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Abstract

Cortical columns generate separate streams of information that are distributed to numerous 

cortical and subcortical brain regions1. We asked whether local intracortical circuits reflect these 

different processing streams by testing if the intracortical connectivity among pyramids reflects 

their long-range axonal targets. We recorded simultaneously from up to four retrogradely labelled 

pyramids that projected to the superior colliculus, the contralateral striatum or the contralateral 

cortex to assess their synaptic connectivity. Here we show that the probability of synaptic 

connection depends on the functional identity of both the presynaptic and postsynaptic neurons. 

We first found that the frequency of monosynaptic connections among corticostriatal pyramids is 

significantly higher than among corticocortical or corticotectal pyramids. We then show that the 

probability of feedforward connections from corticocortical neurons to corticotectal pyramids is 

approximately three- to fourfold higher than the probability of monosynaptic connections among 

corticocortical or corticotectal cells. Moreover, we found that the average axodendritic overlap of 

the presynaptic and postsynaptic pyramids could not fully explain the differences in connection 

probability that we observed. The selective synaptic interactions we describe demonstrate that the 

organization of local networks of pyramidal cells reflects the long-range targets of both the 

presynaptic and postsynaptic neurons.

The long-range axonal projections of cortical pyramidal neurons target unique sets of 

cortical and subcortical brain regions and define different functional classes of pyramids1. In 

addition, each pyramidal neuron elaborates extensive intracortical axon collaterals that 

generate the majority of excitatory input in neighbouring cortical neurons2–4. Recent work 

has shown that the probability of connection among pyramids is not homogeneous5–11. 

However, whether local synaptic interactions reflect the long-range axonal projections of 

both the presynaptic and the postsynaptic partner is not known.
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Non-overlapping populations of pyramidal neurons projecting to different brain regions are 

intermingled within layer 5 (L5), the main output layer of the cortex1. We first compared the 

homotypic connectivity among L5 pyramids projecting to different brain regions. To address 

this question, we injected fluorescent latex microspheres into the ipsilateral superior 

colliculus to label corticotectal (CT) pyramids, the contralateral striatum to label 

corticostriatal (CS) neurons, or the contralateral visual cortex to label corticocortical (CC) 

pyramids. We next recorded in whole cell configuration from fluorescently labelled neurons 

and determined that the intrinsic physiological properties of CT, CS and CC pyramids were 

significantly different (Supplementary Fig. 1 and Supplementary Table 1), as expected for 

three distinct classes of pyramids12–14.

To assay the synaptic connectivity among pyramids projecting to the same long-range target, 

we recorded simultaneously from multiple fluorescently-labelled neurons using whole-cell 

patch clamp techniques. Action potentials were generated with brief current injections in 

each neuron in turn while recording the synaptic responses in the other neurons. In 

synaptically connected cells, these presynaptic action potentials elicited monosynaptic 

unitary excitatory postsynaptic potentials (EPSPs) in the postsynaptic partner. Monosynaptic 

connections were identified between neurons for all three cell types (Fig. 1a–c). The 

synaptic properties including the mean amplitudes and the paired-pulse ratio were similar 

among the three types of connections (Supplementary Table 2).

Although the properties of the synaptic responses were similar, the rate of monosynaptic 

connections among CS neurons was significantly higher than the rate among CT neurons or 

among CC neurons. Eighteen percent of CS→CS potential connections tested were 

monosynaptically connected (7/40 tested connections), a considerably higher connectivity 

than previously reported for L5 pyramids6, 10, 11, 15, 16. In contrast, only 7% of potential 

CT→CT connections (16/225 tested connections) and 5% of potential CC→CC connections 

(6/118 tested connections) were monosynaptically connected (Fig. 1d, P = 0.034, Pearson’s 

chi-square test). Our results indicate that specific functional classes of pyramids can form 

highly interconnected networks embedded within the local circuitry of the cortex.

Several connectivity schemes could underlie the observed differences in the probability of 

connection among these cell types. First, the CT and CC cells we studied were located in the 

visual cortex whereas the CS cells were located in the sensorimotor cortex, raising the 

possibility of a regional effect on cortical connectivity. Second, each presynaptic cell type 

could connect to its neighbours with a characteristic frequency. CS neurons may simply 

connect to all their targets with a higher probability than CT or CC neurons. This 

interpretation is consistent with recent work showing that pyramids with different long-

range projections have different probabilities of forming connections with neighbouring 

neurons10, 11, 17, suggesting that, rather than reflecting axonal target selectivity per se, the 

probability of connection is a global property specific to each pyramidal cell type. Third, 

cortical circuits may reflect the functional identity of the presynaptic and postsynaptic cell 

types. In this case, the intracortical connectivity among pyramids may reflect the long-range 

axonal projections of both the presynaptic and postsynaptic pyramids. Whether pyramids 

can synapse differentially onto neighbouring pyramids of different functional classes is not 

known.
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To differentiate among these possibilities, we targeted quadruplets composed of pyramids 

with two different long-range projections for electrophysiological recordings. This 

configuration allowed us to simultaneously compare the connectivity rates of two types of 

pyramids with two different postsynaptic targets. If the brain region or the functional 

identity of the presynaptic neuron dictates its connectivity with neighbouring pyramids, we 

would expect that a pyramid’s probability of connection with the two different postsynaptic 

targets would be the same. However, if the probability of connection differs for the different 

types of connections, then intracortical connectivity depends on the functional identity of 

both the presynaptic and postsynaptic neuron.

We injected red fluorescent microspheres into the contralateral visual cortex and green 

fluorescent microspheres into the ipsilateral superior colliculus to label both CC and CT 

neurons in the same animal. We then recorded simultaneously from these classes of 

pyramidal neurons intermingled in layer 5 of the visual cortex and directly compared the 

probability of connection for four types of connections: CC→CC, CC→CT, CT→CT, and 

CT→CC (Figure 2a). We found that the probability of identifying CT→CC connections is 

5% (4/86 connections tested), similar to the 7% probability of identifying a CT→CT 

connection (P = 0.43, Pearson’s chi-square test), indicating that CT cells do not 

preferentially connect to CC as compared to CT pyramids. However, the probability of 

identifying a CC→CT connection is 19% (16/86 connections tested) whereas the probability 

of identifying a CC→CC connection is only 5% (Fig. 2b; P = 0.002, Pearson’s chi-square 

test), indicating that CC pyramids preferentially target neighbouring CT neurons.

Our results indicate that the probability of identifying L5 pyramid-pyramid connections in 

visual cortex is not universally low. The probability of identifying CC→CT connections was 

as high as the probability of identifying CS→CS connections in the sensorimotor cortex. 

Second, our results indicate that the connectivity among pyramids is not simply a global 

characteristic of the presynaptic or the postsynaptic neuron. A CC axon is almost four times 

more likely to form a functional synapse with a local CT pyramid than with a CC pyramid, 

indicating that local intracortical circuits reflect the functional identity of the postsynaptic 

pyramid. Furthermore, the probability of identifying a monosynaptic connection is 19% for 

CC→CT combinations but only 7% for CT→CT combinations, indicating that the long-

range target of the presynaptic cell is also important. Combined, our results suggest that it is 

the interplay between the functional identity of the presynaptic and the postsynaptic pyramid 

that determines the pattern of local microcircuits in the cortex.

Several authors have suggested that pyramids synapse probabilistically onto neighbouring 

neurons, and that their connectivity is a function of the average spatial overlap of their 

dendritic and axonal processes4, 18–21. If this is the case, the connectivity rates that we 

measured may simply reflect different average spatial overlaps for the five connections we 

tested rather than any local selection among different functional types of pyramidal neurons. 

To evaluate this possibility, we asked whether the frequency of monosynaptic connections 

we measured could be explained by differences in the distribution of the axonal and 

dendritic processes for these cell types. To address this question, we first reconstructed the 

three-dimensional morphology of L5 pyramids of each type filled with biocytin during our 

physiological recordings. The reconstructions of the dendritic and axonal arbours are shown 
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in blue and red respectively (Fig. 3a–c). For each of the three cell types, the morphology of 

the L5 reconstructed neurons was similar11, 12, 22–24, indicating that the intracortical 

morphology of each functional class was consistent. However, the distribution of the 

dendritic and axonal processes among the three cells types was clearly different 

(Supplementary Fig. 2, Supplementary Fig 3 and Supplementary Fig 4).

Next, we asked whether these morphological differences could account for the differences in 

connectivity that we measured physiologically. To estimate the axodendritic overlap, we 

quantified the average local density of the dendritic and axonal processes for each cell by 

generating length density maps from the three-dimensional reconstructions for each type of 

process25. We then calculated the product of the axonal length density map and the 

dendritic length density map for each combination of neurons that we studied 

electrophysiologically (Fig. 3d). Figure 3d shows the results for neurons separated by 50 

µm, the average distance between neurons in our physiological data set (see Methods 

Summary). Separating neurons from 0 to 200 µm, the largest distance between neurons in 

our data set, produced similar results. These axodendritic overlaps estimate the potential 

number of synapses formed between each combination of cell types studied. To determine 

whether the differences in axodendritic overlap could account for the functional connectivity 

that we measured, we next integrated the maps of axodendritic overlap to obtain the overall 

axodendritic overlap for each type of synaptic connection. The probability of connection and 

the axodendritic overlap for each of the cell combinations tested are plotted in Figure 3e. If a 

doubling in axodendritic overlap results in a doubling in the probability of connection, then 

the ratio of the axodendritic overlaps for two types of cell pairs should be equal to the ratio 

of their probabilities of connection. However, the ratio of connection probabilities for 

CC→CT connections and CC→CC connections, for example, was 3.7 while the ratio of 

axodendritic overlaps was 1.6. The resulting ratio of these two numbers was significantly 

greater than one (P = 0.03). Previous work has shown that synapses among neighbouring L5 

pyramids are largely located on the proximal dendrites10, 11, 15, 26. Restricting our 

analyses to the perisomatic dendrites produced similar results (P = 0.02). Taken together, 

our data preclude a straightforward linear relationship between the average axodendritic 

overlap and the probability of connection and suggest that the average local density of axons 

and dendrites alone cannot explain the differences in the probability of connection.

Previous experiments have suggested that pyramids within L5 form a sparsely connected 

network, with probabilities of connection ranging from 1 – 12%6, 10, 11, 15, 16. Here, we 

show that the probability of identifying monosynaptic connections among CS pyramids and 

feedforward connections from CC to CT pyramids is approximately 20% per connection 

tested (equivalent to ~30–40% per pair tested). The excitatory monosynaptic connections 

among CS pyramids we describe could amplify the activation of interconnected ensembles 

of CS neurons, and the resulting coherent activity could depolarize functionally related 

striatal neurons consistent with the hypothesis that the activity of many converging CS 

axons is required to depolarize postsynaptic striatal neurons27, 28. We show that, while CC 

neurons are monosynaptically interconnected at low rates as are CT neurons, the local 

intracortical axons of CC cells target CT neurons with high probability. Interestingly, in vivo 

experiments showed that CT cells were preferentially activated by callosal stimulation and 
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suggested that feedforward CC input is important in generating the receptive field properties 

of CT neurons29, 30. Our results indicate that the probability of connection among specific 

functional classes of pyramids can be quite high and suggest that highly interconnected 

functional subnetworks are embedded within the local circuitry of L5.

How local cortical circuits generate the cortex’s output remains an open question. Previous 

work has shown that the connectivity between two pyramids influences the synaptic input 

they receive, demonstrating the existence of interconnected subnetworks within the 

neocortex6, 8, 9. We demonstrate that connections among pyramids reflect the long-range 

outputs of both the presynaptic and postsynaptic pyramids. Our results suggest an approach 

for understanding the function of specialized subnetworks embedded within cortical circuits. 

Unravelling the local circuits of pyramidal neurons whose long-range targets are known will 

allow us to understand how the different cortical outputs are generated within the cortical 

microcircuit. Given the diversity in the distant targets of pyramidal neurons, our findings 

suggest the existence of multiple networks of pyramidal neurons whose local intracortical 

connections subserve the specific roles played by their long-range axons.

Methods Summary

Mice (P14 to P17) were anesthetized and fluorescently labelled latex microspheres 

(RetroBeads, Lumafluor, Naples, FL) were injected into the ipsilateral superior colliculus, 

the contralateral striatum and the contralateral cortex to retrogradely label cortical neurons 

projecting to each target. One or more days later, parasagittal cortical slices were sectioned. 

Neurons labelled with fluorescent beads were targeted for simultaneous whole cell patch 

clamp recordings and their synaptic connectivity was assessed (see Methods). The 

morphology of the recorded neurons was revealed with biocytin using standard techniques 

and was reconstructed in three dimensions. To estimate the spatial overlap of the axonal and 

dendritic processes of the presynaptic and postsynaptic cells, we determined the axonal and 

dendritic length density maps of each cell. The axonal length density map of each cell of the 

appropriate presynaptic cell type (either CT, CS, or CC) was multiplied by each dendritic 

length density map of each cell of the relevant postsynaptic cell type. Because the pairs of 

cells we studied were separated by an average of 53 ± 24 SD µm (n = 235 pairs; range: 10–

200 µm), we shifted the dendritic length density map 50 µm relative to the axonal length 

density map to estimate the spatial overlap, and these results are compared with the 

measured physiological connectivity (Figure 3). Because the distance between pairs of 

recorded cells ranged from 10 to 200 µm, we also shifted the dendritic length density maps 

from 0 to 200 µm relative to the axonal length density maps. We performed similar analyses 

with the neurons aligned by their soma position. We also restricted the analysis to the 

perisomatic dendritic processes as this is where synapses among L5 pyramids are largely 

located10, 11, 15, 26. These manipulations all resulted in axodendritic overlaps similar to 

those shown in Figure 3 (data not shown).
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Methods

Neuronal labelling

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee of Stanford University. Juvenile mice (P14 to P17; C57BL/6 × CD-1 and YFP 

H-line31), were anesthetized and placed in a stereotaxic frame. Using stereotaxic 

coordinates adjusted for the age of the mice32, two to 15 sites in the striatum, the superior 

colliculus and/or the contralateral cortex were injected with 50 nL of a suspension of 

fluorescently labelled latex microspheres33 (red or green RetroBeads, Lumafluor, Naples, 

FL). Buprenorphine (0.05 mg/kg) was administered to alleviate post-operative discomfort. 

Injections into the superior colliculus labelled neurons in layer 5 (L5) of the ipsilateral visual 

cortex. Injections into the striatum labelled neurons in layers 2/3 and 5 of ipsilateral and 

contralateral cortex. Only those cells in L5 of the cortex contralateral to the injection site, 

representing a subset of corticostriatal cells whose projections include the contralateral 

striatum, were targeted for further study34–36. When studying corticocortical (CC) 

connections, we always simultaneously labelled CC and corticotectal (CT) neurons by 

injecting one colour of beads in the contralateral visual cortex and the other colour in the 

ipsilateral superior colliculus. There was essentially no overlap between these two cell 

populations22, 23. Only those CC cells intermingled with retrogradely labelled CT pyramids 

in L5 were targeted for physiological study. To verify the stereotaxic coordinates of the 

injections, injected hemispheres were fixed, sectioned, and mounted for visualization 

(Vectashield, Vector Laboratories, Burlingame, CA).

Slice preparation and cell identification

One or more days following the injections, each mouse was anesthetized and decapitated in 

an ice-cold sucrose solution composed of (in mM): 75 sucrose, 76 NaCl, 25 NaHCO3, 25 

glucose, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, pH 7.4, 325 mOsm. Parasagittal 

cortical slices, 300 µm thick, were sectioned from the selected hemisphere glued on a ramp 

set at a 30 angle (Integraslice 7550 MM, Campden Instruments, LaFayette, IN), and were 

maintained in the same solution at 32–34°C for 30 minutes before being transferred to 

artificial cerebrospinal fluid composed of (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 

MgSO4, 2 CaCl2, 26 NaHCO3, 20 glucose, 4 lactic acid, 2 pyruvic acid, and 0.4 ascorbic 

acid, pH 7.4, 325 mOsm, at room temperature. All solutions were continuously bubbled with 

95% O2 and 5% CO2. Retrogradely labelled neurons were identified under epifluorescent 

illumination (Axioskop 2 FS Plus, 40x objective, NA: 0.8, Zeiss) and targeted for recording 

using infrared differential interference contrast video microscopy (Sensicam QE, Cooke 

Corporation).

Electrophysiological recordings

Glass electrodes (2–4 mΩ) were filled with an internal solution containing (in mM): 2.7 

KCl, 120 potassium methylsulfate, 9 HEPES, 0.18 EGTA, 4 MgATP, 0.3 NaGTP, 20 

phosphocreatine(Na), pH 7.3, 295 mOsm. Simultaneous whole-cell patch clamp recordings 

of the targeted pyramidal cells were obtained using two Multiclamp 700A patch amplifiers 

(Molecular Devices, Sunnyvale, CA) in current-clamp mode. All experiments were 

performed at 32–35°C. Results were not corrected for the liquid junction potential.
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Data acquisition and analysis

All data acquisition and analysis was performed using custom software written in Igor Pro 

(Wavemetrics, Lake Oswego, OR) or Matlab (Mathworks, Natick, MA). To compare the 

adaptation rate of the three cell types, we injected a 200 ms step of depolarizing current 

adjusted to elicit 6 to 13 action potentials. A line was fitted to the plot of interspike intervals 

(ISIs) for each cell (Supplementary Fig. 1d). The first two ISIs were omitted from the 

analysis because CT cells fired a burst at the start of the current injection. The slope was 

then divided by the mean ISI to generate an adaptation index for each cell. An adaptation 

index of 0 indicates no adaptation in the spike rate. A positive adaptation index indicates an 

adapting spike train whereas a negative adaptation index indicates a spike train with 

increasingly shorter ISIs. The sag was assessed by fitting a single exponential to the 

recovery from a hyperpolarizing current step.

Synaptic connectivity was typically assessed by averaging 25 or more traces with two 

presynaptic action potentials at 20 or 25 Hz and/or 12 presynaptic action potentials at 100 

Hz. Each presynaptic action potential was generated by a 3 ms injection of current, and 

individual trials were separated by 10 s. The 555 potential connections were classified as 

connected or unconnected while blinded to the identity of the presynaptic and postsynaptic 

neurons. Recorded neurons were separated by less than 200 µm (mean distance: 53 ± 24 SD 

µm, n = 235 pairs). There was no significant difference in the distance between pairs of 

connected and pairs of unconnected neurons for all connection types tested (data not 

shown). A bias in the vertical position of CC and CT neurons could not account for the 

differences in connectivity observed. The vertical distance we measured was a positive 

number when the CC cell was above the CT cell and was negative when the CC cell was 

below the CT cell. The mean vertical distance averaged 1 ± 33 SD µm which is not 

significantly different from 0 (P = 0.83; n = 86). There was also no difference in the vertical 

arrangement of connected and unconnected CC→CT pairs (P = 0.51).

Morphologic reconstruction and analysis

To reveal the morphology of the recorded neurons, 0.25% w/v biocytin was included in the 

pipette recording solution of at least one of the pipettes. Following the physiologic 

recordings, the tissue was processed using standard techniques to visualize the neurons with 

diaminobenzidine. The axons and dendrites of well-stained neurons were reconstructed in 

three dimensions using a Neurolucida system (Microbrightfield, Williston, VT) and a 100x 

oil-immersion objective (Zeiss, NA: 1.4). No correction was made for tissue shrinkage.

To analyze the distribution of neuronal processes for each cell, we measured the total length 

of dendrite or axon for each 50 µm × 50 µm × 300 µm cuboid in a 60 × 40 grid using 

Neuroexplorer (Microbrightfield). All reconstructed processes were included in this volume. 

Results from individual cells were then aligned either by soma position or relative to the pial 

margin. To estimate the spatial overlap of the dendritic and axonal processes of CT, CS and 

CC pyramids, we multiplied each axonal length density map by each dendritic length 

density map for each combination of cell types tested physiologically to generate an estimate 

of the potential number of synapses formed between a pair of neurons. The results were used 

to compare the potential synaptic connectivity for each combination of cell pairs.
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Results are expressed as means and standard errors unless otherwise noted. The 

physiological and morphological properties of the three cells types were compared using 

one-way analysis of variance or the Kruskal-Wallis analysis of variance for multiple 

comparisons. When only two cell types were compared, the t-test was used. The probability 

of connection was assessed using the Pearson’s chi-square test (two tailed). The relationship 

between the connectivity and the axodendritic overlap was also assessed using a bootstrap 

approach to test the null hypothesis that the connectivity and the dendritic overlap were 

linearly related with a slope of one. The P values ranged from 0.017 to 0.039 using this 

approach for all the different configurations tested. These configurations included aligning 

the cell pairs relative to the pial margin or the cell bodies, separating the cells pairs by up to 

200 µm, the largest separation in our physiological data set, and including only the 

perisomatic dendrites in the analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Different frequencies of monosynaptic connections between corticotectal, corticostriatal or 

corticocortical neurons. Presynaptic action potentials elicit a synaptic response in a 

postsynaptic cell during simultaneous recordings from two monosynaptically-connected 

corticotectal neurons (a), corticostriatal neurons (b) and corticocortical neurons (c). d, The 

frequency of identified monosynaptic connections among connections tested is shown for 

corticotectal connections, corticostriatal connections and corticocortical connections; **P < 

0.05.
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Figure 2. 
Feedforward synaptic connections between presynaptic corticocortical neurons and 

neighbouring corticotectal neurons are almost four times more likely than connections 

among corticocortical neurons. a, An example of a quadruple recording. Three 

corticocortical neurons (red) and one corticotectal neuron (green) were recorded 

simultaneously and the 12 possible synaptic connections were tested. The corticocortical 

neurons, CC1 and CC2, synapsed onto the neighbouring corticotectal neuron. The 

corticotectal neuron in turn synapsed onto the corticocortical neuron, CC3. b, The frequency 

of synaptic connections identified among the tested connections is shown for the four 

possible types of connections among corticocortical and corticotectal neurons; **P < 0.01.
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Figure 3. 
The average axonal and dendritic architecture alone cannot explain differences in the 

connection probability. The morphology of 15 corticotectal (a), corticostriatal (b) and 

corticocortical neurons (c; blue: dendrites; red: axons; black: somas). d, The dendritic and 

axonal length-density maps were used to estimate the spatial overlap of the neuronal 

processes for the five types of connections tested physiologically. The resulting maps of 

axodendritic overlap, generated from cells aligned relative to the pial margin and shifted 50 

µm relative to each other, are shown. Scale bars, 200 µm. e, The probability of physiological 
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connection and the average axodendritic overlap are plotted for each type of connection 

tested.
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