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Abstract

Introduction—The intricate microcircuitry of the cerebral cortex is thought to be a critical
substrate from which arise the impressive capabilities of the mammalian brain. Until now, our
knowledge of the stereotypical connectivity in neocortical microcircuits has been pieced together
from individual studies of the connectivity between small numbers of neuronal cell types. Here,
we provide unbiased, large-scale profiling of neuronal cell types and connections to reveal the
essential building blocks of the cortex and the principles governing their assembly into cortical
circuits. Using advanced techniques for tissue slicing, multiple simultaneous whole-cell recording,
and morphological reconstruction, we are able to provide a comprehensive view of the
connectivity between diverse types of neurons, particularly among types of y-aminobutyric acid—
releasing (GABAergic) interneurons, in the adult animal.

Rationale—We took advantage of a method for preparing high-quality slices of adult tissue and
combined this technique with octuple simultaneous, whole-cell recordings followed by an
improved staining method that allowed detailed recovery of axonal and dendritic arbor
morphology. These data allowed us to perform a census of morphologically and
electrophysiologically defined neuronal types (primarily GABAergic interneurons) in neocortical
layers 1, 2/3, and 5 (L1, L23, and L5, respectively) and to observe their connectivity patterns in
adult animals.

Results—Our large-scale, comprehensive profiling of neocortical neurons differentiated 15
major types of interneurons, in addition to two lamina-defined types of pyramidal neurons (L23
and L5). Cortical interneurons comprise two types in L1 (eNGC and SBC-like), seven in L23
(L23MC, L23NGC, BTC, BPC, DBC, L23BC, and ChC), and six in L5 (L5MC, L5NGC, L5BC,
SC, HEC, and DC) (see the figure). Each type has stereotypical electrophysiological properties
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and morphological features and can be differentiated from all others by cell type-specific axonal
geometry and axonal projection patterns. Importantly, each type of neuron has its own
characteristic input-output connectivity profile, connecting with other constituent neuronal types
with varying degrees of specificity in postsynaptic targets, laminar location, and synaptic
characteristics. Despite specific connection patterns for each cell type, we found that a small
number of simple connectivity motifs are repeated across layers and cell types defining a
canonical cortical microcircuit.

Conclusion—Our comprehensive profiling of neuronal cell types and connections in adult
neocortex provides the most complete wiring diagram of neocortical microcircuits to date.
Compared with current genetic labels for cell class, which paint the cortex in broad strokes, our
analysis of morphological and electrophysiological properties revealed new cell classes and
allowed us to derive a small number of simple connectivity rules that were repeated across layers
and cell types. This detailed blueprint of cortical wiring should aid efforts to identify specific
circuit abnormalities in animal models of brain disease and may eventually provide a path toward
the development of comprehensive circuit-based, cell type-specific interventions.

Graphical abstract

Connectivity among mor phologically defined cell typesin adult neocortex. (A) Simultaneous
octuple whole-cell recording to study connectivity followed by morphological reconstruction. (B)
Synaptic connectivity between morphologically distinct types of neurons, including pyramidal (P)
neurons. (C) Connectivity from neurogliaform cells (NGCs) to other cell types. This connectivity
is believed to be nonsynaptic and mediated by volume transmission. Martinotti cell, MC; basket
cell, BC; single-bouquet celllike cell, SBC-like; bitufted cell, BTC; bipolar cell, BPC, double-
bouquet cell, DBC; chandelier cell, ChC; shrub cell, SC; horizontally elongated cell, HEC; deep-
projecting cell, DC.

Despite its importance, we are still far from completely understanding the extensive
diversity of cell types in the neocortex and how they are connected into functional circuits.
Neocortical neurons fall into two broad classes. Excitatory glutamatergic neurons form the
majority and exhibit relatively stereotypical properties, whereas inhibitory y-aminobutyric
acid-releasing (GABAergic) interneurons are highly diverse (1). GABAergic interneurons
show many distinct morphological, electrophysiological, neurochemical, and synaptic
wiring features (1-6). Due to the complex and multifaceted nature of interneurons, there is
still no consensus on how many types of interneurons exist in the neocortex, and
unequivocal identification of the features that distinguish one type of neuron from another is
a matter of considerable interest and debate (2, 4). Maturation of GABAergic interneurons
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takes longer than for pyramidal cells, and their continuous development throughout
adolescence into adulthood often further obscures our understanding (7, 8). Therefore, it is
imperative to study the mature neocortex to gain a true understanding of interneuron cell
types in the neocortex. However, the vast majority of in vitro slice electrophysiology
experiments to date were carried out in juvenile animals due to the technical difficulties of
preparing high-quality slices from adult tissue.

Morphologically defined interneuron types in neocortex

We took advantage of a recently developed adult animal slicing method (9) to study mature
neocortical circuitry. We performed simultaneous octuple whole-cell recordings in acute
slices prepared from the primary visual cortex (area V1) of adult mice (=2 months old) and
focused on neurons from layers 1, 2/3, and 5 (L1, L23, and L5, respectively) because these
layers are particularly enriched with GABAergic interneurons (10). We recorded both
GABAergic neurons (n = 1654) and pyramidal neurons (n = 547) to identify their
connections, followed by post hoc morphological recovery of each neuron with an optimized
avidinbiotin-peroxidase staining method (fig. S1 and supplementary materials). Using this
technique, we recovered the morphology of all recorded pyramidal neurons (n =
547/547,100%), and almost all recorded GABAergic interneurons (n = 1566/1654, = 95%),
especially their fine axonal arbors (fig. S1A).

The morphologies of interneurons were highly diverse, whereas the morphologies of
pyramidal neurons in L23 and L5 were relatively uniform (for a discussion of the
morphological diversity of pyramidal cells, see the supplementary text). Morphologically
recovered interneurons were visually assessed or reconstructed if necessary under
microscopy and then were classified following a widely used classification scheme based on
their axonal geometry (thickness, tortuosity, bifurcation angle, branching order, and the
shape of terminal branches) and their axonal projection pattern (1, 4, 5). We could
differentiate recorded interneurons into 15 major types: two types in L1, seven in L23, and
six in L5 (Fig. 1, A to C). To quantitatively support our classification, a subset of neurons
from each type were fully reconstructed to carry out dendritic and axonal length density
analysis (figs. S2 and S3) (n=24in L1, n=96 in L23, and n = 73 in L5). We extracted
simple features from the axon and dendrite density maps of the reconstructed neurons using
principal component analysis (11) and trained cross-validated sparse logistic regression
classifiers to distinguish between any two types of interneurons as labeled manually (see the
supplementary materials). The classifiers could separate almost all cell type pairs with an
accuracy of >90% and an average performance of ~97%, supporting the notion that our 15
classes represent distinct types (Fig. 1D). The classifiers mostly used features computed
from the axon density map, giving support to the idea that interneurons can primarily be
distinguished based on their axonal features (fig. S4).

Two types of layer 1 interneurons

The neurons recorded in L1 of mature V1 could be morphologically divided into two major
types, which were generally similar to those described in juvenile animals (5, 12). One type
of neuron was neurogliaform cells (NGCs, n = 84) with elongated axonal arborization (Figs.
1A and 3A and figs. S2A, S2D, S5A, S6B, and S7). We follow the previous nomenclature
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naming them elongated NGCs (eNGC). The vast majority of eNGCs (n = 77/84 neurons)
fired late-spiking (LS) action potentials (APs) followed by a deep, wide after
hyperpolarization (AHP) (Fig. 2A, Type 1, and table S1). The eNGCs constituted about one-
third of all L1 neurons (Fig. 1E). The remaining L1 neurons had axonal projection patterns
(Figs. 1A and 3A and figs. S2A, S5A, S6B, and S7), dendritic features (fig. S3, A and D),
and electrophysiological properties (Fig. 2A and tables S1 and S2) that were clearly distinct
from eNGCs. Some of them (~40%) had an axon that was very similar to single-bouquet
cells (SBCs) reported in juvenile rat somatosensory cortex (5, 12). However, many of them
(~60%) had atypical axonal projection patterns compared to those previously described for
SBCs, and their axon arborized mostly within L1, with only one or two side branches
extending to deep layers (not deeper than L4). Despite their variable axonal projection
patterns, non-neurogliaform L1 neurons shared similar dendritic and electrophysiological
features (tables S1 and S2) and similar connectivity profiles (table S3) that correspond to
SBCs in rat somatosensory cortex (5, 12). We thus refer to this group as SBC-like cells. A
detailed description of the morphology, firing patterns, and intrinsic membrane properties of
these two major types of L1 neurons can be found in the supplementary text.

Seven types of layers 2/3 interneurons

Interneurons from L23 of mature V1 could be grouped into seven major types based on
axonal morphology (Fig. 1, B and C): L23 Martinotti cells (L23MCs, n = 182), L23
neurogliaform cells (L23NGCs, n = 102), bitufted cells (BTCs, n = 118), bipolar cells
(BPCs, n = 85), double bouquet cells (DBCs, n = 46), L23 basket cells (L23BCs, n = 322),
and chandelier cells (ChCs, n = 18). All of these L23 neuronal types have been previously
reported in juvenile rodents (1, 5, 13, 14). (For a detailed description of their axonal and
dendritic morphology, see the supplementary text). For some of these types (for instance,
BPC and BC), the morphology in mature neocortex did not completely match the
morphological description for this cell type in the developing neocortex, which could be due
to differences in either age or species (mouse versus rat; see the supplementary text). Each
type of L23 interneuron had a characteristic axonal projection pattern (Fig. 1, B and C),
which was confirmed by axonal length density analysis and pairwise type classification (Fig.
1D and figs. S2, B and E, and S4). Neurons within a type tended to have the same dendritic
arborization patterns (see the supplementary text), but these patterns were often not type-
specific (figs. S3, B and E, and S4). The morphological types varied greatly in population
size, with L23BCs being the largest population of L23 interneurons (40%) and ChC being
the smallest (2%) (Fig. 1E).

Firing patterns and intrinsic membrane properties of L23 interneurons were mostly
stereotypical within a cell type (see the supplementary text) but again were often not cell
type-specific (Fig. 2B and table S1). For instance, L23BCs and ChCs were both fast-spiking
(FS), consistent with previous observations. All DBCs in mature V1 were FS, which had not
been previously reported (Fig. 2B and table S1). All BPCs exhibited an irregular spiking
pattern with or without initial burst (Fig. 2B), and this irregular spiking pattern was also seen
in a large proportion of BTCs (Fig. 2B). BTCs exhibited the most diverse firing patterns,
and some of them had a firing pattern similar to MCs (Fig. 2B). Nevertheless, L23MCs and
L23NGCs appeared to have firing patterns and intrinsic membrane properties that were
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mostly cell type-specific and could be used to differentiate them from most of the other
neuronal cell types (except for a small number of BTCs) (see Fig. 2B).

Six types of layer 5 interneurons

Interneurons in L5 of mature V1 could be grouped into six major types based on their axonal
morphology, only one of which had been reported and characterized before in the
developing neocortex (Martinotti cells; LSMCs) (15, 16). The remaining five types have not
been previously described in L5, and we named them as follows: neurogliaform cells
(L5NGCs), basket cells (L5BCs), shrub cells (SCs), horizontally elongated cells (HECs),
and deep-projecting cells (DCs) (Fig. 1, B and C). Each of these types had a characteristic
axonal projection pattern (Fig. 1, B to D, and fig. S4), which was confirmed by axonal
length density analysis and pairwise type classification (Fig. 1D and figs. S2, C and F, and
S4). Neurons within a type also tended to have the same dendritic arborization pattern and
electrophysiological properties, but as for L23 interneurons, these properties were often not
cell type—specific (figs. S3, C and F, and S4). L5 morphological types also varied greatly in
population size, with L5BCs and L5MCs being the largest population of L5 interneurons
(32%) and L5NGCs being the smallest (3%) (Fig. 1E). Because most of these L5
interneuron types have not been previously reported, we describe the morphology and
electrophysiology of each type in detail below.

L5 Martinotti cell—L5MCs in mature neocortex (n = 174) were very similar to L5MCs
previously reported in the developing neocortex (15, 16). The majority of L5SMCs had
bitufted somatodendritic morphology with an elaborate dendritic tree that ascended and
descended toward L23 and L6, respectively (Figs. 1B and 3A; and figs. S3, C and F; S5, A
and D; S7; S8B; fig. S9, D and E; and fig. S10A), and a small number of L5SMCs from
deeper L5 (L5B) had multipolar somatodendritic morphology (Figs. 1B and 3, A and B, and
fig. S7). The axons of L5MC originated from the pia side of the somata or one of the
primary dendrites, then ascended to form large axonal clusters in L1 and L4 (or, less often,
in L1 and L5) (Figs. 1B and 3, A and B; and figs. S2, C and F; S5, A and D; S7; S8B, S9, D
and E; and S10A). All L5MCs exhibited a firing pattern similar to their young counterparts
(13, 16, 17) except that they could not sustain continuous firing in response to prolonged
current injection (Fig. 2C and table S1). About one-fourth of LSMCs could generate a
rebound burst after cessation of the hyperpolarization step (Fig. 2C, Type 1, 44/164),
reminiscent of low-threshold-spiking interneurons in the developing neocortex (16, 17). The
remaining three-fourths of L5MCs did not exhibit a rebound burst (Type 2, 120/164). In
addition, LSMC, similar to L23MCs, had a characteristic intrinsic membrane property: All
L5MCs had a very large membrane time constant (table S1).

L5 neurogliaform cell—We called this L5 cell type neurogliaform cells (L5NGC, n = 17)
because they had axonal and dendritic geometry typical of NGCs in other layers. However,
their axonal arborization was vertically elongated, different from NGCs in L1 and L23 (Figs.
1B and 3C and figs. S2, C and F, and S7). All LSNGCs had a late-spiking firing pattern,
similar to the firing patterns of NGCs in L1 (Type 1) and L23 (Figs. 2C and table S1).
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L5 basket cell—We called this L5 cell type basket cells (L5BC, n= 151) based on their
similarity to L23BCs (see the supplementary text). They had a roughly vertically oriented,
bitufted-like dendritic tree (Figs. 1C and 3B; and figs. S3, C and F; S5, B to D; S7; S9B, and
S10, A and B) and a thick axon that typically originated from the apical side of the somata
and ascended into L23 but never extended into L1 (Figs. 1C and 3B; and figs. S2, C and F;
S5, B to D;S7; S9B; and S10, A and B). All L5BCs were FS (Fig. 2C and table S1).

This type of interneuron in L5 was named based on the shrub-like axonal field that they
exhibited (SC, n = 77). These cells had a characteristic asymmetric dendritic tree, with most
of the dendritic branches localized above the somata (Figs. 1C and 3C; and figs. S3, C and
F; S5, A and B; S7; and S10B). The axon typically originated from the apical side of the
somata and ascended for a short distance before bifurcating into several main branches that
then arborized into a short shrub-like axonal field above the somata (Figs. 1C and 3C; and
figs. S2,C and F;S5, A and B; S7; and S10B). All SCs were FS (Fig. 2C and table S1).

Horizontally elongated cell

This type was named based on the horizontally elongated axonal arbors (HEC, n = 54).
HECs had a multipolar somatodendritic morphology (Fig. 3A and figs. S3, C and F and
S5C) and a thick axon that originated from either the base or the apical side of the somata
and arborized into a narrow, horizontally elongated axonal field (Figs. 1B and 3A; and figs.
S2, C and F; S5C; S7; and S10B). The vast majority of HECs (53/54) had a FS firing pattern
(Fig. 2C and table S1).

Deep-projecting cell

This cell type had a multipolar somatodendritic morphology (fig. S3, C and F), and their
axons primarily descended toward deeper cortical areas, even to layer 6 (Figs. 1B and 3C;
and figs. S2, C and F, and S7). Therefore, we refer to them as deep-projecting cells (DCs; n
= 27). Although all DCs discharged irregularly, their firing patterns could be differentiated
into two types with subtle differences [Type 1,15/22, with after depolarization (ADP); and
Type 2, a deeper and faster AHP and no ADP, 7/22] (Fig. 2C and table S1).

Overlap of morphological types with Cre driver lines

In many experiments, we used Viaat-Cre/Ai9 mice (n = 81) to facilitate targeting of
GABAEergic interneurons (18). All unlabeled neurons recorded from L23 (n = 120) and L5
(n = 105) in these transgenic mice were morphologically and electrophysiologically
confirmed as pyramidal neurons, and none were interneurons, suggesting that indeed the
entire population of GABAergic interneurons in L23 and L5 was labeled in these mice.
Almost all labeled neurons in L23 were morphologically confirmed as interneurons with
distinct morphology (401/402) (table S4). The vast majority of labeled neurons in L5 were
also confirmed as interneurons (269/289), although a small percentage (~7%, 20/289) were
pyramidal neurons (table S4). In contrast to L23 and L5, a considerable proportion of L1
interneurons were unlabeled (~26%, n = 25/95), and, interestingly, all unlabeled
interneurons were SBC-like cells.
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Several Cre lines label subpopulations of interneurons. To determine the morphological cell
types labeled by specific Cre driver lines, we recovered the morphology of parvalbumin-
expressing (PV*), somatostatin-expressing (SOM*) and vasointenstinal peptide-expressing
(VIP*) interneurons using PV-Cre/Ai9 (n = 18 mice), SOM-Cre/Ai9 (n = 30 mice), and VIP-
Cre/Ai9 (n =5 mice) transgenic mice, respectively. The vast majority of recovered PV*
neurons in L23 were BCs (n = 80/82) (fig. S10B and table S4), and only two were ChCs. In
L5, most recovered PV* neurons were BCs as well (60%, 26/43) (fig. S10B and table S4),
and the rest were either SCs (23%, n = 10/43) (fig. S10B) or HECs (19%, n = 8/43) (fig.
S10B and table S4). Most recovered SOM™ neurons in both L23 and L5 were MCs (~70%,
133/190) (fig. S10A and table S4), consistent with the long-held contention that all MCs
express somatostatin (13). However, some SOM* neurons were fast spiking and had a
morphology corresponding to BCs (21.5%, 41/190) (fig. S10A and table S4) (1, 19, 20),
indicating that some BCs were labeled in SOM-transgenic mice. In addition, a few SOM*
neurons in L23 had a morphology corresponding to BTCs (n = 10/100, 10%) (fig. S10A and
table S4), consistent with previous observations that some BTCs express SOM (1). The
VIP* neurons in L23 were either BTCs (55%, 22/40) or BPCs (45%, 18/40), consistent with
previous reports (fig. S10B and table S4) (1, 21, 22). VIP* neurons in L5 were very sparse,
and we did not successfully recover any L5 VIP* neurons.

The overlap of morphological types with Cre driver lines suggested that specific genetic
markers are expressed in some morphologically defined interneuron type (table S5). Some
of the morphologically defined interneuron types could be recovered from two lines (for
instance, BTC and BC), whereas some types were not found in any of the PV*, SOM*, or
VIP* Cre driver lines (table S5). Specifically, all DBCs exhibited a FS firing pattern,
suggesting that they might be PV*. However, we did not recover any DBCs from PV* inter-
neurons. Similarly, the firing pattern of DCs suggested that they may express VIP (23, 24),
but we did not recover any DCs from VIP* interneurons. Finally, L1 interneurons and all
NGCs across the layers could not be recovered from any of the three Cre driver lines (table
S5), underscoring the importance of identifying specific molecular markers for these cell

types.

Principles of connectivity in neocortical microcircuit

Synaptic connections were identified by evoking unitary excitatory or inhibitory
postsynaptic potentials [UE(I)PSPs] on postsynaptic neurons with brief depolarizing current
pulses applied in pre-synaptic neurons (fig. S1B). We identified a total of 1680 connections
(both inhibitory and excitatory) from 11,771 putative connections tested between 175 L1,
1139 L23, and 782 L5 morphologically identified neurons (Fig. 3). For inhibitory
connections, the latencies of ulPSPs were typically less than 2 ms (1.84 £ 0.3 ms, n = 1020)
unless the presynaptic neuron was a neuroglia-form cell (latency: 4.74 £ 0.13 ms, n = 275)
(fig. S11A) (5, 25). The short latency of u(E)IPSPs and the response of the ulPSP latency to
glutaminergic antagonists suggested that all identified connections were monosynaptic (fig.
S11, B and C and supplementary materials).

Because interneurons generally have localized axonal arbors, their interactions with other
neurons should depend on the distance between neurons. We thus computed the inhibitory
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connection probability as a function of intersoma Euclidean, horizontal (X) or vertical (Y)
distance for all pairs (figs. SLA and S12A). Connection probability decreased sharply with
distance (P < 0.02; Kruskal-Wallis test), leveling off after ~250 pm but not quite reaching
zero, primarily due to vertical connections between cells in different cortical layers (fig.
S12, A and B). The connectivity dropped more quickly in the horizontal plane than in the
vertical (fig. S12A), indicating that the inhibition from an inter-neuron was more far-
reaching in the vertical than in the horizontal direction. The connectivity was higher
between L23 neurons than between L5 neurons (fig. S12B). Because intersomatic distance is
an important factor determining the connectivity, only within-layer pairs with a Euclidean
distance < 250 um and across-layer pairs with a horizontal distance < 150 um were included
in the subsequent connectivity analysis (figs. S12, A to C, and S13).

Next, we examined the connectivity at the level of the morphologically defined cell types
(both interneurons and pyramidal cells) (Figs. 3 and 4A, fig. S14, and supplementary text).
The connectivity of each type was not random, but highly predictable, and each
morphologically distinct type of neuron had its own characteristic input-output connectivity
profile, connecting with other constituent neuronal types with varying degrees of specificity
in postsynaptic targets, layer location, and synaptic characteristics (Figs. 3 and 4A and fig.
S14) (see the supplementary text for a detailed description). The probability of a connection
between two specific types of neurons strongly correlated with their average synaptic
connection strength (Fig. 5A), and this correlation applied to all types of connections,
including interneuron—interneuron, interneuron—pyramidal neuron, and pyramidal
neuron—interneuron connections (Fig. 5A and table S6).

Three major groups of interneurons with distinct output connection rules

Although each type of interneuron had a specific output connectivity profile, the 15
morphologically distinct interneuron types generally followed three output connection rules
and thus could be divided into three major groups. The first group consisted of interneurons
that appeared to project nonspecifically to almost all neuronal types within the home layer
and some of them even to almost all neuronal types across several layers (for instance,
L5MCs). Because of this connection pattern, we call this group “master regulators.” It
includes NGCs and MCs in different layers (Figs. 4A and 6, A and B; fig. S14; and
supplementary text). The second group consisted of interneuron types that only projected to
other interneurons and not to pyramidal cells, and we refer to them as interneuron-selective
interneurons (ISIs), which included SBC-like cell, BPCs, and DCs (Figs. 4A and 6D, fig.
S14, and supplementary text). The remaining interneuron types projected to local pyramidal
neurons, and we refer to them as pyramidal-neuron-targeting interneurons (PTIs), which
included L23BCs, L5BCs, DBCs, ChCs, HECs, SCs, and BTCs (Figs. 4A and 6C and fig.
S14). Moreover, most PTIs (L23BCs, L5BCs, DBCs, ChCs, HECs, and SCs) also
preferentially projected to interneurons of the same morphological type (Figs. 4A and 6C
and fig. S14). In addition to projecting to pyramidal neurons and themselves, some types of
PTIs projected to certain specific types of interneuron with distinct connectivity (for
instance, BTCs and BCs projected to MCs) (Figs. 4A and 6D and fig. S14). Neurons from
each of these three classes (master, PTI, and ISI) could be found in each cortical layer. For
instance, MCs in L23 and L5 provided a uniform inhibition to every neuronal type (except
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MCs) within L23 and L5, respectively, and the layers above them (Fig. 4A and 6B and fig.
S14); NGCs in L1, L23, and L5 provided a uniform inhibition to every neuronal type within
L1, L23, and L5, respectively, and in the nearby layers (Fig. 4A and 6B and fig. S14). The
three ISls are equally distributed between layers and serve a disinhibitory role. Several L23
PTIs appeared to have closely matched cell types in L5 (Fig. 4A and fig. S14), and the
connectivity motifs of PTIs are recycled across L23 and L5.

Two master regulators with distinct input profiles

NGCs and MCs projected to almost every neuronal type with a similar high connection
probability (Figs. 4A and 6, A and B, and fig. S14), indicating that NGCs and MCs act as
master regulators by providing nonspecific inhibition to the local neocortical circuit.
However, NGCs and MCs have very different input connectivity profiles and output
mechanisms, suggesting that these two master regulators operate in fundamentally different
ways.

Within their home layer, a single AP in NGCs elicited large, slow ulPSPs in almost all
simultaneously recorded neurons, regardless of their type (Fig. 3C). This was observed in
NGCs from all layers (L1, L23, and L5) (Fig. 3, A and C; and figs. S5A; S6, A and B; and
S14). The connection probability from NGCs reached up to 90% if postsynaptic somata
were located <100 um apart. This exceptionally high connectivity, the lack of postsynaptic
specificity, and the unusual, slow synaptic events evoked by NGCs support the notion that
NGCs use volume transmission (25, 26) (Fig. 6A). Projection patterns from L23 and L5
NGCs to nearby layers are also consistent with this idea (Figs. 4A and 6A and fig. S14).
Nevertheless, L1 eNGCs exhibited a certain degree of postsynaptic specificity in projecting
to L23 neurons (they preferentially project to BPC, BTC, and NGCs in L23) (Figs. 4A and
6A and fig. S14), which seems to argue against volume transmission for this cell type (27).
However, because the axon of eNGCs is restricted to L1, for any L23 neuron to interact with
an eNGC, it must have a dendritic tree extending into L1. The preferential projection to
BPC, BTC, and NGCs thus may simply reflect that more of their dendritic trees extend into
L1, making them more likely to be exposed to a cloud of GABA released there than other
types of L23 interneurons. Therefore, the projection pattern from L1 eNGCs to L23 may still
be consistent with the mechanism of volume transmission (Fig. 6A).

Similar to NGCs, a single spike in MCs elicited ulPSPs in all non-MC neuronal types within
home layers and the layers above them (Figs. 3, A and B, and 6B; and figs. S5, A and D; S6,
A and C; S8, A to C; and S9A). However, MCs differ from NGCs in several important
ways. First, MCs use synaptic transmission rather than volume transmission, as evidenced
by the fast kinetics of their ulPSPs (fig. S11) and their ability to selectively avoid inhibiting
other MCs (Figs. 4A and 6B and fig. S14). Second, MCs received strong inputs from local
pyramidal neurons with strongly facilitating synapses (15.4% and 4.5% from L23 and L5
pyramidal neurons, respectively, pooled across all MC types) (Figs. 5B and 6D and fig.
S14), whereas NGCs received very little input from local pyramidal neurons, especially
from L23 pyramidal neurons (0.0% and 2.1% from L23 and L5 pyramidal neurons,
respectively; pooled across all NGC types) (Figs. 4A and 5B and supplementary text)
[generalized linear model (GLM) with factors cell type and layer; effect of cell type: P =
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0.002; layer: P = 0.0006; interaction: P = 0.03; for details of model fitting, see the
supplementary materials]. In addition, MCs received very specific inhibition from local
circuits: BCs projected to MCs within L23 and L5, BTCs projected to L23MCs, and BPCs
projected almost exclusively to L5SMCs (Figs. 4A and 6D and fig. S14), whereas NGCs
received little specific inhibition from local circuits (aside from NGC and MC input, which
is nonspecific) (Fig. 5B; P < 0.0001 compared with MC, Chi-square test). Therefore, MCs
are locally controlled, in contrast to NGCs, which may be primarily controlled by long-range
inputs. Although both NGCs and MCs serve as master regulators for the cortical
microcircuit, the specific computational operations implemented by these two types may be
fundamentally different.

Interneuron-selective interneurons are neither self-inhibitory nor locally recruited

ISls included L1 SBC-like cells (0% connection to pyramidal neurons, 0/152), BPCs (0%
connection to pyramidal neurons, 0/115), and DCs (0% connection to pyramidal neurons,
0/46) (Figs. 4A and 6D and fig. S14). Although all ISIs targeted only interneurons, the three
ISIs had different preferences in postsynaptic targets: BPCs and DCs projected almost
exclusively to L5SMCs, whereas SBC-like cells targeted several interneuron types in L23 but
avoided MCs (Figs. 4A and 6D and fig. S14). However, because the axon of DCs projects
toward the deeper cortical areas, even into L6, they may additionally project to the
interneurons in L6. All these types generally did not exhibit self-inhibition (Figs. 4A; 6, C
and D; 5C; and fig. S14), which was seen in all PTI interneuron types. Interneuron-targeting
interneurons also received very little input from local pyramidal neurons and specific
inhibitory inputs, very different from other groups of interneurons (Fig. 5, C and D). ISls
thus may act primarily as disinhibitors of the local cortical microcircuit and may be
primarily controlled by long-range inputs.

Pyramidal-neuron-targeting interneurons are self-inhibitory and locally recruited

PTIs (the seven types described above) connected to pyramidal neurons and to other
interneurons of the same morphological type (self-inhibition) (Figs. 4A and 6C and fig.
S14). For most of them (except BTCs), self-inhibition was the strongest output connection.
This connectivity motif occurred not only within a layer but also across layers (L23BCs and
L5 BCs preferentially connect with BCs and pyramidal neurons in both L23 and L5) (Figs.
4A and 6C and fig. S14). The connection rule shared by this group of neurons is thus very
different from that of master regulators and ISls (Figs. 4A; 5C; and 6, C and D; and fig.
S14). In addition, there was a strong positive correlation between connectivity to pyramidal
neurons and self-inhibition probability (Fig. 5C) [r(11) = 0.72; P = 0.01], indicating that a
PTI's ability to inhibit local pyramidal neurons faces comparative competition from
interneurons of the same morphological type.

Many PTI cell types not only inhibited local pyramidal neurons but also received strong
excitatory inputs from these neurons via synapses that depressed upon repetitive stimulation
(Figs. 4A and 6D and figs. S9F and S14). This reciprocal connectivity motif also occurred
between interneurons and pyramidal neurons located in different cortical layers. For
example, BCs in L23 projected to pyramidal neurons in L5, and they also received
excitatory inputs from L5 pyramidal neurons; the same was true for L5BCs (Figs. 4A and
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6D and fig. S14). This reciprocal connectivity motif between PTIs and pyramidal neurons is
very different from ISls. ISls did not target local pyramidal neurons, and they also received
very little inputs from local pyramidal neurons (Figs. 4A, 5D, and 6D and fig. S14). These
observations indicate that local pyramidal neurons tend to recruit interneuron types that
inhibit pyramidal neurons. Nevertheless, local pyramidal neurons do not necessarily recruit
all interneuron types that inhibit pyramidal neurons. There were several types of PTIs, such
as DBC, that did not receive innervation from pyramidal neurons.

A simple model incorporating three connectivity rules (master, ISI, and PTI) captures most
of the connectivity structure

To determine whether the three connectivity rules (master, ISI, and PTI) that we observed
represent general connection rules with explanatory power, we devised a series of simple
models of the connectivity matrix between the reported cell types (Fig. 4B and
supplementary materials). We started from a uniform model that assumes that connectivity
probabilities for each type of connections are equal (1 parameter). Then we gradually added
details (layer identity, inhibitory or excitatory cell types, and the three principles) into the
model, obtaining a series of models. We compared the likelihoods of these models with that
of the full model, which has an individual connection probability parameter for each type of
connections (289 parameters) (Fig. 4B). We wanted to see under what restrictions the model
would still recapitulate the essential connectivity structure of the full model. When
incorporating the three connectivity rules (master, ISI, and PTI), the model came within one
bit of the performance of the full model with only about a fourth of the degrees of freedom
(d =67) (Fig. 4B), indicating that the identified rules captured the essential connectivity
structure among the types of neurons.

Comparison to connectivity of juvenile cell types

Connectivity patterns of three molecularly identified interneuronal types (PV*, SOM*, and
VIP*) in the developing neocortex have been recently revealed by optogenetic studies (28—
30). Although these studies are informative about the broad pattern of connections between
molecularly identified interneuronal types within a layer in the developing neocortex, they
are unable to capture the full functional diversity of interneurons, given that interneurons
labeled in the same Cre line (PV-Cre, VIP-Cre, and SOM-Cre) in mature cortex had distinct
morphologies (fig. S10, A and B, and tables S4 and S5), and the morphologically distinct
interneurons from the same Cre lines had different connectivity profiles within and across
layers (fig. S10C and tables S7to S9). For instance, the L5 PV* neurons could be
morphologically classified into L5BCs, SCs, and HECs (fig. S10B), and L5BCs, SCs, and
HECs, regardless of the mouse lines that they were recovered from, are FS (Fig. 2C). In
addition, the connectivity of L5BCs, SCs, and HECs from different mouse lines (Viatt/ai9
and wild-type) was very similar to the connectivity of the corresponding cell types in the
PV* Cre line (fig. S10C and table S7). All these observations strongly suggested that all
L5BCs, SCs, and HECs express PV, but these L5 PV-expressing neurons do not have the
same connectivity profiles within and across the layers (Fig. 4A and fig. S14). In addition, it
has been increasingly recognized that the SOM-Cre driver line (SOM-IRES-Cre) (31) labels
a population of neurons that can be grouped into distinct types both functionally (19, 32) and
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morphologically (fig. SI0A and tables S3 and S4) (20). In contrast to what has been reported
in optogenetic studies [SOM™* neurons avoid each other (28)], there is a high connectivity
between SOM* MCs and SOM™* non-MCs. Within the SOM* class, only MCs avoid
connecting to each other (table S8). Moreover, several morphologically defined types could
be labeled in several Cre lines (tables S4 and S5), but the connectivity patterns of the same
morphological types from different lines appeared to be very similar. For instance, BTCs
could be labeled in both VIP-Cre and SOM-Cre lines, and we did not observe any
morphological differences between VIP* BTC and SOM* BTC (fig. S10, A and B).
Although differences in other neuronal features may exist between them, they appeared to
have very similar connectivity profiles (they both connected to pyramidal neurons and MCs
and received input from pyramidal neurons) (tables S8 and S9 and fig. S10C). These
observations provide another line of evidence that the axonal morphology of an interneuron
indeed determines its connection rule.

In addition to the above-mentioned discrepancies, we noticed that several connection
patterns we observed in mature neocortex appeared to be different from that in the
developing neocortex. First, NGCs received very little input from local excitatory neurons
(33). However, in the developing somatosensory cortex, NGCs receive excitatory inputs
from L23 (34, 35). Second, there is a fair connection probability from BCs to MCs in both
L23 and L5 (Figs. 4 and 6C and fig. S14), indicating that PV* cells do project to SOM™* cells
in mature neocortex, in contrast to a study performed in the developing neocortex (28).
Third, inhibitory projections to pyramidal neurons in mature neocortex appeared to be
different from the developing neocortex. In this study, we did not identify any connection
from BPCs to L23 or L5 pyramidal neurons or from BTCs to L5 pyramidal neurons (Figs. 4
and 6C and fig. S14), but these types of connections have been frequently identified in the
developing neocortex (5). Finally, the connectivity among mature pyramidal neurons,
particularly among L5 pyramidal neurons, was much lower than the connectivity among
pyramidal neurons within the same range of intersoma distance in juvenile slices [figs. S13B
(average, 91 £ 4um) and S14 and supplementary text] (36, 37). Although other experimental
differences might explain some of these discrepancies (e.g., methods, cortical area, species,
and low connection probability), the most compelling and consistent difference across
experiments is the age of the animals tested, suggesting that mature cortical circuits are not
identical to developing circuits.

Conclusions

Establishing a complete census of cell types in the neocortex and their wiring diagrams
poses a tremendous technical challenge but is key to mechanistically understanding complex
cognitive functions, such as perception, memory, and decision-making. This study provides
the most comprehensive wiring diagram of the adult neocortical microcircuit to date at the
level of morphologically and electrophysiologically defined types of cells and reveals that
neocortical micro-circuits are built from a small number of simple connectivity motifs that
are recycled across the layers to generate the essential cortical connectivity structure. The
finding that the complex functional cortical architecture can be broken down into a small
number of connectivity motifs may lead to breakthroughs in our understanding of cortical
computation at the circuit level. Given that numerous neuropsychiatric and neurological
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diseases—such as autism spectrum disorders and epilepsy—may be associated with cell type-
specific connectivity change in cortical microcircuits (18, 38, 39), such a detailed blueprint
of cortical microcircuits could serve as an invaluable platform for screening and pinpointing
specific circuit abnormalities in animal models of disease, thus providing a path to the
development of comprehensive circuit-based, cell type-specific interventions that are
otherwise not addressable with current treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Morphologically distinct GABAergic interneuronsin L1, L23,and L5 of V1
(A) Two eNGCs (two middle; axon in dark orange and dendrite in brown) and four SBC-

like cells. SBC-like cells on the left (two leftmost; axon in gray) have the axon arborizing
mostly within layer 1, whereas SBC-like cells on the right (two rightmost; axon in gray)
have the axon projecting mostly toward the deep layers. (B) Four MCs (both L23 and L5;
axon in red and dendrite in dark red), four NGCs (L23 and L5; axon in orange and dendrite
in brown), two HECs (axon in yellow and dendrite in dark yellow), two BTCs (axon in
aquamarine and dendrite in green), and two DCs (axon in blue violet and dendrite in dark
blue). (C) Two BPCs (axon in lime and dendrite in green), four BCs (both L23 and L5;
axons in cyan and dendrite in dark cyan), two ChCs (axon in blue and dendrite in dark blue),
two DBCs (axon in magenta and dendrite in purple), and two SCs (axon in dodge blue and
dendrite in dark blue). (D) (Left) Cross-validated classification performance for each pair of
cell types within a layer. (Right) Classification performance collapsed within each layer. (E)
The proportion of each morphologically distinct type of interneurons.

Science. Author manuscript; available in PMC 2016 March 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiang et al. Page 17

A ILILLLLY
. l = Ay
JI— — .
— i 3 — — —
Type 1-FP aNGC Type 2-FP eNGC Typo 1-FP SBC-ike coll Type 2-FP SBC-lke cell
A0V
B 500 pA
J | 300ms
! I} S P
= i
f
i | —F P —
FP-L23MC FP-L23NGC Type 1-FP BTC Type 2-FP BTC Type 3-FP BTC Type 4-FP BTC
| I
l 1 UL A
|
; 118} PR ! Se—
=} . — -
_— == e 2 —
f 1 - — —f
Type 1-FP BPC Type 2-FP BPC FPL238C FP-DBC FP-ChC

’ i

f

Im TFPLENG va 2-FP LSMC | FP-LENGG LSNGC FP-LSEC

W‘"“ WJ“* ““ h B

FP-SC FP-HEC Ty 1FROC Type 2-FP DC

Fig. 2. Firing patterns (FPs) of mor phologically distinct types of interneuronsin V1
(A) Responses to hyperpolarizing, near-threshold, and suprathreshold current injections are

shown for L1 eNGCs and SBC-like cells. The eNGCs had two types of firing patterns [LS,
orange (leftmost); non-LS, dark orange], and SBC-like cells had two types of firing patterns
(burst, black; no burst, gray). The eNGCs can be differentiated from SBC-like cells based on
the absence of ADPs (see inset). (B) Responses to hyperpolarizing, near-threshold and
suprathreshold current injections are shown for L23MCs, L23NGCs, BTCs, BPCs, L23BCs,
DBCs, and ChCs. BTCs had four major types of firing patterns with subtle differences, and
BPCs had two types of firing patterns that differ in the capability of burst. (C) Responses to
hyperpolarizing, near-threshold, and suprathreshold current injections are shown for
L5MCs, L5NGCs, L5BCs, SCs, HECs, and DCs. L5MCs and DCs had two types of firing
patterns with subtle differences.The intrinsic membrane properties for each type of L1, L23,
and L5 interneurons are presented in table S1.
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Fig. 3. Connections between morphologically distinct types of interneuronsin V1
Right-most vertical scale bars from top to bottom show amplitudes of current injection (ljpy;,

in nA), APs (mV), ulPSPs (mV). (A) (Left) Connections between eight simultaneously
recorded neurons, including one eNGC, one SBClike cell, one DBC, one L23MC, one
L23Pyr, one HEC, and two L5MCs. Each neuron was spatially separated in fig. S7A.
(Middle) Connection diagram of the eight reconstructed neurons. (Right) APs elicited in
presynaptic neurons and response traces of IPSPs evoked in postsynaptic neurons for each
connection. (B) (Left) Connections between five simultaneously recorded neurons, including
two L23BCs, two L5BCs, and one L5MC. Each neuron was spatially separated in fig. S7B.
(Middle) Connection diagram of the five neurons. (Right) APs elicited in presynaptic
neurons and response traces of IPSPs evoked in postsynaptic neurons for each connection.
(C) (Left) Connections between eight simultaneously recorded neurons, including one SBC-
like cell, one BPC, one BTC, one L23NGC, one L5Pyr, one LSNGC, one DC, and one SC.
Each neuron was spatially separated in fig. S7C. (Middle) Connection diagram of the eight
neurons. (Right) APs elicited in presynaptic neurons and response traces of IPSPs evoked in
postsynaptic neurons for each connection.

Science. Author manuscript; available in PMC 2016 March 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jiang et al.

Page 19

presynaptic

sBClke - [ W M Fm
eNGC n : n
L23MC | [] '] "
L23NGC L B | =E- W oos
0 prc = WM - . s BN
2 e sHE . ma =l °7
®  pee I o - = 3 0.6
E L23BC -l sl ==mEas § 0.5
8 ChC = | - u EE E
Q  Lagpyr sEl- EEm =nm S 04
L5MC = u * . § 0.3
L5NGC L] L § 0.2
L5BC ] ] = 1 | = .
sC ] 1 . 0.1
HEC ] [ ] n - 0.0
DC n n
L5Pyr = ] ] [ ] [ ] n
° < <
w -

Full Model

Postsynaptic

O =N WA UON®O

Negative log-likelihood [bits/connection]

L
g
w o PTI+ISI+Master
i .
8 5
-
) '/)7 '/77 n e =
) e‘y’@r es,e, Sty (7 o i = s
KL R R N SR - |
b, @ / s -n
% et Ky
Hoj o / Presynaptic

Fig. 4. Connectivity matrix for adult mouse V1
(A) Color-coded matrix showing the probability of finding a connected pair of neurons

between two specific types within and across layers. For total connections found/total
connections tested for each type of connection and the mean amplitude of the connections,
see fig. S14, table S6, and the supplementary text. (B) A simple model incorporating three
connectivity rules (master, ISI, and PTI1) can explain most of the observed data. Bar height
corresponds to the negative likelihood of the model per cell pair in bits, d denotes the
degrees of freedom, and error bars show the standard deviation over 50 bootstrapped data
sets. Models increase in complexity from left to right; pictograms on top of the bars show
the corresponding connectivity matrix. The first four models assume that the connection
probability is uniform, uniform within a layer, and uniform within a layer and excitatory/
inhibitory neuron, respectively. The next three models include the connectivity rules. The
full model has an individual connection probability for each type of connection. The Hinton
plots on the right depict the connection probabilities according to the full model and the
model including all three connectivity principles.
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Fig. 5. Principles of connectivity in neocortical circuits
(A) Connection probability correlates with mean synaptic strength. Plot of the mean

amplitudes of ulPSPs or UEPSPs of each type of connection against the connectivity rate for
each type of connection [r(96) = 0.70, P < 0.0001 for interneuron—interneuron connection;
r(20) = 0.65, P = 0.001 for interneuron—pyramidal neuron connection; r(14) = 0.56, P =
0.03 or pyramidal neuron—interneuron connection]. (B) (Left) Connectivity rate from
excitatory cells to MCs and NGCs. (Right) Connectivity rate from all (non-MC, non-NGC)
interneurons to MCs and NGCs. (C) (Left) The self-connections of PTI occurs in 44.2%
(257/582; pooling across all PTIs), whereas self-inhibition between ISIs occurs only in 3.2%
(3/95) of tested connections (GLM with factor of class of interneuron (PTI vs. ISI); P <
0.0001). (Right) There is a strong positive correlation between inhibition of pyramidal
neurons and self-inhibition [r(11) = 0.72; p = 0.01]. Note that origin contains three points.
(D) Pyramidal cells provided input to PTls in 14.7% (61/415; pooling across all PTIs, from
L23Pyr) and 5.3% (27/505, from L5Pyr) of the tested connections, whereas pyramidal cells
rarely provided input to ISls (0.74%, 1/135; 0.0%, 0/148 for L23 and L5 pyramidal neurons,
respectively; GLM with factors of class of interneuron (PTI vs. ISI) and layer of pyramidal
neuron; effect of interneuron class: P = 0.005; layer: P = 0.009; interaction: P = 0.76).
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Fig. 6. Wiring diagram of V1 microcir cuit
Different connectivity panels highlight different connectivity rules. Connectivity rates are

indicated by line width (see legend). Connections with at least 5% connectivity rate are
shown. Area of symbols indicate proportion of each cell type in the respective layer. Area of
triangle depicting pyramidal cells does not represent proportion of pyramidal cells. (A)
These diagrams illustrate volume transmission by eNGCs (left), L23NGCs (middle), and
L5NGC:s (right). The connections made by other neurons are shown in gray. (B) Connection
of MCs to other cell types. (C) Self-inhibition is illustrated by the outline around each cell
type (thickness illustrates the connectivity rate). Inhibition to pyramidal cells is highlighted
in black. Connections from NGCs and MCs are omitted for clarity. (D) Connectivity
between interneuron types and pyramidal cells is highlighted. Color of arrow is according to
presynaptic cell type. Self-inhibition, volume transmission, and connections from MCs are
omitted for clarity.
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