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A R T I C L E S

Synaptic inhibition orchestrates both spontaneous and sensory-driven 
activity in the cerebral cortex1. Cortical inhibition is generated by 
a variety of molecularly distinct types of GABAergic neurons, also 
referred to as interneurons2–5. These neurons are an integral part 
of the cortical circuit, as they reciprocally connect to other cortical 
neurons1. Although much of the effort in understanding the func-
tional impact of cortical interneurons has focused on their interaction 
with excitatory neurons, several anatomical and electrophysiologi-
cal studies have also described interconnections between neocortical 
interneurons6–18. That is, interneurons are embedded in an inhibitory 
network that is likely to be instrumental in regulating their activity.

The current picture of the connectivity between cortical interneu-
rons, however, is still incomplete mainly because of ambiguities in 
their categorization. Anatomical studies, for example, have catego-
rized interneurons based on morphological and/or molecular cri-
teria6–9. The lack of a clear relationship between morphological and 
molecular characteristics4,5,19 precludes a general overview of the 
connectivity between cortical interneurons.

Transgenic mouse lines expressing fluorescent proteins or Cre 
recombinase in a variety of different cortical neurons are becoming 
an essential tool for studying cortical connectivity since they provide 
a consistent classification of cell populations across experiments and 
laboratories. Analyses of transgenic mouse lines with labeled subpop-
ulations of interneurons have indeed contributed, in combination with 
paired electrophysiological recordings, to the understanding of impor-
tant aspects of connectivity among cortical interneurons11–13,17,18.

Here we used interneuron-specific Cre driver lines (here referred 
to as Cre lines)20,21 and optogenetic stimulation22 to activate geneti-
cally defined presynaptic interneurons. We recorded postsynaptic 
GABAergic currents from interneurons that we categorized using 

single-cell molecular profiling23. Thus, Cre lines allowed us to con-
sistently activate the same genetically defined population of neurons 
throughout experiments, and the molecular profiling allowed us to 
simply and reliably categorize interneurons based on the expression 
of a few genes. With this combination of techniques, we revealed 
the blueprint through which the three largest and non-overlapping 
classes of molecularly distinct interneurons in mouse visual cortex24 
interact among each other and with other cortical interneurons. We 
found that in cortical layers 2/3 and 5 (L2/3 and L5), interneurons 
expressing parvalbumin (Pvalb), somatostatin (Sst) and vasoactive 
intestinal peptide (Vip) interacted via a simple and complementary 
connectivity scheme. Pvalb-expressing cells preferentially inhibited 
one another, Sst-expressing cells avoided one another and inhibited 
all other types of interneurons, and Vip-expressing cells preferen-
tially inhibited Sst-expressing cells. Thus, the molecular identity of 
an interneuron predicts its connectivity within the network, which 
validates the use of the genetic expression pattern as a criterion for the 
functional categorization of cell types. Our data establish a standard 
connectivity pattern between molecularly distinct interneurons in 
L2/3 and L5 of mouse visual cortex.

RESULTS
Defining the three presynaptic populations
We used three mouse Cre lines (referred to as Pvalb-Cre, Sst-Cre  
and Vip-Cre cells; Online Methods) to drive expression of channel-
rhodopsin 2 (ChR2). This allowed us to photoactivate three geneti-
cally defined ‘presynaptic’ populations of interneurons. These three 
lines expressed Cre recombinase in three largely non-overlapping  
populations of interneurons that, together, represent ~80% of 
interneurons in the primary visual cortex. We determined the overlap  
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Inhibition of inhibition in visual cortex: the logic of 
connections between molecularly distinct interneurons
Carsten K Pfeffer1,2, Mingshan Xue2, Miao He3, Z Josh Huang3 & Massimo Scanziani1,2

Cortical inhibitory neurons contact each other to form a network of inhibitory synaptic connections. Our knowledge of 
the connectivity pattern underlying this inhibitory network is, however, still incomplete. Here we describe a simple and 
complementary interaction scheme between three large, molecularly distinct interneuron populations in mouse visual cortex: 
parvalbumin-expressing interneurons strongly inhibit one another but provide little inhibition to other populations. In contrast, 
somatostatin-expressing interneurons avoid inhibiting one another yet strongly inhibit all other populations. Finally, vasoactive 
intestinal peptide–expressing interneurons preferentially inhibit somatostatin-expressing interneurons. This scheme occurs in 
supragranular and infragranular layers, suggesting that inhibitory networks operate similarly at the input and output of the visual 
cortex. Thus, as the specificity of connections between excitatory neurons forms the basis for the cortical canonical circuit,  
the scheme described here outlines a standard connectivity pattern among cortical inhibitory neurons.
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there are lots of different cell types

878 nature neuroscience  •  volume 4  no 9  •  september 2001

and this confines their possible
synaptic partners to cells with
processes that occupy those
same levels. Second, different
types of bipolar cells have dif-
ferent numbers and distribu-
tions of synapses, without a
gradation of intermediate forms
between the types. The conclu-
sion reflects more than neu-
roanatomical anecdote; a formal
cluster analysis showed that
cone bipolars segregate into dis-
crete groups based on synapse
number and distribution16,19.
Third, individual bipolar cell
types have characteristic sets of
neurotransmitter receptors and
calcium-binding proteins20–22.
These molecular distinctions
reflect different modes of intra-
cellular signaling and different
types of excitatory and inhibito-
ry inputs from other retinal
neurons, either at their inputs
from cones or from amacrine
cells that synapse on their axon
terminals. At the cone synapses,
different glutamate receptors are
present. At their axon terminals,
different bipolar cells can
receive inhibitory glycinergic or
GABAergic input via one of two
different kinds of GABA recep-
tors. The different receptors and
their channels have differing affinities and rates of activation
and inactivation, which give the cells different postsynaptic
responsiveness22–25.

How are these differences manifested physiologically? First,
the output of the cone photoreceptors is separated into ON and
OFF signals (Fig. 2b). All cone synapses release glutamate, but
bipolar cell types respond to glutamate differently. Some bipo-
lar cells have ionotropic glutamate receptors: glutamate opens a
cation channel, and the cell depolarizes. Other bipolar cells have
a sign-inverting synapse mediated by metabotropic glutamate
receptors, mainly mGluR6; these bipolar cells hyperpolarize in
response to glutamate26,27. As it happens, photoreceptor cells
work ‘backward’ (they hyperpolarize when excited by light,
causing their synapses to release less glutamate), but the ensu-
ing series of sign-reversals is not important for present pur-
poses. When the retina is stimulated by light, one type of bipolar
cell hyperpolarizes, and the other type depolarizes. OFF and
ON bipolar cells occur in approximately equal numbers. The
distinction, created at the first retinal synapse, is propagated
throughout the visual system.

The classes of ON and OFF bipolars are each further subdivid-
ed; there are three to five distinct types of ON and three to five types
of OFF bipolars (Figs. 2c and 3). The purpose of the subdivision
is, at least in part, to provide separate channels for high-frequency
(transient) and low-frequency (sustained) information. Thus, there
are separate ON-transient, ON-sustained, OFF-transient and OFF-
sustained bipolar cells28–30. An elegant series of experiments shows
that the distinction is caused by different glutamate receptors on

the respective OFF bipolar cells; they recover from desensitization
quickly in the transient cells and more slowly in the sustained cells31.

An often-cited reason for splitting the output of the cones into
separate temporal channels is to expand the overall bandwidth of
the system. However, this would imply that the frequency band-
width present at the output of a cone is too broad for transmis-
sion through the cone-to-bipolar synapse, which is uncertain given
the many modes of synaptic transmission available. An alterna-
tive is that fractionating the temporal domain facilitates the cre-
ation of temporally distinct types of ganglion cells (Fig. 4).

An important point here is that there are no dedicated
cones—cones that provide input, say, only to ON bipolars or
only to OFF bipolars (as shown for simplicity in Fig. 2).
Instead, the output of each cone is tapped by several bipolar
cell types to provide many parallel channels, each communi-
cating a different version of the cone’s output to the inner reti-
na (Figs. 3, 4 and 6).

The foundations of color vision
The bipolar cells discussed so far are not chromatically selective,
and this would prevent the retina from discriminating among
wavelengths. A single type of cone, no matter how narrow its
spectral tuning, cannot create color vision. A cone’s synaptic out-
put is a single signal, which can vary only in magnitude. For that
reason, a cone’s signal to the brain is inevitably ambiguous; there
are many combinations of wavelength and intensity that will
evoke the same output from the cone. To specify the wavelength
of a stimulus, the outputs of at least two cones must be compared.

review

Fig. 1. The major cell types of a typical mammalian retina. From the top row to the bottom, photoreceptors,
horizontal cells, bipolar cells, amacrine cells and ganglion cells. Amacrine cells, the most diverse class, have
been studied most systematically in the rabbit3,4, and the illustration is based primarily on work in the rabbit.
Most of the cells are also seen in a variety of mammalian species. The bipolar cells are from work in the rat39;
similar ones have been observed in the rabbit, cat16 and monkey17. For steric reasons, only a subset of the
wide-field amacrine cells is shown.©
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we know that cell type patterns neural connectivity

Helmstaedter, Briggman, Turaga, Jain, Seung, Denk Nature 2013
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• what are the rules of neural connectivity in 
cortex?
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the excitatory cell types in barrel cortex

spiny stellates (ss). Their somata were located at depths
between 600 and 700 lm, 500 and 1000 lm, and 550 and 900
lm, respectively. L4py displayed a narrow apical tuft terminat-
ing in L1. In contrast, L4sp extended no further than L2 and
lacked an apical tuft. The L4ss lacked an apical dendrite
altogether.

Infragranular L5 contained 2 types of pyramidal neurons,
slender (st)- and thick-tufted (tt) pyramids (Wise and Jones
1977). The apical tuft dendrites of L5tt pyramids extended
beyond the tangential column borders, while those of L5st
pyramids did not. The somata of these 2 types intermingled
(1000--1300 lm and 1100--1400 lm), apart from ~100-lm thick
regions directly underneath L4 and above L6, which were
exclusively populated by L5st and L5tt pyramids, respectively.

Finally, the clustering identified 2 types of excitatory
neurons in L6. The 2 cell types differed in their soma locations
and dendrite morphology. Neurons of the first cell type were
located at depths between 1400 and 1600 lm and displayed
a short apical dendrite that lacked a tuft and terminated at the
border between L4 and 5. In contrast, neurons of the second
cell type extended apical dendrites into L4 that displayed
narrow tufts. In our sample, they were located deeper within
L6 at depths between 1550 and 1800 lm (with the exception
of one cell that was located within L5 [~1200-lm depth] but
otherwise showed the characteristic morphological features of
this cell type). The dendrite morphologies of the 2 cell types
resembled those of neurons which have previously been
classified by characteristic axon projection patterns into L6
corticocortical (cc) and corticothalmic (ct) pyramids (Kumar
and Ohana 2008). This naming convention was thus adopted
for the present study.

Cell Type--Specific 3D Distribution of Excitatory Somata in
a Barrel Column

To quantify the number of excitatory neurons per cell type in
a barrel column, we stained slices with NeuN to specifically
visualize the location of all neuron somata (Meyer, Wimmer,
Oberlaender, et al. 2010). Using 3D confocal microscopy and
automated soma detection software (Oberlaender, Dercksen,
et al. 2009), we obtained the number and 3D distribution of all

neuron somata within 9 barrel columns and their surrounding
septa (Supplementary Fig. S2). The average distribution of
inhibitory neurons in a cortical barrel column (Meyer et al.
2011) was subtracted from the distribution of all neurons. The
resultant average 3D distribution of excitatory somata was
combined with the above described vertical cell-type borders
(and overlaps) and previously reported dimensions of a cortical
barrel column (i.e., cylinder with 121 000 lm2 cross-sectional
area [Wimmer et al. 2010]). This combination allowed
subdividing the average excitatory soma distribution into 9
soma domains, which yielded the number and 3D locations of
excitatory somata for each cell type (Fig. 3A, Table 2). The
cylindrical shaped model column contained ~15 000 excitatory
somata in total and was referred to as the ‘‘soma column’’ (Fig. 3B).

Cell Type--Specific 3D Distribution of Excitatory Dendrites
in a Barrel Column

Next, somata were replaced by 3D soma--dendrite morpholo-
gies of the corresponding cell types (Fig. 3C). Reconstructed
morphologies were reregistered to their new location, and
orientation with respect to the vertical column axis was
preserved. Thus, even though the sample of reconstructed
dendrite morphologies was limited for each cell type, the
assembling process (Lang et al. 2011) guaranteed that dendrite
morphologies at any location in the model column (in silico)
resembled those that would be found at approximately the
same locations in a real column (in vivo).

The distribution of spines along the dendrites may be
location specific and cell-type specific (Romand et al. 2011).
However, as a first-order estimate, we assumed a constant and
uniform distribution of spines (i.e., 0.5 spines per 1-lm
dendrite) for each cell type (Larkman and Mason 1990) and
converted the 3D dendrite distribution into a 3D spine
distribution (Fig. 3D). While the soma distribution displayed
pronounced density peaks in cytoarchitectonic L4 and L6 (Fig.
3B), the spine distribution was more homogeneous along the
vertical column axis, reaching maximal densities in the center
of L4 (i.e., the barrel) and at the border between L1 and L2. The
latter reflected high densities of apical tufts from dendrites of
multiple cell types (i.e., L2, L3, L4py, L5st, L5tt).

Figure 2. Definition of excitatory cell types in a barrel column. Cluster analysis of morphological features identified 9 excitatory cell types. Registration allowed determining the
vertical extent of the cell type--specific soma locations (colored vertical bars). These cell-type borders were not sharp and complement cytoarchitectonic definitions of cortical
layers (e.g., using soma density as indicated by the horizontal dashed lines; adopted from Meyer, Wimmer, Oberlaender, et al. (2010). Some of the cell-type borders determined
here did not match cytoarchitectonic layer borders (e.g., L4 neurons may be located in cytoarchitectonic layers 3 and 5) and some cell types intermingled within layers (e.g., thick-
tufted and slender-tufted neurons in L5).
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“potential” connectivity based on Peters’ rule

rons in layer 4, and between 75 and 159 synapses with smooth
neurons in layer 4. This is lower than our estimates of 486 and 348
synapses, respectively. A major difference to our approach is
Budd’s assumption of a significantly lower proportion of layer 4
basket cells (26 – 46% of all layer 4 inhibitory neurons, compared
with our estimate of 78%). Using a lower proportion of layer 4
basket cells (i.e., 40%), we get similar synapse numbers (248 syn-
apses onto spiny neurons and 178 synapses onto smooth
neurons).

Anatomical weight of the projections
Finally, with these estimates, we can now describe the quantita-
tive circuit for cat area 17. Figure 11A shows the total number of
synapses that the different cell types form with an individual
neuron. The mean number of synapses arising from pools of one
type of cell is 260 ! 493 (unassigned synapses excluded). It is
clear that there is strong layer selectivity of axonal and dendritic
trees (Figs. 4, 5). Either dendritic trees and axonal trees overlap
strongly within a cortical layer, with the consequence that the
postsynaptic dendritic trees receive a large number of synapses from
the presynaptic cell types, or the overlap is only modest, and hardly
any synapses are made between presynaptic and postsynaptic ele-
ments (Fig. 7, L2/3, rows p2/3, b2/3, db2/3, and sm2/3). The histo-
gram of the number of synapses that are formed between cell types
and individual neurons (Fig. 11B) shows that for many of these, the
synaptic numbers are rather low (i.e., “weak projections”) and only a
few are very high (i.e., “strong projections”).

Strong projections
The synaptic input of most neurons in layer 2/3 and 5 is domi-
nated by one major source, the layer 2/3 pyramidal cells, which
form between 40 and 60% of all synapses on the dendritic trees
and between four and six times more synapses than the next
dominant cell type (Fig. 11A,C). The only exceptions are the
double bouquet cells in layer 2/3 and one type of layer 5 pyrami-
dal cell [type p5(L5/6)], because their dendrites extend to layer 1
where there are many synapses. Each neuron in layer 2/3 receives
on average 2094 synapses (!857; range, 1293–3554) from other
layer 2/3 pyramidal cells. Each layer 5 neuron receives on average
2121 synapses (!1018; range, 1357–3508) from the layer 2/3
pyramidal cells. For comparison, layer 6 pyramidal cells, which
provide the dominant input to layer 4, form on average 1443
synapses with each layer 4 neuron (!361; range, 980 –1895),
which is between 20 and 40% of the total number of synapses
made with each layer 4 neuron.

Weak projections
In addition to these dominant projections, cortical neurons always
received a small number of synapses from many different cell types.
For each neuron of a given postsynaptic cell type, the number of cell
types forming between 5 and 300 synapses with a neuron (which is
"10% of the total number of synapses on the dendritic tree) ranges
between 4 and 11 (of a total of 14 presynaptic cell types). These weak
projections form on average 98 ! 78 synapses with a target neuron.

Figure 7. Estimated number of synapses formed by one type of neuron with another type in the cortical layer indicated based on Peters’s rule (Eqs. 2, 3). L1–L6, Presynaptic cell types are indicated
on the top, postsynaptic cell types are indicated along the y-axis. For a presynaptic cell type j and a postsynaptic cell type i, the color of the corresponding square indicates the number of synapses
that all neurons of type j form in layer u (indicated on the top left corner) with an individual neuron of type i. This number is denoted by s!ij

u in Figure 1. Light gray squares indicate zero values. sy and
as indicate the number of unassigned asymmetric and symmetric synapses on the dendritic trees of each cell type. Color bars are shown.

8448 • J. Neurosci., September 29, 2004 • 24(39):8441– 8453 Binzegger et al. • Quantitative Cortical Circuit

Binzegger et al 2009
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• what is the actual connectivity of inhibitory cell 
types in visual cortex?

• what are the inhibitory cell types?

• let’s use molecular markers
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reverse transcriptase - polymerase chain reaction 
(RT-PCR)
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molecular markers and single cell RT-PCR
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post hoc via single-cell reverse-transcription PCR (scRT-PCR), 
irrespective of the mouse line used. We sampled the postsynaptic 
population in L1, L2/3 and L5. To be considered GABAergic, cells 
had to express at least two of these three genes: Gapdh (housekeep-
ing), Gad1 and Gad2 (GABA-synthesizing enzymes). We collected 
474 interneurons and evaluated them based on the expression of  
21 marker genes (Supplementary Fig. 2a,b). We selected four  
primary marker genes (Pvalb, Sst, Vip and Tnfaip8l3) with largely non-
overlapping expression to define four large categories of interneurons. 
Of all cells, 62% expressed only one of these four markers, and we 
subdivided them into the following four categories: Pvalb-expressing 
cells (29%), Sst-expressing cells (14%), Vip-expressing cells (12%) and 
Tnfaip8l3-expressing cells (7%). A fifth category of interneurons did 
not express any of the four primary markers, and we labeled them as 
‘undefined’ (UD; 17%). The residual ~21% of the sample comprised 
cells that expressed more than one primary marker. Could we assign 
at least some of these cells to one of the four above categories? We 
discovered that the expression of five additional genes (Tac1, Grin3a, 
Pdyn, Tac2 and Sema3c), named secondary markers, each corre-
lated strongly with one specific primary marker (Tac1 with Pvalb, 
Grin3a and Pdyn with Sst, Tac2 with Vip, and Sema3c with Tnfaip8l3;  
Fig. 2a,b and Supplementary Fig. 2a,b; see refs. 26–28). Thus, we 
attributed cells expressing two primary markers and a secondary 
marker matching one of the two primary markers to the matching 
primary marker category. This allowed us to disambiguate an addi-
tional 10% of the cells (Fig. 2c). We did not further analyze cells with 
two primary markers but no matching secondary marker or more 
than two primary markers (discarded: 11%). Additionally, because the 
majority of cells recorded in L1 belonged to the undefined category 
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Figure 2 Five molecularly distinct interneuron categories defined by scRT-PCR. (a) scRT-PCR 
results for six example cells whose genes were amplified. Cells were categorized according  
to their primary (black) and secondary (gray) gene expression: cell 1, Pvalb Tac1; cell 2,  
Sst Pdyn Grin3a; cell 3, Vip Tac2; cell 4, Tnfaip8l3 Sema3c. Cell 5 was categorized as 
undefined and cell 6 was discarded. Full-length gels are in Supplementary Figure 2a.  
(b) Coexpression of primary markers (PM) and secondary markers (SM) from the analysis  
of 474 single cells (from 415 slices in 134 mice). Matching primary and secondary markers 
are illustrated in the same color. (c) Dichotomous categorization scheme of postsynaptic 
interneurons based on primary and secondary marker expression, with percentages of cells 
categorized according to the scheme. (d) Expression of nine marker genes (four primary and 
five secondary markers) in 474 cells. Each row is a different cell; each column is a different 
gene. Color of primary markers is the same as the color of the coexpressed secondary markers. 
Cells are sorted and grouped in different categories (labeled on the right) according to their 
primary and secondary expression pattern. (e) Schematic of genetically defined presynaptic 
interneuron classes and postsynaptic interneuron categories. The L1 interneuron category 
contained all unidentified (UD) neurons located in layer 1.

(encoded by Htr3a), we used the Htr3a-GFP line as a reference 
marker25. We generated triple transgenic mice by crossing each of 
the three Cre lines with the tdTomato reporter and the Htr3a-GFP 
line. Virtually all Vip-Cre cells (visualized by expression of tdTo-
mato) also expressed GFP (100%; Fig. 1c,d), whereas only 52%  1%  
of GFP-expressing cells expressed tdTomato. Thus, the Vip-Cre popu-
lation is a subpopulation of and is entirely comprised in the HTR3A-
GFP–expressing population. In contrast, none of the Pvalb-Cre  
or Sst-Cre cells also expressed GFP (0.13%  0.13% and 1%  0.2%, 
respectively; Fig. 1c,d). These data show that the Vip-Cre cell popu-
lation does not overlap with either the Pvalb-Cre population or the 
Sst-Cre population.

In summary, Pvalb-Cre, Sst-Cre and Vip-Cre cells are largely  
non-overlapping populations of neurons in the visual cortex.

To determine the fraction of interneurons comprised by each of 
these three populations, we generated triple transgenic mice by cross-
ing each of the Cre lines with the tdTomato reporter and the Gad1- 
GFP (here referred to as Gad67-GFP) line, a line that expresses GFP 
in all interneurons (Fig. 1e). Pvalb-Cre, Sst-Cre and Vip-Cre cells 
made up 36%  0.5%, 30%  1.5% and 17%  1% of the GAD67- 
GFP–expressing population (Fig. 1f), respectively, each with 
overlapping but not identical distribution across cortical layers 
(Supplementary Fig. 1). Thus, because the three populations are only 
marginally overlapping, they comprise, together, ~80% of the total 
GFP-labeled GABAergic population in the Gad67-GFP line.

Defining the six postsynaptic populations
We crossed the Cre lines described above with mouse lines expressing 
GFP in all or a subset of cortical interneurons (Online Methods). This 
allowed us to visualize the ‘postsynaptic’ interneurons in slices of the 
visual cortex and thus target our electrophysiological recordings. We 
always determined the genetic identity of the recorded interneurons  
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post hoc via single-cell reverse-transcription PCR (scRT-PCR), 
irrespective of the mouse line used. We sampled the postsynaptic 
population in L1, L2/3 and L5. To be considered GABAergic, cells 
had to express at least two of these three genes: Gapdh (housekeep-
ing), Gad1 and Gad2 (GABA-synthesizing enzymes). We collected 
474 interneurons and evaluated them based on the expression of  
21 marker genes (Supplementary Fig. 2a,b). We selected four  
primary marker genes (Pvalb, Sst, Vip and Tnfaip8l3) with largely non-
overlapping expression to define four large categories of interneurons. 
Of all cells, 62% expressed only one of these four markers, and we 
subdivided them into the following four categories: Pvalb-expressing 
cells (29%), Sst-expressing cells (14%), Vip-expressing cells (12%) and 
Tnfaip8l3-expressing cells (7%). A fifth category of interneurons did 
not express any of the four primary markers, and we labeled them as 
‘undefined’ (UD; 17%). The residual ~21% of the sample comprised 
cells that expressed more than one primary marker. Could we assign 
at least some of these cells to one of the four above categories? We 
discovered that the expression of five additional genes (Tac1, Grin3a, 
Pdyn, Tac2 and Sema3c), named secondary markers, each corre-
lated strongly with one specific primary marker (Tac1 with Pvalb, 
Grin3a and Pdyn with Sst, Tac2 with Vip, and Sema3c with Tnfaip8l3;  
Fig. 2a,b and Supplementary Fig. 2a,b; see refs. 26–28). Thus, we 
attributed cells expressing two primary markers and a secondary 
marker matching one of the two primary markers to the matching 
primary marker category. This allowed us to disambiguate an addi-
tional 10% of the cells (Fig. 2c). We did not further analyze cells with 
two primary markers but no matching secondary marker or more 
than two primary markers (discarded: 11%). Additionally, because the 
majority of cells recorded in L1 belonged to the undefined category 
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Figure 2 Five molecularly distinct interneuron categories defined by scRT-PCR. (a) scRT-PCR 
results for six example cells whose genes were amplified. Cells were categorized according  
to their primary (black) and secondary (gray) gene expression: cell 1, Pvalb Tac1; cell 2,  
Sst Pdyn Grin3a; cell 3, Vip Tac2; cell 4, Tnfaip8l3 Sema3c. Cell 5 was categorized as 
undefined and cell 6 was discarded. Full-length gels are in Supplementary Figure 2a.  
(b) Coexpression of primary markers (PM) and secondary markers (SM) from the analysis  
of 474 single cells (from 415 slices in 134 mice). Matching primary and secondary markers 
are illustrated in the same color. (c) Dichotomous categorization scheme of postsynaptic 
interneurons based on primary and secondary marker expression, with percentages of cells 
categorized according to the scheme. (d) Expression of nine marker genes (four primary and 
five secondary markers) in 474 cells. Each row is a different cell; each column is a different 
gene. Color of primary markers is the same as the color of the coexpressed secondary markers. 
Cells are sorted and grouped in different categories (labeled on the right) according to their 
primary and secondary expression pattern. (e) Schematic of genetically defined presynaptic 
interneuron classes and postsynaptic interneuron categories. The L1 interneuron category 
contained all unidentified (UD) neurons located in layer 1.

(encoded by Htr3a), we used the Htr3a-GFP line as a reference 
marker25. We generated triple transgenic mice by crossing each of 
the three Cre lines with the tdTomato reporter and the Htr3a-GFP 
line. Virtually all Vip-Cre cells (visualized by expression of tdTo-
mato) also expressed GFP (100%; Fig. 1c,d), whereas only 52%  1%  
of GFP-expressing cells expressed tdTomato. Thus, the Vip-Cre popu-
lation is a subpopulation of and is entirely comprised in the HTR3A-
GFP–expressing population. In contrast, none of the Pvalb-Cre  
or Sst-Cre cells also expressed GFP (0.13%  0.13% and 1%  0.2%, 
respectively; Fig. 1c,d). These data show that the Vip-Cre cell popu-
lation does not overlap with either the Pvalb-Cre population or the 
Sst-Cre population.

In summary, Pvalb-Cre, Sst-Cre and Vip-Cre cells are largely  
non-overlapping populations of neurons in the visual cortex.

To determine the fraction of interneurons comprised by each of 
these three populations, we generated triple transgenic mice by cross-
ing each of the Cre lines with the tdTomato reporter and the Gad1- 
GFP (here referred to as Gad67-GFP) line, a line that expresses GFP 
in all interneurons (Fig. 1e). Pvalb-Cre, Sst-Cre and Vip-Cre cells 
made up 36%  0.5%, 30%  1.5% and 17%  1% of the GAD67- 
GFP–expressing population (Fig. 1f), respectively, each with 
overlapping but not identical distribution across cortical layers 
(Supplementary Fig. 1). Thus, because the three populations are only 
marginally overlapping, they comprise, together, ~80% of the total 
GFP-labeled GABAergic population in the Gad67-GFP line.

Defining the six postsynaptic populations
We crossed the Cre lines described above with mouse lines expressing 
GFP in all or a subset of cortical interneurons (Online Methods). This 
allowed us to visualize the ‘postsynaptic’ interneurons in slices of the 
visual cortex and thus target our electrophysiological recordings. We 
always determined the genetic identity of the recorded interneurons  
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received the bulk of the INCs from Vip-Cre cells (nINCVip Sst = 0.15; 
nINCPvalb Sst = 0.03; nINCSst Sst = 0.02).

Because we computed the INCs listed above indirectly, based on the 
INCs of interneurons onto pyramidal cells and photostimulation of  large 
populations of interneurons, we directly verified three of the most sali-
ent INCs between interneurons, namely INCPvalb Pvalb, INCSst Pvalb  
and INCVip Sst, through paired recordings. We obtained uIPSQ and 
Pcon data between molecularly identified GFP-expressing interneu-
rons and nearby Pvalb-, Sst- or Vip-Cre cells (distance 25–100 m)  
visualized by tdTomato expression in the respective Cre line  
(Fig. 7b–e and Online Methods). Pvalb-Cre cells strongly inhibited Pvalb 
cells (uIPSQ = 2.76  0.69 pC; Pcon = 100%; n = 13). The INCPvalb Pvalb  
obtained with paired recordings (2.76 pC) was very similar to that 
estimated with photostimulation (2.8 pC; P = 0.94). Sst-Cre cells 
inhibited Pvalb cells (uIPSQ = 0.77  0.21 pC; n = 12 Pcon = 85.7%; 
n = 14) and the INCSst Pvalb (0.66 pC) was similar to that measured 
using photostimulation (0.9 pC; P = 0.58). Finally, Vip-Cre cells inhib-
ited Sst cells (uIPSQ = 0.69  0.33 pC; n = 10; Pcon = 62.5%; n = 16) 
and the INCVip Sst (0.43 pC) was again not significantly different 
than that estimated with photostimulation (0.42 pC; P = 0.46). Thus, 
the results indicate that the two methods, one using photostimulation 
and normalization onto a reference cell and the other using standard 
paired recordings, provided quantitatively similar results.

These data show that although Pvalb cells provide little inhibi-
tion onto other interneurons, they are the main source of their own  

inhibition by contributing three times more inhibition than Sst cells do. 
Furthermore, individual Sst cells contribute much more than individual  
Pvalb and Vip cells to the inhibition of all other interneuron cat-
egories. Finally, although individual Vip cells contributed relatively 
little inhibition, they still represented the main source of inhibition 
onto Sst cells (Fig. 7a,f,g; for statistical analysis between groups, see 
Supplementary Fig. 7d–f).

DISCUSSION
We established the connectivity pattern between molecularly defined 
classes of GABAergic interneurons in L2/3 and L5 of the mouse visual 
cortex. ‘Pvalb’, ‘Sst’ and ‘Vip’  cells exhibited a highly specific and com-
plementary network of connections. Although the biggest group, the 
Pvalb cells, strongly inhibited each other but weakly other interneu-
rons, the second largest group, the Sst cells, inhibited all interneuron 
categories but avoided inhibiting each other. Vip cells preferentially 
targeted Sst cells. This simple blueprint highlights a remarkable degree 
of specificity in the synaptic interactions between molecularly defined 
classes of cortical interneurons.

Our data highlight more similarities than differences between L2/3 
and L5 inhibitory networks: for example, the strength of the Pvalb-
Pvalb and Sst-Pvalb connections, and the lack of Sst-Sst and of Pvalb-
Sst connections was comparable across these two layers. The only 
notable difference was the strength of the Vip-Sst connection, which 
was larger in L2/3 than in L5, likely due to the concentration of Vip 
neurons in superficial layers.

Methodological considerations
Although space-clamp errors are inherent to whole-cell voltage-clamp 
experiments32, they are unlikely to influence the reported connectiv-
ity pattern. They may, however, affect the relative strength of con-
nections, given that distinct interneuron classes preferentially inhibit 
distinct subcellular compartments. Thus, the inhibition values given 
here report the strength as experienced by the soma of the recorded 
neuron rather than at the contact site. The relative connection strength 
may also be affected by the elimination of subcellular differences in 
chloride concentrations through whole-cell dialysis, thus abolishing 
differences in inhibitory driving force at distinct locations.
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Figure 7 Comparing individual neuronal contributions among cortical 
interneurons. (a) Heat map of the normalized individual neuronal 
contributions of the three presynaptic interneuron classes onto the 
six postsynaptic interneuron categories. (b) Schematics of paired 
recording configurations (top). Average uIPSC recorded in pyramidal 
cells in response to an action potential evoked in a defined presynaptic 
interneuron (bottom). Each trace represents the average postsynaptic 
current of a different paired recording. Pvalb onto Pvalb cells (left;  
n = 13; 13/13 connected pairs, 6 slices, 3 mice), Sst onto Pvalb cells 
(center; n = 14; 12/14 connected pairs, 6 slices, 3 mice) and Vip  
onto Sst cells (right; n = 16; 10/16 connected pairs, 7 slices, 3 mice). 
(c) uIPSQs recorded in interneurons and mediated by the three different 
presynaptic interneuron classes (Pvalb  Pvalb: n = 13; Sst  Pvalb:  
n = 12; Vip  Sst: n = 10; error bars, s.e.m.). (d) Connectivity probability 
between the three presynaptic interneuron classes and the respective 
postsynaptic interneurons. (e) Individual neuronal contribution (uIPSQ × 
connectivity probability) of the three presynaptic interneuron classes onto 
interneurons normalized by the individual neuronal contribution of Pvalb 
onto pyramidal cells. (f) Schematic of the connectivity pattern between 
the presynaptic interneuron classes (Pvalb, Sst and Vip) and postsynaptic 
interneuron categories (Pvalb, Sst, Vip, Tnfaip8l3, UD and L1) in  
L2/3 and L5 of mouse visual cortex (abbreviations as in Fig. 2e).  
(g) Schematic of the inhibitory connections among the three 
largest classes of interneurons (Pvalb, Sst, Vip) and pyramidal cells 
(abbreviations as in Fig. 2e).
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between these three Cre recombinase–expressing populations by per-
forming cross-comparisons between their Cre expression pattern and 
patterns of independent immunohistochemical or genetic markers 
of GABAergic interneurons. We visualized Cre expression using a 
tdTomato reporter. Staining with antibody to Pvalb almost exclusively 
labeled Pvalb-Cre cells (93%  0.6% (  s.e.m.) of cells stained with 
the Pvalb antibody expressed Cre recombinase; 99%  0.2% of Pvalb- 
Cre–expressing cells were stained with Pvalb antibody; Fig. 1a,b). 
In contrast, Pvalb antibody did not label Sst-Cre–expressing cells  
(4%  0.3% Pvalb antibody–labeled cells expressed Cre recombinase; 
5%  0.5% Cre-expressing cells were labeled with Pvalb antibody;  

Fig. 1a,b) or Vip-Cre–expressing cells (0%; Fig. 1a,b). These data 
indicate that the overlap between the Pvalb-Cre and the Sst-Cre and 
Vip-Cre populations was maximally 6% and 1%, respectively (this 
upper bound was calculated by assuming that all Pvalb-Cre cells that 
were not stained by the Pvalb antibody (1%) were shared with the 
other two Cre lines, and that all Sst-Cre cells labeled with a Pvalb 
antibody (5%) were shared with the Pvalb-Cre line).

To determine the overlap between the Vip-Cre cells and the two 
other populations, we used a different strategy because anti-Vip 
immunostaining was unreliable in our hands. Because of the reported 
large overlap between the expression of Vip and 5-HT3A receptor 

Figure 1 Three non-overlapping Cre lines. (a) Confocal fluorescence images of coronal sections through visual cortex of Pvalb-Cre (left), Sst-Cre (center) 
and Vip-Cre (right) lines showing Cre expression (revealed by crossing the Cre lines with the ROSA-tdTomato reporter line; Pvalb-Cre × tdTomato) 
counterstaining with Pvalb antibody and overlay (merge). Note labeling of Pvalb-Cre cells but not Sst-Cre or Vip-Cre cells with Pvalb antibodies.  
WM, white matter. (b) Schematic of overlap of Cre lines with respect to Pvalb antibody labeling (top) and quantification of overlap (bottom). Left and 
right ordinates refer to left and right data columns for each Cre line, respectively. Error bars, s.e.m. (Pvalb: n = 1,548 cells, 4 sections, 2 mice; Sst:  
n = 1,933 cells, 6 sections, 2 mice; Vip: n = 1,465 cells, 6 sections, 2 mice). (c) Confocal fluorescence images as in a of the three Cre lines crossed 
with the Htr3a-GFP line. Note labeling of Vip-Cre cells with GFP, but not of Pvalb-Cre or Sst-Cre cells with GFP. (d) Schematic of overlap of Cre lines 
with cells labeled in the Htr3a-GFP line (top) and quantification of overlap (bottom), as in b. Error bars, s.e.m. (Pvalb: n = 1,373 cells, 4 sections,  
2 mice; Sst: n = 1,666 cells, 4 sections, 2 mice; Vip: n = 1,243 cells, 4 sections, 2 mice). (e) Confocal fluorescence images as in a of the three Cre 
lines crossed with the Gad67-GFP line. (f) Overlap of Cre lines with cells labeled in the Gad67-GFP line. (Pvalb: overlap = 36.2  0.5 s.e.m., n = 1,548 
cells, 4 sections, 2 mice; Sst: overlap = 30.4  1.5 s.e.m., n = 3,869, 6 sections, 2 mice; Vip: overlap = 17.4  1 s.e.m., n = 3,033 cells, 6 sections,  
2 mice). Scale bar, 100 m (a,c,e).
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33.5  6.6 pC; average IPSQPyr, 49.35  6.6 pC; n = 16; INCPvalb Pvalb 
= 2.8  0.51 pC; Fig. 4b,c,i). In contrast, Sst-expressing cells were not 
inhibited at all by Pvalb-Cre cell photostimulation (average IPSQSst,  
0.5  0.3 pC; average IPSQPyr, 17.7  4.17 pC; n = 9; INCPvalb Sst =  
0.07  0.03 pC; Fig. 4b,d,i) and Vip- and Tnfaip813-expressing cells 
were inhibited only a little (average IPSQVip, 7.1  2.0 pC; average 
IPSQPyr, 38.85  7.57 pC; n = 15; INCPvalb Vip, = 0.62  0.14 pC; and 
average IPSQTNFA, 10.9  2.0 pC; average IPSQPyr, 36.73  6.86 pC;  
n = 9; INCPvalb TNFA = 0.85  0.27 pC; Fig. 4b,e,f,i; respectively). 
Similarly, L1 interneurons were not inhibited by Pvalb-Cre cells  
(average IPSQL1, 1.3  0.5 pC; average IPSQPyr, 27.02  8.59 pC;  
n = 7; INCPvalb L1 = 0.12  0.04 pC; Fig. 4b,h,i). The undefined cell 

category was not inhibited by Pvalb-Cre cell photostimulation (aver-
age IPSQUD, 5.3  2.5 pC; average IPSQPyr, 48.52  10.83 pC; n = 16;  
INCPvalb UD = 0.28  0.07 pC; Fig. 4b,g,i; for statistical significance 
between groups, see Supplementary Fig. 7a).

The lack of inhibition onto the undefined category, which includes 
most interneurons not defined by genetic markers, indicates that the 
small inhibition generated by Pvalb-Cre cells onto other interneurons 
is a general phenomenon.

Thus, these data show that the most prominent category of interneu-
rons in the visual cortex, the Pvalb cell, is selective in its choice of 
postsynaptic interneuron targets, mainly restricting its inhibitory 
influence onto itself (Fig. 4j).
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Figure 4 Pvalb cells mainly inhibit  
one another. (a) Schematic of  
experimental configuration: ChR2- 
expressing Pvalb-Cre cells were  
photostimulated while we recorded  
from a pyramidal cell (Pyr) and a  
neighboring GAD65 and GAD67– 
expressing inhibitory neuron  
expressing GFP. (b) Example IPSCs  
simultaneously recorded in the reference  
pyramidal cell (black) and in one of the six different interneuron categories. Order of six pyramidal-cell IPSCs (top to bottom) matches the order of 
the IPSC simultaneously recorded in each of the six interneuron categories. For simplicity, all traces were scaled such that the pyramidal-cell IPSCs 
have the same peak amplitude. (c–h) IPSQ evoked by Pvalb cell photostimulation and recorded in individual interneurons versus IPSQ simultaneously 
recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Pvalb: 16 cells, 15 slices, 10 mice; Sst: 9 cells, 9 slices, 6 mice; 
Vip: 15 cells, 12 slices, 9 mice, Tnfaip8l3: 9 cells, 5 slices, 5 mice; UD: 16 cells, 12 slices, 9 mice: L1: 7 cells, 5 slices, 5 mice. (i) Mean  s.e.m.  
of INC values of all recorded pairs of the respective category (Sst: 9 cells; Vip: 15 cells; Pvalb: 16 cells; Tnfaip8l3: 9 cells; UD: 16 cells; L1: 7 cells). 
(j) Schematic of the inhibition mediated by Pvalb cells onto each interneuron category.
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Figure 5 Sst cells inhibit all  
other categories but one another.  
(a) Schematic of experimental  
configuration: ChR2-expressing Sst- 
Cre cells are photostimulated while  
we recorded from a pyramidal cell (Pyr)  
and a neighboring GAD65 and GAD67– 
expressing inhibitory neuron expressing  
GFP. (b) Example IPSCs simultaneously  
recorded in the reference pyramidal cell (Pyr) and in one of the six different interneuron categories. Order of the six pyramidal-cell IPSCs (top to  
bottom) matches the order of the IPSC simultaneously recorded in each of the six interneuron categories. All traces were scaled such that the  
pyramidal-cell IPSCs have the same peak amplitude. (c–h) IPSQ evoked by Sst cell photostimulation and recorded in individual interneurons versus 
IPSQ simultaneously recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Note that all inhibitory neuron categories 
received inhibition comparable to that simultaneously recorded in pyramidal cells, but for Sst cells that receive none (d). Pvalb: 13 cells, 10 slices,  
5 mice; Sst: 12 cells, 6 slices, 5 mice; Vip: 10 cells, 7 slices, 6 mice; Tnfaip8l3: 13 cells, 10 slices, 6 mice; UD: 16 cells, 13 slices, 6 mice; L1:  
8 cells, 6 slices, 5 mice. (i) Mean  s.e.m. of INC values of all recorded pairs of the respective category (Sst: 12 cells; Vip: 10 cells; Pvalb: 13 cells; 
Tnfaip8l3: 13 cells; UD: 16 cells; L1: 8 cells). (j) Schematic of the inhibition mediated by Sst cells onto each interneuron category.
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33.5  6.6 pC; average IPSQPyr, 49.35  6.6 pC; n = 16; INCPvalb Pvalb 
= 2.8  0.51 pC; Fig. 4b,c,i). In contrast, Sst-expressing cells were not 
inhibited at all by Pvalb-Cre cell photostimulation (average IPSQSst,  
0.5  0.3 pC; average IPSQPyr, 17.7  4.17 pC; n = 9; INCPvalb Sst =  
0.07  0.03 pC; Fig. 4b,d,i) and Vip- and Tnfaip813-expressing cells 
were inhibited only a little (average IPSQVip, 7.1  2.0 pC; average 
IPSQPyr, 38.85  7.57 pC; n = 15; INCPvalb Vip, = 0.62  0.14 pC; and 
average IPSQTNFA, 10.9  2.0 pC; average IPSQPyr, 36.73  6.86 pC;  
n = 9; INCPvalb TNFA = 0.85  0.27 pC; Fig. 4b,e,f,i; respectively). 
Similarly, L1 interneurons were not inhibited by Pvalb-Cre cells  
(average IPSQL1, 1.3  0.5 pC; average IPSQPyr, 27.02  8.59 pC;  
n = 7; INCPvalb L1 = 0.12  0.04 pC; Fig. 4b,h,i). The undefined cell 

category was not inhibited by Pvalb-Cre cell photostimulation (aver-
age IPSQUD, 5.3  2.5 pC; average IPSQPyr, 48.52  10.83 pC; n = 16;  
INCPvalb UD = 0.28  0.07 pC; Fig. 4b,g,i; for statistical significance 
between groups, see Supplementary Fig. 7a).

The lack of inhibition onto the undefined category, which includes 
most interneurons not defined by genetic markers, indicates that the 
small inhibition generated by Pvalb-Cre cells onto other interneurons 
is a general phenomenon.

Thus, these data show that the most prominent category of interneu-
rons in the visual cortex, the Pvalb cell, is selective in its choice of 
postsynaptic interneuron targets, mainly restricting its inhibitory 
influence onto itself (Fig. 4j).
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Figure 4 Pvalb cells mainly inhibit  
one another. (a) Schematic of  
experimental configuration: ChR2- 
expressing Pvalb-Cre cells were  
photostimulated while we recorded  
from a pyramidal cell (Pyr) and a  
neighboring GAD65 and GAD67– 
expressing inhibitory neuron  
expressing GFP. (b) Example IPSCs  
simultaneously recorded in the reference  
pyramidal cell (black) and in one of the six different interneuron categories. Order of six pyramidal-cell IPSCs (top to bottom) matches the order of 
the IPSC simultaneously recorded in each of the six interneuron categories. For simplicity, all traces were scaled such that the pyramidal-cell IPSCs 
have the same peak amplitude. (c–h) IPSQ evoked by Pvalb cell photostimulation and recorded in individual interneurons versus IPSQ simultaneously 
recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Pvalb: 16 cells, 15 slices, 10 mice; Sst: 9 cells, 9 slices, 6 mice; 
Vip: 15 cells, 12 slices, 9 mice, Tnfaip8l3: 9 cells, 5 slices, 5 mice; UD: 16 cells, 12 slices, 9 mice: L1: 7 cells, 5 slices, 5 mice. (i) Mean  s.e.m.  
of INC values of all recorded pairs of the respective category (Sst: 9 cells; Vip: 15 cells; Pvalb: 16 cells; Tnfaip8l3: 9 cells; UD: 16 cells; L1: 7 cells). 
(j) Schematic of the inhibition mediated by Pvalb cells onto each interneuron category.
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Figure 5 Sst cells inhibit all  
other categories but one another.  
(a) Schematic of experimental  
configuration: ChR2-expressing Sst- 
Cre cells are photostimulated while  
we recorded from a pyramidal cell (Pyr)  
and a neighboring GAD65 and GAD67– 
expressing inhibitory neuron expressing  
GFP. (b) Example IPSCs simultaneously  
recorded in the reference pyramidal cell (Pyr) and in one of the six different interneuron categories. Order of the six pyramidal-cell IPSCs (top to  
bottom) matches the order of the IPSC simultaneously recorded in each of the six interneuron categories. All traces were scaled such that the  
pyramidal-cell IPSCs have the same peak amplitude. (c–h) IPSQ evoked by Sst cell photostimulation and recorded in individual interneurons versus 
IPSQ simultaneously recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Note that all inhibitory neuron categories 
received inhibition comparable to that simultaneously recorded in pyramidal cells, but for Sst cells that receive none (d). Pvalb: 13 cells, 10 slices,  
5 mice; Sst: 12 cells, 6 slices, 5 mice; Vip: 10 cells, 7 slices, 6 mice; Tnfaip8l3: 13 cells, 10 slices, 6 mice; UD: 16 cells, 13 slices, 6 mice; L1:  
8 cells, 6 slices, 5 mice. (i) Mean  s.e.m. of INC values of all recorded pairs of the respective category (Sst: 12 cells; Vip: 10 cells; Pvalb: 13 cells; 
Tnfaip8l3: 13 cells; UD: 16 cells; L1: 8 cells). (j) Schematic of the inhibition mediated by Sst cells onto each interneuron category.

©
20

13
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

6 ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE

A R T I C L E S

Interneurons targeted by Sst-Cre cells
Photostimulation of Sst-Cre-ChR2–expressing neurons showed 
that Sst-Cre cells, in notable contrast to Pvalb cells, inhibit all other 
categories of interneurons rather than one another (Fig. 5a–i). 
Photostimulation of Sst-Cre cells generated large inhibitory charges 
in pyramidal cells (average IPSQ, 39.3  4.5 pC; n = 75) and charges of 
comparable magnitude in Pvalb cells (average IPSQPvalb, 34.6  5.8 pC; 
average IPSQPyr, 71.43  12.63 pC; n = 13; INCSst Pvalb = 0.9  0.14 pC; 
Fig. 5b,c,i), Vip cells (average IPSQVip, 20.4  6.0 pC; average IPSQPyr, 
21.63  6.0 pC; n = 10; INCSst Vip = 2.15  0.72 pC; Fig. 5b,e,i), 
Tnfaip813 cells (average IPSQTNFA, 42.3  15.0 pC; average IPSQPyr, 
25.82  7.5 pC; n = 13; INCSst TNFA = 1.91  0.41 pC; Fig. 5b,f,i) and 
L1 cells (average IPSQL1 17.4  4.7 pC; average IPSQPyr, 14.9  3.7 pC; 
n = 8; INCPvalb L1 = 2.00  0.69 pC; Fig. 5b,h,i). Sst-Cre cells also 
inhibited the undefined category (average IPSQUD, 25.7  5.1 pC; 
average IPSQPyr, 42.2  13.3 pC; n = 16; INCPvalb UD = 1.94  0.45 pC; 
Fig. 5b,g,i), highlighting the general inhibitory impact of Sst-Cre cells 
onto other interneuron categories. Sst-Cre cells, however, generated 
no inhibition on Sst-expressing cells (average IPSQSst, 1.7  0.4 pC; 
average IPSQPyr, 45.19  7.3 pC; n = 12; INCSst Sst = 0.06  0.01 pC; 
Fig. 5b,d,i; for statistical analysis between groups, see Supplementary 
Fig. 7b). Thus, Sst cells exhibited a complementary inhibitory pattern 
compared to Pvalb cells: the latter preferentially inhibited one another 
but Sst cells were a major source of inhibition for all other interneuron 
categories except themselves (Fig. 5j).

Interneurons targeted by Vip-Cre cells
As Sst cells were not substantially inhibited by Pvalb cells or by Sst 
cells, we sought to determine whether any category of interneurons 
inhibits them. By photostimulating Vip-Cre-ChR2–expressing neu-
rons, we discovered that not only do Vip-Cre cells inhibit Sst cells 
but that Sst cells are their principal target (Fig. 6a–i). Inhibition 
mediated by Vip-Cre cells onto Sst-expressing cells was much larger 
than onto the simultaneously recorded pyramidal cells (pyramids or 
Pyr) (average IPSQSst, 4.6  1.5 pC; average IPSQPyr, 0.6  0.2 pC;  

n = 11; INCVip Sst = 0.42  0.14 pC as compared to the much smaller 
INCVip pyramid = 0.06  0.02 pC and Fig. 6b,d,i) and larger in L2/3 
than in L5, consistent with their preferential distribution in superfi-
cial layers (average IPSQSst, L2/3, 9.7  2.4 pC; average IPSQPyr L2/3, 
0.4  0.08 pC; n = 4; INCVip SstL2/3 = 1.48  0.19 pC; and average 
IPSQSst L5 1.7  0.5 pC; average IPSQPyr L5, 0.78  0.4 pC; n = 7;  
INCVip SstL5 = 0.13  0.01 pC; Fig. 6b,d,i; see Supplementary  
Figs. 1 and 3a for layer distribution of cells). In contrast to the  
inhibition that they generated onto Sst-expressing cells, Vip-Cre 
cells inhibited all of the other targets very little (average IPSQ values;  
Pvalb: 1.1  0.2 pC, pyramidPvalb: 1.08  0.32 pC, n = 29, INCVip Pvalb =  
0.06  0.01 pC; Vip:1.1  0.3 pC, pyramidVip:1.15  0.3 pC, n = 20, 
INCVip Vip = 0.06  0.02 pC; Tnfaip8l3:0.9  0.3 pC, pyramidTNFA: 
0.7  0.14 pC, n = 18, INCVip TNFA = 0.08  0.03 pC; undefined:  
0.6  0.2 pC, pyramidUD: 0.55  0.22 pC, n = 7, INCVip UD =  
0.07  0.02 pC; L1: 0.54  0.2 pC, pyramidL1: 0.93  0.25 pC, n = 6,  
INCVip L1 = 0.03  0.01 pC; Fig. 6b,c,e–i; for statistical analysis 
between groups, see Supplementary Fig. 7c). Thus, Vip cells exhib-
ited a distinct inhibitory pattern compared to Pvalb and Sst cells. 
Whereas Pvalb cells preferentially inhibited one another and Sst cells 
inhibited any other category but one another, Vip cells were special-
ized in inhibiting Sst cells (Fig. 6j).

Comparing inhibition mediated by distinct interneurons
Finally, we compared inhibition between genetically identified 
interneurons side by side (Fig. 7a). For simplicity, we normalized all 
INCs to the INC between Pvalb and pyramidal cell (INCPvalb pyramid). 
Normalized INC (nINC) of Pvalb-Cre cells onto Pvalb-expressing cells 
(nINCPvalb Pvalb = 1.01) was three times that of Sst-Cre cells onto Pvalb- 
expressing cells (nINCSst Pvalb = 0.33). In contrast, each Sst-Cre cell  
contributed 2-5 times more to inhibition onto Vip cells, Tnfaip8l3 
cells, undefined category and L1 cells as compared to Pvalb-Cre 
cells (nINCSst Vip = 0.77; nINCPvalb Vip = 0.22; nINCSst TNFA = 
0.68; nINCPvalb TNFA = 0.3; nINCSst UD = 0.69; nINCPvalb UD =  
0.1; nINCSst L1 = 0.72; nINCPvalb L1 = 0.04). Finally, Sst-Cre cells  
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Figure 6 Vip cells preferentially  
inhibit Sst cells. (a) Schematic  
of experimental configuration:  
ChR2-expressing Vip-Cre cells were  
photostimulated while we recorded  
from a pyramidal cell (Pyr) and a  
neighboring GAD65 and GAD67– 
expressing inhibitory neuron  
expressing GFP. (b) Example IPSCs  
simultaneously recorded in the reference  
pyramidal cell (Pyr) and in one of the six different interneuron categories. Order of the six pyramidal-cell IPSCs (top to bottom) matches the order of the 
IPSC simultaneously recorded in each of the six interneuron categories. For simplicity, all traces were scaled such that the pyramidal-cell IPSCs have 
the same peak amplitude. (c–h) IPSQ evoked by Vip cell photostimulation and recorded in individual interneurons versus IPSQ simultaneously recorded 
in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Note that only Sst cells received substantial inhibition (d). x and y axes are 
expanded by one order of magnitude as compared to Pvalb-Cre line (Fig. 4) and Sst-Cre line (Fig. 5). Category (cells/slices/mice): Pvalb (29/20/12),  
Sst (11/8/6), Vip (20/14/8), Tnfaip8l3 (18/12/8), UD (7/5/4), L1 (6/5/4). (i) Mean  s.e.m. of INC values of all recorded pairs of the respective category 
(Sst: 11 cells; Vip: 20 cells; Pvalb: 29 cells; Tnfaip8l3: 18 cells; UD: 7 cells; L1: 6 cells). (j) Schematic of the inhibition mediated by Vip cells onto 
each interneuron category.
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33.5  6.6 pC; average IPSQPyr, 49.35  6.6 pC; n = 16; INCPvalb Pvalb 
= 2.8  0.51 pC; Fig. 4b,c,i). In contrast, Sst-expressing cells were not 
inhibited at all by Pvalb-Cre cell photostimulation (average IPSQSst,  
0.5  0.3 pC; average IPSQPyr, 17.7  4.17 pC; n = 9; INCPvalb Sst =  
0.07  0.03 pC; Fig. 4b,d,i) and Vip- and Tnfaip813-expressing cells 
were inhibited only a little (average IPSQVip, 7.1  2.0 pC; average 
IPSQPyr, 38.85  7.57 pC; n = 15; INCPvalb Vip, = 0.62  0.14 pC; and 
average IPSQTNFA, 10.9  2.0 pC; average IPSQPyr, 36.73  6.86 pC;  
n = 9; INCPvalb TNFA = 0.85  0.27 pC; Fig. 4b,e,f,i; respectively). 
Similarly, L1 interneurons were not inhibited by Pvalb-Cre cells  
(average IPSQL1, 1.3  0.5 pC; average IPSQPyr, 27.02  8.59 pC;  
n = 7; INCPvalb L1 = 0.12  0.04 pC; Fig. 4b,h,i). The undefined cell 

category was not inhibited by Pvalb-Cre cell photostimulation (aver-
age IPSQUD, 5.3  2.5 pC; average IPSQPyr, 48.52  10.83 pC; n = 16;  
INCPvalb UD = 0.28  0.07 pC; Fig. 4b,g,i; for statistical significance 
between groups, see Supplementary Fig. 7a).

The lack of inhibition onto the undefined category, which includes 
most interneurons not defined by genetic markers, indicates that the 
small inhibition generated by Pvalb-Cre cells onto other interneurons 
is a general phenomenon.

Thus, these data show that the most prominent category of interneu-
rons in the visual cortex, the Pvalb cell, is selective in its choice of 
postsynaptic interneuron targets, mainly restricting its inhibitory 
influence onto itself (Fig. 4j).
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Figure 4 Pvalb cells mainly inhibit  
one another. (a) Schematic of  
experimental configuration: ChR2- 
expressing Pvalb-Cre cells were  
photostimulated while we recorded  
from a pyramidal cell (Pyr) and a  
neighboring GAD65 and GAD67– 
expressing inhibitory neuron  
expressing GFP. (b) Example IPSCs  
simultaneously recorded in the reference  
pyramidal cell (black) and in one of the six different interneuron categories. Order of six pyramidal-cell IPSCs (top to bottom) matches the order of 
the IPSC simultaneously recorded in each of the six interneuron categories. For simplicity, all traces were scaled such that the pyramidal-cell IPSCs 
have the same peak amplitude. (c–h) IPSQ evoked by Pvalb cell photostimulation and recorded in individual interneurons versus IPSQ simultaneously 
recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Pvalb: 16 cells, 15 slices, 10 mice; Sst: 9 cells, 9 slices, 6 mice; 
Vip: 15 cells, 12 slices, 9 mice, Tnfaip8l3: 9 cells, 5 slices, 5 mice; UD: 16 cells, 12 slices, 9 mice: L1: 7 cells, 5 slices, 5 mice. (i) Mean  s.e.m.  
of INC values of all recorded pairs of the respective category (Sst: 9 cells; Vip: 15 cells; Pvalb: 16 cells; Tnfaip8l3: 9 cells; UD: 16 cells; L1: 7 cells). 
(j) Schematic of the inhibition mediated by Pvalb cells onto each interneuron category.
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Figure 5 Sst cells inhibit all  
other categories but one another.  
(a) Schematic of experimental  
configuration: ChR2-expressing Sst- 
Cre cells are photostimulated while  
we recorded from a pyramidal cell (Pyr)  
and a neighboring GAD65 and GAD67– 
expressing inhibitory neuron expressing  
GFP. (b) Example IPSCs simultaneously  
recorded in the reference pyramidal cell (Pyr) and in one of the six different interneuron categories. Order of the six pyramidal-cell IPSCs (top to  
bottom) matches the order of the IPSC simultaneously recorded in each of the six interneuron categories. All traces were scaled such that the  
pyramidal-cell IPSCs have the same peak amplitude. (c–h) IPSQ evoked by Sst cell photostimulation and recorded in individual interneurons versus 
IPSQ simultaneously recorded in a pyramidal cell (IPSQPyr; symbols as in a). Dotted lines are unity lines. Note that all inhibitory neuron categories 
received inhibition comparable to that simultaneously recorded in pyramidal cells, but for Sst cells that receive none (d). Pvalb: 13 cells, 10 slices,  
5 mice; Sst: 12 cells, 6 slices, 5 mice; Vip: 10 cells, 7 slices, 6 mice; Tnfaip8l3: 13 cells, 10 slices, 6 mice; UD: 16 cells, 13 slices, 6 mice; L1:  
8 cells, 6 slices, 5 mice. (i) Mean  s.e.m. of INC values of all recorded pairs of the respective category (Sst: 12 cells; Vip: 10 cells; Pvalb: 13 cells; 
Tnfaip8l3: 13 cells; UD: 16 cells; L1: 8 cells). (j) Schematic of the inhibition mediated by Sst cells onto each interneuron category.
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received the bulk of the INCs from Vip-Cre cells (nINCVip Sst = 0.15; 
nINCPvalb Sst = 0.03; nINCSst Sst = 0.02).

Because we computed the INCs listed above indirectly, based on the 
INCs of interneurons onto pyramidal cells and photostimulation of  large 
populations of interneurons, we directly verified three of the most sali-
ent INCs between interneurons, namely INCPvalb Pvalb, INCSst Pvalb  
and INCVip Sst, through paired recordings. We obtained uIPSQ and 
Pcon data between molecularly identified GFP-expressing interneu-
rons and nearby Pvalb-, Sst- or Vip-Cre cells (distance 25–100 m)  
visualized by tdTomato expression in the respective Cre line  
(Fig. 7b–e and Online Methods). Pvalb-Cre cells strongly inhibited Pvalb 
cells (uIPSQ = 2.76  0.69 pC; Pcon = 100%; n = 13). The INCPvalb Pvalb  
obtained with paired recordings (2.76 pC) was very similar to that 
estimated with photostimulation (2.8 pC; P = 0.94). Sst-Cre cells 
inhibited Pvalb cells (uIPSQ = 0.77  0.21 pC; n = 12 Pcon = 85.7%; 
n = 14) and the INCSst Pvalb (0.66 pC) was similar to that measured 
using photostimulation (0.9 pC; P = 0.58). Finally, Vip-Cre cells inhib-
ited Sst cells (uIPSQ = 0.69  0.33 pC; n = 10; Pcon = 62.5%; n = 16) 
and the INCVip Sst (0.43 pC) was again not significantly different 
than that estimated with photostimulation (0.42 pC; P = 0.46). Thus, 
the results indicate that the two methods, one using photostimulation 
and normalization onto a reference cell and the other using standard 
paired recordings, provided quantitatively similar results.

These data show that although Pvalb cells provide little inhibi-
tion onto other interneurons, they are the main source of their own  

inhibition by contributing three times more inhibition than Sst cells do. 
Furthermore, individual Sst cells contribute much more than individual  
Pvalb and Vip cells to the inhibition of all other interneuron cat-
egories. Finally, although individual Vip cells contributed relatively 
little inhibition, they still represented the main source of inhibition 
onto Sst cells (Fig. 7a,f,g; for statistical analysis between groups, see 
Supplementary Fig. 7d–f).

DISCUSSION
We established the connectivity pattern between molecularly defined 
classes of GABAergic interneurons in L2/3 and L5 of the mouse visual 
cortex. ‘Pvalb’, ‘Sst’ and ‘Vip’  cells exhibited a highly specific and com-
plementary network of connections. Although the biggest group, the 
Pvalb cells, strongly inhibited each other but weakly other interneu-
rons, the second largest group, the Sst cells, inhibited all interneuron 
categories but avoided inhibiting each other. Vip cells preferentially 
targeted Sst cells. This simple blueprint highlights a remarkable degree 
of specificity in the synaptic interactions between molecularly defined 
classes of cortical interneurons.

Our data highlight more similarities than differences between L2/3 
and L5 inhibitory networks: for example, the strength of the Pvalb-
Pvalb and Sst-Pvalb connections, and the lack of Sst-Sst and of Pvalb-
Sst connections was comparable across these two layers. The only 
notable difference was the strength of the Vip-Sst connection, which 
was larger in L2/3 than in L5, likely due to the concentration of Vip 
neurons in superficial layers.

Methodological considerations
Although space-clamp errors are inherent to whole-cell voltage-clamp 
experiments32, they are unlikely to influence the reported connectiv-
ity pattern. They may, however, affect the relative strength of con-
nections, given that distinct interneuron classes preferentially inhibit 
distinct subcellular compartments. Thus, the inhibition values given 
here report the strength as experienced by the soma of the recorded 
neuron rather than at the contact site. The relative connection strength 
may also be affected by the elimination of subcellular differences in 
chloride concentrations through whole-cell dialysis, thus abolishing 
differences in inhibitory driving force at distinct locations.
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Figure 7 Comparing individual neuronal contributions among cortical 
interneurons. (a) Heat map of the normalized individual neuronal 
contributions of the three presynaptic interneuron classes onto the 
six postsynaptic interneuron categories. (b) Schematics of paired 
recording configurations (top). Average uIPSC recorded in pyramidal 
cells in response to an action potential evoked in a defined presynaptic 
interneuron (bottom). Each trace represents the average postsynaptic 
current of a different paired recording. Pvalb onto Pvalb cells (left;  
n = 13; 13/13 connected pairs, 6 slices, 3 mice), Sst onto Pvalb cells 
(center; n = 14; 12/14 connected pairs, 6 slices, 3 mice) and Vip  
onto Sst cells (right; n = 16; 10/16 connected pairs, 7 slices, 3 mice). 
(c) uIPSQs recorded in interneurons and mediated by the three different 
presynaptic interneuron classes (Pvalb  Pvalb: n = 13; Sst  Pvalb:  
n = 12; Vip  Sst: n = 10; error bars, s.e.m.). (d) Connectivity probability 
between the three presynaptic interneuron classes and the respective 
postsynaptic interneurons. (e) Individual neuronal contribution (uIPSQ × 
connectivity probability) of the three presynaptic interneuron classes onto 
interneurons normalized by the individual neuronal contribution of Pvalb 
onto pyramidal cells. (f) Schematic of the connectivity pattern between 
the presynaptic interneuron classes (Pvalb, Sst and Vip) and postsynaptic 
interneuron categories (Pvalb, Sst, Vip, Tnfaip8l3, UD and L1) in  
L2/3 and L5 of mouse visual cortex (abbreviations as in Fig. 2e).  
(g) Schematic of the inhibitory connections among the three 
largest classes of interneurons (Pvalb, Sst, Vip) and pyramidal cells 
(abbreviations as in Fig. 2e).
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received the bulk of the INCs from Vip-Cre cells (nINCVip Sst = 0.15; 
nINCPvalb Sst = 0.03; nINCSst Sst = 0.02).

Because we computed the INCs listed above indirectly, based on the 
INCs of interneurons onto pyramidal cells and photostimulation of  large 
populations of interneurons, we directly verified three of the most sali-
ent INCs between interneurons, namely INCPvalb Pvalb, INCSst Pvalb  
and INCVip Sst, through paired recordings. We obtained uIPSQ and 
Pcon data between molecularly identified GFP-expressing interneu-
rons and nearby Pvalb-, Sst- or Vip-Cre cells (distance 25–100 m)  
visualized by tdTomato expression in the respective Cre line  
(Fig. 7b–e and Online Methods). Pvalb-Cre cells strongly inhibited Pvalb 
cells (uIPSQ = 2.76  0.69 pC; Pcon = 100%; n = 13). The INCPvalb Pvalb  
obtained with paired recordings (2.76 pC) was very similar to that 
estimated with photostimulation (2.8 pC; P = 0.94). Sst-Cre cells 
inhibited Pvalb cells (uIPSQ = 0.77  0.21 pC; n = 12 Pcon = 85.7%; 
n = 14) and the INCSst Pvalb (0.66 pC) was similar to that measured 
using photostimulation (0.9 pC; P = 0.58). Finally, Vip-Cre cells inhib-
ited Sst cells (uIPSQ = 0.69  0.33 pC; n = 10; Pcon = 62.5%; n = 16) 
and the INCVip Sst (0.43 pC) was again not significantly different 
than that estimated with photostimulation (0.42 pC; P = 0.46). Thus, 
the results indicate that the two methods, one using photostimulation 
and normalization onto a reference cell and the other using standard 
paired recordings, provided quantitatively similar results.

These data show that although Pvalb cells provide little inhibi-
tion onto other interneurons, they are the main source of their own  

inhibition by contributing three times more inhibition than Sst cells do. 
Furthermore, individual Sst cells contribute much more than individual  
Pvalb and Vip cells to the inhibition of all other interneuron cat-
egories. Finally, although individual Vip cells contributed relatively 
little inhibition, they still represented the main source of inhibition 
onto Sst cells (Fig. 7a,f,g; for statistical analysis between groups, see 
Supplementary Fig. 7d–f).

DISCUSSION
We established the connectivity pattern between molecularly defined 
classes of GABAergic interneurons in L2/3 and L5 of the mouse visual 
cortex. ‘Pvalb’, ‘Sst’ and ‘Vip’  cells exhibited a highly specific and com-
plementary network of connections. Although the biggest group, the 
Pvalb cells, strongly inhibited each other but weakly other interneu-
rons, the second largest group, the Sst cells, inhibited all interneuron 
categories but avoided inhibiting each other. Vip cells preferentially 
targeted Sst cells. This simple blueprint highlights a remarkable degree 
of specificity in the synaptic interactions between molecularly defined 
classes of cortical interneurons.

Our data highlight more similarities than differences between L2/3 
and L5 inhibitory networks: for example, the strength of the Pvalb-
Pvalb and Sst-Pvalb connections, and the lack of Sst-Sst and of Pvalb-
Sst connections was comparable across these two layers. The only 
notable difference was the strength of the Vip-Sst connection, which 
was larger in L2/3 than in L5, likely due to the concentration of Vip 
neurons in superficial layers.

Methodological considerations
Although space-clamp errors are inherent to whole-cell voltage-clamp 
experiments32, they are unlikely to influence the reported connectiv-
ity pattern. They may, however, affect the relative strength of con-
nections, given that distinct interneuron classes preferentially inhibit 
distinct subcellular compartments. Thus, the inhibition values given 
here report the strength as experienced by the soma of the recorded 
neuron rather than at the contact site. The relative connection strength 
may also be affected by the elimination of subcellular differences in 
chloride concentrations through whole-cell dialysis, thus abolishing 
differences in inhibitory driving force at distinct locations.
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Figure 7 Comparing individual neuronal contributions among cortical 
interneurons. (a) Heat map of the normalized individual neuronal 
contributions of the three presynaptic interneuron classes onto the 
six postsynaptic interneuron categories. (b) Schematics of paired 
recording configurations (top). Average uIPSC recorded in pyramidal 
cells in response to an action potential evoked in a defined presynaptic 
interneuron (bottom). Each trace represents the average postsynaptic 
current of a different paired recording. Pvalb onto Pvalb cells (left;  
n = 13; 13/13 connected pairs, 6 slices, 3 mice), Sst onto Pvalb cells 
(center; n = 14; 12/14 connected pairs, 6 slices, 3 mice) and Vip  
onto Sst cells (right; n = 16; 10/16 connected pairs, 7 slices, 3 mice). 
(c) uIPSQs recorded in interneurons and mediated by the three different 
presynaptic interneuron classes (Pvalb  Pvalb: n = 13; Sst  Pvalb:  
n = 12; Vip  Sst: n = 10; error bars, s.e.m.). (d) Connectivity probability 
between the three presynaptic interneuron classes and the respective 
postsynaptic interneurons. (e) Individual neuronal contribution (uIPSQ × 
connectivity probability) of the three presynaptic interneuron classes onto 
interneurons normalized by the individual neuronal contribution of Pvalb 
onto pyramidal cells. (f) Schematic of the connectivity pattern between 
the presynaptic interneuron classes (Pvalb, Sst and Vip) and postsynaptic 
interneuron categories (Pvalb, Sst, Vip, Tnfaip8l3, UD and L1) in  
L2/3 and L5 of mouse visual cortex (abbreviations as in Fig. 2e).  
(g) Schematic of the inhibitory connections among the three 
largest classes of interneurons (Pvalb, Sst, Vip) and pyramidal cells 
(abbreviations as in Fig. 2e).
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discussion

• cool technique

• surprisingly accurate

• potential space-clamping issues?

• poor estimates from low connectivity to Pyr

• massive averaging across animals and layers

• need presynaptic cell-type specific transgenic mice

• poor understanding of cell-types

• what about the other 80% of the cells?

Tuesday, February 18, 14


