1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nat Neurosci. Author manuscript; available in PMC 2010 December 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Neurosci. 2010 June ; 13(6): 739-744. doi:10.1038/nn.2538.

Sublayer-specific microcircuits of corticospinal and
corticostriatal neurons in motor cortex

Charles T. Andersonl”, Patrick L. Sheets!*, Taro Kiritanil, and Gordon M. G. Shepherd?

Department of Physiology, Feinberg School of Medicine, Northwestern University, Chicago, IL
60611, USA.

Abstract

The mammalian motor system is organized around distinct sub-cortical subsystems, suggesting
that intracortical circuits immediately upstream of spinal cord and basal ganglia might be
functionally differentiated, too. Here, we show that the main excitatory pathway within mouse
motor cortex, layer 2/3—5, is fractionated into distinct pathways targeting corticospinal and
corticostriatal neurons, key cell classes involved in motor control. However, connections were
selective for neurons in certain sub-layers: corticospinal neurons in upper layer 5B, and
corticostriatal neurons in lower 5A. A simple structural combinatorial principle accounts for this
highly specific functional circuit architecture: potential connectivity is established by neuronal
sub-layer positioning, and actual connectivity within this framework is determined by long-range
axonal projection targets. Thus, intracortical circuits of these pyramidal neurons are specified not
only by their long-range axonal targets, or their layer or sub-layer positions, but by both, in
specific combinations.

Layer-specific patterns of local circuit connectivity are well established for a number of
cortical areas 1, 2, including motor cortex 3, 4. However, projection-class specific
connectivity patterns have also been described 5-7, presenting an apparent contradiction:
how can both a neuron’s “layer identity” and “projection-class identity” specify its local
circuit organization? Which determinant is primary? Further complexity arises from the
variety of firing properties, which may be related to projection target 6, 8, 9, but whose
relationship to local circuits in neocortex is largely unknown (but see 6). The combinatorial
possibilities for these different aspects of pyramidal neuron “identity” are large, and raise
fundamental questions of how many distinct neuronal classes there are in neocortex 10, 11.

The local excitatory network in mouse motor cortex is dominated by a single pathway, layer
2/3—5 (ref. 3). Layer 5 pyramidal neurons in motor cortex project to various targets. Two
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projection classes centrally involved in motor control are corticospinal and corticostriatal
neurons, as these represent the cortical origins of what are sometimes termed the
‘pyramidal’ and ‘extrapyramidal’ motor systems, respectively. Although there is evidence
for layer 2/3—corticospinal pathways 12, 13, and for layer 2/3—corticostriatal pathways in
non-motor frontal cortex 5, the organization of excitatory input pathways to these two cell
classes in motor cortex has neither been systematically mapped at a sub-layer level of
resolution nor directly compared.

We hypothesized that the layer 2/3—5 pathway comprises distinct corticospinal/
corticostriatal parallel pathways. To test this, we labeled corticospinal and crossed
corticostriatal neurons by injecting fluorescent beads into, respectively, the contralateral
spinal cord and dorsolateral striatum, and mapped their local sources of excitatory synaptic
input. We found evidence supporting this hypothesis, and formulated a simple structure/
function principle accounting for the observed parallel pathway organization.

Corticospinal neurons’ circuits

Corticospinal neurons were retrogradely labeled by injecting fluorescent beads into the
cervical spinal cord. In coronal brain slices containing the contralateral motor-frontal cortex,
labeled corticospinal neurons were distributed from upper to lower layer 5B (Fig. 1a). In
mouse motor cortex, layer 5B is a relatively thick layer and consists of multiple sub-layers 4,
14,

Local sources of excitatory input were mapped using whole cell recording and glutamate
uncaging-based laser scanning photostimulation (LSPS; Methods) (Fig. 1b). Synaptic input
maps at first appeared heterogeneous across neurons due to highly variable amounts of input
from layer 2/3. An example of a layer 2/3 corticospinal neuron receiving substantial layer
2/3 input is shown in Fig. 1b. However, when maps were ordered according to the cortical
depth of the soma, a clear pattern emerged (Fig. 1c,d): inputs from layer 2/3 neurons were
strongest for upper layer 5B corticospinal neurons, but fell steeply as a function of
increasing soma position towards lower layer 5B. In contrast, relatively weak intralaminar
perisomatic inputs from layer 5B were a consistent feature, independent of soma position
(Fig. 1c,d). From these data we conclude that local circuits of corticospinal neurons follow a
sub-layer specific pattern of connectivity. This pattern is in general agreement with that
previously observed for unlabeled layer 5B pyramidal neurons in motor cortex 3, which
showed strong layer 2/3 inputs targeting the layer 5A/B border, with extension into layer 5B.

Crossed corticostriatal neurons’ circuits

Corticostriatal neurons were retrogradely labeled by injecting fluorescent beads into the
dorsolateral striatum. In coronal brain slices containing the contralateral motor-frontal
cortex, labeled “crossed” corticostriatal neurons were distributed from upper 5A to lower 5B
(Fig. 2a), a range that was slightly higher-shifted but mostly overlapping with that of
corticospinal neurons (cf. Fig. 1a). Crossed corticostriatal neurons constitute a relatively
homogeneous subset of neurons having properties of intratelencephalic (1T)-type
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corticostriatal neurons, distinct from pyramidal-tract (PT)-type corticostriatal neurons 15—
17. The reason for focusing on crossed corticostriatal neurons was that contralateral striatal
injections label only IT-type corticostriatal neurons, but ipsilateral striatal injections label
both IT- and PT-type corticostriatal neurons. (Except where noted, ‘corticostriatal’ hereafter
signifies “‘crossed corticostriatal’.)

Local sources of excitatory input to these corticostriatal neurons were mapped using the
same methods and parameters as for corticospinal neurons (Fig. 2b). Again, input patterns
varied systematically as a function of the sub-layer positions of the corticostriatal neurons,
and again layer 2/3 inputs were strongest (2C,D). However, the pattern was very different
from that of corticospinal neurons, as only neurons in lower 5A received strong layer 2/3
inputs; those in upper 5A and anywhere in layer 5B did not (Fig. 2d). While the pattern of
layer 2/3 inputs to layer 5A corticostriatal neurons agreed with that of unlabeled neurons 3,
the lack of layer 2/3 input to layer 5B corticostriatal neurons did not, and was in sharp
contrast to the strong layer 2/3 inputs recorded for corticospinal neurons as reported above.

Highly specific connectivity underlies parallel pathways

To determine whether layer 5B corticostriatal neurons were selectively not innervated by
layer 2/3 axons, we examined the precise sub-layer and projection-class specificity of layer
2/3—5 synaptic outflow and connectivity onto layer 5 neurons. First, we functionally
assayed the laminar profile of layer 2/3 outflow by flavoprotein autofluorescence (FA)
imaging, which detects primarily post-synaptic activity in cortical circuits 18, 19. Layer 2/3
stimulation (by focal glutamate uncaging) evoked FA responses both at the stimulation site
and in the middle of the cortex, at the layer 5A/B border (Fig. 3a).

Next, we structurally assayed layer 2/3—5 pathways by selectively transfecting layer 2/3
neurons with fluorescent proteins via in utero electroporation. This revealed a band of
labeled axons also in the middle of the cortex, at the layer S5A/B border, similar to what has
been described previously in other cortical regions 20-22 (Fig. 3). Targeting of these axons
to the layer 5A/B border was observed both when neurons throughout layer 2/3 were
transfected (Fig. 3), and when only neurons in upper layer 2/3 (“layer 2”) were transfected
(Supplementary Fig. 1). The laminar profiles of these functional and structural assays of
layer 2/3 outflow were almost identical, peaking at the layer 5A/B border with clear
extension into upper layer 5B, and extensive overlap with the laminar distribution of
corticostriatal somata (Fig. 3b,c).

Coexpression of the light-activated cation channel channelrhodopsin-2 (ChR?2) in layer 2/3
neurons enabled us to use ChR2-assisted circuit mapping (CRACM) (Methods) 21 to test the
functional connectivity made by layer 2/3 axons onto corticostriatal neurons (Fig. 4). In each
labeled slice, we recorded pairs of corticostriatal neurons (sequentially), one located just
above and the other just below the layer 5A/B border. Layer 2/3 connections were much
stronger to corticostriatal neurons in lower 5A than in upper 5B (P < 0.05, paired t-test) (Fig.
4a—d).

The foregoing experiments examined layer 2/3—5 connectivity locally; i.e., on the
ipsilateral side. Layer 2/3 neurons also project axons across the corpus callosum to the
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homotypic region of cortex in the contralateral hemisphere 20-22, raising the question of
whether these long-range callosal layer 2/3—5 pathways follow the same pattern of sub-
layer specificity observed for local inputs. Corticocortical projections across the callosum
are not normally preserved in brain slices because the axons are cut. However, ChR2-
expressing axons remain photoexcitable even after scission, and therefore the same
experiment could be done looking at contralateral layer 2/3 inputs 21. This showed the same
discontinuity at the layer 5A/B border: layer 2/3 connections (from callosally projecting
axons, originating from layer 2/3 pyramidal neurons in the contralateral hemisphere) were
much stronger to neurons in lower 5A than in upper 5B (P < 0.05, paired t-test) (Fig. 4e-h).

Lastly, we recorded from corticostriatal/corticospinal neighboring-neuron pairs of upper 5B
neurons and mapped their inputs with glutamate uncaging (Fig. 5). This direct within-slice
and within-sub-layer comparison showed that, compared to corticospinal neurons,
corticostriatal neurons in upper 5B received much less layer 2/3 input (n = 5 corticospinal/
corticostriatal pairs; corticospinal/corticostriatal ratio = 9.7 at the peak and 5.7 over the
entire region of interest, P < 0.05, t-test; Fig. 5d). In contrast, the difference in the amount of
layer 5/6 input was much smaller (corticospinal/corticostriatal ratio = 1.8, P > 0.05, t-test;
Fig. 5d). Corroborating this, analysis of the non-paired input map data sets recorded from
corticospinal and corticostriatal neurons (i.e., in separate experiments, shown previously in
Fig. 1d and Fig. 2d) showed a similar large difference in input from layer 2/3 to neurons in
upper layer 5B, as a function of projection target (Fig. 5e).

These data show that layer 2/3 axons send an excitatory projection to the layer 5A/B border
(i.e., to both lower layer 5A and upper layer 5B), where they provide strong input to
corticostriatal neurons in lower layer 5A and to corticospinal neurons in upper layer 5B. In
contrast, corticostriatal neurons in upper layer 5B, despite their favorable location for layer
2/3 input, received only weak input.

Ipsilaterally labeled corticostriatal neurons

As described earlier, crossed corticostriatal neurons were used in the previous experiments
because they constitute a relatively homogeneous population of IT-type corticostriatal
neurons. In contrast, neurons projecting to the ipsilateral striatum, though predominantly IT-
type 6, 8, also include PT-type corticostriatal neurons. One might therefore expect that the
maps of ipsilaterally labeled neurons would mostly follow the pattern observed for crossed
corticostriatal neurons, with a small subset instead following the pattern observed for
corticospinal neurons. To test this, we recorded from labeled ipsilaterally projecting
corticostriatal neurons and mapped synaptic inputs with LSPS (Fig. 6). Neurons in layer 5A
received strong layer 2/3 inputs (Fig. 6a), and most neurons in layer 5B received few or no
layer 2/3 inputs (Fig. 6b), with a few exceptions (Fig. 6¢). Thus, on average, ipsilaterally
projecting corticostriatal neurons mostly followed the pattern observed for crossed
corticostriatal neurons; that is, layer 5A but not layer 5B neurons received strong layer 2/3
inputs.
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Laminar connectivity matrices

For graphical visualization and comparison of the local circuit organization of these two cell
types, we computed connectivity matrices representing the laminar sources of excitatory
input to corticospinal and corticostriatal neurons (Methods) 3 (Fig. 7). To generate these
matrices, the maps for each projection class were pooled, ordered by soma position, and
projected onto a single plane by averaging along map rows. Average maps (based on
binning the postsynaptic neurons; bin size 1/16 of the cortical thickness) are shown in Fig.
7a and the average vectors in Fig. 7b. The collection of vectors is equivalent to a
presynaptic-postsynaptic matrix (Fig. 7c). These matrices are essentially the same as the
‘side views’ shown previously (Fig. 1c and Fig. 2c), except that the data have been binned,
averaged, and transposed for display.

The connectivity matrix for corticospinal neurons shows a layer 2/3 hotspot that appears
larger in extent than that for the corticostriatal neurons (Fig. 7d). To compare the two
matrices directly, we color-coded each on a single-color scale, and merged the two images
(Fig. 7e). The merged image showed sharp segregation of layer 2/3—corticospinal and layer
2/3—corticostriatal pathways. On a compressed intensity scale, the layer 2/3 hotspots
remained mostly separate, while the layer 5/6 inputs appeared to overlap.

Although the layer 2/3 hotspots are well separated along the postsynaptic axis, it is less clear
whether they are so along the presynaptic axis. This is an important point, because
separation would be consistent with ‘parallel’ pathway organization, while non-separation
could be consistent with either “parallel’ or ‘divergent’ organization. To explore this, we
computed ‘synaptic output maps’ from the three-dimensional map data arrays (Methods) 3
(Fig. 7e) as a way to visualize the extent to which upper and lower layer 2/3 provided output
to corticospinal and corticostriatal neurons. (Rows in connectivity matrices rows correspond
to input maps, columns to output maps.) Output maps showed that neurons in upper layer
2/3 (“layer 2”) projected both to corticospinal neurons in upper 5B and to corticostriatal
neurons in lower 5A, but not to corticostriatal neurons in layer 5B (Fig. 7f, left). Neurons in
middle and lower sub-layers of layer 2/3 projected primarily to corticospinal neurons in
upper 5B, with additional weaker projections to corticostriatal neurons in lower 5A, and
again little or no output to corticostriatal neurons in layer 5B (Fig. 7f, right).

In a separate analysis, we calculated the average input from layer 2/3 for the two groups of
layer 2/3 receiving neurons (corticostriatal neurons in lower layer 5A, and corticospinal
neurons in upper layer 5B) (Fig. 7g). Consistent with the output maps, this showed that the
profiles for the two cell classes overlapped in upper layer 2/3 but not in mid-to-lower layer
2/3, a region projecting primarily to corticospinal neurons. From these analyses we conclude
that the layer 2/3 pathways to corticospinal and corticostriatal neurons in layer 5 are at least
partly segregated — that is, “parallel’ (Fig. 7h) — insofar as mid and lower layer 2/3 projects
primarily to corticospinal and not corticostriatal neurons. Our methods do not resolve
whether outputs from upper layer 2/3 to the two cell classes are shared (i.e., divergent
pathways) or not (i.e., parallel).
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Discussion

These experiments, based on a variety of in vivo labeling and in vitro circuit mapping tools,
provide evidence that mouse corticospinal and crossed corticostriatal neurons receive layer
2/3 excitatory input in a manner that depends on both the precise sub-layer location of the
postsynaptic neuron and its long-range projection target.

We propose a structural combinatorial principle that accounts for the local circuit
organization described here. Functionally diverse pathways arise combinatorially from two
structural parameters: neuronal sub-layer position and long-range axonal projection target.
Sub-layer position, which establishes the density of overlap of presynaptic axons with
postsynaptic dendrites, establishes potential connectivity to provide an anatomical
framework of possible connections. Actual connectivity is then determined, in an axonal
projection-target specific manner, by functional ‘tuning’ within the structural framework. In
other words, Q(r) ~ F(p) * (), where Q is pathway strength, F is functional connectivity
(which depends on the number and weights of actual synapses), p is projection target, Sis
structural connectivity, and r is sub-layer position. In terms of neurogeometry, F depends on
synaptic strength (g) and on the ratio of actual (n,) to potential (np) structural synapses (the
“filling fraction”), and Sis equal to n, 23, 24.

Although obviously a simplification, this combinatorial principle captures key aspects of
circuit organization, reconciles two otherwise disparate views of cortical circuit specification
(i.e., layer- versus projection-class specificity), and offers a quantitative framework to build
on. For example, projection-class specific differences in dendritic architecture (an important
but second-order parameter) could also be incorporated (e.g. 5, 7, 8, 25, 26). Results from
previous studies touching on sub-layer and projection-target “identities” of cortical
pyramidal neurons 5, 6, 27 suggest that a combinatorial sub-layer/projection-target principle
likely holds for cortical circuits in general.

The scheme proposed here does not preclude the involvement of other factors in specifying
the circuit organization of pyramidal neurons. For example, gene expression patterns are
sure to play a major role (e.g. 28). However, our scheme predicts that such factors will
correlate with either sub-layer location, projection target, or both. Indeed, firing patterns,
which correlate with projection class 6, 8, also correlate with specific patterns of local
excitatory connectivity, as demonstrated for crossed corticostriatal neurons in the medial
agranular cortex in rats 6. In cases where multiple projection classes can share the same
firing phenotype 6, 8, projection class cannot be inferred from firing patterns alone, but must
be established by retrograde labeling or other means. On the other hand, sub-layer position
is a parameter that can be readily determined by analysis of video images.

In this study we focused on direct measurements of functional connectivity, not structural
connectivity. The approach taken here is thus complementary to anatomy-based approaches
in which structural (potential) connectivity is calculated from axon/dendrite overlap
(neurogeometry; Peters’ rule) 23, 24, 29-33. Our findings are broadly consistent with
previous findings from direct structure/function comparisons, showing that functional
synaptic connectivity in some intracortical pathways appears to follow the form and strength
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predicted by axon/dendrite overlap, but in some cases is markedly stronger or weaker than
expected, implying microscopic-scale specificity 7, 23, 32, 34.

Indeed, functional connectivity in most of the pathways studied here is broadly consistent
with Peters’ rule. For example, functional connectivity was high for most postsynaptic
neurons located in the same sub-layers as layer 2/3 axons (i.e., lower-5A corticostriatal and
upper-5B corticospinal neurons), and low for neurons in the sub-layers that were not
targeted by layer 2/3 axons (i.e., upper-5A corticostriatal neurons and both lower-5B
corticostriatal and corticospinal neurons). In contrast, connectivity was incongruously low
for upper-5B corticostriatal neurons, differing by a factor of ~10 compared to neighboring
upper-5B corticospinal neurons (Fig. 1 and Fig. 5) and lower-5A corticostriatal neurons
(Fig. 2, Fig. 4, Fig. 5). The low connectivity is not explained by a low density of presynaptic
axons: layer 2/3 axons clearly projected to upper layer 5B where these neurons were located
(Fig. 1, Fig. 3, Fig. 5, Fig. 7; Supplementary Fig. 1). Nor is the low connectivity likely to
reflect differences in dendritic arbors, because (i) arbors of corticospinal and corticostriatal
neurons differ by less than a factor of ~2 (ref. 35; see also 5, 7, 8, 25, 26); (ii) a subset of
corticostriatal neurons (those in lower layer 5A) did receive strong inputs (Fig. 2, Fig. 4, Fig.
5); and, (iii) in contrast to the difference in layer 2/3 inputs, corticostriatal and corticospinal
neurons in upper layer 5B did receive a similar amount of input (within a factor of ~2) from
deeper layers (Fig. 1, Fig. 2, Fig. 5, Fig. 7). Although the reduction in input to upper-5B
corticostriatal neurons was large it was not absolute. Rather, layer 2/3 inputs occurred but
were reduced in amplitude, similar to the amplitude of layer 5 inputs in general (Fig. 1, Fig.
2, Fig. 5). Further experiments are required to identify the specific synaptic mechanisms
underlying the connectivity patterns reported here. In general, our findings demonstrate the
dual importance of sub-layer and projection target as conjoint determinants of pyramidal
neuron microcircuits.

The topographic and functional differentiation of the motor cortex microcircuit into distinct
pathways targeting corticospinal or corticostriatal neurons has several potential implications
for motor cortex physiology. One is that only a subset of neurons in either cell class receives
strong excitation from superficial layers. Another is that it will be important to assess the
intra-striatal specificity of layer 2/3-recipient corticostriatal neurons.
Upper-2/3—lower-5A—striatal pathways could preferentially target the striatal matrix
compartment (matrisomes), the dopamine receptor 1 (D1) related network, or both 17, 36. In
contrast, we did not identify a strong local source of excitatory input to layer 5B crossed
corticostriatal neurons, which could project to the striatal patch compartment (striosomes),
preferentially avoid the D2-related network, or both 17, 36. However, ipsilateral cortical
input to these striatal compartments could arise from layer 2/3 via layer 5B PT-type
corticostriatal neurons.

Whether intracortical circuits upstream of the spinal cord and striatum are similarly
organized in other species remains to be determined. Although the corticospinal (and
corticobulbar) system is ubiquitous (and indeed a defining cortical feature) among mammals
37, it has undergone various evolutionary specializations in different species, including
direct projections (corticomotoneuronal connections) onto spinal motoneurons in the primate
finger motility system 38, 39 and onto bulbar motoneurons in the rodent vibrissal motility
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system 40. In rodents, corticospinal neurons project to spinal interneurons, not to lower
motor neurons directly 41, 42. In contrast to these specialized monosynaptic pathways from
upper to lower motor neurons, this cortical projection to spinal interneurons (the non-
corticomotoneuronal corticospinal system) is evolutionarily older and more conserved
among mammals 13, 37. In mice, the motor cortex contains a mapped representation of the
body 43, 44, and transgenic mice bearing mutations responsible for human forms of upper
motor neuron disease also develop motor symptoms including paralysis 45, 46. The
identification of corticospinal/corticostriatal-specific pathways here provides a starting point
for evaluating their differential roles in motor control and movement disorders 47, and for
investigating the microcircuit-level mechanisms underlying motor behaviors 48.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sugb-layer specific circuits of corticospinal projection neurons. (a) Fluorescently labeled
corticospinal neurons are distributed across layer 5B in motor cortex. Left, bright-field (BF)
and epifluorescence (epi) images; right, normalized fluorescence intensity as a function of
normalized cortical distance, where pia = 0 and white matter (wm) = 1. (b) Example of a
synaptic input map recorded from a corticospinal neuron. (c) ‘Side view’ of group of input
maps (n = 44 corticospinal neurons). Maps were sorted by soma distance from the layer
5A/B border, and the collection of maps was projected onto one plane by averaging along
map rows. The absolute distances from the pia to the soma (white circles) and to the layer
5A/B border (gray dashes) are also plotted. (d) Layer 2/3 (red) and 5 (gray) input as a
function of the distance of the soma from the layer 5A/B border, along the radial axis of the
cortex (pia is leftward and white matter is rightward).
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Fig. 2.

Sugb-layer specific circuits of crossed corticostriatal projection neurons. (a) Laminar
distribution of fluorescently labeled neurons. (b) Example of corticostriatal neuron input
map. (c) Side view of group of input maps (n = 43 corticostriatal neurons). (d) Layer 2/3
(red) and 5 (gray) input as a function of the distance of the soma from the layer 5A/B border,
along the radial axis of the cortex (pia is leftward and white matter is rightward).
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Fig. 3.
Layer 2/3—5 pathways project to the layer 5AB border. (a) Flavoprotein autofluorescence

(FA) imaging of activity evoked by focal glutamate photostimulation in layer 2/3. Arrow,
hotspot of activity at layer 5A/B border. (b) Layer 2/3 neurons expressing fluorescent
proteins. Arrow, plexus of fluorescently labeled axons of layer 2/3 neurons, concentrated at
layer 5A/B border. (c) Comparison of the average laminar profiles of the activity evoked by
layer 2/3 stimulation (FA; n = 6 slices), the fluorescently labeled layer 2/3 axonal projection
to layer 5 (mVenus; n = 5 slices), and retrogradely labeled corticostriatal neurons (beads; n =
7 slices).
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Fig. 4.

CIgACM analysis of the sub-layer specificity of circuits within the class of crossed
corticostriatal neurons, showing that layer 2/3 axons provide input to layer 5A but not layer
5B corticostriatal neurons. (a) CRACM analysis of ipsilateral layer 2/3 projections to
corticostriatal neurons. Schematic depicts double-labeling paradigm for examining
ipsilateral (local) layer 2/3 inputs to crossed corticostriatal neurons. (b) Average ipsilateral
layer 2/3 input to layer 5A corticostriatal neurons. (c) Average ipsilateral input for layer 5B
corticostriatal neurons (same color scale). (d) Total ipsilateral input as a function of distance
from layer 5A/B border. Recordings were paired (i.e., one layer 5A and one layer 5B
neuron) and values normalized to the higher value of the pair. (€) CRACM analysis of
contralateral (callosal) layer 2/3 projections to crossed corticostriatal neurons. (f) Average
callosal layer 2/3 input to layer 5A corticostriatal neurons. (g) Average contralateral input to
layer 5B corticostriatal neurons (same color scale). (h) Total contralateral input as a function
of distance from the layer 5A/B border.
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Fig. 5.

Pag;r-mapping analysis of the projection-class specificity of circuits within the same sub-
layer, showing that layer 2/3 axons avoid layer 5B corticostriatal neurons, in favor of
corticospinal neurons. (a) Recording arrangement for simultaneous mapping of layer 2/3
input to a pair of layer 5B corticostriatal (left) and corticospinal (right) neurons. (b)
Responses across the array of layer 2/3 stimulation sites simultaneously recorded in a
corticostriatal (red) and corticospinal (blue) neuron. (c) Average maps for (sequentially
recorded) corticospinal/corticostriatal pairs, showing lack of layer 2/3 input to corticostriatal
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neurons. (d) Mean input from layer 2/3 to layer 5B neurons as a function of projection class
(blue: corticospinal; red: corticostriatal). ROIs used for this analysis are indicated in panel ¢
(bracketed regions on the map on the left). (€) Binned (bins: 100 um) and averaged version

of the non-paired corticospinal (blue) and corticostriatal (red) neuron data shown in Fig. 1d

and Fig. 2d.
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Fig. 6.

Ingut patterns for ipsilaterally projecting corticostriatal neurons, showing that the majority
have the same circuit phenotype observed for the crossed corticostriatal neurons. (a)
Example of a neuron in layer 5A receiving strong layer 2/3 input, mostly from upper layer
2/3. (b) Example of a neuron in layer 5B receiving weak layer 2/3 input. (c) Example of a
neuron in layer 5B receiving strong layer 2/3 input, mostly from lower layer 2/3. (d)
Synaptic input as a function of presynaptic location (absolute distance of soma from pia).
Asterisks indicate map rows where the two cell groups differed significantly (P < 0.05, t-
test).
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Fig. 7.
Laminar connectivity matrix analysis, showing partial segregation of L2/3 inputs to

corticostriatal and corticospinal neurons. (a) Average input maps, generated by sorting
individual cells’ maps by soma position, binning, and averaging. (b) Average input vectors,
made by averaging the input maps along map rows. () The set of input vectors constitutes a
laminar connectivity matrix (Wpost pre)- (d) Connectivity matrices for the two projection
neuron classes. Small gray brackets indicate the data-containing regions. (€) Same as in
panel d, but with the matrices on separate color scales (left; corticospinal: blue,
corticostriatal: red) and merged (right; same color scales; magenta represents overlap).
Image in lower right is same as in upper right but on a compressed color scale; two smaller
circles mark the hotspots of layer 2/3 input, and larger circle marks region of layer 5/6 input.
(f) Synaptic output maps, computed for presynaptic neurons in upper layer 2/3 (left;
corresponds to column i in panel €) and mid layer 2/3 (right; corresponds to column ii in
panel €). See Methods for details. Color definitions same as for panel e. (g) Profile of mean
input to the two projection neuron classes as a function of presynaptic stimulus location.
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Gray lines delimit layer 2/3. Asterisks indicate significant differences (P < 0.05, t-test). (h)
The strongest quartile of elements in the connectivity matrices, redrawn as arrows.
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