellularly recorded neuron, exhibiting diversity in the strength of coupling to LFP.


Extended Data Figure 8 Population coupling in two-photon data is not correlated with location and intrinsic properties of the neurons.
a, For each neuron in the central region of the imaging field (defined as a square quarter of the total imaging area), we compared its coupling to the population of all other neurons in the central region, with its coupling to population of all neurons outside of the central region. The two were highly similar; this was the case because the two population rate signals were themselves highly correlated (on average across experiments the Pearson correlation was 0.77). Thus, differences in population coupling measured between cells do not reflect differences in the fraction of nearby neurons imaged. b–d, No significant correlation was observed between population coupling (measured in vivo) and resting potential, input resistance and spike threshold (subsequently measured in vitro).


Extended Data Figure 9 Correlation between input connectivity and population coupling.
a, Cumulative distribution of population coupling of a target pyramidal neuron when an input connection was present (red) and when it was absent (blue). The medians (arrows) are significantly different (P = 0.008, rank sum test, n = 854 pairs). b, As in a for population coupling of the source pyramidal cells. The distributions shown were used for the logistic regression analysis in Fig. 4. c–f, To estimate what strength of correlation between input connectivity and population coupling would give rise to these observations, we constructed random directed graphs of 1,000 nodes (each node representing a L2/3 pyramidal cell) with the probability of connection from node [image: ] to node [image: ] given by[image: ], where the propensities to receive and provide connections ([image: ] and [image: ], correspondingly) were randomly and independently chosen for each node from a Gaussian distribution. The resulting distribution of the number of input connections in a typical network is shown in c; the number of output connections was (by construction) similarly distributed. In addition, each node was assigned a population coupling value, highly correlated to the number of its input connections (on average ρ = 0.65); this correlation in a typical network is shown in d. e, f, We next asked how the relationship between measured connectivity and population coupling would look if we sample from 33 such randomly generated networks (equal to the number of animals used in our experimental data), the same amount of data empirically available in our in vitro recordings (that is, the connections between 2–3 randomly selected groups of 2–6 nodes). Results very similar to those of Fig. 4 were typically obtained (e, f; compare with a and Fig. 4d; error bars in f indicate standard error for binned data). In particular, when the entire procedure was repeated 1,000 times, in over 30% of the cases the P value of the difference between the medians (presented in a, e) was higher (that is, less statistically significant) than the value of 0.008 obtained in the actual data. Thus, the results shown in Fig. 4 and in a are consistent with a strong correlation between connection probability and population coupling.


Extended Data Figure 10 Mathematical model for the relationship between nonspecific connectivity, specific connectivity, and correlations.
a, A recurrent network where excitatory cells (triangles) send synaptic connections (arrows) to each other and to inhibitory cells (circles). Weakly coupled neurons (bottom) receive only connections from neurons with similar sensory preference (for example, for stimulus orientation, indicated in blue versus red). Strongly coupled neurons (top) also receive nonspecific connections from neurons of different sensory preference. b, The effect of nonspecific drive, such as caused by non-sensory top-down inputs, or occurring due to artificial optogenetic stimulation, is amplified through recurrent connections, leading to stronger activation of neurons with greater mean local input (darker shading). c, d, Correlations predicted by the model (analytically derived in Supplementary Information). c, Population coupling versus nonspecific connectivity [image: ], for all simulated excitatory neurons. d, Pseudocolour plot of predicted pairwise correlations for a random subset of excitatory neurons, ordered by population coupling. e–h, Dependence of correlations on specific and nonspecific connectivity. e, Predicted correlations based on nonspecific connections versus total observed correlations. f, Predicted correlation based on nonspecific connectivity versus difference in preferred orientation. As in the experimental data (Fig. 2e), no relation is observed. g, Observed correlation versus difference in preferred orientation. As has been widely reported, observed correlations are largest for neurons of similar orientation preference. h, Residual correlation (after removing prediction from nonspecific connectivity) versus difference in preferred orientation. Again as in our experimental data (Fig. 2f), the residual correlation is largest for neurons of similar orientation preference, indicating an additive relationship between correlations generated by specific connections and correlations generated by nonspecific connections.
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