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            Abstract
The strength of synaptic connections fundamentally determines how neurons influence each otherâ€™s firing. Excitatory connection amplitudes between pairs of cortical neurons vary over two orders of magnitude, comprising only very few strong connections among many weaker ones1,2,3,4,5,6,7,8,9. Although this highly skewed distribution of connection strengths is observed in diverse cortical areas1,2,3,4,5,6,7,8,9, its functional significance remains unknown: it is not clear how connection strength relates to neuronal response properties, nor how strong and weak inputs contribute to information processing in local microcircuits. Here we reveal that the strength of connections between layer 2/3 (L2/3) pyramidal neurons in mouse primary visual cortex (V1) obeys a simple ruleâ€”the few strong connections occur between neurons with most correlated responses, while only weak connections link neurons with uncorrelated responses. Moreover, we show that strong and reciprocal connections occur between cells with similar spatial receptive field structure. Although weak connections far outnumber strong connections, each neuron receives the majority of its local excitation from a small number of strong inputs provided by the few neurons with similar responses to visual features. By dominating recurrent excitation, these infrequent yet powerful inputs disproportionately contribute to feature preference and selectivity. Therefore, our results show that the apparently complex organization of excitatory connection strength reflects the similarity of neuronal responses, and suggest that rare, strong connections mediate stimulus-specific response amplification in cortical microcircuits.
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                    Figure 1: Excitatory connection strength reflects the similarity of pyramidal cell firing in vivo.[image: ]


Figure 2: Organization of excitatory connection strength with respect to linear RF properties.[image: ]


Figure 3: Combined synaptic input from the local L2/3 cortical network matches the RF structure of the receiving neuron.[image: ]


Figure 4: Simulation of local L2/3 excitatory input to single neurons qualitatively predicts the dynamics of membrane depolarization to drifting grating stimuli.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Relationship between response correlation coefficient or RF correlation and cortical distance.
a, Pairwise response correlation coefficient plotted as a function of cortical distance, for an example region, indicates only a weak relationship between response correlation and cortical distance (R = âˆ’0.06). Red line denotes mean value of response correlation in 50Â Î¼m bins of cortical distance. b, Pairwise RF correlation plotted as a function of cortical distance, for the same example region as in a. Again, only a weak relationship was observed (R = âˆ’0.02).


Extended Data Figure 2 Relationship between mean connection amplitude and response correlation or RF correlation.
a, Black trace, mean connection amplitude (excluding unconnected pairs) plotted against response correlation. Dashed grey line indicates mean EPSP amplitude of all connections. Grey shaded region represents the 95% confidence interval of the expected mean, estimated by repeated random reshuffling of the EPSP amplitudes among all cell pairs in the data set. Connections were binned with ranges from âˆ’0.1 to 0, 0 to 0.1, and so on. b, Black trace, mean connection amplitude (excluding unconnected pairs) plotted against RF correlation. Dashed grey line indicates mean EPSP amplitude of all connections. Grey shaded region represents the 95% confidence interval of the expected mean, estimated by repeated random reshuffling of the EPSP amplitudes among all cell pairs in the data set. Connections were binned with ranges from âˆ’0.8 to âˆ’0.6, âˆ’0.6 to âˆ’0.4, and so on.


Extended Data Figure 3 Relationship between connectivity and RF subfield overlap.
a, The amount of ON and OFF subfield overlap (see Methods) was strongly correlated to the overall RF similarity as measured by RF correlation (R = 0.79, PÂ <Â 1Â Ã—Â 10âˆ’10). b, Left panel, connection probability increased with increasing ON subfield overlap (P = 0.05; Cochranâ€“Armitage test). Middle panel, EPSP amplitudes categorized into bins of ON overlap. Black line, median EPSP amplitude for each bin. Right panel, EPSP amplitude plotted against ON overlap. Red data points, bidirectional connections. Black data points, unidirectional connections. Underlying histogram shows frequency of recorded cell pairs as a function of ON overlap. c, Same as b, but for OFF overlap (P = 0.002; Cochranâ€“Armitage test). d, Same as b, but for combined ON and OFF overlap (P = 1.8Â Ã—Â 10âˆ’5; Cochranâ€“Armitage test). P values from the Cochranâ€“Armitage test. To perform the Cochranâ€“Armitage test, the bins at 0 and >0â€“0.15 were considered together, so that groups were evenly spaced.


Extended Data Figure 4 Similarity of shared neuronal properties ranked according to how well they predict connection amplitude, when excluding unconnected pairs.
Prediction performance and P values were calculated using a Monte-Carlo analysis (see Methods). Colours of the discs indicate P values.


Extended Data Figure 5 Relationship between bidirectional and unidirectional connections and RF properties.
a, EPSP amplitude plotted against RF correlation from bidirectionally (red) and unidirectionally connected pairs (black). Replotted from Fig. 2g. b, EPSP amplitude for bi- or unidirectional connections. Bidirectional connections were stronger than unidirectional connections (median connection amplitude: 0.44Â mV for bidirectional connections, n = 22; 0.16Â mV for unidirectional connections, n = 50; P = 4.4Â Ã—Â 10âˆ’4, Wilcoxon rank-sum test). c, RF correlation for bidirectionally connected, unidirectionally connected and unconnected pairs. The RFs of bidirectionally connected pairs were more correlated than those of unidirectionally connected or unconnected pairs (median RF correlation: 0.3 for bidirectionally connected pairs, n = 11; 0.04 for unidirectionally connected pairs, n = 50; P = 0.002; and âˆ’0.02 for unconnected pairs, n = 191, P = 5.3Â Ã—Â 10âˆ’5), although unidirectionally connected pairs did not have higher RF correlations than unconnected pairs (P = 0.18, Wilcoxon rank-sum test). d, Mean EPSP amplitude versus RF correlation for all (yellow), unidirectionally (black) or bidirectionally (red) connected pairs. There was a positive relationship between RF correlation and connection amplitude for both unidirectional and bidirectional connections.


Extended Data Figure 6 Method of RF normalization.
a, We normalized postsynaptic RFs to a template RF that was a vertical Gabor with 0 degree phase and an arbitrary but fixed spatial frequency (far right). A Gabor was fit to the RF of each postsynaptic neuron, and then rotated, translated and scaled so that the ON subfield was centred on the templateâ€™s ON subfield and the spatial frequencies matched. The same transformation was applied to presynaptic RFs of any simultaneously patched neurons. b, Transformation of the RF from an example postsynaptic neuron (upper row), and for the RF for its connected presynaptic neuron (middle row). Bottom row shows presynaptic RF outline overlaid on the postsynaptic RF at each step in the transformation.


Extended Data Figure 7 Overlay of RFs between connected neurons.
Presynaptic RF outline overlaid on the postsynaptic RF for all the connected pairs after performing normalization of the pre- and postsynaptic RFs to the RF template (n = 45). Numbers indicate connection amplitude.


Extended Data Figure 8 Overlay of RFs between unconnected neurons.
Assessed presynaptic RF outlines overlaid on the assessed postsynaptic RF for a representative set of unconnected pairs after normalization to the RF template.


Extended Data Figure 9 Contribution of strong and weak connections to membrane potential depolarization.
Removal of an increasingly larger fraction of the strongest inputs from the L2/3 model steeply reduces the large modulation component (F1) but more gradually reduces the mean depolarization component (F0). Model from Fig. 4d. Purple arrow indicates the weakest 75% of connections, as shown in Fig. 4i, j.
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