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ABSTRACT  32 

 33 

Neuronal circuits often display small-world network architecture characterized by neuronal cliques of 34 

dense local connectivity communicating with each other through a limited number of cells that 35 

participate in multiple cliques. The principles by which such cliques organize to encode information 36 

remain poorly understood. Similarly tuned pyramidal cells that preferentially target each other may 37 

form multi-cellular encoding units performing distinct computational tasks. The existence of such units 38 

can reflect upon both spontaneous and stimulus-driven population events.   39 

We applied two-photon calcium imaging to study spontaneous population bursts in layer 2/3 of area 40 

V1 in male C57BL/6 mice. To identify potential small-world cliques, we searched for pyramidal cells 41 

whose calcium events had a consistent temporal relationship with the events of local inhibitory 42 

interneurons. This was guided by the intuition that groups of neurons whose synchronous firing 43 

represents a temporally coherent computational unit should be inhibited together. Pyramidal members 44 

of these interneuron-centered clusters on average displayed stronger functional connectivity between 45 

each other than with non-member pyramidal neurons. The structure of the clusters evolved during 46 

postnatal development: cluster size and overlap between clusters decreased with developmental 47 

maturation. Pyramidal neurons in a cluster showed higher than chance tuning function similarity 48 

between each other and with the linked interneuron. Thus, spontaneous population events in V1 are 49 

shaped by small-world sub-networks of pyramidal neurons that share functional properties and work 50 

as a coherent unit with a local interneuron. These interneuron-pyramidal cell partnerships may 51 

represent a fundamental neocortical unit of computation at the population level.  52 
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SIGNIFICANCE STATEMENT 53 

 54 

Neuronal circuit in layer 2/3 of mouse area V1 possesses small-world network architecture, where 55 

cliques of densely interconnected neurons (“small worlds”) communicate via restricted number of hub 56 

cells. We show that:   57 

 58 

(i) in mouse V1 individual small-world cliques preferably incorporate pyramidal neurons with 59 

similar visual feature tuning,  and 60 

(ii) ongoing population activity of such pyramidal neuron clique is temporally linked to the 61 

activity of the local interneuron sharing its feature tuning with the clique members.  62 

Functional grouping of similarly tuned interneurons and pyramidal cells into cliques  may ensure that 63 

ensembles of functionally alike pyramidal cells recruited during perceptual tasks and spontaneous 64 

activity are also turned off together as a unit, with interneurons serving as organizers of linked 65 

pyramidal ensemble activity.   66 

  67 
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INTRODUCTION 68 

 69 

Sensory stimuli are encoded by the joint firing of neuronal groups rather than isolated neurons 70 

(Uhlhaas et al., 2009; Buzsáki, 2010). The principles by which neuronal groups organize to encode 71 

information remain poorly understood. A leading hypothesis is that similarly tuned pyramidal cells form 72 

multi-cellular encoding units yoked to a similar purpose. Indeed, functional and anatomical connectivity 73 

in the neocortex is non-random (Song et al., 2005). Visual cortex shows specificity of synaptic 74 

connections: strongest synapses are formed between pyramidal cells with similar visual response 75 

properties (Yoshimura et al., 2005; Ko et al., 2011; Wertz et al., 2015; Lee et al., 2016).  Excitatory 76 

synaptic drive of a pyramidal cell is thus dominated by few strong inputs provided by neurons sharing 77 

stimulus preference, such as receptive field structure (Cossell et al., 2015). Moreover, connection 78 

specificity also extends to fast-spiking parvalbumin-positive interneurons.  Although these interneurons 79 

densely innervate most pyramidal cells in their vicinity (Packer and Yuste, 2011), the strength of their 80 

all-covering inhibitory drive is highly variable across target cells. The strongest inputs of a specific 81 

parvalbumin-positive interneuron go to pyramidal cells providing strongest reciprocal excitation to this 82 

interneuron (Yoshimura and Callaway, 2005; Znamenskiy et al., 2018). Thus, despite salt-and-pepper 83 

organization of visual feature tuning (Kalatsky and Stryker, 2003; Ohki et al., 2005), rodent V1 may still 84 

harbor functional modules based of visual response-specific synaptic connectivity.  85 

Functional specificity of synaptic connections should reflect on the spatiotemporal profile of 86 

spontaneous population events in the neocortex.  We used 2-photon calcium imaging to study 87 

spontaneous population events in layer 2/3 of mouse area V1 during postnatal maturation (postnatal 88 

day 8–52). Throughout this period both size and duration of spontaneous population bursts formed 89 

scale-free distributions obeying a power law. The same was true for the degree of “functional 90 

connectivity,” a measure of pairwise synchrony across cells. These observations are consistent with a 91 

hierarchical small-world-net architecture, characterized by cliques of cells with dense local connectivity 92 

(“small worlds”) sparsely connecting to each other via a restricted number of cells with unusually high 93 

count of functional links (Luce and Perry, 1949; Watts and Strogatz, 1998; Bonifazi et al., 2009; 94 
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Sporns, 2011). Small-world architecture (Watts and Strogatz, 1998; Lago-Fernandez, 2000) combines 95 

local segregation with short average path length between individual nodes resulting in faster signal 96 

propagation at low wiring cost. Segregation of neuronal modules within the small-world network may 97 

increase the speed and efficiency of local computations (such as visual feature detection) while short 98 

paths between individual modules provide a means to fast integration of local information to support 99 

global processes involving synchronization of many modules.  100 

Cortical interneurons innervate a significant percentage of local pyramidal cells (Fino and Yuste, 2010; 101 

Packer and Yuste, 2010) and therefore provide a natural way to organize and control local pyramidal 102 

cliques (Bonifazi et al., 2009; Cossart, 2014), whose members need to fire coherently to process 103 

information. To identify candidate “small world” groups we searched for cells whose calcium events 104 

had a consistent temporal relationship to events recorded from local interneurons. This was guided by 105 

the intuition that groups of neurons whose synchronous firing represents a temporally coherent 106 

computational unit (or feature) ought to be inhibited together. We thus identified clusters of pyramidal 107 

neurons whose firing is temporally linked to the firing of one or more local interneurons. These clusters 108 

did not remain static during postnatal development: both cluster size and overlap with other clusters 109 

decreased over time as pyramidal neurons became progressively more selective, “linking” to fewer 110 

neighboring interneurons.  Notably, pyramidal neurons in a cluster show higher tuning function 111 

similarity than expected - with each other and with their linked interneurons. Our findings suggest that 112 

spontaneous population events in the visual cortex are shaped by small-world modular networks of 113 

pyramidal neurons that share functional properties and work as a temporally coherent unit with one or 114 

more local interneurons. We argue that such groups represent a fundamental neocortical unit of 115 

computation at the population level.  116 

  117 
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METHODS 118 

  119 
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Animals and surgery.  All experimental procedures were performed in accordance with institutional 120 

and federal animal welfare guidelines and were approved by the institutional animal care and use 121 

committee. We used male C57BL/6 mice expressing Td-Tomato in Dlx5/6-positive interneurons 122 

(Monory et al., 2006; Madisen et al., 2010). The mice were produced by crossing the Ai9 mice (The 123 

Jakson Laboratory, B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, stock #007909), carrying a 124 

targeted insertion into the Gt(ROSA)26Sor locus with a loxP-flanked STOP cassette preventing 125 

transcription of a CAG promoter-driven red fluorescent protein variant (tdTomato; Madisen et al., 126 

2010), and Dlx5/6-Cre mice, carrying a Cre-recombinase gene, expressed under the zebrafish Dlx5/6 127 

regulatory sequences (Monory et at., 2006, The Jackson Laboratory, Tg(dlx5a-cre)1Mekk/J, stock 128 

#008199). The expression of Cre in these mice follows the profile of expression of native mouse Dlx5 129 

homeobox gene during interneuronal specification in ganglionic eminences and subsequent migration 130 

to the cortex. The expression then persists into adulthood in hippocampal and neocortical interneurons 131 

(Stuhmer et al., 2002; Monory et al., 2006). In the hippocampus and the  neocortical layers 1 and 2/3, 132 

the expression of Cre in the interneurons is near-universal: it is present in 93-100% GABA-positive 133 

cells (Stuhmer et al., 2002; Monory et al., 2006). In the neocortex all major interneuron subtypes 134 

express Cre:  ~ 100% of parvalbumin-positive cells, >90% of calretinin-positive cells, and ~100% of 135 

nNOS-expressing and NPY-expressing cells (Stuhmer et al., 2002). Thus, offspring mice, carrying 136 

both the flox-stopped td-tomato and Cre, express Td-Tomato in all neocortical interneurons originating 137 

from medial and caudal ganglionic eminences (Monory et al., 2006; Rossignol, 2009). 138 

In addition to the above information, we checked the level of Cre-recombination (by Td-tomato 139 

labeling) in the V1 of Dlx5/6-Cre * Ai9 cross (used in the study) ourselves, using as a reference 140 

recombination data from Viaat-Cre*Ai9 cross (Chao et al., 2010). For Viaat-Cre line (Chao et al., 2010) 141 

there exists data specifically describing cortical recombination level (~98% of cortical interneurons of 142 

all types). We recorded and compared 10 layer 2/3 FOVs from Viaat-Cre*Ai9 cross mouse (2 mice, 5 143 

FOV per mouse at 150 – 250 μm depth, corresponding to layer 2/3) and 10 layer 2/3 FOVs from 144 

Dlx5/6-Cre*Ai9 cross mouse (2 mice, 5 FOV per mouse at 150-250 μm depth). We found that F1 145 

Dlx5/6*Ai9 animals had similar density of Td tomato labeled neurons as F1 Viaat-Cre*Ai9 animals in 146 
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layer 2/3 of area V1: specifically, Dlx5/6-Cre*Ai9, had 488.7±25.4 (mean±sem) Td-tomato labeled cells 147 

per mm2 (n = 10 FOVs) compared to 491±36.2 cells per mm2, (n = 10 FOVs) for Viaat-Cre*Ai9 148 

animals).  This suggests that essentially all (~98%) of area V1 2/3 interneurons are labeled with Td 149 

tomato in Dlx5/6-Cre*Ai9 mice, in agreement with (Stuhmer et al., 2002; Monory et al., 2006).   150 

Mice were reared in a 12 h dark/light cycle until P8 – P52 and subsequently were used for recordings. 151 

During surgery, mice where anesthetized with 2% isoflurane, which was delivered in pure oxygen via 152 

tubing near the nose of the animal. Local anesthesia with lidocaine (2%) was given under the skin and 153 

on the skull. We placed a 3 mm round craniotomy above V1  and  pressure injected 1mM OGB-1 with 154 

100 μM SR-101 dissolved in Pluronic-F127 via a glass pipette 200 μm below the dura (Stosiek et al., 155 

2003). All injection sites were located 2-3 mm lateral from midline and 1–1.5 mm frontal to the 156 

transverse sinus, placing them in visual cortex (Wang and Burkhalter, 2007). After injection, we fixed a 157 

glass cover slip above V1 with Vetbond glue. We kept eyes moisturized using a topical eye ointment 158 

(polydimethylsiloxane-200, Sigma-Aldrich). The isoflurane level during recordings was maintained at 159 

0.6% in adult animals. Total data set consists of 21 FOVs from 18 animals (6 animals per age group). 160 

Two-photon imaging. We used a Prairie Ultima-IV two-photon microscope with custom modifications, 161 

fed by a Chameleon Ti:sapphire Ultra-II laser and equipped with two Hamamatsu photomultiplier 162 

tubes. PrairieView software (version 4.1.1.4) was used to control the laser and collect images (Prairie 163 

Technologies). We imaged cells 120–200 microns below the pia, in layer 2/3 of mouse V1. The laser 164 

was set at a wavelength of 820 nm. At this wavelength, red fluorescing cells were either Td-Tomato 165 

expressing interneurons or SR-101-stained astrocytes.  We selected an FOV containing 100–320 cells 166 

for imaging and acquired images using a 20x objective lens (0.95 NA water immersion, Olympus) at 167 

acquisition speeds ranging from 3.2 to 11 Hz, depending on FOV size. To separate interneurons from 168 

astrocytes we examined their morphology (astrocytes have distinct visible processes), shape and 169 

frequency of their calcium events, and the presence of red Td-tomato fluorescence before the injection 170 

of OGB-SR-101 mixture (when available). Most interneurons recorded from adult animals also showed 171 

strong visual responses to drifting gratings. 172 

Visual stimulation. We constructed visual stimuli using the MATLAB Psychophysics Toolbox 173 
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(www.psychtoolbox.org). We used drifting square-wave gratings with a temporal frequency of 2 Hz 174 

and a spatial frequency of 0.05 cycles/°. The gratings were full-field and covered 60°x80° in the 175 

contralateral visual space. Each visual presentation trial lasted 5 s: 2 s of visual stimulus presentation, 176 

followed by 3 s of spatially uniform illumination. We kept mean luminance constant throughout both 177 

the background and the stimulation periods. We presented stimuli on a flat LCD monitor (Dell), which 178 

was located 27 cm from the mouse eye, and covering 60°x80° in the contralateral monocular visual 179 

field. Presentation was monocular. We covered the non-stimulated eye with ointment and black foil 180 

during the experiment (Palagina et al., 2017). 181 

Patch-clamp recordings. Whole-cell and loose-patch recordings were obtained with a Heka EPC-10 182 

USB amplifier in current-clamp mode using standard techniques (Margrie et al., 2002). 6–8 MΏ glass 183 

pipettes filled with an intracellular solution (in mM: 105 K-gluconate, 30 KCl, 10 HEPES, 10 184 

phosphocreatine, 4 ATP-Mg, and 0.3 GTP, adjusted to 290 mOsm and pH 7.3 with KOH, containing 185 

10 μM Alexa Fluor-594 or tetramethylrhodamine dextran; Invitrogen) were advanced under two-photon 186 

visual guidance, initially with ~100 mbar pressure, then ~40 mbar when the tip reached ~50 μm under 187 

the dura. We reduced pressure to ~20 mbar when approaching a cell. Once resistance increased to 188 

~150% of the initial value, laser scanning was stopped and up to 200 mbar negative pressure was 189 

applied, until the resistance increased up to 200 MΏ. When successful, a gigaohm seal was typically 190 

formed within 2 min. The pipette was retracted  carefully  by a few micrometers to avoid penetration of 191 

the interior compartments of the cell during break-in. Then, ~200 ms pulses of negative pressure 192 

(starting at 10 psi and increasing gradually) were applied via a Picospritzer with a vacuum module until 193 

the patch of membrane was broken. Fast pipette capacitance was compensated before break-in, and 194 

slow capacitance was compensated afterwards.  195 
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Experimental design and statistical analysis. 196 

 197 

18 male C57BL/6 mice expressing Td-Tomato in Dlx5/6-positive interneurons were used in the study. 198 

The mice were divided into 3 age groups (n=6 animals per group): before eye opening, 8-10 days old 199 

(<EO, P8-P10); eye opening period, between 12 and 16 days old (P12-P16) and adult animals, older 200 

than 34 days (P35 - P52). In each animal, we imaged 1-2 fields of view (FOV) to simultaneously 201 

collect spontaneous and stimulus-evoked calcium transients from all neurons in the FOV (78 – 292 202 

neurons at a time, on average 148 neurons per FOV).  Summarily, we recorded 10-40 minutes of 203 

spontaneous activity per FOV (total of n=21 FOVs, n=7 FOVs per age group). In each FOV we 204 

identified spontaneous population bursts and performed small-world network analysis (described in 205 

detail in sections “Population bursts” and “Small world network parameters and analysis”). We next 206 

identified interneuron-pyramidal cell partnerships (IPP-clusters, described in section “Identifying 207 

“interneuron pyramidal partners” (IPPs)”), and described functional connectivity within these 208 

partnerships (section “Global functional connectivity of the pyramidal cells and group correlation 209 

strength of the IPP clusters”). We identified and used for the analyses described below n = 38 IPP 210 

clusters for the adult group, n = 41 IPP clusters for the eye-opening group and n = 45 IPP clusters for 211 

the group before eye opening.  On average, each FOV contained 6 IPP clusters. 212 

 213 

(1) Population bursts: extraction of calcium events' onsets and definition of the burst-related 214 

activity. We typically recorded 10-40 minutes of spontaneous activity per FOV (1-4 movies). The 215 

acquired raw fluorescence movies were motion-corrected using cross-correlation between subsequent 216 

frames of the movies containing red (Td-tomato- and SR-101-based) fluorescent signals. This allowed 217 

to remove slow xy-plane drifts from the movies. After motion correction, we used ImageJ software 218 

(Abramoff et al., 2004) to draw the ROIs of cells around cell body centers, staying 1–2 pixels (~2.4 219 

microns) from the margin of a cell to avoid contamination from neuropil signals. We then extracted 220 

centers of mass of the ROIs, averaged the signals of cell ROI pixels and converted them to dF/F. To 221 

determine the onsets of OGB-1 spontaneous calcium responses, the dF/F time course for each cell 222 
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was thresholded, using the noise portion of the data, to 3 standard deviations above baseline.  We 223 

applied moving average filter (3 s window) to the dF/F and then subtracted the result from the dF/F to 224 

obtain the noise and calculate the individual threshold for each cell. We used current-clamp recordings 225 

in 3 cells to verify that the above procedure was faithfully detecting the onsets of actual action 226 

potential bursts.  We aligned the calcium event onset series with corresponding current-clamp 227 

recordings. Then, the 4 second periods after each event onset, corresponding to the rise and decay of 228 

the calcium transient, were taken out of the current clamp recording, and the remainder of it was used 229 

for baseline calculations. We then determined if any frames during and 2 seconds after event onset 230 

frame contained action potentials, and how many. The 2 second window encompasses the fast rise 231 

and peak area of calcium event, where most action potentials occur (Vogelstein et al., 2010). We 232 

determined the median spike rate in each 2 second window across all events, and determined 233 

whether any individual frame in this window contained more than 1 action potential (doublets and 234 

multiplets). Then we broke the baseline portion of the recording into 2 second intervals, and repeated 235 

this procedure for those intervals. 77% of calcium events detected by this method corresponded to 236 

doublets, triplets etc. of action potentials, while single action potentials were caught in only 23% of 237 

cases.  In contrast, the parts of the recordings that did not have detected events (baseline), consisted 238 

mainly of solitary action potentials; doublets and multiplets appeared in only 35% of baseline trials. In 239 

addition to this, the action potential packets detected by our procedure contained larger spike count 240 

than those belonging to baseline trials: median spike rate was 3.25 Hz for event trials compared to 0.5 241 

Hz for baseline trials. This shows that our procedure discriminates in favor of cellular events reflecting 242 

reverberating recurrent population activity (population bursts), as the detected cellular events mostly 243 

correspond to bursts of action potentials occurring at higher rate, as opposed to sparser solitary spikes 244 

observed during baseline periods. 245 

Detected cellullar event onsets were then used to form an eventogram for each FOV movie. This initial 246 

eventogram was used to assess functional connectivity of the neurons in the FOV (by using pairwise 247 

Pearson correlation between their event trains) and to calculate basic network properties such as 248 

small world coefficient, clustering coefficient and average path length (shown in Fig.1). Two types of 249 
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events were found in the initial eventogram: multineuronal population bursts and solitary cellular 250 

bursts. We defined multineuronal population bursts as periods of time when two or more cells in the 251 

FOV had onset of calcium responses in one or more consecutive frames, without skipping a frame. 252 

The first frame of a multineuronal population burst is preceded by a frame that is empty. Thus, 253 

multineuronal population burst has size of 2 cells or larger. The multineuronal burst continues until a 254 

frame is encountered containing no calcium event onsets in any of the FOV’s cells. Burst duration is a 255 

total time between first and last frames of the burst. Solitary bursts are calcium events observed in a 256 

single cell and invariably have a size of 1. To focus further analysis on groups of cells that are co-257 

active during multineuronal bursts, we excluded solitary cell bursts from the eventogram, so that only 258 

multineuronal population burst activity was used in the analysis of potential interneuron-pyramidal cell 259 

partnerships and characterization of those partnerships (shown in figures 2-5).  260 

(2) Small-world network parameters and analysis. Determination of 'linked cells' for small-world 261 

analysis was made based on presence of significant pairwise linear Pearson correlation between cells. 262 

To determine if the Pearson correlation coefficient in each pair was significant, we used simulated null 263 

distribution of Pearson coefficients obtained from circularly shuffled data. The onsets of cellular events 264 

were circularly shuffled by applying a variable offset [1<offset<(movie length-1)], where the movie 265 

length is the total number of frames in a given movie, for each cell. The offset was selected randomly. 266 

Shuffling was repeated 10,000 times to generate the distribution of correlation coefficients that can 267 

occur by chance for each cell pair. Each pair's null distribution's maximum value was used as a 268 

threshold to determine if the real correlation coefficient value was significant (e.g. exceeded the 269 

threshold). Next, we examined if the cell pair's real correlation value also was above the median 270 

correlation observed in an examined FOV across all cell pairs. If both conditions were satisfied, the 271 

cell pair was  accepted as having a significant functional link. Links obtained through this procedure 272 

were then used to calculate the degree of connectivity across the network nodes (cells).  273 

Small-world networks are defined by a relation between the clustering coefficient and the short 274 

average minimum path length. The clustering coefficient (C) for an individual cell (node) is the ratio of 275 

the actual links (s) formed between all the linked partners (k) of the cell over the number of all possible 276 
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links: 277 

C(node) =  2*(s/(k*(k-1))) 278 

 279 

The global clustering coefficient (Cg) is then determined by averaging the clustering coefficients of all 280 

nodes. 281 

Small-world networks also have short path lengths (L), also a common property of random networks.  282 

Path length is a measure of the distance between nodes in the network, calculated as the mean of the 283 

shortest geodesic distances (number of edges) between all possible node pairs. For nodes i, j, L is 284 

determined by: 285 

                                                      286 

where dij is the shortest geodesic distance between nodes (i,j) and N is the number of the cells in the 287 

network. To calculate the small-world factor, we compare the global clustering coefficient and path 288 

length of the actual network with the global clustering coefficient (Cg,ran) and path length (Lran) of a 289 

random network with the same number of nodes and same mean number of links per cell. Such a 290 

network was created by randomly redistributing the existing links in the actual network across the 291 

nodes. Then we calculated the small world factor (SMW), as follows: 292 

 293 

SMW =  (Cg / Cg,ran ) / (L/Lran). 294 

 295 

SMW > 1 is used as a criterion to classify the network as a “small-world” net (Humphries et al., 2006; 296 

Sporns, 2011), since it argues for high average clustering coefficient relative to path length compared 297 

to otherwise equivalent randomly connected nets. About 8% of nodes in the network had limited 298 

connectivity: they either were not connected to any other nodes in the network, or were connected to 299 

only to a very restricted subset of nodes, which resulted in their individual average path length value to 300 

be close to zero. We checked if their inclusion in the calculation affected the resulting SMWs. To do 301 
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so, we either imputed the mean path length for them  with the mean path length across the connected 302 

nodes, or excluded them from the calculation all together. In both cases the SMWs decreased only 303 

slightly, with lowest values staying above 1.64 in all cases.   304 

(3) Identifying “interneuron pyramidal partners” (IPPs). To determine if the activation of pyramidal 305 

cells and interneurons in the context of multineuronal population bursts was random, or alternatively, 306 

groups of specific pyramidal cells and interneurons were working in concert, we compared the 307 

probability of individual pyramidal cell's having a calcium event 600 ms before and 600 ms after the 308 

event in the interneuron.  309 

For each pyramidal cell (PC), we generated a probability difference measure, by subtracting the 310 

probability of PC event 600 ms before the interneuronal event from the probability of PC event 600 ms 311 

after the interneuronal event, and selected out the cells with positive difference values for further 312 

analysis, as these cells potentially had higher probability to be activated shortly before interneuronal 313 

events. The probability difference measure was calculated over (13-92) instances of interneuronal 314 

activations. If the interneuron had less than 12 in-burst calcium events, we did not consider it for 315 

further analysis. 316 

We then generated 10,000 instances of surrogate data sets by temporally shuffling the event onsets in 317 

these potential PC partners, and leaving the interneuronal event onsets intact. For each shuffled data 318 

set and each potential PC partner, a surrogate 'chance' probability of a pyramidal cell to be activated 319 

after the interneuronal event was generated (10,000 points). Next, for each tested PC, the real 320 

probability to have an event before the interneuronal event was compared against each 'chance' 321 

probability point in this null distribution, and the fraction of instances when the chance probability was 322 

equal to or exceeded the real probability was used as a p-value for each interneuron – pyramidal cell 323 

pair. Individual cells' p-values were then adjusted for multiple comparisons (by multiplying them by the 324 

number of tested pyramidal cell partners), and pyramidal cells with adjusted p-values below 0.05 were 325 

selected as the partners of the interneuron. 95% of adjusted p-values were below 0.044, with median 326 

value at 0.016. 327 

The groups of pyramidal cells whose probability of firing was significantly increased before the event in 328 
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the interneuron, were then called “interneuron pyramidal partners” (IPP) and assigned to a single 329 

cluster (IPP-cluster).  330 

The 600 ms integration window was selected based on two considerations. First is the dynamics of 331 

ongoing excitatory and inhibitory population inputs into the layer 2/3 pyramidal cells observed in 332 

intracellular recordings data (Douglas and Martin, 1991). In individual layer 2/3 neurons, ongoing 333 

network activity resulting from visual stimulation causes fast population EPSP, followed by prolonged 334 

population IPSP, which lasts for 250-350 ms after the population EPSP onset (Douglas and Martin, 335 

1991). Second is the relative response latency of oriented interneurons and pyramidal cells to 336 

preferred stimulus in our data (15 interneurons and 431 pyramidal cells, collected from 4 FOVs of 4 337 

adult animals). Under preferred visual stimulus there was 140 ms median lag between pyramidal and 338 

interneuronal population response onsets (calculated across all trials and all cells in the given FOV). 339 

However, if we only considered pyramidal cell trials with shorter latencies relative to the interneuronal 340 

trials, the median lag increased to 600 ms, which was subsequently chosen as the window for 341 

determining the presence of a functional link between pyramidal cell and interneuron. 342 

(4) Global functional connectivity of the pyramidal cells and group correlation strength of the 343 

IPP clusters. We next checked if event trains of individual IPP cluster members had different group 344 

correlation strength between themselves compared to other pyramidal neurons in the FOV that did not 345 

belong to the cluster. For this, we first determined which pyramidal cells pairs in the FOV had 346 

significant cross-correlations within the test window used to determine the membership of pyramidal 347 

cells in IPP clusters. The cross-correlation analysis was done on the eventogram binary data within a 348 

[-600 ms 600 ms] window, where t=0 corresponds to the pyramidal cell's event. Pairwise linear 349 

Pearson coefficient was computed for every PC pair.  To determine if the coefficients were significant, 350 

we generated 10,000-iteration null distributions of values, by circularly shuffling the event onsets in 351 

every cell. The displacement values for each cell were selected at random. Using this 10,000-point 352 

null distribution, we looked if the actually observed cross-correlation for a specific pair was  outside the 353 

99.7% values of the null distribution to accept the value as significant and not occurring by chance. 354 

Pairs with a significant value were counted as a functional 'link'. The non-significant coefficients were 355 
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set to zero. We then used the resulting matrix of significant functional links ('significance matrix') to 356 

explore the group correlation strength within the IPP clusters. 357 

For this, we first removed periods of interneuron activation ([-600 ms, 600 ms] periods around each 358 

interneuronal event) from the FOV's eventogram. Next, the pairwise cross-correlation was computed 359 

between every pyramidal cell pair in the remaining portion of the eventogram, using a window of [-360 

600ms, 600ms]. We then used significance matrix to determine if the link between a particular pair of 361 

cells was significant. Non-significant links' correlation values were put to zero. Then, mean cross-362 

correlation coefficient was measured for PC pairs of the same IPP cluster. To determine if this mean 363 

peak cross-correlation was significantly different from control, we generated 10,000 surrogate cell 364 

groups, size matched to the tested IPP cluster, by randomly selecting PCs out of the FOV without 365 

replacement. We used the following criteria to select the member cells for these control groups (see 366 

also Fig.3): 367 

 368 

(i)  Their pairwise distances to the partner interneuron were restricted to match the pairwise distance 369 

range of the tested IPP cluster members to the partner interneuron. For this, we averaged distances 370 

from the interneuron to each partner pyramidal cell in the cluster. The distance envelope was set to 371 

mean±3 s.d. from the interneuron. 372 

(ii)  The cells did not belong to an IPP cluster. 373 

(iii) We then calculated the mean pairwise cross-correlation coefficient of the eventogram between the 374 

members of the surrogate group and the members of the tested IPP cluster. This was repeated 10000 375 

times to arrive at the null distribution of mean correlation strength of randomly selected cell groups in 376 

the given FOV. Using this null distribution, we determined if the IPP-cluster's mean pairwise cross-377 

correlation peak value was outside of the P=0.997 interval (3 standard deviations from the mean). 378 

 379 

(5) Global functional connectivity of the pyramidal cells during multineuronal bursts. We next 380 

used the significance matrix to explore the refinement of functional connectivity in the course of early 381 

development. We set all non-zero values to one, denoting a presence of a functional link between the 382 
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cells, while non-linked cells were assigned a zero. We next used the resulting matrix to determine the 383 

amount of links made by pyramidal neurons that participated in a singular IPP cluster ('exclusive' cell) 384 

versus the amount of links made by pyramidal neurons participating in more than one IPP cluster 385 

('shared' cell). 386 

(6) Statistical tests. We used non-parametric tests as described in the text and the figures  to 387 

compare cluster sizes, member overlap, functional connectivity within and between clusters in different 388 

age groups. We also used non-parametric tests to assess alignment of visual tuning  between cluster 389 

members. Significance was defined as p < 0.05 (adjusted to account for multiple tests by Benjamini-390 

Hochberg procedure with false discovery rate controlled at 0.05, when more than one comparison was 391 

made) and corresponding Z-score outside of the [-1.96, 1.96] range. Unpaired data was compared 392 

using two-tailed Wilcoxon rank sum test (WRS). Two-tailed Wilcoxon signed rank test (SR) was 393 

applied in cases when the group data was paired or single-sampled (ratio data compared against 1). 394 

For both tests the following are reported: sum of ranks (W), Z-score (z), effect size (r) and exact p-395 

value (p) of the test. Non-significant results are also reported and marked as non-significant. The tests 396 

were performed using standard MATLAB (Mathworks) functions. Box plots show the median, with 397 

notches encircling the 95% confidence interval and a box encompassing the interquartile range of the 398 

data. Whiskers cover the full range of the data, excluding the outliers. Outliers are marked with 399 

crosses. Error bar plots show mean±sem and locations of individual data points. The mean±sem. and 400 

median values of the data are given in the text and figure legends. 401 

 402 

Selectivity for the direction(s) of stimulus motion. The dF/F of each evoked calcium data was 403 

deconvolved using the algorithm of Vogestein et al. (Vogestein et al., 2010). Resulting output data 404 

were used to construct the cell's tuning curve for drifting gratings. We evaluated the selectivity of each 405 

cell for the direction of motion of drifting gratings using the direction selectivity index (DSI):  406 

DSI = (Dpreferred – Dopposite )/ ( Dpreferred + Dopposite), 407 

where Dpreferred is the response for motion to the cell’s preferred direction, and Dopposite to the opposite 408 

direction. Highly selective cells have DSI near 1, while a 3:1 response difference would result in a DSI 409 
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of 0.5. The cells that generate bi-peaked tuning curves for the drifting grating are characterized by 410 

orientation-selectivity index, as those peaks are typically opposite or near-opposite each other: 411 

OSI = ( Opreferred − Oorth ) / ( Opreferred + Oorth ), 412 

where Opreferred is the direction axis (orientation) along which peak responses occurs, while  Oorth is the 413 

direction axis (orientation) orthogonal to the peak response axis. We considered the cell to be tuned 414 

for direction and/or orientation in case that either of the metrics exceeded 0.45. Out of 23 visually-415 

responsive interneurons in adult data set (collected from 4 FOVs), 15 were tuned for the direction and 416 

/ or orientation of the moving gratings (DSI or OSI equal or above 0.45). We then examined the tuning 417 

curve of each interneuron and excluded 3 cells with exceptionally broad tuning, that had more than 3 418 

significant peaks in their tuning curve (for this we determined the amplitude of the largest peak, and 419 

accepted any other peaks that were above half of that amplitude as significant). This left us with 12 420 

interneurons for the grating condition.    421 

For all examined tuned interneurons we first identified the dominant peak in their tuning curve. Most 422 

cells also had additional smaller peaks in their tuning curves, typically located opposite of the 423 

dominant peak, as most of the oriented neurons in V1 show a degree of orientation preference. We 424 

thus looked if the interneuron had additional peaks located in the 120 degrees window centered on the 425 

direction opposite to the dominant peak. The minor peak was considered significant if the amplitude of 426 

the local maximum was significantly larger than zero. We considered both peaks as 'preferred 427 

direction' when evaluating the alignment of tuning between the tuning curves of the interneuron and its 428 

partner pyramidal cell (see Fig.5).  429 

We then examined the alignment between the tuning curves of the interneurons and the pyramidal 430 

cells found in their corresponding clusters. First, we examined the population tuning curves of 431 

pyramidal cluster members vs interneuron (Fig.5C). Since the communal tuning curve appears to be 432 

dominated by oriented pyramidal members, we proceeded to describe the relationship between their 433 

tuning and the tuning of the interneuron. For each cluster, we selected out cells that had sufficient 434 

direction or orientation tuning. First, we removed cells whose OSI or DSI  was below 0.45. We 435 

examined the tuning curves of the remaining cells and removed cells with noisy peak responses and 436 
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cells whose tuning curves had more than two significant peaks (a significant peak reached 2/3 of the 437 

amplitude of the dominant peak). For the remaining cluster members, we determined the smallest 438 

offset of the preferred direction of each pyramidal neuron from the preferred directions of the partner 439 

interneuron.   440 
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RESULTS 441 

  442 
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Scale-Free Population Burst-Events in Layer 2/3 of Mouse Area V1 Reveal “Small-World” 443 

Network Architecture: We imaged spontaneous ongoing activity in the developing postnatal and 444 

juvenile-adult visual cortex of mice using 2-photon calcium imaging. OGB-1 dye was used to densely 445 

label neocortical neurons at early postnatal ages. 1-4 movies were acquired per field of view (FOV) at 446 

3.23-11 Hz under light (0.6%) isoflurane anesthesia (10-40 minutes in total). FOVs contained on 447 

average 148 (78-292) neurons whose calcium signals were acquired simultaneously (Fig.1A&B). The 448 

onset of individual OBG calcium events was identified by thresholding the dF/F trace at +3 standard 449 

deviations from the level of noise in each cell (Fig. 1B). The threshold selected ensured that identified 450 

calcium events reflect burst spiking events with high likelihood: 77% of spike burst onsets (doublets 451 

and multiplets) were detected reliably (see Methods: Population bursts). All identified neurons 452 

generated spontaneous calcium events. For each neuron, we assigned the number 1 to frames 453 

containing a calcium event onset, while frames with no event onsets were assigned the number zero. 454 

This yields a binary “eventogram” of  calcium event onsets across the whole imaging period. We then 455 

grouped cellular events into spatio-temporal bursts (Fig. 1B, bottom panel shows some examples). 456 

The beginning of a burst was defined as a frame that contained at least one cell calcium event onset 457 

following an event-free epoch. The burst continued as long as consecutive frames contained at least 458 

one calcium event onset in one of the FOV cells and ended on encountering an event-free frame. Two 459 

types of burst events are observed in this case: multineuronal bursts (involving more than one cell, 460 

size>1) and solitary events (single-cell bursts) (involving only one cell in the plane of imaging). We 461 

detected on average 1200 spontaneous burst-events per FOV over 24 minutes of recording, of which 462 

55% were multineuronal bursts (size >1) (individual FOV burst-event rate 0.32-1.35 Hz, Fig.1D). Burst-463 

event rate decreased slightly during postnatal development, following the event rate decrease seen in 464 

individual cells (Fig.1C,D). At every postnatal age examined the distribution of burst-event sizes was 465 

scale-free and conformed to a power law (Fig. 1E). Scale invariance suggests that firing events 466 

happen at all spatial scales up to the size of the studied FOV. The scaling factor (α), i.e. the slope of 467 

the linear log-log plot of burst-event probability vs size, characterizes the relative probability of 468 

occurrence of burst-events of different size. Scaling factors for burst-event sizes remain close (α = -1.4 469 
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to -1.97) throughout all ages examined (Fig.1E), from before eye opening (P8-P10) to juvenile 470 

adulthood (P35+). The fact that burst-event sizes obey a power law implies that individual neuronal 471 

events are functionally coupled (Eurich et al., 2002; Beggs and Plenz, 2003) throughout postnatal 472 

development .  473 

To further analyze the structure of synchronous events, we assigned a link between pairs of cells 474 

whose Pearson correlation coefficients reached a desired level of significance (p < 0.0001, see 475 

Methods: Small-world network parameters and analysis). The number of links emanating from each 476 

cell measures the cell’s “degree of connectivity,” i.e. the number of neighboring units with above 477 

chance probability to fire in synchrony with that cell. The degree of “functional connectivity” across 478 

L2/3 cells also obeyed a power law (Fig. 1F),  suggesting an underlying hierarchical small-world 479 

network architecture (Sporns, 2011). This architecture features “cliques” of functionally inter-480 

connected cells forming sparse links with each other via relatively rare clique cross-connecting hub 481 

nodes (Bassett and Bullmore, 2006; Sporns, 2011). Hierarchical small-world nets are characterized by 482 

large average clustering coefficient to average minimal path length ratios compared to randomly 483 

connected nets (see Methods), i.e. by a “small world factor” (SMW) greater than 1 (Sporns, 2011) (Fig. 484 

1G,H,I). V1 layer 2/3 has SMW >>1 (range 1.52-9.96) at every postnatal age examined (Fig.1I). 485 

Interestingly, the magnitude of the scaling factor for the degree of connectivity increased dramatically 486 

with postnatal maturation (from -0.42 to -1.28;  Fig.1F), suggesting gradual functional link elimination 487 

and subsequent decrease in the size of highly connected “cliques” over time after eye opening (Fig. 488 

1F). This is in line with spontaneous activity de-correlation during the first weeks of postnatal 489 

development (Golshani et al., 2009; Rochefort et al, 2009, Fig. 3C).  490 

Small-world cliques of neurons in the adult brain have been reported in the literature (Humphries et al., 491 

2006; Sporns and Honey, 2006; Meunier et al, 2010) and are proposed to play an important role in 492 

cortical computations (Lago-Fernandes et al., 2000). Note, however, that not every cortical network 493 

conforms to small-world structure; modularity may also co-exist with dense connectivity, as in case of 494 

long-range anatomical connectivity in macaque brain (Markov et al., 2013). We aimed to identify and 495 

characterize putative “small-world” cliques in L2/3 of mouse area V1 and investigate how they evolve 496 
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during development. Our approach is guided by the intuition that cliques of functionally similar 497 

pyramidal cells whose synchronous firing represents a “temporally coherent computational unit” (or 498 

feature) ought to be inhibited together. Therefore, clique members are expected to form functional 499 

connections not just with each other, but also with the distinct set of local interneurons.  500 

Sub-Networks of Pyramidal Neurons Temporally Linked to Specific Interneurons. To identify 501 

candidate interneuron-linked “small world” groups we searched for cells whose calcium events had a 502 

consistent temporal relationship to events recorded from local inhibitory interneurons. We used mice 503 

expressing Td-Tomato in Dlx-5/6 positive interneurons, which labels ~98% of layer 2/3 interneurons, 504 

including all major subtypes of neocortical interneurons (PV+, SOM+, VIP+ and others) (Stuhmer et 505 

al., 2002; Monory et al., 2006; Madisen et al., 2010). For each interneuron, we identified the pyramidal 506 

cells that generated events with higher probability within the 600 ms window immediately preceding 507 

interneuronal firing events (Fig. 2A). This relatively large window reflects the build-up of recurrent 508 

network activity rather than purely monosynaptic connections, which are faster (see Methods: 509 

Identifying “interneuron pyramidal partners” (IPPs)). Significance was estimated by random circular 510 

shuffling of calcium response onsets to build a null distribution of pyramidal cell event probability 511 

relative to interneuronal events (Fig. 2B; p = 0.0001 (0.0045 after correcting for multiple comparisons), 512 

and less than cutoff p-value of p=0.0011 (which corresponds to 0.05 after correction for multiple 513 

comparisons)). These pyramidal cells have the potential of activating the interneuron and then being 514 

themselves inhibited by the interneuron in the context of recurrent network activity.  We refer to such 515 

cells as “partners“ of that interneuron. An interneuron with its associated pyramidal “partners” 516 

constitute a clique we call “interneuron pyramidal partner cluster“, or “IPP-cluster“  (Fig. 2C-E). Nearly 517 

all (97%) interneurons had pyramidal partners inside the FOV. Interestingly, the average distance of 518 

IPP-cluster pyramidal members from the partner interneuron remained stable across the ages 519 

examined (Fig. 2H) when normalized appropriately by the increase in inter-neuronal distance 520 

(expected during the course of postnatal development) and FOV size (maximal distance between 521 

cells) (Fig. 2H). Note that IPP-cluster identification depends on functional connectivity between 522 

interneurons and pyramidal cells without implying anything about the underlying anatomical substrate.   523 
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Evolution of IPP Clusters During Postnatal Development.  The number of neurons per IPP-cluster 524 

as well as average overlap between IPP-clusters decreased significantly during postnatal 525 

development (Fig.2F,G). Specifically, before eye opening (P8-P10) mean IPP-cluster size was 526 

38.6±3.5 pyramidal neurons (n=45 clusters, mean±sem), around eye opening (P12-P16) 34.4±3.4 527 

(n=41), while in juvenile adulthood (P35-P52) it dropped further to 24.2±3.5 cells (n=38) (Fig. 2F). 528 

Correspondingly, fraction of overlapping members between the clusters was 0.28±0.02 (mean±sem, n 529 

= 129 cluster pairs) before eye-opening, 0.18±0.015 around eye opening (n = 106 cluster pairs), and 530 

0.13±0.015 in juvenile adulthood (n = 92 cluster pairs) (Fig. 2G). Note that there was no systematic 531 

difference in the fraction of active cells per FOV across different groups and IPP-cluster size/overlap 532 

did not correlate with the number of active neurons in the FOV.  533 

To measure the strength of pairwise functional connectivity within a cluster we used linear Pearson 534 

cross-correlation function over a ±600ms window after removing all [-600ms, 600ms] periods centered 535 

on interneuronal responses to exclude periods in which interneurons can directly influence their 536 

pyramidal partners (or vice-versa; see Methods: Global functional connectivity of the pyramidal cells). 537 

Pairwise functional connectivity strength was greater between pyramidal IPP-cluster members versus 538 

IPP-cluster members and appropriately distance matched non-members from the same FOV (Fig. 3C; 539 

see Methods). The difference in mean pairwise functional connectivity strength was significant already 540 

before eye-opening and remained significant through adulthood (Fig.3C). We computed the mean 541 

pairwise connectivity strength across all pyramidal members of an IPP-cluster and compared it to that 542 

derived from a null distribution generated by creating 10000 surrogate size-matched and distance-543 

matched pyramidal cell groups randomly drawn cell by cell from the FOV without replacement (see 544 

Methods; Fig. 3A,B). IPP-clusters with mean pairwise functional connectivity strength >99.7% of the 545 

null distribution’s values were conservatively deemed to have mean pairwise functional connectivity 546 

strength higher than chance. Remarkably, the majority of IPP-clusters exceeded this threshold; 547 

irrespective of postnatal age the fraction of such clusters exceeded 60% (Fig. 3D). Note that at the 548 

threshold chosen only 1% of IPP-clusters were expected to reach significance by chance, confirming 549 

that IPP-clusters represent well defined cliques of relatively densely interconnected cells. 550 



 

 25 

“Cluster-exclusive” pyramidal cells, i.e. cells that participate exclusively in a single IPP-cluster form 551 

fewer functional links than “shared” pyramidal cells (cells that participate in more than one IPP-cluster) 552 

at all ages examined (Fig.4A,B). However, both “cluster-exclusive” pyramidal cells and “shared” 553 

pyramidal cells retain fewer functional links over time and the number of functional links per pyramidal 554 

IPP-cluster member decreases over postnatal development (Fig. 4A, B). The fraction of “cluster-555 

exclusive” pyramidal cells greatly increases after eye opening (Fig. 4C), while the fraction of “shared” 556 

pyramidal cells correspondingly decreases. As a result, by juvenile adulthood a pyramidal cell member 557 

of an IPP-cluster is on average functionally linked to ~2 (2.1±0.13, mean±sem, n = 38 clusters) 558 

interneurons, down from ~4 (3.6±0.2, mean±sem, n = 45 clusters) prior to eye opening (Fig. 4D).  559 

These processes reflect the refinement of small-world network structure, with IPP-clusters becoming 560 

increasingly segregated, reflecting perhaps an increase in functional specialization (Gao et al., 2010). 561 

Our findings argue strongly that IPP-clusters represent neuronal cliques existing as early as P8, 562 

whose structure undergoes marked reorganization during early postnatal development. Specifically, 563 

IPP-clusters decrease in size and become more disjoint as functional connections between their 564 

pyramidal members get pruned over time. Notably, the average number of IPP-clusters linked per 565 

“shared” pyramidal cell decreases over time, as the network acquires incrementally stronger “small-566 

world” structure. So far, all analysis was performed on epochs of spontaneous activity. The question 567 

then arises whether IPP-cluster members share functional properties, and whether “shared” nodes 568 

cross-link IPP-clusters with similar functional properties.  569 

IPP-cluster members share physiological properties. We found that pyramidal members of IPP-570 

clusters share feature-selectivity with each other and with their partner interneurons. This analysis was 571 

performed in 4 juvenile adult animals (P42-P52, 4 FOVs), in which direction and orientation selectivity 572 

are mature (Rochefort et al., 2011). A significant proportion of area V1 visually responsive neurons are 573 

either direction or orientation-selective (Rochefort et al., 2011). If IPP clusters represent functionally 574 

significant modules of computation, it is expected that their members will share selectivity for specific 575 

features of the visual stimulus, such as direction or orientation. We focused our analysis on 576 

interneurons displaying selectivity for orientation and/or direction of motion of the drifting grating, since 577 
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52% (12/23) of visually responsive interneurons recorded in adult animals showed direction- and/or 578 

orientation-selectivity when tested with drifting gratings. We discarded non-selective interneurons and 579 

their clusters from this analysis, focusing only on selective interneurons. This procedure likely 580 

discriminates in favor of VIP-negative and PV-negative interneurons, such as SOM+ cells, which are 581 

more likely to be tuned for orientation and direction than PV+ and VIP+ cells (Kerlin et al., 2010; Ma et 582 

al., 2010). PV+ and VIP+ cells are typically broadly tuned and not selective for these features (Kerlin 583 

et al., 2010; Ma et al., 2010; Mesik et al., 2015, but see Runyan et al., 2010, for examples of oriented 584 

PV+ cells). Fig.5A,B illustrates an example of three direction tuned pyramidal IPP-cluster members 585 

linked to their tuned interneuron partner. Note that the peaks of the tuning functions align across the 586 

pyramidal cells and the interneuron (Fig.5C). Fig.5D-E summarizes population data across all IPP-587 

clusters derived from oriented interneurons tested with moving gratings: 34% of pyramidal members 588 

share direction preference with their partner interneuron, 75% are within ±45°, and only 14% have 589 

preference orthogonal (at least 90 degrees difference) to that of their partner interneuron (Fig. 5D). 590 

Figure 5E shows the comparison between cluster members vs non-members in terms of direction 591 

preference alignment with cluster’s interneuron: ~75% (0.754±0.052 (fraction) mean±sem, n=12 592 

clusters) of oriented cluster members have preferred direction  within ±45°of interneuron’s preferred 593 

direction, compared to ~59% of oriented non-members (0.59±0.042 (fraction), mean±sem, n=12 594 

clusters). This difference is significant (p = 0.0049, z = 2.8, W=73, r = 0.57, Wilcoxon signed rank test). 595 

We conclude that pyramidal members of IPP-clusters share tuning properties with each other and with 596 

their 'partner' interneuron.  Note that visual tuning properties did not necessarily have to be a-priori 597 

similar across members of the same IPP-cluster, since IPP-clusters were defined by analyzing 598 

spontaneous patterns of activity in V1 L2/3 in the absence of visual stimulation.  The fact that they are 599 

suggests that IPP-clusters have functional significance for the encoding of visual stimuli. In 600 

accordance with this, “shared” nodes preferentially link IPP-clusters with similar tuning properties. Fig. 601 

5F shows that IPP-clusters with similar direction preference (within 45 degrees of each other) had on 602 

average ~13% “shared” nodes (0.133±0.03 (fraction), mean±sem, n=10 cluster pairs), whereas IPP-603 

clusters with orthogonal preference (difference > 45 degrees) shared only ~6% of nodes  (0.057±0.02 604 
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(fraction), mean±sem, n=16 cluster pairs) (Fig. 5F, p = 0.0346, z = 2.11, W=175, r = 0.41,  Wilcoxon 605 

rank sum test). Therefore IPP-clusters with similar feature-preference retain stronger connectivity 606 

through “shared” high-degree nodes, while IPP-clusters with orthogonal tuning largely separate from 607 

each other in the adult neocortex.  608 
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DISCUSSION  609 
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Understanding how neocortical neurons organize into functional groups that multiplex with each other 610 

to process information is an open question in systems neuroscience. Pairwise connectivity is not 611 

uniform in the neocortex (Song et al., 2005; Yoshimura et al., 2005; Silberberg and Markram, 2007;  612 

Bonifazi et al., 2009; Perin et al., 2011;  Kwan and Dan, 2012; Ko et al., 2013; Cossart, 2014; Jiang et 613 

al., 2015; Shimono and Beggs, 2015; Karnani et al., 2016). In mouse area V1 pyramidal neurons 614 

share stronger physical and functional connections with each other if they are similarly tuned, co-615 

activated by the same type of visual stimulus or receive shared excitatory input from other cortical 616 

layers (Gilbert and Wiesel, 1989; Yoshimura et al., 2005; Ko et al., 2011). A body of observations also 617 

supports the existence of interneuron-pyramidal cell partnerships built on functional specificity. For 618 

example, fast-spiking inhibitory neurons display specificity in their connections with local pyramidal 619 

cells by providing the strongest feedback inhibitory synapses to pyramidal cells that provide them with 620 

the strongest excitatory inputs (Yoshimura and Callaway, 2005; Znamenskiy et al., 2018). Still, how 621 

multi-neuronal ensembles of neurons coordinate to form computationally meaningful units remains 622 

incompletely understood.  623 

By analyzing the patterns of firing of individual neurons during epochs of spontaneous activity (Luczak 624 

et al., 2007; Ringach, 2009; Miller et al., 2014;  Carillo-Reid et al., 2015; Carillo-Reid et al., 2016) in 625 

layer 2/3 of mouse area V1 we identified pyramidal cells whose firing tends to immediately precede 626 

the firing of a neighboring interneuron with high statistical significance (Fig.2). The interneuron with its 627 

pyramidal partners forms an IPP-cluster. IPP-cluster members have higher probability to fire in 628 

synchrony with each other, even when we exclude epochs during which they might be linked via the 629 

firing of their partner interneuron (Fig.3). They are also likely to be inhibited together by the firing of 630 

their partner interneuron, if for no other reason, due to the fact that interneurons typically contribute a 631 

high density of inputs to pyramidal cells located in their vicinity (Gupta et al., 2000; Fino and Yuste, 632 

2011; Packer and Yuste, 2011; Karnani et al., 2014; Rikhye et al., 2017; Safari et al., 2017).  633 

IPP-clusters were identified purely based on the temporal structure of individual neuronal events 634 

during epochs of spontaneous activity, in the absence of visual stimulation. Despite this, pyramidal 635 

members of a specific IPP-cluster share direction preference between themselves and with their 636 
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partner interneuron (Fig.5), strongly supporting the idea that they have functional significance. This is 637 

further corroborated by the fact that pyramidal members of IPP-clusters exhibit stronger pairwise 638 

functional connectivity with each other than with members of other IPP-clusters, suggesting they form 639 

a functionally cohesive group. Co-activated pyramidal units are more efficient at transmitting “units” of 640 

information to downstream targets (Smyrnakis and Smirnakis, 2013). They also need to be inhibited 641 

together in order to unambiguously designate the end of information transmission. The need of 642 

functionally similar IPP-cluster members to be co-modulated together suggests the possibility that the 643 

IPP-cluster functions as a basic computational unit, the synchrony and burst firing of which is 644 

regulated by the activation of its “partner” interneuron.  645 

Remarkably, in our study nearly all identified interneurons (97%) belonged to an IPP cluster. Labeling 646 

of neocortical interneurons in our Dlx5/6 mice was non-specific for type: ~98% of all cortical 647 

interneurons were labeled, including PV+, SST+, VIP+ cells and a diverse population of interneurons 648 

that do not express any of these markers, such as reelin-expressing neurogliaform cells (Stuhmer et 649 

al., 2002; Monory et al., 2006; Rossignol, 2009; Miyoshi et al., 2010).  Thus, IPP clusters appear to be 650 

formed by all major types of interneurons, regardless of their functional properties or connectivity 651 

pattern, including with other interneurons (see Kepesc and Fishell, 2014;  Jiang et al., 2015 for 652 

review). This reinforces the notion that IPP clusters may represent a fundamental feature of cortical 653 

organization, with different types of clusters playing different computational roles. The computational 654 

roles performed by individual IPP-clusters will in part reflect the functional and physiological diversity 655 

of their partner interneurons.   656 

One possible pitfall to the hypothesis that there is specific regulation of individual IPP clusters by the 657 

firing of their partner interneurons is that interneurons typically contribute a high density of inputs to 658 

pyramidal cells located in their vicinity (Gupta et al., 2000; Olah et al.,2009; Fino and Yuste, 2011; 659 

Packer and Yuste, 2011; Karnani et al., 2014; Rikhye et al., 2017; Safari et al., 2017). This dense 660 

connectivity is referred to as “blanket inhibition”, as an individual PV+, SOM+ or neurogliaform 661 

interneuron typically supplies inhibitory drive to 85-100% of pyramidal cells in its vicinity (within ~100-662 



 

 31 

200 μm). As a result, an individual pyramidal cell might well receive synapses from every local 663 

interneuron. However, the specificity still may be achieved by adjusting the strengths of individual 664 

synapses. For example, fast-spiking interneurons form a few strong synapses with pyramidal cells that 665 

provide the strongest reciprocal excitation, while the rest of their pyramidal cell synapses remain much 666 

weaker (Znamenskiy et al., 2018). Combining dense inhibitory connectivity with appropriately graded 667 

synaptic strength may help the  individual PV+ or SOM+ interneurons to selectively control their 668 

pyramidal partners, while at the same time exerting little control over pyramidal belonging to different 669 

IPP clusters.   670 

Spontaneous activity patterns suggest that the L2/3 network in area V1 conforms to a “small-world” 671 

architecture (Fig.1G-H). At the spatial scale to which we examined the system (~250 μm), IPP-clusters 672 

can be tentatively identified as “small-worlds” interconnected by a relatively small number of “shared” 673 

units (units that overlap between distinct IPP-clusters). “Shared” pyramidal cells preferentially link IPP-674 

clusters with similar properties (Fig.5F), leading to the relative integration of similarly tuned, versus the 675 

relative segregation of orthogonally-tuned clusters. A picture then emerges according to which, under 676 

appropriate conditions, computationally relevant IPP-clusters can interact via “shared” cells to form 677 

functionally significant super-groups, yoked together for the computation of specific properties (like 678 

feature detection) or, perhaps, for the performance of specific logical operations.  679 

This network structure of IPP clusters is not hardwired at birth but undergoes substantial refinement 680 

during postnatal development (Fig.4)  in agreement with (Golshani et al., 2009; Rochefort et al., 2009; 681 

Ko et al., 2013). Our data shows that from before eye opening to juvenile adulthood IPP-cluster size 682 

and overlap between IPP-clusters decreases, the degree of functional connectivity per IPP-cluster 683 

pyramidal member decreases, and V1 layer 2/3 network architecture increasingly evolves into a higher 684 

number of interacting but distinct “small-world” IPP-cluster neighborhoods. In agreement with this, 685 

~39% of IPP-cluster pyramidal members link exclusively with a single interneuron in adulthood, 686 

compared to only ~7% before eye opening (Fig.4C). Overall, the number of interneurons one layer 2/3 687 

pyramidal neuron is on average linked with drops from ~4 before eye opening to ~2 in adulthood 688 
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(Fig.4D). This is consistent with prior results reporting down-scaling of pairwise correlations between 689 

neurons during postnatal development (Golshani et al., 2009; Rochefort et al., 2009), and the selective 690 

weakening and removal of synaptic connections between disparately tuned pyramidal neurons (Ko et 691 

al., 2013).  692 

In summary, L2/3 of area V1 obeys a principle of organization where pyramidal cells are grouped 693 

together into feature-selective sub-networks (IPP-clusters or cliques (Luce and Perry, 1949)), whose 694 

firing is linked to the firing of specific, functionally similar cortical interneurons. This notion is intuitively 695 

appealing: a group of neurons representing a temporally coherent computational unit ought to be 696 

inhibited and disinhibited together, thus providing an intrinsic cortical mechanism for parsing the output 697 

of similarly tuned pyramidal cell populations to higher level areas (Sirota and Buzsáki, 2005; Buzsáki, 698 

2010; Roux and Buzsáki, 2015). Since at least some IPP-cliques appear to evolve to represent distinct 699 

stimulus features, IPP-clique interactions via “shared” connections may serve to improve the 700 

robustness of specific representations and to help process feature conjunctions involving different 701 

aspects of the same stimulus, during processes such as low-level perceptual feature-binding (Kenet et 702 

al., 2003;  Gao et al., 2010; Miller et al., 2014; Carillo-Reid et al., 2015; Ji et al., 2015). Overall, our 703 

observations suggest a principle of modular organization, where IPP-clusters serve as basic cortical 704 

modules of computation explicitly “centered” on individual interneurons, while computationally 705 

meaningful super-groups are formed through interactions between these basic modules mediated by 706 

shared pyramidal cells.  707 

 708 

 709 

  710 
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FIGURES  711 
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 712 

Figure 1. Spontaneous activity organizes as multi-neuronal population bursts. A. Top panel: 713 

FOV in the primary visual cortex stained with OGB-1 (green cell bodies). Red cells: Td-Tomato labeled 714 

Dlx5/6+ interneurons. Light blue: astrocytes (labeled by SR-101). Bottom panel: Example calcium 715 

dF/F signal time courses from cells circled in A.  B. Top panel: Calcium dF/F responses from a 716 

population of 89 cells; this excerpt represent 370 seconds of recording out of a 30-minute long 717 

spontaneous activity movie. White outline: Sub-region of the time-course expanded in the bottom 718 
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panel. Bottom panel: restricted portion of the population eventogram (outlined by a white rectangle in 719 

top panel) showing the onset of calcium responses (3 standard deviations above baseline activity) in 720 

each individual cell. The ongoing activity contains both solitary cellular bursts (example in box c) and 721 

multi-neuronal population bursts, involving many cells and extended in time. Multineuronal population 722 

bursts (examples are shown in boxes a and b) are composed of at least 2 participating cells, while 723 

solitary cellular bursts (box c) occur in one cell. The start of a burst is a frame that contains at least 724 

one active cell preceded by an empty frame; the end is the frame that contains at least one active cell 725 

followed by an empty frame. Yellow boxes a and b outline two example multi-neuronal population 726 

bursts. Box a: 46 cells, 1.4 sec long population burst. Box b: 7 cells, 0.46 sec long burst. Box c 727 

outlines a solitary single-cell calcium event (solitary burst) (size=1 cell). Solitary burst events occupy 728 

one frame and are preceded and followed by an empty frame. From each FOV we collected between 729 

10 and 40 minutes of ongoing activity, containing hundreds of population bursts. Please note that a,b,c 730 

are just examples and they do not represent all the multi-neuronal bursts that were identified from this 731 

segment of the movie.  C. The rates of events in individual cells slightly decrease after eye opening 732 

(<EO, mean±sem,  0.05±0.005 Hz, n=7; EO, 0.036±0.003 Hz, n=7; Adult, 0.038±0.002, n=7; Wilcoxon 733 

rank sum test across FOVs: <EO vs Adult, p = 0.026, z = 2.1, W = 69.5, r = 0.56;  <EO vs EO, p = 734 

0.038, z = 2, W = 69, r = 0.54). Red triangles – individual FOV values. D. The rate of population bursts 735 

(including both multineuronal and solitary bursts) also somewhat decreases after eye opening (EO vs 736 

Adult: p = 0.026,  z = 2.17, W = 70, r = 0.58, Wilcoxon rank sum test across FOVs; <EO, mean±sem, 737 

0.78±0.08,  n=7;  EO, 1.0±0.11, n=7; Adult, 0.62±0.1, n=7). Red triangles – individual FOV values. 738 

E,F. Properties of population bursts follow scale-free distributions (<EO, n=7, EO, n=7, Adult, n=7). E. 739 

The distribution of the burst sizes obeys a power law (α =-1.4 to -1.97) at every developmental stage 740 

tested (<EO: P8-P10; EO: P12-P16; Adult: P35+). Solid lines: mean across individual FOV 741 

distributions; shading: SEM. Dotted lines: Control, distribution of burst sizes after random shuffling of 742 

cell event onsets. F. The distributions of node degrees, i.e. the number of significant functional links 743 

formed by each neuron (see Methods), are also scale-free at every developmental stage. However, 744 

now the power law changes slope (from -0.42 before eye opening to -1.28 in adulthood) reflecting a 745 
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reduction in the number of functional links with postnatal maturation. Solid lines: mean across 746 

individual FOV distributions; shading: SEM. Dotted lines: Control, distribution of significant links after 747 

random shuffling of cell event onsets. G-I. V1 layer 2/3 V1 networks display small-world properties at 748 

every developmental stage. G. Clustering coefficients in L2/3 networks are larger than corresponding 749 

clustering coefficients in random networks with similar average number of links per node. <EO: before 750 

eye opening, EO: around eye opening, Ad: adult. <EO(r), EO(r), Ad(r) represent corresponding 751 

clustering coefficient values obtained from random networks with similar average number of 752 

connections per cell. These values were conservatively taken to be 3 standard deviations (99.7% 753 

cutoff) above the mean of a null distribution of clustering coefficient values obtained by randomly re-754 

assigning existing connected pairs across the network nodes 5000 times (see Methods: Small-world 755 

network parameters and analysis). H. Average minimal path length stays similar across ages and is 756 

slightly reduced compared to random networks with similar total number of nodes and average 757 

number of links per individual node. Conventions are similar to G. I. Small world coefficients (SMW), 758 

obtained by normalizing the real clustering coefficient and average minimum path length by those of 759 

corresponding randomly connected networks (see Methods) exceeds 1 (gray dotted line) at every age 760 

examined.   761 
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 762 

Figure 2. Interneuron Pyramidal Partner Clusters (IPP-clusters). Identifying pyramidal cells with 763 

increased probability to generate calcium events prior to the interneuron’s events. A. Normalized 764 

histogram of pyramidal cell events occurring [-1000, 1000] ms around the calcium response onsets of 765 

the interneuron. Dotted black line: example of a single pyramidal cell (mean over 65 trials). Solid black 766 

line: aggregate responses of all pyramidal cells in an FOV whose probability of firing was increased 767 
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prior to the interneuron’s events. Filled patches: standard error of the mean across all trials.  B. To 768 

assess significance, we first selected out pyramidal cells which had larger probability of events in the 769 

600 ms period before the events of the interneuron compared to 600 ms period after the events of the 770 

interneuron. Next, the event trains of these pyramidal cells were randomly shuffled cell-by-cell, in 771 

circular fashion, to generate the 10000 point null distribution of pyramidal cell event probability in 600 772 

ms window after the events of the interneuron. The significance of the difference for each prospective 773 

pyramidal partner could then be determined by comparing the pyramidal cell's event probability prior to 774 

interneuron's event relative to the null distribution (black histogram). The threshold p-value was set at 775 

0.05 after correction for multiple comparisons (in the example above this corresponds to initial 776 

uncorrected p-value of  0.0011). Cells with p-values below the threshold were accepted as partners, 777 

denoting a link between the interneuron and the corresponding pyramidal cell (red bar, uncorrected p-778 

value is 0.0001, corresponding to 0.0045 after correction). C-E. Examples of IPP-clusters at different 779 

developmental points. C: P9, D: P15, E: P35. IPP-cluster members are color coded. i: interneurons, 780 

filled disks: pyramidal members, circled disks: shared pyramidal members. Bars: 25 μm.  F. IPP-781 

cluster size decreases significantly after eye opening and into adulthood: (<EO: P8-P10, n = 45; EO: 782 

P12-P16, n = 41; Ad: P35 - P52, n = 38). Significance was assessed by Wilcoxon rank sum test 783 

across clusters: <EO vs adult, p = 0.0033, z = 2.4, W = 2047.5, r = 0.26; EO vs adult, p = 0.0249, z = 784 

2.2, W = 1869, r = 0.25; <EO vs EO (non-significant difference), p = 0.4389, z = 0.7741, W=2047.5, r 785 

= 0.08).  G. IPP-cluster overlap drops at eye opening and further decreases in adult animals. Before 786 

eye opening mean fraction of overlapping cluster members was 0.28±0.02 (n = 129 cluster pairs). This 787 

reduced to 0.18±0.015 (n = 106 cluster pairs) at eye opening and further to 0.13±0.016 (n = 92 cluster 788 

pairs) in adult animals. Significance was determined by Wilcoxon rank sum test across cluster pairs: 789 

<EO vs EO, p = 0.00022, z = 3.7, W = 17136, r = 0.24; <EO vs adult, p = 4*10-10, z = 6.3, W = 17242, r 790 

= 0.42; EO vs adult, p = 0.0016, z = 3.2, W = 11808, r = 0.23. H. The average distance of pyramidal 791 

IPP-cluster members from their partner interneuron, normalized for the expected increase in inter-792 

neuronal distance over postnatal development, remains stable with age (see Methods).  793 
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 794 

Figure 3. IPP-cluster members show higher pairwise cross-correlation strength. A. Dark blue: 795 

IPP cluster members. Cyan: size- and distance-matched control sample of randomly selected 796 

pyramidal cells from the same FOV. This control cluster has to satisfy the following requirements: i) its 797 

size corresponds to the original cluster's size, and ii) its members have to be on average at the same 798 

distance from the original IPP-cluster's partner interneuron as the IPP-cluster’s pyramidal members 799 

(see Methods). B. Null distribution (black histogram) of mean pairwise Pearson cross-correlation 800 

values (600 ms window) computed between pyramidal cells, one of which belongs to the IPP-cluster, 801 

the other to a control cluster (see Methods). Ten thousand control clusters were randomly selected per 802 

IPP-cluster within the FOV. Significance required that the mean pairwise correlation coefficient of the 803 

IPP-cluster (red) be greater than 99.7% of the null distribution values.  C. Pairwise cross correlation 804 

strength between IPP-cluster pyramidal partner members that belong to the same cluster (gray bars) 805 

versus pyramidal non-members, after controlling for pairwise distance (see Methods).  Pairwise 806 

correlation strength decreases over time in agreement with the decorrelation that occurs in early 807 

postnatal development (Golshani et al., 2009; Rochefort et al., 2009): before eye opening mean in-808 

cluster correlation was 0.087±0.006 (median, 0.086); significantly dropping to 0.053±0.005 (median, 809 

0.052) after eye-opening and stabilizing at  0.05±0.005 (median, 0.037) in adult animals (<EO, n = 44, 810 

EO, n = 40, adult, n=36 clusters from 7 FOVs; Wilcoxon ranksum test results (over clusters):  <EO vs 811 

EO: p = 0.00014, z = 3.8, W = 2296, r = 0.41;  <EO vs adult: p = 2.5*10-5, z = 4.2, W = 2218, r = 0.47; 812 

EO vs adult (non-significant difference): p = 0.3682, z = 0.9, W = 1627, r = 0.103). At all ages, average 813 

pairwise cross correlation strength was significantly higher within versus across different IPP-clusters 814 
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(significance determined by Wilcoxon rank sum test: <EO: within clusters, 0.087±0.006, across 815 

clusters 0.057±0.006, n = 44 clusters, p = 0.00009, z = 4, W = 2424, r = 0.6; EO: within clusters, 816 

0.053±0.005, across clusters, 0.03±0.0025, n = 40 clusters, p = 0.00028, z = 3.6, W = 1998, r = 0.57; 817 

adult: within clusters,  0.05±0.005, across clusters, 0.03±0.004, n = 36 clusters, p = 0.00019, z = 3.73, 818 

W = 1646, r = 0.62).   D. Percentage of IPP-clusters whose members have significantly higher mean 819 

cross correlation strength than control, using the criterion described in B. Chance level is 1% (red 820 

dotted line). The percentage of IPP-clusters with significantly higher mean pairwise cross correlation 821 

strength than control is already substantial before eye opening (~74% for <EO: n = 44 clusters from 7 822 

FOVs, mean±sem: 0.71±0.01) and remains  high (65-85%)  after eye opening (EO: n=40 clusters from 823 

7 FOVs, mean±sem: 0.85±0.12;  Adult: n = 36 clusters from 7 FOVs, mean±sem: 0.65±0.08). Clusters 824 

consisting of the interneuron and single connected pyramidal cell were excluded from analysis. Red 825 

triangles: Individual FOV values.  826 
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 827 

Figure 4. Refinement of IPP-cluster functional connections during development. A. The degree 828 

of functional connectivity (number of functional links per pyramidal cell, expressed as a fraction of total 829 

number of pyramidal cells in the FOV) decreases over the course of early development. On average 830 
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the mean degree of connectivity for pyramidal cells participating in more than one IPP cluster 831 

(“shared” cells; gray bars) drops from 0.61±0.04 (median, 0.62) before eye opening (<EO, n=42 832 

clusters from 7 FOVs) to  0.41±0.04 (median, 0.38) around eye opening (EO, n=35 clusters from 7 833 

FOVs) to 0.27±0.04 (median, 0.17) in adulthood (P35+, n=33 clusters from 7 FOVs). Corresponding 834 

numbers for cells participating exclusively in one IPP cluster (“exclusive”; white bars) are 0.49±0.05 835 

(median, 0.44) to 0.3±0.035 (median, 0.27) to 0.205±0.03 (median, 0.12) respectively. Significance is 836 

assessed by Wilcoxon rank sum test. Shared cells: <EO vs EO: p = 0.0019, z = 3.1, W = 1813, r = 837 

0.35; <EO vs adult: p = 1.2*10-7, z = 5.3, W = 1958, r = 0.61; EO vs adult: p = 0.0185, z = 2.35, W = 838 

1400, r = 0.29. Exclusive cells: <EO vs EO: p = 0.0088, z = 2.62, W = 1767, r = 0.3; <EO vs adult: p = 839 

1.23*10-5, z = 4.4, W = 1875, r = 0.51; EO vs adult: p = 0.03, z = 2.2, W = 1384.5, r = 0.27. B.  Even 840 

though both exclusive and shared cells lose significant number of connections after eye opening and 841 

with further development (Fig.4A), the degree ratio between exclusive and shared cells belonging to a 842 

given IPP cluster is significantly shifted in favor of shared cells for every age group (one-sample 843 

signed rank test (against ratio = 1), <EO: mean shared/exclusive connectivity ratio 0.76±0.04 (median, 844 

0.81), p = 6.1*10-7; z = 5, W = 781, r = 0.77;  EO: mean 0.74±0.04 (median, 0.76), p = 1.4*10-6, z = 845 

4.8, W = 609, r = 0.81; adult: mean 0.72±0.05 (median, 0.7), p = 4.1*10-5, z = 4.1, W = 510, r = 0.71). 846 

Dotted line (1) corresponds to the case when there is no difference in degree of connectivity between 847 

shared and exclusive cells. <EO: n = 42 clusters from 7 FOVs, EO: n = 35 clusters from 7 FOVs, adult: 848 

n = 33 clusters from 7 FOVs).  Note that only clusters containing both exclusive and shared members 849 

were used in the analysis for A and B.   C. The mean fraction of pyramidal cells that participate 850 

exclusively in one IPP-cluster dramatically increases after eye opening and with further development, 851 

from 0.13±0.02 (median, 0.07) (<EO, n = 45 clusters, 7 FOVs) to 0.22±0.03 (median, 0.18) (EO, n = 852 

41 clusters, 7 FOVs) to 0.41±0.045 (median, 0.39) (adult, n = 38 clusters, 7 FOVs). Significance was 853 

assessed with Wilcoxon rank sum test (across clusters); EO vs <EO: p = 0.028, z = 2.2, r = 0.24, W = 854 

2038; adult vs <EO: p = 2.4*10-6, z = 4.7, W = 2112.5, r = 0.52; adult vs EO: p = 0.013, z = 3.2, W = 855 

1848.5, r = 0.36. D. The number of interneuron “partners” per pyramidal cell decreases on average 856 

during developmental refinement from pre-eye opening 3.6±0.2 (median, 3.8) (<EO, n = 45 clusters, 7 857 
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FOVs), to 2.7±0.1 (median, 2.9) at eye opening (EO, n = 41 clusters, 7 FOVs) to 2.1±0.1 (median, 858 

2.16) interneurons / pyramidal cell in adult animals  (adult, n = 38 clusters, 7 FOVs). Significance of 859 

this decrease was confirmed by Wilcoxon rank sum test across clusters; <EO vs EO:  p = 0.0029, z = 860 

3, W = 2302, r = 0.32; <EO vs adult: p = 2.6*10-7, z = 5.2, W = 2454, r = 0.57; EO vs adult: p = 0.0005, 861 

z = 3.5, W = 1955.5, r = 0.4. 862 

  863 
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 864 

Figure 5. IPP-cluster members have similar functional properties. A. Example adult V1 L2/3 IPP-865 

cluster with 45 pyramidal cell members. The partner interneuron is denoted by “i”. B. Example tuning 866 

functions to drifting gratings for cells 1-3 shown in A.  C. Tuning function derived from the pyramidal 867 

members of the IPP-cluster shown in A (black; see methods) compared to the tuning function of the 868 

partner interneuron (red). Note that they share high similarity (median Pearson correlation coefficient 869 

~0.58 over n = 12 IPP clusters (mean±sem: 0.48±0.11)). D. Distribution of differences in the preferred 870 

direction of motion between tuned IPP-cluster pyramidal cell members and their partner interneuron, 871 

whose preferred direction is by convention set to zero (see methods). The majority of tuned IPP 872 
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cluster members have the same preferred direction as their partner interneuron. Red dotted line: 873 

fraction expected by chance.  E. Gray Bar: Fraction of IPP-cluster pyramidal cells whose preferred 874 

direction is within ±45° of the preferred directions of their partner interneuron. White Bar: Control 875 

(tuned pyramidal non-member cells from the same FOV). Black dotted line: Fraction expected by 876 

chance. The difference is significant (Wilcoxon signed rank test, p = 0.0049, z = 2.8, W = 73, r = 0.57, 877 

n = 12 IPP-clusters). Data are expressed as mean±sem; cluster members: 0.754±0.052, oriented non-878 

members: 0.59±0.042. Red triangles denote individual interneuron values; data points for the same 879 

interneuron are connected with solid red lines.  F. IPP-clusters with similar (within ±45°) tuning 880 

(“aligned”) show significantly larger pyramidal cell overlap compared to IPP-clusters with “orthogonal” 881 

(more than ±45°) preferences, which have very small overlap. Gray Bar: aligned clusters, 0.133±0.03 882 

(n = 10 IPP-cluster pairs). White Bar: orthogonal clusters, 0.057±0.015 (n=16 IPP-cluster pairs). 883 

Statistical significance was determined by the Wilcoxon rank sum test across cluster pairs (p = 0.0346, 884 

z = 2.11, W = 175, r = 0.41). Note that more than half of the orthogonal cluster pairs had no common 885 

members, while all aligned cluster pairs had at least one shared member.   886 
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