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Materials and Methods 
 
Animal preparation 

Procedures for mouse maintenance and mouse surgeries were performed according to protocols approved 
by the Institutional Animal Care and Use Committee (IACUC) of Baylor College of Medicine. Adult male and 
female wild type (n=45) and Viaat-Cre/Ai9 mice (n=85) were used in most of experiments, and SOM-Cre/Ai9 
mice (n = 30), VIP-Cre/Ai9 mice (n =5), or PV-Cre/Ai9 mice (n = 18) were also used (≥~2 month PND). 
Viaat encodes a transporter required for loading GABA, as well as glycine, into synaptic vesicle  (40,41). 
Crossing Viaat-Cre mice with ai9 reporter mice globally labels GABAergic interneurons with the fluorescence 
marker tdTomato (18). SOM-Cre/Ai9 mice, VIP-Cre/Ai9 mice, or PV-Cre/Ai9 mice have SOM+ interneurons, 
PV+ interneurons and VIP+ interneurons labelling with the fluorescent marker tdTomato respectively. Viatt-Cre 
was generously provided from Dr. Huda Zoghbi’s laboratory. The other Cre and reporter lines were purchased 
from Jackson Laboratory: 

• SOM-Cre: http://jaxmice.jax.org/strain/013044.html 
• VIP-Cre: http://jaxmice.jax.org/strain/010908.html  
• PV-Cre: http:/jaxmice.jax.org/strain/008069.html 
• Ai9 reporter: http://jaxmice.jax.org/strain/007909.html 

The visual cortical slice preparation followed previously described methods (5, 42), with some additional 
modifications based on a recently developed NMDG (N-Methyl-D-glucamine) recovery slice methods for adults 
and aging animals (9, 43). Briefly, animals were deeply anesthetized using 3% isoflurane. After decapitation the 
brain was removed and placed into cold (0−4 °C) oxygenated NMDG  solution containing 93 mM NMDG, 93 
mM HCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 5 mM sodium 
ascorbate, 2 mM Thiourea, 3 mM sodium pyruvate, 10mM MgSO4 and 0.5 mM CaCl2, pH 7.35. Parasagittal 
slices were cut from brain tissue with a microslicer (300 µm thick). We took special care to use only parallel 
slices (i.e. slices that had a cutting plane parallel to the course of the apical dendrites) in order to ensure 
sufficient preservation of both axonal and dendritic arborizations of neurons in layer 1-5. The brain slices were 
kept at 37.0 ± 0.5 °C in oxygenated NMDG solution for 10-15 minutes. They were then transferred to the 
physiological solution (125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM MgCl2, 25 
mM glucose and 2 mM CaCl2, pH 7.4) for about 0.5−1 h before starting the recordings. During the recording 
sessions the slices were submerged in a custom chamber and were stabilized with a fine nylon net attached to a 
custom designed platinum ring. This recording chamber was continuously perfused with oxygenated 
physiological solution throughout the recording session.  

 
Electrophysiology  

Simultaneous whole-cell in vitro recordings from up to eight neurons were obtained from cortical slices as 
described previously (5, 42). We used patch recording pipettes (5−7 MΩ) that were filled with intracellular 
solution containing 120 mM potassium gluconate, 10 mM HEPES, 4 mM KCl, 4 mM MgATP, 0.3 mM 
Na3GTP, 10 mM sodium phosphocreatine and 0.5% biocytin (pH 7.25). We used two Quadro EPC 10 
amplifiers for the experiments. A built-in LIH 8+8 interface board was used to perform simultaneous A/D and 
D/A conversion of current, voltage, command and triggering signals from the amplifiers. The PatchMaster 
software and custom-written Matlab-based programs were used to operate two Quadro EPC 10 amplifiers and 
perform online and offline analysis of the electrophysiology data.  The eight micromanipulators were mounted 
on a ring specifically designed for our multi-patching system. Current was injected into the presynaptic neurons 
(2 nA for 2 ms at 0.01–0.1 Hz) to determine if we could evoke unitary inhibitory or excitatory postsynaptic 
potentials (uI(E)PSPs) in the putative post-synaptic neurons. The uIPSPs were measured while the membrane 
potentials of the putative postsynaptic cells were held at −57 ± 3 mV, whereas uEPSPs were measured while 
membrane potentials of the putative postsynaptic cells were held at −70 ± 4 mV. Recording traces of uI(E)PSPs 
shown in all figures in the paper are averages of 20−50 consecutive stimulation episodes. These averages were 
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also used to calculate  synaptic latency, 10−90% rise time and decay time constant of evoked uIPSPs or 
uEPSPs.  

We performed recordings from layer 1, layers 2/3 and layer 5 primarily from neurons without obvious 
apical dendrites in wild-type mice or from labeled neurons in transgenic mice. In each set of recordings one or 
two pyramidal cells or unlabeled neurons in layers 2/3 and layer 5 were also targeted for recordings. Neurons 
were assigned to different layers based on the neocortical layer boundaries, which were clearly visible in the 
micrograph of the bright-field microscope. The layer identity of each neuron was also confirmed post-hoc by 
reference to nearby morphologically recovered glutamatergic neurons, which have distinct morphology across 
different layers (44). Since neuronal processes can be severed during the slicing procedure (a limitation of all 
slice electrophysiology experiments), the morphology of neurons and connectivity may be significantly 
underestimated. However, this is thought to be less of a problem when estimating connectivity between local 
inhibitory cells (45). To improve the morphological integrity of recorded neurons and connectivity rate 
estimation, we only patch neurons in parallel slices (see above) at depths greater than 15µm from the surface of 
the slices. We foundthat, with this experimental strategy, the processes of interneurons we recovered rarely 
stopped abruptly (evidenced by a characteristic retraction ball at the cut ending), even for the long-ranging 
axons spanning across several cortical layers.   

Because the synaptic connectivity significantly depends on the inter-soma distance (Fig.S12A), we took 
special care to record from groups of neurons with Euclidean inter-soma distances less than 150 µm, for 
neurons localized within the same layer, and with horizontal distances less than 100 µm for neurons localized in 
different layers (Fig.S1A). The vast majority of cell pairs within the same layer in our recording sets had an 
intersoma Euclidean distance of less than 200 µm; the vast majority of the cell pairs localized in different layers 
had a horizontal distance of less than 150 µm (Fig.S13A). We rarely found synaptic connections, especially 
inhibitory connections between two neurons within the same layer if they had a Euclidean intersoma-distance of 
more than 250 µm (Fig.S12B).  We also rarely found synaptic connections, especially inhibitory connections, 
between neurons across layers if their horizontal intersoma-distance was more than 150 µm (Fig.S12C). 
Therefore, we excluded neuron pairs in the same layer with a Euclidean distance more than 250 µm, and neuron 
pairs in different layers with a horizontal distance > 150 µm. The inter-soma distances (Euclidean, vertical and 
horizontal) of cell pairs included for computing the connectivity for each type of connections are not 
significantly correlated with the connectivity (Fig.S12D), indicating inter-soma distance is not a factor 
accounting for the connectivity difference we observed in different types of connections (Figs.4A, S14, 
Supplemental Text).  

The recordings were often made in the absence of AMPA and NMDA receptor antagonists, raising the 
possibility that the identified connections, especially inhibitory connections, could have been polysynaptic. To 
make sure that the identified connections were monosynaptic, we morphologically confirmed post hoc the 
presynaptic neurons for all connections and made sure that the morphology and electrophysiology of the 
presynaptic neuron for each connection (i.e. pyramidal neurons vs interneurons) matched the nature of 
connections (i.e. EPSP vs IPSP). Indeed, the recovered morphology (i.e. pyramidal neurons vs interneurons)  
and EPSP vs IPSP always matched. Moreover, we measured the latencies of all the connections, and plotted a 
histogram of the latencies of all inhibitory connections identified in the absence of glutamatergic antagonists 
and compared it with the histogram of latencies from connections identified in the presence of glutamatergic 
antagonists (Fig.S11B). If the identified connections were contaminated with polysynaptic events (i.e. longer 
latencies), the histogram in the absence of glutamatergic antagonists should have had a longer tail compared 
with the histogram where glutamatergic antagonists were present. However, we found no difference between 
these two histograms (Fig.S11B). The latencies of uEPSPs (1.89 ±0.08, n=93, Fig.S11C) was within 4 ms, 
suggesting that all uEPSPs identified in this study were also monosynaptic (36).  The uEPSPs and uIPSPs were 
completely abolished by adding glutaminergic antagonists (20 µM CNQX and 100 µM DL-AP5) and PTX (100 
µM), respectively. 

We calculated the input resistance and membrane time constant of the neurons by injecting long pulses of 
depolarizing current (300 pA, 600 ms). We measured spike amplitude and afterhyperpolarization (AHP) relative 
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to the spike threshold. The afterdepolarization (ADP) generally followed a narrow, small AHP that rose above 
the spike threshold. However, the ADP was also seen as a small depolarization “notch” superimposed onto a 
bigger, slow AHP, without rising above the spike threshold. The ADPs thus was measured relative to the lowest 
membrane potential during AHP. Spike-frequency adaptation was calculated as the ratio of the second to the 
first interspike interval in near-threshold discharges of three or more action potentials and represented as 
percentage. 

 
Estimation of the proportion of each morphological type 

The proportion of each morphologically distinct type in L23 and L5 was estimated based on total labeled 
L23 and L5 interneurons recorded from Viaat-Cre/ai9 mice since the entire population of GABAergic 
interneurons in L23 and L5 were labeled with tdTomato (see Main Text). However, the proportions of L1 
neurons was not calculated based on the total labeled neurons in L1 because in the Viaat-Cre/ai9 mice a 
significant number of L1 neurons were unlabeled. Instead, the proportions of L1 interneuron types was 
estimated based on the total number of randomly recorded L1 neurons from wild type mice. 
 
Morphological reconstructions and analysis. 

Morphological recovery and light microscopy examination were carried out according to previously 
described methods (5, 42). Briefly, after the end of the in vitro recording experiments, the slices were fixed by 
immersion in freshly-prepared 2.5% glutaraldehyde/4% paraformaldehyde in 0.1 M phosphate-buffered saline 
at 4° for at least 48 h. The slices were subsequently processed with the avidin-biotin-peroxidase method in order 
to reveal the morphology of the neurons. To increase the success rate in recovering the morphology of mature 
GABAergic interneurons, especially details of their fine axonal arbors, we made several modifications to 
existing routine biocytin staining protocols. First, we found that a high concentration of biocytin in the internal 
solution (0.5g/100ml) as well as highly stable micromanipulators are critical for achieving a high recovery rate 
of cell morphology. Second, each neuron was injected with large depolarizing currents in current clamp mode 
for fifteen times (100ms, 10-20nA, 1Hz) in order to expedite the diffusion of biocytin into the fine structures. 
Third, neurons must be recorded for long enough (≥1 hours) to allow the diffusion of biocytin into the very fine 
axonal structure before being fixed in the freshly-prepared fixation solution. Fourth, the fixed neurons were 
incubated with avidin-biotin complex and detergents at a high concentration (Triton-X100, 5%) for at least two 
days before DAB staining. We found that, following all these steps dramatically increased our success rate in 
recovering the fine axonal arbors of interneurons. The morphologically recovered cells were examined, 
reconstructed and analyzed using a 100X oil-immersion objective lens and a camera lucida system.  

The morphology of each cell was analyzed using the TREES toolbox  (46, 47) and custom-written 
software written in our lab. The three-dimensional trees (axon, dendrite and cell body) were converted to two-
dimensional planar trees by using the flattening function in the TREES toolbox. For each cell, axonal and 
dendritic length density (µm per µm2) were calculated over a grid of 10 × 10 µm elements placed on the 
corresponding planar trees (48). To generate smoother length density maps, the lower resolution maps were 
interpolated using bi-linear interpolation. Axonal length density maps from different cells (same cell type) were 
spatially aligned by aligning the origin of each axonal tree. Dendritic length density maps from different cells 
(same cell type) were spatially aligned by aligning the center of each cell body. The origin of axonal tree and 
the center of each cell body were assigned spatial coordinate (0, 0) for further analyses. For each type of cell, 
the axonal (dendritic) length density maps from several cells were averaged and are shown in Fig. S2 (S3), 
panels A to C. For each cell, a length density projection was obtained by summing length densities from its 
length density map along a specific direction (horizontal or vertical). For each type of cell, and each direction, 
axonal (dendritic) length density projections were averaged across several cells and are shown in Fig.S2 (S3), 
panels D to F. 
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Principal component analysis and sparse logistic regression classifiers 
The 2D axonal and dendritic density maps of a total of 188 fully reconstructed cells (L1: 24, 5 cells only 

axon; L23: 96; L5: 73) were computed in a grid of 10 × 10 µm. For individual types there were 12.9±3.0 
reconstructed cells (mean ± SD; range: 9-18).  We convolved both the dendritic as well as axonal maps with a 
Gaussian kernel with standard deviation 20 µm and computed the first 10 PCA features for each layer , which 
captured >80% of the variance for all layers and both axons and dendrites. We then used a generalized linear 
model with binomial link function (‘logistic regression’) trained with an elastic-net penalty with 𝛼 = .95, 
resulting in sparse models (49). We trained the model to do pairwise classification of neural types within each 
layer based on the combined 20 axonal and dendritic features. For layer 1, we only used axonal features. 
Classification performance was evaluated using leave-one-out cross-validation, resulting in a conservative 
estimate. The regularization strength was chosen using a nested 10-fold cross-validation and the 1-SE-rule. For 
the classifications in L23 and L5, we counted in how many of the pairwise cell type classification there was 
significant weight on each feature (weight > 0.01) and ranked the features accordingly. Mostly, the first 3 
axonal features were used, giving support to the idea that interneurons can primarily be distinguished based on 
their axonal features (Fig.S4). The classification performance is shown in Fig.1D. 

 
Statistical analysis. 

For analyzing connectivity principles in Fig. 5, we used a generalized linear model (GLM) with a 
binomial response distribution and a logit link function. We pooled studied connections between all MCs and 
pyramidal neurons, between NGCs and pyramidal neurons, between all PTIs and pyramidal neurons, and 
between ISIs and pyramidal neurons for this analysis. Since some connection types contained zeros, we fit the 
GLM with a weak prior for each combination of factors of p = 0.5, corresponding to adding a positive and a 
negative outcome for each combination of factors.  

 
Connection probability model 

We modeled the number of observed connections between two cell types with a binomial distribution. 
The underlying connection probability was estimated via maximum a posteriori using a weak beta prior (α = 
1.01 and β = 1.01). In the full model, each type of connection in the matrix had its own connection probability. 
In the restricted models, connection probabilities were shared among certain types. In the uniform model, we 
used a single connection probability for all types. In the layer model, we used uniform connection probabilities 
within and between layers. In the model that respects layers and inhibitory or excitatory cells, each group of 
excitatory and inhibitory neurons within and between layers had their own connection probability. In the master 
regulator model, we assume the connectivity from NGCs to all neuronal types within the home layer and in 
nearby layers to be uniform, and the connectivity from MC to every non-MC neuronal type within home layer 
and in all layers above them to be uniform. We additionally set the connection probability from MCs to 
themselves to zero. In the ISI model, we assume that L1 SBC-like cells, BPCs and DCs had a same output 
connection probability parameter to all other interneurons per layer. Connection probabilities of ISIs from and 
to pyramidal neurons, the connection probabilities to neurons in layers above them, the connections to neurons 
more than one layer downward (ignoring layer 4), were set to zero. In the PTI model, we modeled each 
connection probability from BTCs, DBCs, L23BC, ChCs, L5BCs, SCs and HECs to itself with a single 
parameter. Additionally, the connections from these types to and from pyramidal cells of their home layer had 
an individual parameter. The likelihood of the entire data is reported in the negative joint log-likelihood 
(logarithm to base 2) divided by the number of connection types (n = 289). The individual types of connections 
are assumed to be independent so that the joint likelihood is the sum of the individual likelihoods of the 
binomial distributions on each type of connections. Error bars on the likelihood depict the standard deviation 
obtained by bootstrapping Bernoulli trials for each type of connections (50 bootstrap iterations). All plots for 
the model and the connectivity matrix were created with python's matplotlib library (50). 
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Supplementary Text 
Morphology and electrophysiological properties of L123 interneurons  
 
Layer 1 Interneurons 

The neurons recorded in L1 (areaV1) of adult mice were morphologically divided into two major types. 
One type was the neurogliaform cells (NGCs, n = 84), constituting approximately one-third of all L1 neurons 
(Fig.1E; see Experiment Methods). These neurons had plethora of fine, radiating dendrites that formed roughly 
symmetrical and spherical dendritic fields (Figs.1A, S3A, S3D). Their axonal geometry was typical of NGCs, as 
previously described, and their arborization was horizontally elongated and mainly restricted to L1 (Figs.1A, 
3A, S2A, S2D, S5A, S6B, S7). This was similar to L1 NGCs reported in juvenile rat somatosensory cortex (5). 
Accordingly, following the previous nomenclature we named them as elongated NGCs (eNGC). Most eNGCs 
(n = 77/84 neurons) fired late-spiking (LS) action potentials (APs) followed by a deep, wide 
afterhyperpolarization (AHP; Fig.2A, Type 1; Table S1). Only a small number of eNGCs (n = 7) were not LS 
(Fig.2A, Type 2). All eNGCs did not have a fast depolarizing “notch” (afterdepolarization: ADP; Fig.2A) 
following the APs, which was different from other L1 interneurons (see below). 

The other major type of L1 neurons typically had longer, more polarized dendritic trees (Figs.1A, 3A, 
S3A, S3D, S5A, S6B, S7). We also noticed that the axonal arborization of this type of neurons was more 
varying, compared to the eNGC, but generally followed two major patterns. Many of them (~41%) had a 
vertically descending axonal bundle, which extended into L5/6 (Figs.1A, S2A, S5A, S6B, S7). This is similar to 
the single-bouquet cells (SBCs) previously reported in somatosensory cortex  (5, 12) (classic SBCs). The rest 
(~59%) had axons that arborized mostly within L1, with only one or two side branches extending to deep layers 
(not deeper than L4; Figs.1A, 3A, S7) (atypical SBCs). The neurons with these two axonal projection patterns 
fired APs with marked ADPs and these APs were not delayed in response to near-threshold current injection, 
and thus were substantially different from the late-spiking of eNGCs (Fig.2A; Table S1). Moreover, some of 
these cells (~40%) were also capable of burst firing, which we never observed in eNGCs (Fig.2A). Because the 
non-neurogliaform L1 neurons with the two distinct axonal projection patterns (classic SBC, atypical SBC) 
shared similar electrophysiological properties (Table S2), dendritic features and connectivity profiles (Table 
S3), and resemble SBCs in rat somatosensory cortex (5, 12) in many perspectives, we grouped them together 
and named them SBC-like cells. 

 
Layers 2/3 Interneurons 

Interneurons from L23 of mature V1 were grouped into seven major types based on morphology: 
Martinotti cells (L23MCs), neurogliaform cells (L23NGCs), bitufted cells (BTCs), bipolar cells (BPCs), basket 
cells (L23BCs), double bouquet cells (DBCs) and chandelier cells (ChCs).  

L23 Martinotti cell. L23MCs (n = 182) typically had a bitufted somato-dendritic morphology with an 
elaborate vertically-oriented dendritic tree (Figs.1B, S3B, S3E). Their axons originated from the apical side of 
the somata or from one of the primary dendrites. The axons ascended toward the pia to form a dense axonal 
cluster within L1 (Figs.1B, 3A, S2B, S2E, S6A, S6C, S7, S8A, S8C, S9A, S9D, S10). L23MCs with intact 
firing patterns (n = 172/182) exhibited a firing pattern similar to their young counterparts  (13, 51). However, 
these mature L23MCs did not sustain continuous firing in response to prolonged current injection, different 
from immature MCs (Fig.2B; Table S1). L23MCs were also distinguished from other types of interneurons by 
their large membrane time constant (Table S1). 

L23 Neurogliaform cell. L23NGCs (n = 102) had a dendritic tree similar to that of L1 eNGCs (Figs.1B, 
S3B, S3E). Their axon could originate from any part of the soma, and shortly after, broke up into a very dense, 
intertwined and highly ramified arborization of ultra-thin axons (Figs.1B, 3C, S2B, S2E, S6A-B, S7, S8B). 
Almost all of the L23NGCs with an intact discharge behavior (n = 100/102) were late-spiking (LS). These 
mature NGCs appeared to have greater frequency accommodation and smaller AHP amplitude (Fig.2B, Table 
S1) than has been reported in younger animals (52, 53). 
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Bitufted cell. BTCs (n = 118) exhibited a bitufted morphology with two bundles of vertically-oriented 
dendrites arising from the opposite poles (Figs.1B, 3C, S3B, S3E, S5A, S6C, S7, S9C, S10A-B). Their axon 
typically originated from the base of the soma and then arborized in to two directions, ascending and 
descending mostly to neighboring layers, to form a vertically-oriented, roughly symmetrical, tangentially-
narrow axonal field (Figs.1B, 3C, S2B, S2E, S5A, S6C, S7, S9C, S10A-B). Their firing patterns were quite 
variable, and could be grouped into four major types. Of the BTCs with intact discharge behavior, about half 
(57/101) fired typical irregular-spiking (IS) APs (Type 1, the AP was followed by a slow AHP, which was 
superimposed by a prominent ADP) with or without an initial burst (Fig.2B, Table S1) (54, 55). Seventeen out 
of 101 BTCs (16.8%) also discharged irregularly, but their APs were followed by a deeper and faster AHP than 
in typical IS, and were not followed by an ADP (Type 2, Fig.2B). Twenty-two out of 101 BTCs (21.7%) had a 
discharge pattern very similar to MCs (Type 3, Fig.2B). A small number of BTCs (n = 5) discharged regularly 
in response to sustained depolarizing currents (Type 4, Fig.2B). 

Bipolar cell. BPCs (n = 85) were small, ovoid cells with narrow bipolar dendrites extending upwards to L1 
and downwards to L5 and L6 (Figs.1C, S3B, S3E). The ascending dendrite had elaborate branches in L1, 
resembling the apical dendrites of pyramidal neurons (Figs.1C, 3C, S3B, S3E, S5A, S6B, S7, S8B, S9C, S10B). 
The axon emerged from one of the primary dendrites and formed a narrow descending band that typically 
reached L6 (Figs.1C, 3C, S2B, S2E, S5A, S6B, S7, S8B, S9C, S10B). All recovered BPCs with intact discharge 
behaviors were IS with (Type 1, ~40%; 29 out of 75) or without (Type 2, 60%; 46 out of 75) initial burst 
(Fig.2B). BPCs also had lower resting membrane potentials and larger AP amplitudes than other types of 
interneurons (Table S1). 

Double bouquet cell. DBCs (n = 46) had a narrow, vertically-oriented, bitufted dendritic tree (Figs.1C, 3A, 
S3B, S3E, S6A, S7 and S8C). Their axons typically originated from the base of the somata and descended 
toward the deeper layers. Along the descending path it frequently bifurcated into branches, which either 
ascended or descended vertically, thus forming a narrow fascicular axonal structure extending across all layers 
(Figs.1C, 3C, S2B, S2E, S6A, S7 and S8C). All recovered DBCs with intact discharge behaviors (n = 43) had a 
fast-spiking (FS) firing pattern (Fig.2B, Table S1). 

L23 basket cell. L23BCs (n = 322) were the most abundant interneuron type encountered in L23 of mature 
V1 (Fig.1E). These neurons had large somata and typically a vertically-oriented, bitufted-like dendritic tree, 
although horizontally-oriented dendrites were also occasionally observed (Figs.1C, 3B, S3B, S3E, S7, S8A, 
S8D, S9A, S9E, S10A-B). They had very thick axons, which originated from the apical side of the somata and 
ascended toward L1 for a variable distance before bifurcating into several major branches. These branches then 
arborized extensively around the somata, with a few higher-order branches extending horizontally into 
neighboring columns and vertically into L5 and L6 (Figs.1C, 3B, S2B, S2E, S7, S8A, S8D, S9A, S9E, S10A-
B). All recovered BCs with intact discharge behaviors (n = 314/322) were FS (Fig.2B, Table S1).  L23BCs we 
recovered were highly homogeneous, and we did not observe any non-FS BC that are believed to be 
cholecystokinin-expressing (CCK+) and have physiological and morphological features distinct from FS BCs 
(56-58). The non-FS BCs have been shown to be present in rat somatosensory cortex and prefrontal cortex (56, 
57), but we did not observe this type of interneurons in adult mouse visual cortex, suggesting that interneuron 
cell types vary across brain regions and may be species-specific (59, 60). 

Chandelier cell. ChCs (n = 18) were easily distinguished by their candlestick-like axonal structure 
(Figs.1C, S8B). They also had characteristic asymmetric, narrow dendritic trees with most branches ascending 
toward the pia (Figs.1C, S3B, S3E, S8B). All recovered ChCs with intact discharge behaviors (n = 15) were FS 
(Fig.2B, Table S1). 

 
Output connectivity profiles 
 
Layer 1 Interneurons 
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L1 neurons in mature V1 had output connection patterns similar to their counterparts in the developing 
cortex (5). SBC-like cells rarely connected to pyramidal neurons and to other L1 neurons (Figs.3A, 3C, S5A, 
S6B, S14, and Table S3). In contrast, eNGCs inhibited L23 and L5 pyramidal neurons (Figs.3A, S14), and both 
types of L1 neurons (connection probability to eNGCs p = 55.1%, 16/29 pairs, uIPSPs amplitude (Amp): 1.64 ± 
0.44 mV; to SBC-like cells: p = 65.6%, 21/32 pairs, Amp: 1.87 ± 0.47 mV; Figs.3A, S5A, S6B, S14, Table S6). 

Both eNGCs and SBC-like cells inhibited L23 interneurons, but not L5 interneurons (Fig.S14). SBC-like 
cells preferentially projected to ChCs (p = 21.4%, 6/28 pairs, Amp: 0.47 ± 0.16 mV), BTCs (p = 17.1%, 6/35 
pairs, Amp: 0.62 ± 0.20 mV) and BPCs (p = 20.9%, 4/20 pairs, Amp: 0.80 ± 0.24 mV; Fig.S14, Table S6). 
eNGCs preferentially projected to L23NGCs (p = 35.5 %, 11/31 pairs, Amp:1.04 ± 0.31 mV; S6B, S14), BTCs 
(p = 45.4%, 20/44 pairs, Amp:0.92 ± 0.15 mV; Figs.S5A, S14) and BPCs (p = 47.6%, 10/21 pairs; Amp: 1.03 ± 
0.23 mV; Figs.S5A, S6B, S14; Table S6).  

 
Layers 2/3 Neurons 

L23 Martinotti Cell. L23MCs avoided inhibiting other L23MCs (p = 0.0%, 0/130), but highly innervated 
all other neuronal types in L1 and L23, including L23 pyramidal neurons (L23Pyr) (connectivity rates ranged 
from 41% to 50% for all cell types; Figs.3A, S6A, S6C, S8A, S8C, S9A, S14; Table S6). L23MCs also 
projected to L5 pyramidal neurons (L5Pyrs) with a low connection probability (p = 8.1%, 6/74 pairs, Amp: 0.22 
± 0.06 mV), and rarely to L5NGCs (p=4.5%, 1/22 pairs) and L5BCs (p = 5.0%; 2/40 pairs, Amp: 0.23 ± 0.00 
mV; Fig.S14, Table S6). 

L23 Neurogliaform Cell. Single APs in L23NGC elicited slow, large-amplitude uIPSPs in almost all 
simultaneously recorded neurons, regardless of cell type or layer. Inhibitory projections from L23NGCs are 
highest and strongest in L1 and L23 (connectivity rate ranged from 47.5% to 65.2%; Figs.3C, S6A-B, S8B, 
S14; Table S6), and modest in L5 (connectivity rate ranged from 25.0% to 35.5%; Figs.3C, S14; Table S6).  

Bitufted Cell. BTCs preferentially projected to L23MCs (p = 26.1%, 12/46 pairs, Amp: 0.32 ± 0.05 mV), 
but they also projected to L23Pyrs (p = 18.3%, 11/60 pairs, Amp: 0.29 ± 0.11 mV), to other BTCs (p = 14.4%, 
8/56 pairs, Amp: 0.44 ± 0.08 mV) and to BPCs (p = 9.1%, 5/55 pairs, Amp: 0.30 ± 0.10 mV; Figs.S6C, S14; 
Table S6). Notably, no connection was identified from BTCs to any cell type in L1 or L5 (Fig.S14).   

Bipolar Cell. BPCs specifically projected to L5MCs (p = 31.0%, 9/29 pairs; Amp: 0.30 ± 0.07 mV; 
Figs.S5A, S14; Table S6). Connections to other cell typees in L1, L23 or L5 were exceedingly rare (p < 0.1%, 
1/531 pairs, for all cell types combined; Figs.3C, S5A, S6B, S8B, S14). 

Double Bouquet Cell. DBCs primarily inhibited other DBCs (p = 44.7%, 17/38 pairs, Amp: 0.77 ± 0.14 
mV) and L23Pyrs (p = 39.4%, 13/33 pairs, Amp: 0.52 ± 0.12 mV) (Figs.3A, S8C), but also projected to 
L23BCs (p = 18.1%, 8/45 pairs, Amp: 0.72 ± 0.15 mV), BPCs (p = 21.4%, 3/14 pairs, Amp: 0.52 ± 0.21 mV) 
and L5Pyrs (p = 13.5%, 5/37 pairs, Amp: 0.25 ± 0.06 mV; Fig.S14; Table S6). No connection was identified 
from DBCs to any cell type of L1 or L5 interneurons (Fig.S14). 

L23 Basket Cell. L23BCs primarily inhibited other BCs (p = 46.8%, 168/359 pairs,  Amp:0.69 ± 0.05 mV 
for L23BCs; p = 13.6%, 15/110 pairs, Amp: 0.79 ± 0.18 mV for L5BCs) and Pyrs (p = 35.2%, 75/213 pairs, 
Amp: 0.50 ± 0.06 mV for L23Pyrs; p = 5.9%, 11/185 pairs, Amp: 0.20 ± 0.02 mV for L5Pyrs; Figs.3B, S8A, 
S14), but also projected to L23MCs (p = 18.2%, 16/88 pairs, Amp: 0.42 ± 0.10 mV, Figs.S8A, S9A), DBCs (p 
= 13.3%, 6/45 pairs, Amp: 0.69 ± 0.14 mV), BTCs (p = 11.4%, 8/70 pairs, Amp: 0.41 ± 0.08 mV), ChCs (p = 
13.3%, 3/22 pairs, Amp: 0.69 ± 0.26 mV) and BPCs (p = 4.3%, 2/47 pairs, Amp: 0.41 ± 0.05 mV; Fig.S14; 
Table S6). 

Chandelier Cell. ChCs were encountered very rarely in visual cortex of adult mice compared to other 
interneuron types (Fig.1E). Based on the limited number of connections tested, ChCs appeared to project 
exclusively to other ChCs (p = 37.5%, 6/16 pairs, Amp: 0.47 ± 0.14 mV) and to L23Pyrs (p = 31.3%, 5/16 
pairs, Amp: 0.35 ± 0.03 mV; Figs.S8B, S14; Table S6). 

L23 Pyramidal Cell. L23Pyrs projected to MCs (p = 18.9%, 20/106 pairs, Amp:1.19 ± 0.26 mV for 
L23MCs; p = 11.2%, 10/89 pairs, Amp:0.53 ± 0.12 mV for L5MCs; Figs.S9A, S9D, S14; Table S6) with 
uEPSPs that were facilitating (second uEPSP/first uEPSP [Amp ratio]: 264 ± 35%, n=10 for L23MCs; 151 ± 
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11%, n = 8 for L5MCs; Figs.S9A,S9D, S9F), to BCs (p = 18.6%, 41/211 pairs,  Amp: 1.61±0.22 mV for 
L23BCs; p = 7.9%, 5/63 pairs, Amp: 1.32 ± 0.20 mV for L5BCs; Figs.S9A-B, S14; Table S6) with uEPSPs that 
were weakly depressing (Amp ratio: 74 ± 6%, n = 14 for L23BCs; 82 ± 4%, n = 4 for L5BC; Figs.9A-B, S9F), 
to BTCs (p = 20.0%, 12/60 pairs, Amp: 1.31 ± 0.32mV; Figs.S9C, S14; Table S6) with uEPSPs that were 
strongly depressing (Amp ratio: 45 ± 10%, n = 10; Fig.S9F), and to HECs (p = 7.5%, 3/40 pairs, Amp: 1.15 ± 
0.28mV; Fig. S14) with uEPSPs that were modestly depressing (Amp ratio: 60 ± 20%, n = 3; Fig.S9F). No 
connection from L23Pyr to the remaining types of interneurons was identified (Fig.S14). L23Pyrs also projected 
to L5Pyrs (p = 4.0%, 6/149 pairs, Amp: 1.13 ± 0.35mV), but connection probability among L23Pyrs was very 
rare (p = 1.8%, 2/112 pairs), which appears to be lower than previous reports (61). This low connectivity may 
be due to a large range of inter-soma distances between tested L23Pyrs (Fig.13B, average distance: 102 ± 4 
µm), or was related to the age of the animals tested.  

 
 

Layer 5 Neurons 
L5 Martinotti Cell. L5MCs projected to all interneuron cell types in L1, L23 and L5 with a similar 

connection probability (Connectivity range: 25%-36%; Figs.3A, S5A, S5D, S8B, S14; Table S6), except to 
other MCs, which they avoided (p = 0.0%, 0/133 pairs for L23MCs; p = 0.0%, 0/92 pairs for L5MCs; Figs.3A, 
S14). The connectivity from L5MCs to pyramidal neurons was slightly lower than to other cell types (Fig.S14), 
but in light of the fact that pyramidal neurons have a larger and more sophisticated dendritic tree than 
interneurons, this could reflect missed connections. Since MCs primarily synapse on the terminal region of the 
apical dendrite of pyramidal neurons (62), the local unitary inhibitory events evoked by MCs are highly 
compartmentalized and far away from the soma and could be significantly attenuated by the time they reach the 
soma (63). Thus, those small events in tuft region may have never reached the soma and were missed. 
Consistent with this explanation, we found that the connection strength from MCs to pyramidal neurons tended 
to be lower than the strength from MCs to other interneurons (Table S6). Therefore, MCs likely projected to 
both pyramidal neurons and non-MC interneurons in a non-selective manner (Fig.6B). 

L5 Neurogliaform Cell. Stimulation of L5NGCs elicited slow uIPSPs with large amplitudes in almost all 
simultaneously recorded neurons (Fig.3C), similar to L23NGCs. Inhibitory projections from L5NGCs were 
highest and strongest in L5 (Connectivity rate range:  54.5%-66.7%; Figs.3C, S14; Table S6), and moderate in 
L23 (connectivity rate range: 27.3%-33.3%; Figs.3C, S14; Table S6). There was no connection identified from 
L5NGCs to L1 neurons (Fig.S14). 

L5 Basket Cell. L5BCs mostly inhibited other BCs (p = 47.8%, 32/67 pairs, Amp: 1.19 ± 0.18 mV for 
L5BCs; p = 21.4%, 22/103 pairs, Amp: 0.51 ± 0.11 mV for L23BCs) and pyramidal neurons (p = 25.0%, 
33/132 pairs, Amp: 0.81 ± 0.16 mV for L5Pyrs; p = 10.1%, 7/69 pairs, Amp: 0.35 ± 0.16 mV for L23Pyrs) 
(Figs.3B, S5D, S14), and also inhibited other L5 cells: L5MCs (p = 15.8%, 12/76 pairs, Amp: 0.46 ± 0.11 mV; 
Fig.S5D, S14), L5NGCs (p = 15.0%, 3/20 pairs, Amp: 0.17 ± 0.03 mV), SCs (p = 12.5%, 4/32 pairs, Amp: 0.60 
± 0.17 mV) and HECs (p = 3.8%, 1/26 pairs; Fig.S14; Table S6). 

Shrub Cell. SCs mainly targeted other SCs (p = 62.5%, 15/24 pairs, Amp: 1.24 ± 0.29 mV; Fig.S5B), but 
also inhibited L5Pyrs (p = 9.8%, 5/51 pairs, Amp: 0.46 ± 0.09 mV; Fig. S14; Table S6). No connection was 
identified from SC to any type of L1 and L23 neurons (Fig.S14).  

Horizontally Elongated Cell. HECs exclusively inhibited other HECs (p = 50.0%, 11/22 pairs, Amp: 0.81 
± 0.26 mV) and L5Pyrs (p = 30.2%, 16/53 pairs, Amp: 0.84 ± 0.21 mV; Figs.S5C, S14; Table S6).  

Deep-Projecting Cell. The only post-synaptic targets of DCs were L5MCs (p = 8.3%, 2/24 pairs, Amp: 
0.30 ± 0.02 mV; Fig. S14).  Since the axons of these cells could reach L6, it was possible that DCs targeted 
additional cell types from which we did not record. 

L5 Pyramidal Cell. L5Pyrs projected to L5MCs (p = 7.8%; 8/102 pairs, Amp: 0.48 ± 0.09mV, Figs. S9E, 
S14) with facilitating synapses (Amp ratio: 265 ± 37%, n = 5; S9F), and to L5BCs (p = 11.3%, 13/115 pairs, 
1.20 ± 0.12 mV; Figs.S5D, S14) and HECs (p = 16.7%, 8/48 pairs, Amp: 0.52 ± 0.07 mV; Figs.S5C, S14) with 
weakly depressing synapses (Amp ratio: 85 ± 5%, n = 7 for L5BC; 87 ± 3%, n = 5 for HEC; S9F). L5Pyrs also 
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projected to L23BCs (p = 2.9%, 5/173 pairs, Amp: 1.08 ± 0.30 mV; Figs.S9E, S14), L23NGCs (p = 2.7%, 2/74 
pairs; Fig.S14) and eNGCs (p = 1.7%, 1/60 pairs; Fig.S14). No connection was identified among L5Pyrs 
(Fig.S14). We believe the low connectivity among L5Pyrs was related to the age of the animals tested because 
we found that the connectivity among L5Pyrs in juvenile slices within the same range of intersoma-distance 
(Fig. S13B, average: 91±4µm) was comparable with reports from other groups (36, 37).   

Layer 5 pyramidal neurons could be differentiated into two types with a slight morphological difference: 
slender-tufted and thick-tufted (Fig.S7C-F), and these two types of neurons have been shown to differ from 
each other in the brain regions they project to (64). Nevertheless, connectivity of these two types of pyramidal 
neurons with interneurons is similar (Table S10), and we thus pooled them together for our analysis.  

 
 

Input connectivity profiles  
Almost all cell types received inputs from NGCs and MCs, indicating these two types of interneurons 

provided non-specific inhibitory sources for local microcircuits (Figs.4, S14). Some cell types also received 
specific inhibitory inputs. 

 
Layer 1 Interneurons 

Except  from non-specific inhibitory inputs (L23MC, L5MC, L1 eNGC and L23NGC), L1 neurons rarely 
received inhibition from other types of interneurons, nor excitatory inputs from L23pyrs and L5pyrs (Figs.4, 
S14). 

 
Layer 2/3 Interneurons 

L23 Martinotti Cell. Besides non-specific inhibition (L23 and L5 NGCs), L23MCs were exclusively 
inhibited by BTCs and L23BCs. They could be easily driven by L23Pyrs, but not L5Pyrs (Figs.4, S14). 

L23 Neurogliaform Cell. L23NGCs received no specific inhibitory inputs. They were not innervated by 
L23Pyrs, but were weakly innervated by L5Pyrs (Figs.4, S14). 

Bitufted Cell. Besides non-specific inhibitory inputs (MCs and NGCs in different layers), BTCs received 
inputs from SBC-like cells, other BTCs, L23Pyrs and L23BCs (Figs.4, S14).   

Bipolar Cell. Besides non-specific inhibition, BPCs received inhibition from SBC-like cells, BTCs and 
DBCs. BPCs rarely received excitatory inputs from L23Pyrs and L5Pyrs (Figs.4, S14). 

Double Bouquet Cell. Besides non-specific inhibition, DBCs received inhibition exclusively from other 
DBCs and L23BCs (Figs.4, S8C, S14). DBC rarely received excitatory inputs from L23Pyrs and L5Pyrs 
(Figs.4, S14). 

L23 Basket Cell. Besides non-specific inhibitory inputs, L23BCs received inhibitory inputs from other BCs 
(both L23 and L5) and DBCs, and excitatory inputs from both L23Pyrs and L5Pyrs (Figs.4, S14).                                          

Chandelier Cell. Besides non-specific inhibitions, ChCs received inhibitions from other ChCs and L23BCs 
(Figs.4, S14).  

L23 Pyramidal Cell. Besides non-specific inhibition, L23Pyrs received inhibitions from BCs (both L23 
and L5), DBCs, BTCs and ChCs (Figs.4, S14).  

 
Layer 5 Neurons 

L5 Martinotti Cell. Besides non-specific inhibitory inputs (NGCs), L5MCs received inhibitory inputs from 
BPCs and L5BCs, and excitatory inputs from both L23Pyrs and L5Pyrs (Figs.4, S14). 

L5 Neurogliaform Cell. Besides non-specific inhibition, L5NGCs were weakly innervated by two types of 
L5 fast-spiking neurons, namely L5BCs and SCs. L5NGCs rarely received excitatory inputs from L23Pyrs and 
L5Pyrs (Figs.4, S14) 

L5 Basket Cell. Besides non-specific inhibition, L5BCs received inhibition exclusively from other BCs 
(L23 and L5), and excitatory inputs from both L23Pyrs and L5Pyrs (Figs.4, S14).  



 
 

11 

Shrub Cell. Besides non-specific inhibition, SCs received inhibition mainly from other SCs, and a small 
amount of inhibition from L5BCs. SCs rarely received excitatory inputs from L23Pyrs and L5Pyrs (Figs.4, 
S14).  

Horizontally Elongated Cell. Besides non-specific inhibition, HECs received inhibition mainly from other 
HECs, and to a much lower extent, from L5BCs. HECs could be driven by both L23Pyrs and L5Pyrs (Figs.4, 
S14). 

Deep-Projecting Cell. Except for non-specific inhibitory inputs, DCs rarely received inputs from local 
microcircuits (Figs.4, S14). 

L5 Pyramidal Cell. Beside non-specific inhibition, L5Pyrs received inhibitions from BCs, SCs, HECs and 
DBCs. L5Pyrs were mainly driven by L23Pyrs (Figs.4, S14). 
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Fig. S1. Simultaneous octuple whole-cell recording configuration and pair-wise connectivity. 
 (A) Morphological recovery of a cluster of eight neurons recorded simultaneously from  
L1, L23 and L5. Recorded neurons were close to each other in the horizontal distance (X) 
(generally less than 100µm). (B) Connection diagram of eight neurons in A. Each of eight 
neurons was stimulated and the responses of the remaining neurons were monitored. Single  
action potentials (APs) elicited in cell 3 and cell 8 evoked uIPSPs in cell 1, 2, 4, 5 and cell 7 
respectively. No connection was identified from cell 1, cell 2, cell 4, cell 5, cell 6 and cell 7  
(traces not shown). Vertical scale bar shows, from top to bottom, amplitudes of current injection (Iinj in nA), 
APs (mV), uIPSPs (mv)..  
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Fig.S2. Axonal length density heat maps of L1-5 interneurons. (A) Axonal length density heat maps of L1 
interneurons (eNGCs: n=12; SBC-like cells: n=15);  (B) Axonal length density heat maps of L23 interneurons 
(L23MCs: n=17; L23NGCs: n=16; BTCs: n=26; BPCs: n=17; DBCs: n=11; L23BCs: n=14; ChCs: n=9); (C) 
Axonal length density heat maps of L5 interneurons (L5MCs: n=18; L5NGCs: n=10; L5BCs: n=15; SCs: n=10; 
HECs: n=12; DCs: n=11). The center of the dash lines indicates the origin of axons. (D) Axonal length density 
plots at both the horizontal and vertical axes of L1 neurons (eNGCs: n=12; SBC-like cells: n=15);  (E) Axonal 
length density plots at both the horizontal and vertical axes of L23 interneurons (L23MCs: n=17; L23NGCs: 
n=16; BTCs: n=26; BPCs: n=17; DBCs: n=11; L23BCs: n=14; ChCs: n=9); (F) Axonal length density plots at 
both the horizontal and vertical axes of L5 interneurons (L5MCs: n=18; L5NGCs: n=10; L5BCs: n=15; SCs: 
n=10; HECs: n=12; DCs: n=11). Zero on the axes indicates the origin of the axons (positive direction of the 
vertical axis points towards the pia). Error bars represent s.e.m. For each cell, single features were derived from 
the line length density map using principal component analysis for cross-validated sparse logistic regression 
classifiers (Fig.S4).  
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Fig.S3. Dendritic length density heat maps of L1-5 interneurons. (A) Dendritic length density heat maps of L1 
interneurons (eNGCs: n=15; SBC-like cells: n=20); (B) Dendritic length density heat maps of L23 interneurons 
(L23MCs: n=16; L23NGCs: n=16; BTCs: n=26; BPCs: n=17; DBCs: n=15; L23BCs: n=18; ChCs: n=8); (C) 
Dendritic length density heat maps of L5 interneurons (L5MCs: n=24; L5NGCs: n=8; L5BCs: n=19; SCs: 
n=17; HECs: n=14; DCs: n=9). The center of the dash lines indicates the center of the somata. (D) Dendritic 
length density plots at both the horizontal and vertical axes of L1 neurons (eNGCs: n=15; SBC-like cells: 
n=20); (E) Dendritic length density plots at both the horizontal and vertical axes of L23 interneurons (L23MCs: 
n=16; L23NGCs: n=16; BTCs: n=26; BPCs: n=17; DBCs: n=15; L23BCs: n=18; ChCs: n=8); (F) Dendritic 
length density plots at both the horizontal and vertical axes of L5 interneurons (L5MCs: n=24; L5NGCs: n=8; 
L5BCs: n=19; SCs: n=17; HECs: n=14; DCs: n=9). Zero on the axes indicates the center of the soma (positive 
direction of the vertical axis points towards the pia). Error bars represent s.e.m. For each cell, single features 
were derived from the line length density map using principal component analysis for cross-validated sparse 
logistic regression classifiers (Fig.S4). 
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Fig.S4. Axonal and dendritic features computed using PCA from the axon and dendrite density map of 
interneurons of each layer used in the classification analysis (A-C) and the scatter plots of all types for axonal 
features 1 and 2 (D-F). For L23 and L5, the features are ranked by the number of times they were used in 
pairwise classification of cell types with a weight >0.01. For L1, mainly axonal feature 1 was used. (A) Features 
of L1 neurons; (B) Features of L23 interneurons; (C) Features of L5 interneurons. (D) Scatter plot of L1 
neurons for axon features 1 and 2; (E) Scatter plot of L23 interneurons for axon features 1 and 2; (F) Scatter 
plot of L5 interneurons for axon features 1 and 2. 
  



 
 

19  



 
 

20 

Fig.S5. Connection between morphologically distinct typees of interneurons in V1. Vertical scale bars not 
showing distance show, from top to bottom, amplitudes of current injection (Iinj in nA), APs (mV), uIPSPs 
(mV). (A) Connections between eight simultaneously recorded neurons including one eNGC, one SBC-like cell, 
one BTC, one BPC, one L23Pyr, one L5Pyr, one L5MC and one SC (Left). Each neuron was spatially separated 
in Fig.S7D. Middle: connection diagram of eight reconstructed neurons. Right: Single APs elicited in eNGC 
(cell 2) evoked uIPSPs in SBC-like cell, BPC and BTC, not in other neurons; APs elicited in BPC (cell 3) 
evoked uIPSPs only in L5MC; APs elicited in L5MC (cell 6) evoked uIPSPs in all other neurons. (B) 
Connections between four simultaneously recorded, morphologically reconstructed L5 neurons including two 
SCs, one L5BC and one L5Pyr (Left). Each neuron was spatially separated in Fig.S7E. Right: connection 
diagram of four neurons. Single APs in one SC (SC-2) evoked uIPSPs in another SC (SC-1), but not in other 
neurons. (C) Connections between four simultaneously recorded L5 neurons including two HECs, one L5BC 
and one L5Pyr (Left). Each neuron was spatially separated in Fig.S7F. Right: connection diagram of four 
neurons. Single APs in L5BC (cell 1) and L5Pyr (cell 2) evoked uIPSPs and uEPSPs in L5Pyr and HEC (cell 3), 
respectively; APs in either of two HECs (cell 3 or 4) evoked uIPSPs in another HEC; APs in HEC (cell 3) also 
evoked uIPSPs in L5Pyr, but not in L5BC. (D) Connections between two L5BCs, L5Pyrs and L5MC. Left: five 
simultaneously recorded L5 neurons including two L5BCs, two L5Pyrs and one L5MC. The morphology of 
each neuron was spatially separated (Right). Middle: connection diagram of five neurons. Single APs elicited in 
L5MC evoked uIPSPs in two L5Pyrs and one L5BC, but not in another L5BC (cell 5); APs elicited in one 
L5BC (cell 4) evoked uIPSPs in two L5Pyrs and L5MC, but not in another L5BC (cell 5); APs elicited in cell 5 
(L5BC) evoked uIPSPs only in cell 4 (another L5BC), not in other neurons. Repetitive APs elicited in one 
L5Pyr (cell 3) at 10Hz evoked successive uEPSPs in L5BC (cell 5), not in other neurons, and uEPSPs in L5BC 
were modestly depressing.  
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Fig.S6. L23NGCs projected to every type of neurons in L1 and L23, and BTC projected to L23MC and other 
BTCs. Vertical scale bars not showing distance show, from top to bottom, amplitudes of current injection (Iinj in 
nA), APs (mV), uIPSPs (mV). (A) NGCs inhibited every neuron nearby and were inhibited by L23MC.  Left: 
six simultaneously recorded neurons including three L23NGCs, one L23MC, one DBC and one L23Pyr. The 
morphology of each neuron was spatially separated (Right). Middle: connection diagram of six neurons. Single 
APs elicited in one L23NGC (cell 1) evoked uIPSPs in all other neurons except cell 2 (NGC); APs elicited in 
one L23NGC (cell 2) evoked uIPSPs in all other neurons except L23MC; APs elicited in one L23NGC (cell 3) 
evoked uIPSPs in all other neurons; APs elicited in L23MC evoked uIPSPs in two NGCs (cell 1 and cell 3) and 
DBC, but not in L23Pyr and another L23NGC (cell 2). (B) NGCs inhibited neurons in both L1 and L23.  Left: 
five simultaneously recorded neurons including two BPCs, one L23NGC, one eNGC and one SBC-like cell. 
The morphology of each neuron was spatially separated (Right). Middle: connection diagram of five neurons. 
Single APs elicited in eNGC evoked uIPSPs in all other neurons; APs in L23NGC evoked uIPSPs in all other 
neurons except one BPC (cell 5). (C) BTC projected to L23MC and other BTCs.  Left: four simultaneously 
recorded neurons including two BTCs, one L23MC and one L23Pyr. The morphology of each neuron was 
spatially separated (Right). Middle: connection diagram of five neurons. Single APs elicited in one BTC (cell 1) 
evoked uIPSPs only in L23MC; APs elicited in another BTC (cell 3) evoked uIPSPs in all other neurons; APs 
elicited in L23MC evoked uIPSPs in both L23BTCs, but not in L23Pyr.  
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Fig.S7. The neurons in Fig.3 and Fig.S5 were spatially separated. (A) Spatially separated neurons from Fig.3A. 
(B) Spatially separated neurons from Fig.3B. (C) Spatially separated neurons from Fig.3C. (D) Spatially 
separated neurons from Fig.S5A. (E) Spatially separated neurons from Fig.5B. (F) Spatially separated neurons 
from Fig.5C.  
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Fig.S8. Connection patterns between morphologically distinct typees of GABAergic interneurons. Vertical 
scale bars not showing distance show, from top to bottom, amplitudes of current injection (Iinj in nA), APs 
(mV), uIPSPs (mV). (A) L23BCs inhibited each other, and L23BCs mutually connected with L23MCs. Left: 
five simultaneously recorded, morphologically reconstructed neurons including one L23MC, one L23Pyr, three 
L23BCs. They were spatially separated as shown in (D). Middle: connection diagram of five neurons. Right: 
single APs elicited in L23MC (cell 1) evoked uIPSPs in two L23BCs (cell 2 and cell 4), but not in L23Pyr and 
other L23BC (cell 5); APs elicited in L23BC (cell 2) evoked uIPSPs in two other L23BCs, but not in L23Pyr 
and L23MC; APs elicited in L23BC (cell 4) evoked uIPSPs in two other L23BCs and L23MC, but not in 
L23Pyr; APs elicited in L23BC (cell 5) evoked uIPSPs in two other L23BCs and L23Pyr, but not in L23MC. 
The uIPSPs from connections between cell 2 and cell 4 were mixed with the preceding spikelets, which were 
confirmed to result from electrical connections. (B) ChCs inhibited each other and receive inhibitory inputs 
from L5MC and L23NGC. Left: six simultaneously recorded, morphologically reconstructed neurons including 
one L5MC, one L23NGC, one BPC, two ChCs and one L5Pyr, and they were spatially separated (Right). 
Middle: connection diagram of six neurons. Single APs elicited in L23NGC (cell 1) evoked uIPSPs in two 
ChCs, but not in other neurons; APs elicited in one ChC (cell 3) evoked uIPSPs in another ChC, not in other 
neurons; APs elicited in L5MC evoked uIPSPs in L23NGC and one ChC (cell 3), but not in other neurons. (C) 
DBCs inhibited each other and received inhibitory inputs from MC. Left: four simultaneously recorded, 
morphologically reconstructed neurons including one L23MC, two DBCs and one L23Pyr, and they were 
spatially separated (Right). Middle: connection diagram of six neurons. Single APs elicited in DBC (cell 3) 
evoked uIPSPs in another DBC and L23Pyr, but not in L23MC; APs elicited in L23MC evoked uIPSPs only in 
one DBC, not in another DBC and L23Pyr.  
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Fig.S9. Connections from pyramidal neurons to GABAergic interneurons. Vertical scale bars not showing 
distance show, from top to bottom, amplitudes of current injection (Iinj in nA), APs (mV), uIPSPs (mV). (A) 
Left: three simultaneously recorded neurons including one L23MC, one L23BC and one L23Pyr (axons of 
L23Pyr were omitted). Right: connection diagram of three neurons. Single APs elicited in L23BC evoked 
uIPSPs in other two neurons; APs elicited in L23MC evoked uIPSPs in other two neurons; repetitive APs 
elicited in L23Pyr at 10Hz evoked successive uEPSPs in both L23BC and L23MC, with uEPSPs in L23MC 
strongly facilitating and uEPSPs in L23BC weakly depressing. (B) Left: three simultaneously recorded neurons 
including one L23Pyr, one L23BC and one L5BC. Right: connection diagram of three neurons. Repetitive APs 
elicited in L23Pyr at 10Hz evoked successive uEPSPs in both L23BC and L5BC, and uEPSPs in both L23BC 
and L5BC were depressing. (C) Connections between six simultaneously recorded, morphologically 
reconstructed neurons including three BTCs, one BPC, one L23P and one L5P (Left). Each neuron was spatially 
separated (Right). Middle: connection diagram of six neurons. Repetitive APs elicited in L23P (cell 2) at 10 Hz 
evoked successive uIPSPs in three BTCs, not in other neurons. (D) Left: three simultaneously recorded neurons 
including one L23Pyr, one L23MC and one L5MC. Right: connection diagram of three neurons. Repetitive APs 
elicited in L23Pyr at 10Hz evoked successive uEPSPs in both L23MC and L5MC, with uEPSPs in L23MC 
strongly facilitating and uEPSPs in L5MC weakly facilitating. (E) Left: three simultaneously recorded neurons 
including one L23BC, one L5Pyr and one L5MC. Right: connection diagram of three neurons. Repetitive APs 
elicited in L5Pyr at 10Hz evoked successive uEPSPs in both L23BC and L5MC, with uEPSPs in L5MC 
strongly facilitating and uEPSPs in L23BC weakly depressing. (F) Pair pulse effects of uEPSPs from distinct 
types of interneurons. 
 
  



 
 

29 

  



 
 

30 

Fig.S10. The morphological diversity of interneurons from PV, SOM and VIP-Cre lines and the correlations 
between connectivity of labeled neurons from different Cre lines. (A) The morphological diversity of 
interneurons from SOM-Cre lines. (B) The morphological diversity of interneurons from PV and VIP-Cre lines. 
(C) Connectivity between distinct morphological types of PV+ neurons and their connectivity with pyramidal 
neurons (Table S7) is plotted against the connectivity between corresponding morphological types from 
viaat/ai9 and wild-type mice. There is a strong linear relationship between connectivity from different mouse 
lines (r(33)=0.97, p<0.0001; left plot) ). Connectivity between distinct morphological types of SOM+ neurons 
and their connectivity with pyramidal neurons (Table S8) is plotted against the connectivity between 
corresponding morphological types from viaat/ai9 and wild-type mice. There is a strong linear relationship 
between connectivity from different mouse lines (r(37)=0.86, p<0.0001; middle plot). Connectivity between 
distinct morphological types of VIP+ neurons and their connectivity with pyramidal neurons (Table S9) is 
plotted against the connectivity between corresponding morphological types from viaat/ai9 and wild-type mice. 
There is a strong linear relationship between connectivity from different mouse lines (r(11)=0.95, p<0.0001; 
right). 
 
 
 
 
 
 
  



 
 

31 

 
 
 
Fig. S11. The histogram of latencies of uIPSPs and uEPSPs. (A)The histogram of latencies of all uIPSPs except 
NGC-eliciting uIPSPs and the histogram of latencies of NGC-eliciting uIPSPs. (B) Latency comparison of 
uIPSPs recorded in the absence of glutaminergic antagonists (APV and CNQX) with those recorded in the 
presence of glutaminergic antagonists. Note the blockade of glutamatergic transmission does not shift left the 
distribution of latencies. (C) The histogram of latencies of all uEPSPs, measured from the peak of the 
presynaptic AP to 5% of the rise of the uEPSPs.  
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

32 

 



 
 

33 

Fig.S12. (A) Connection probability profiles as a function of distance (Euclidean, horizontal and vertical). Error 
bars represent 95% confidence interval. (B) The inhibitory connectivity between L5 neurons as a function of 
inter-soma distance (left),  the inhibitory connectivity between L23 neurons as a function of inter-soma distance 
(middle), and the inhibitory connectivity between L23 neurons and L5 neurons  as a function of inter-soma 
distance (right).  Note the connection probabilities within L23 are higher than within L5 in all ranges of inter-
soma distance. (C)  The inhibitory connectivity between L23 neurons and L5 neurons as a function of inter-
soma horizontal distance. (D) Scatter plots show the connectivity of each type of connections as a function of 
the average Euclidean, horizontal and vertical distances between the neuronal pairs in this type of connection.  
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Fig. S13. (A)The histogram of the Euclidean distances between all recorded neurons within a layer and the 
histogram of the horizontal distances between all recorded neurons across layers. (B) The histogram of 
Euclidean distances between recorded L5 pyramidal neurons, and between recorded L23 pyramidal neurons.  
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Fig.S14 Connectivity matrix for the mouse V1. Color-coded matrix showing the probability of finding a 
connected pair of neurons between two specific types of neurons within and across layers, which is denoted as 
% (total connections found/total connections tested). The mean amplitudes of uIPSPs and uEPSPs for each type 
of connections are presented in Table S6.  
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Table S1. Intrinsic electrophysiological properties of GABAergic interneurons in mature visual cortex. Rin 
denotes the input resistance. Tau denotes membrane time constant. AHP denotes the afterhyperpolarization. 
ADP (%/Amp) denotes the percentage of neurons with afterdepolarization following action potentials (APs) and 
the ADP amplitude (mV). AI denotes the firing adaptation index. Max. frequency denotes the maximum firing 
frequency. LS denotes late-spiking firing pattern, and the percentages of neurons with LS in each type of 
interneurons were calculated. BS denotes the burst-spiking firing pattern, and the percentages of neurons with 
BS were calculated. Values are mean ± SEM. Statistically significant differences (p < 0.05) were assessed by 
performing a nonparametric Kruskal-Wallis test followed by a post hoc Dunn-Holland-Wolfe test for pairwise 
comparison. Statistically significant differences between layer 1 neurons were found for the following: eNGC 
versus SBC-Like in AP threshold, AP amplitude, AHP and AI. Statistically significant differences between 
layers 2/3 interneurons were found for the following: Resting Vm: BPC versus L23MC, BPC versus L23NGC, 
BPC versus BTC, BPC versus DBC, BPC versus L23BC, BPC versus ChC. Rin: DBC versus L23MC, DBC 
versus L23NGC, DBC versus L23BTC, DBC versus BPC, DBC versus ChC, L23BC versus L23MC, L23BC 
versus L23NGC, L23BC versus L23BTC, L23BC versus BPC. Tau: L23MC versus L23NGC, L23MC versus 
BTC, L23MC versus BPC, L23MC versus DBC, L23MC versus L23BC, L23MC versus ChC, L23BC versus 
BTC. AP threshold: L23NGC versus L23MC, L23NGC versus BPC, L23NGC versus BTC, L23NGC versus 
DBC, L23NGC versus L23BC, L23NGC versus ChC. AP amplitude: BPC versus L23MC, BPC versus 
L23NGC, BPC versus DBC, BPC versus L23BC, BPC versus ChC, BTC versus L23MC, BTC versus L23 

 Table S1. Intrinsic Electrophysiological Properties of GABAergic Interneurons in Mature Visual       
Cortex  

 
 

Resting 
Vm (mV) 

Rin  
(MΩ) 

Tau 
(ms) 

AP 
threshold 

(mV) 

AP 
amplitude 

(mV) 
AP half-

width (ms) 
AHP  
(mV) 

ADP                   
%/Amp (mV) 

AI 
(%) 

Max. 
frequency 
(spike/s) 

LS 
(% of 

neuron) 

BS 
(% of 

neuron) 

L1 eNGC -66.7±1.4 132.8±6.0 4.3±0.1 -38.3±0.7 60.4±1.5 1.04±0.03 13.8±0.4 
0.0% 
/0±0.0 130.7±4.7 15.7±0.7 90.0% 0.0% 

SBC-
like -69.8±1.4 136.8±5.4 5.2±0.2 -45.0±0.6 69.1±1.0 0.92±0.02 7.3±0.5 

91.2%/ 
3.9±0.4 518.4±140.0 15.2±1.2 3.2% 42.6% 

L23 

MC -66.3±0.9 126.1±3.6 9.1±0.4 -42.4±0.9 68.6±1.9 0.80±0.02 12.8±0.5 
0.0%/ 
0±0.0 138.5±4.8 25.5±2.4 0.0% 0.0% 

NGC -66.7±1.1 120.6±7.1 4.7±0.2 -37.2±1.3 63.6±2.8 0.94.6±0.04 11.5±0.7 
7.7%/ 

2.1±0.3 190.3±15.6 20.0±2.1 98.2% 0.0% 
BTC -66.5±1.3 131.6±5.6 5.8±0.5 -44.2±1.0 79.7±1.6 0.75±0.02 9.6±0.9 

53.6%/ 
5.0±0.5 235.5±11.8 19.1±2.0 0.0% 13.3% 

BPC -77.4±1.6 131.2±5.4 4.2±0.3 -46.4±1.4 84.6±1.5 0.78.6±0.03 7.8±1.1 
90.4%/ 
5.4±0.9 380.5±35.2 13.2±1.6 0.0% 40.0% 

BC -68.1±1.1 84.5±3.9 3.9±0.2 -44.1±1.0 62.2±1.0 0.66±0.01 18.2±0.4 
0.0%/ 
0±0.0 109.0±1.3 145.2±2.8 0.0% 0.0% 

DBC -67.6±1.3 76.7±2.7 4.6±0.2 -41.9±1.1 61.0±1.5 0.62±0.02 19.7±0.4 
0.0%/ 
0±0.0 111.4±1.9 152.8±4.8 0.0% 0.0% 

ChC -71.3±1.4 111.7±5.8 4.4±0.4 -43.8±1.6 60.2±3.2 0.59±0.02 18.8±0.8 
0.0%/ 
0±0.0 108.5±4.2 150.0±6.7 

 
0.0% 0.0% 

L5 

MC -66.6±1.1 141.8±7.1 9.1±0.4 -48.2±0.7 70.2±0.9 0.83±0.02 11.7±0.4 
0.0%/ 
0±0.0 164.8±10.2 13.4±1.1 0.0% 0.0% 

NGC -63.3±1.8 95.4±6.4 5.3±0.2 -35.2±1.7 59.2±3.3 0.94±0.04 13.5±1.1 
7.5/ 

2.1±0.5 197.7±20.8 20.5±2.7 100.0% 0.0% 
BC -68.0±1.0 95.8±4.0 4.9±0.2 -47.1±0.7 56.5±0.9 0.70±0.01 18.5±0.4 

0.0%/ 
0±0.0 108.6±1.1 142.6±4.8 0.0% 0.0% 

SC -66.5±1.0 105.0±5.1 4.9±0.2 -47.5±0.8 59.7±1.3 0.71±0.01 18.8±0.7 
0.0%/ 
0±0.0 109.3±1.8 142.8±4.1 0.0% 0.0% 

HEC -66.8±1.1 111.5±4.9 4.9±0.2 -46.8±1.1 59.7±1.6 0.73±0.02 17.9±0.8 
0.0%/ 
0±0.0 113.6±6.5 138.8±5.8 0.0% 0.0% 

DC -70.6±2.3 141.5±15.6 5.3±0.5 -49.6±2.4 75.7±3.0 0.85±0.03 9.5±1.7 
30.0%/ 
4.9±0.9 276.0±65.3 25.7±6.9 0.0% 25.0% 
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NGC, and BTC versus DBC, BTC versus L23BC, BTC versus ChC. AP half-width: DBC versus L23MC, DBC 
versus L23NGC, DBC versus BTC, DBC versus BPC, L23NGC versus L23MC, L23NGC versus BTC, 
L23NGC versus BPC, L23NGC versus DBC, L23NGC versus L23BC, L23NGC versus ChC, L23MC versus 
L23BC, L23MC versus ChC.  AHP: BPC versus L23MC, BPC versus DBC, BPC versus L23BC, BPC versus 
ChC, BTC versus DBC, BTC versus L23BC, BTC versus ChC, L23MC versus DBC, L23MC versus L23BC, 
L23MC versus ChC. L23NGC versus DBC, L23NGC versus L23BC, L23NGC versus ChC. AI: L23BC versus 
L23MC, L23BC versus L23NGC, L23BC versus BTC, L23BC versus BPC, ChC versus L23MC, ChC versus 
L23NGC, ChC versus BTC, ChC versus BPC, DBC versus L23MC, DBC versus L23NGC, DBC versus BTC, 
DBC versus BPC, L23MC versus BPC. Max Frequency: L23BC versus L23MC, L23BC versus L23NGC, 
L23BC versus BTC, L23BC versus BPC, ChC versus L23MC, ChC versus L23NGC, ChC versus BTC, ChC 
versus BPC, DBC versus L23MC, DBC versus L23NGC, DBC versus BTC, DBC versus BPC. Statistically 
significant differences between layers 5 interneurons were found for the following: Rin: L5BC versus L5MC, 
L5BC versus DC. Tau: L5MC versus L5NGC, L5MC versus SC, L5MC versus L5BC, L5MC versus HEC, 
L5MC versus DC. AP threshold: L5NGC versus L5MC, L5NGC versus SC, L5NGC versus L5BC, L5NGC 
versus HEC, L5NGC versus DC. AP amplitude: L5MC versus L5NGC, L5MC versus SC, L5MC versus L5BC, 
L5MC versus HEC, DC versus L5NGC, DC versus SC, DC versus L5BC, DC versus HEC. AP half-width: 
L5BC versus L5MC, L5BC versus L5NGC, L5BC versus DC, L5NGC versus L5MC, L5NGC versus HEC, 
L5NGC versus SC, L5NGC versus DC.  AHP: DC versus L5BC, DC versus SC, DC versus HEC, L5MC versus 
L5BC, L5MC versus SC, L5MC versus HEC, L5NGC versus L5BC, L5NGC versus SC, L5NGC versus HEC. 
AI: DC versus L5BC, DC versus SC, DC versus HEC, L5MC versus L5BC, L5MC versus SC, L5MC versus 
HEC, L5NGC versus L5BC, L5NGC versus SC, L5NGC versus HEC. Max Frequency: DC versus L5BC, DC 
versus SC, DC versus HEC, L5MC versus L5BC, L5MC versus SC, L5MC versus HEC, L5NGC versus L5BC, 
L5NGC versus SC, L5NGC versus HEC. 
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 Table S2. Intrinsic Electrophysiological Properties of Classic SBCs and Atypical SBCs 

 

Resting 
Vm (mV) 

Rin  
(MΩ) 

Tau 
(ms) 

AP 
threshold 

(mV) 

AP 
amplitude 

(mV) 

AP half-
width 
(ms) 

AHP  
(mV) 

ADP                   
%/Amp (mV) 

AI 
(%) 

Max. 
frequency 
(spike/s) 

LS 
(% of 

neuron) 

BS 
(% of 

neuron) 
Classic 

SBC -70.1±2.3 136.8±8.4 5.1±0.3 -46.0±0.9 68.1±1.4 0.91±0.03 7.9±0.8 
90.0% 

/4.2±0.6 385±99 13.8±1.2 2.1% 35.6% 
Atypical 

SBC -68.6±4.9 132.8±9.6 5.2±0.5 -43.8±2.5 67.6±3.7 0.95±0.07 7.4±0.7 
100%/ 
4.2±0.6 480±163 13.0±2.2 4.2% 44.2% 

 
Table S2. Intrinsic electrophysiological properties of classic SBCs and atypical SBCs. Statistically significant 
differences (p < 0.05) were assessed by performing Mann-Whitney rank sum nonparametric test. Statistically 
significant differences between two groups of SBC-like cells were not found for any electrophysiological 
parameter. 
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Table S3. Projections from classic SBCs and atypical SBCs to L23 neurons   

Table S3. Projections from Classic SBCs and Atypical SBCs  to L23 neurons 

pre- 
synaptic 

Postsynaptic 
L23 interneurons L23 pyramidal neurons 

Classic 
SBC 

 
7.3% (8/109) % (0/36) 

 Atypical 
SBC 6.5% (8/123) % (0/35) 
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Table S4. Morphology of labeled neurons from four mouse Cre lines. 
 
  

Table S4. Morphology of Labeled Neurons from Four Mouse Cre Lines 
 eNGC SBC-

like 
L23 
MC 

L23 
NGC BTC BPC DBC L23 

BC ChC L23 
Pyr 

L5 
MC 

L5 
NGC 

L5 
BC SC HEC DC L5 

Pyr 

Viaat 

L1 
(n=31) 

17 
(55%) 

14 
(45%) --- --- --- --- --- --- --- --- --- --- --- --- --- --- --- 

L23 
(n=402) --- --- 44 

(11%) 
56 

(14%) 
69 

(17%) 
40 

(10%) 
25 

(6%) 
159 

(39% 
8 

(2%) 
1 

(0.3%) --- --- --- --- --- --- --- 

L5 
(n=289) --- --- --- --- --- --- --- --- --- --- 87 

(30%) 
7 

(2.5%) 
87 

(30%) 
49 

(17%) 
26 

(9%) 
13 

(4.5%) 
20 

(7%) 

PV 

L23 
(n=82) --- --- 0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
80 

(97.5%) 
2 

(2.5%) 
0 

(0%)        

L5 
(n=43) --- --- --- --- --- --- --- --- --- --- 0 

(0%) 
0 

(0%) 
26 

(60%) 
10 

(23%) 
8 

(19%) 
0 

(0%) 
0 

(0%) 

SOM 

L23 
(n=100) --- --- 66 

(66%) 
0 

(0%) 
10 

(10%) 
0 

(0%) 
0 

(0%) 
24 

(24%) 
0 

(0%) 
0 

(0%) --- --- --- --- --- --- --- 

L5 
(n=90) --- --- --- --- --- --- --- --- --- --- 67 

(74%) 
0 

(0%) 
17 

(19%) 
0 

(0%) 
1 

(1.1%) 
1 

(1.1%) 
0 

(0%) 

VIP 

L23 
(n=40) --- --- 0 

(0%) 
0 

(0%) 
20 

(55%) 
18 

(45%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) --- --- --- --- --- --- --- 

L5 
(n=2) --- --- --- --- --- --- --- --- --- --- 0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 
0 

(0%) 

Cre lines 
Cell types 
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Table S5. Nomenclature of morphologically identified cell types 
Abbreviation Name Layer Genetic Marker 
eNGC Elongated Neurogliaform Cell L1  
SBC-like  Single-bouquet Cell-like Cell L1  
MC Martinotti Cell L23, L5 SOM 
NGC Neurogliaform Cell L23, L5  
BTC Bitufted Cell L23 VIP, SOM 
BPC Bipolar Cell L23 VIP 
DBC Double Bouquet Cell L23  
BC Basket Cell L23,L5 PV, SOM 
ChC Chandelier Cell L23 PV 
SC Shrub Cell L5 PV 
HEC Horizontally-Elongated Cell L5 PV 
DC Deep-Projecting Cell L5  
 
Table S5. Nomenclature of morphologically identified cell types and their genetic markers. 
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Table S6. Amplitude of uIPSPs and uEPSPs. 
 
 
 
 
 
 
 
 
 
 
 
  

Table S6. Amplitude of uIPSPs and uEPSPs from Different Types of Connections (mV) 

Post- 
synaptic 

Presynaptic 
SBC-
like eNGC L23 

MC 
L23 

NGC BTC BPC DBC L23 
BC ChC L23 

Pyr 
L5 
MC 

L5 
NGC 

L5 
BC SC HEC DC L5 

Pyr 
SBC-like 0.47± 

0.15 
1.80± 
0.49 

0.50± 
0.09 

0.75± 
0.12 ---- ---- ---- ---- ---- 0.18 

0.35± 
0.11 ---- ---- ---- ---- ---- ---- 

eNGC ---- 
1.73± 
0.55 

0.50± 
0.11 

1.03± 
0.22 ---- ---- ---- 0.37 ---- ---- 

0.31± 
0.07 ---- ---- ---- ---- ---- 0.76 

L23MC ---- ---- 0.15 
0.75± 
0.11 

0.32± 
0.05 ---- ---- 

0.42± 
0.10 ---- 

0.86± 
0.15 ---- 

0.75± 
0.39 0.19 ---- ---- ---- ---- 

L23NGC ---- 
0.78± 
0.18 

0.45± 
0.11 

0.84± 
0.13 ---- ---- ---- ---- ---- ---- 

0.22± 
0.04 

0.31± 
0.10 0.37 ---- ---- ---- 

0.93± 
0.57 

BTC 0.47± 
0.19 

0.78± 
0.10 

0.46± 
0.10 

1.36± 
0.35 

0.44± 
0.08 ---- 0.10 

0.41± 
0.08 ---- 

1.31± 
0.32 

0.70± 
0.24 

0.52± 
0.16 

0.33± 
0.19 ---- ---- ---- ---- 

BPC 0.62± 
0.19 

1.10± 
0.24 

0.58± 
0.27 

0.86± 
0.14 

0.30± 
0.10 ---- 

0.52± 
0.21 

0.41± 
0.05 ---- ---- 

0.42± 
0.10 

0.64± 
0.07 ---- ---- ---- ---- ---- 

DBC 0.34 ---- 
0.63± 
0.16 

1.27± 
0.32 ---- ---- 

0.77± 
0.14 

0.69± 
0.14 ---- ---- 

0.37± 
0.05 

0.46± 
0.12 ---- ---- ---- ---- ---- 

L23BC ---- 
0.48± 
0.18 

0.50± 
0.07 

0.84± 
0.10 

0.18± 
0.03 ---- 

0.72± 
0.15 

0.68± 
0.05 ---- 

1.60± 
0.23 

0.39± 
0.05 

0.42± 
0.17 

0.51± 
0.11 ---- ---- ---- 

1.08± 
0.30 

ChC 0.47± 
0.16 ---- 

0.52± 
0.11 

0.90± 
0.19 ---- ---- ---- 

0.69± 
0.26 

0.47± 
0.15 ---- 

0.54± 
0.25 

0.53± 
0.16 ---- ---- ---- ---- ---- 

L23Pyr ---- 
0.53± 
0.07 

0.31± 
0.05 

0.71± 
0.11 

0.28± 
0.11 ---- 

0.52± 
0.12 

0.48± 
0.05 

0.35± 
0.03 

0.34± 
0.08 

0.25± 
0.05 

0.56± 
0.19 

0.35± 
0.16 ---- ---- ---- ---- 

L5MC ---- ---- ---- 
0.55± 
0.16 ---- 

0.30± 
0.07 ---- 0.65 ---- 

0.53± 
0.12 ---- 

0.86± 
0.29 

0.41± 
0.11 ---- ---- 

0.30± 
0.02 

0.52± 
0.09 

L5NGC ---- ---- 0.37 
0.68± 
0.20 ---- ---- ---- ---- ---- ---- 

0.36± 
0.21 

1.36± 
0.83 

0.17± 
0.03 0.28 ---- ---- ---- 

L5BC ---- ---- 
0.23± 
0.00 

0.62± 
0.17 ---- 0.21 ---- 

0.79± 
0.18 ---- 

1.32± 
0.20 

0.40± 
0.08 

0.99± 
0.32 

1.19± 
0.18 0.53 ---- ---- 

1.20± 
0.12 

SC ---- ---- ---- 
0.52± 
0.15 ---- ---- ---- 0.25 ---- ---- 

0.48± 
0.08 

0.98± 
0.22 

0.60± 
0.17 

1.40± 
0.34 ---- ---- ---- 

HEC ---- ---- ---- 
0.35± 
0.04 ---- ---- ---- 

0.56± 
0.16 ---- 

1.15± 
0.28 

0.45± 
0.08 

1.59± 
0.77 0.43 ---- 0.81±0.26 ---- 

0.53± 
0.07 

DC ---- ---- ---- 
0.68± 
0.16 ---- ---- ---- ---- ---- ---- 

0.33± 
0.07 

1.01± 
0.27 ---- ---- ---- ---- ---- 

L5Pyr ---- 
0.42± 
0.07 

0.22± 
0.06 

0.45± 
0.08 ---- ---- 

0.15± 
0.03 

0.20± 
0.02 ---- 

1.13± 
0.35 

0.27± 
0.03 

0.90± 
0.22 

0.81± 
0.16 

0.44± 
0.04 

0.90± 
0.20 ---- ---- 
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 Table S7. Connectivity among PV+ neurons and  pyramidal neurons 
  

L23 BC ChC L23Pyr L5BC SC HEC L5Pyr 

L23 BC 
41.2% 
(28/68) 

0% 
(0/5) 

15.9% 
(13/82) 

19.3% 
(6/31) 

0% 
(0/15) 

0% 
(0/12) 

0% 
(0/56) 

ChC 
0% 

(0/5) --- 
0% 

(0/1) ---- 
0% 

(0/1) ---- 
0% 

(0/1) 

L23Pyr 
32.9% 
(27/82) 

0% 
(0/1) 

2% 
(1/50) 

0% 
(0/15) 

0% 
(0/10) 

0% 
(0/12) 

0% 
(0/50) 

L5BC 
12.9% 
(4/31) --- 

13.3% 
(2/15) 

42.8% 
(3/7) 

0% 
(0/6) 

0% 
(0/5) 

15% 
(3/20) 

SC 
0% 

(0/15) 
0% 

(0/1) 
0% 

(0/10) 
0% 

(0/6) 
50.0% 
(3/6) 

0% 
(0/3) 

0% 
(0/10) 

HEC 
0% 

(0/12) --- 
8.3% 
(1/12) 

0% 
(0/5) 

0% 
(0/3) 

42.8% 
(3/7) 

0% 
(0/6) 

L5Pyr 
7.1% 
(4/56) 

0% 
(0/1) 

5.1% 
(2/39) 

25% 
(5/20) 

16.7% 
(1/6) 

33.4% 
(2/6) 

0% 
(0/12) 

  
Table S7. Connectivity among distinct types of PV+ neurons and their interconnections  
with pyramidal neurons. Note that the connectivity pattern showed by the above matrix  
is similar to that described in Fig.4, and Fig.S14. 
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Table S8. Connectivity among SOM+ neurons and pyramidal neurons  
  

L23 MC L23 BTC L23 BC L23 Pyr L5MC L5 BC L5 Pyr 

L23 MC 
0% 

(0/63) 
40% 

(4/10) 
11.1% 
(1/9) 

20.4% 
(10/49) 

0% 
(0/56) 

0% 
(0/31) 

0% 
(0/31) 

L23 BTC 
40% 

(4/10) 
0% 

(0/2) 
0% 

(0/2) 
22.2% 
(2/9) 

0% 
(0/5) 

0% 
(0/2) 

0% 
(0/6) 

L23 BC 
33.3% 
(3/9) 

0% 
(0/2) 

25% 
(1/4) 

10.5% 
(2/19) 

8.3% 
(1/12) 

11.1% 
(1/9) 

0% 
(0/10) 

L23 Pyr 
38.8% 
(19/49) 

33.3% 
(4/12) 

21.1% 
(4/19) 

0% 
(0/25) 

15.9% 
(7/44) 

20% 
(3/15) 

0% 
(0/33) 

L5 MC 
0% 

(0/56) 
0% 

(0/5) 
0% 

(0/12) 
13.6% 
(6/44) 

0% 
(0/26) 

0% 
(0/6) 

6.7% 
(2/30) 

L5 BC 
0% 

(0/31) 
0% 

(0/2) 
0% 

(0/9) 
0% 

(0/15) 
0% 

(0/6) 
25.0% 
(3/12) 

5.6% 
(1/18) 

L5 Pyr 
3.2% 
(1/31) 

0% 
(0/6) 

0% 
(0/10) 

3.0% 
(1/33) 

12.8% 
(4/30) 

16.7% 
(3/18) 

0% 
(0/16) 

 
Table S8. Connectivity among distinct types of SOM+ neurons and their interconnections  
with pyramidal neurons. Note that the connectivity pattern showed by the above matrix is  
generally similar to that described in Fig.4, and Fig.S14. 
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Table S9. Connectivity among VIP+ neurons and pyramidal neurons 

  
BTC BPC L23Pyr L5Pyr 

BTC 
7.7% 
(2/26) 

0% 
(0/32) 

21% 
(4/19) 

0% 
(0/18) 

BPC 
6.7% 
(2/32) 

0% 
(0/22) 

0% 
(0/19) 

0% 
(0/17) 

L23Pyr 
10.5% 
(2/19) 

0% 
(0/18) 

0% 
(0/20) 

0% 
(0/20) 

L5Pyr 
0% 

(0/18) 
0% 

(0/17) 
5% 

(1/20) 
0% 

(0/10) 
 
Table S9. Connectivity among distinct types of VIP+ neurons and their  
interconnections with pyramidal neurons. Note that the connectivity pattern  
showed by the above matrix is generally similar to that described in Fig.4,  
and Fig.S14. 
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Table S10. Connectivity of L5P-ST and L5P-TT with Interneurons  
  postsynaptic    presynaptic  

L5P-TT L5P-ST P L5P-TT L5P-ST P 

SBC-like 0.0% 
(0/28) 

0.0% 
(0/49) -- SBC-like 0.0% 

(0/24) 
0.0% 
(0/41) -- 

eNGC 11.1% 
(2/18) 

10.8% 
(4/37) 0.97 eNGC 0.0% 

(0/19) 
2.4% 
(1/41) 0.49 

L23MC 8.3% 
(2/24) 

8.0% 
(4/50) 0.96 L23MC 0.0% 

(0/24) 
0.0% 
(0/50) -- 

L23NGC 38.1% 
(8/21) 

32.1% 
(18/56) 0.62 L23NGC 0.0% 

(0/20) 
3.7% 
(2/54) 0.39 

BTC 0.0% 
(0/26) 

0.0% 
(0/53) -- BTC 0.0% 

(0/23) 
0.0% 
0/50 -- 

BPC 0.0% 
(0/20) 

0.0% 
(0/48) -- BPC 0.0% 

(0/19) 
0.0% 
(0/46) -- 

DBC 9.5% 
(2/11) 

11.6% 
(3/26) 0.59 DBC 0.0% 

(0/10) 
0.0% 
(0/24) -- 

L23BC 6.7% 
(4/60) 

5.6% 
(7/125) 0.77 L23BC 1.8% 

(1/55) 
3.8% 
4/118 0.57 

ChC 0.0% 
(0/5) 

0.0% 
(0/9) -- ChC 0.0% 

(0/5) 
0.0% 
(0/9) -- 

L23P 3.9% 
(2/51) 

4.1% 
(4/98) 0.96 L23P 0.0% 

(0/51) 
0.0% 
(0/98) -- 

L5MC 23.3% 
(7/30) 

20.0% 
(16/80) 0.70 L5MC 10.0% 

(3/30) 
7.1% 
(5/70) 0.63 

L5NGC 66.7% 
(2/3) 

62.5% 
(5/8) 0.90 L5NGC 0.0% 

(0/3) 
0.0% 
(0/9) -- 

L5BC 31.0% 
(9/29) 

23.3% 
(24/103) 0.40 L5BC 9.5% 

(2/21) 
11.7% 
(11/94) 0.78 

SC 7.1% 
(1/14) 

10.0% 
(3/30) 0.76 SC 0.0% 

(0/12) 
0.0% 
(0/29) -- 

HEC 42.8% 
(6/14) 

27.7% 
(10/36) 0.30 HEC 21.4% 

(3/14) 
15.6% 
(5/32) 0.63 

L5P-TT 0.0% 
(0/12) 

0.0% 
(0/36) --     

L5P-ST 0.0% 
(0/36) 

0.0% 
(0/66) --     

 
Table S10. Connectivity of thick-tufted L5 pyramidal neurons and (L5P-TT) and slender-tufted L5 pyramidal 
neurons (L5P-ST) with interneurons. The probability of finding a connected pair of neurons between two 
specific types of neurons is denoted as % (total connections found/total connections tested). There is no 
significant difference between two types of L5 pyramidal neurons in connecting with interneurons (p > 0.05).  
 
 
 
 
 
 
 
 

postsynapatic presynaptic 
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