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The integration of sensory information arriving from the thalamus 
to primary sensory cortices has been one of the most studied cortical 
computations1,2. In the primary visual cortex (V1), ascending tha-
lamocortical (TC) inputs from the dorsal lateral geniculate nucleus 
(dLGN) preferentially innervate neurons in L4 and send sparser 
projections to L2/3 and L5 neurons3–5. Novel sensory representa-
tions emerge in the cortex after cortical neurons integrate convergent 
thalamic input6.

The relative contributions of TC input and local cortical circuits in 
shaping the functional properties of V1 neurons have been extensively 
investigated in L4. Results from previous studies are consistent with 
Hubel and Wiesel’s classic feedforward model7, which proposes that 
the convergence of specific spatially arranged dLGN inputs onto L4 
neuron results in the emergence of orientation tuning independently 
of the local cortical circuitry. Cooling or optogenetically mediated 
cortical silencing experiments demonstrate that intracortical connec-
tions amplify L4 responses with no changes in their tuning proper-
ties8–12. Modeling studies suggest that recurrent local excitation could 
result in the observed amplification of L4 signals13–15. An untested 
prediction from these models is that L4 neurons receiving common 
thalamic input should be preferentially interconnected so that spe-
cific signals become amplified without changes in tuning properties. 
Pyramidal neocortical neurons assemble in interdigitated, highly 
interconnected subnetworks16,17. In L2/3, subnetworks of connected 
pyramidal neurons share common local L4 inputs18. However, how 
local connectivity relates to long-range connectivity in sensory cor-
tex remains unexplored. It is unknown whether, as predicted by the 
models of amplification by local recurrent networks, cortical neu-
rons receiving common long-range thalamic inputs are preferentially 
connected to each other. Also, taking into account that dLGN axons 
innervate neurons in many cortical layers6,19–21, it is also unknown 
whether multilaminar assemblies of connected neurons integrate 

common dLGN inputs or if instead TC information is differentially 
routed to neurons in different layers.

We measured how connected cells in L4 and L2/3 integrate dLGN 
input in mouse V1. Using Channelrhodopsin-2 (ChR2)-assisted 
circuit mapping22,23 (CRACM), we measured the strength and the 
dendritic distribution of dLGN inputs to pyramidal neurons. We 
found that in addition to the strong innervation of L4 neurons, dLGN 
inputs strongly innervate neurons in lower L2/3. By combining optical 
high-throughput minimal stimulation of ChR2-expressing (ChR2+) 
axons with simultaneous multiple whole-cell recordings, we devel-
oped a technique to measure how local and long-range connectivity 
relate to each other. We found that connected neurons in L4 share 
more common thalamic input than nonconnected pairs. Moreover, 
L4→L2/3 connected pairs received more common dLGN input than 
unconnected pairs, indicating that TC axons specifically connect with 
multilaminar networks of connected neurons in L4 and L2/3. These 
connectivity patterns are consistent with the models of L4 cortical 
amplification by recurrent connections. Furthermore, our results 
indicate that, rather than flowing serially from L4 to L2/3, thalamic 
afferents are simultaneously processed by interconnected fine-scale 
neuronal assemblies encompassing both layers organized around 
common TC axons.

RESULTS
dLGN→V1 inputs innervate L4 and L2/3 pyramidal neurons
We injected adeno-associated virus (AAV) encoding ChR2-Venus 
into dLGN to label TC projections to V1. dLGN axons were found in 
all cortical layers. The densest projection was in L4, followed by L2/3, 
where Venus-expressing axons could be seen projecting up to L1, 
their density becoming progressively lower closer to the pia (Fig. 1a).  
dLGN also sent sparser projections to L5 and L6. We quantified the 
strength of the TC projection to different populations of V1 pyramidal 
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Neurons in the thalamorecipient layers of sensory cortices integrate thalamic and recurrent cortical input. Cortical neurons 
form fine-scale, functionally cotuned networks, but whether interconnected cortical neurons within a column process common 
thalamocortical inputs is unknown. We tested how local and thalamocortical connectivity relate to each other by analyzing 
cofluctuations of evoked responses in cortical neurons after photostimulation of thalamocortical axons. We found that connected 
pairs of pyramidal neurons in layer (L) 4 of mouse visual cortex share more inputs from the dorsal lateral geniculate nucleus than 
nonconnected pairs. Vertically aligned connected pairs of L4 and L2 and 3 (L2/3) neurons were also preferentially contacted by 
the same thalamocortical axons. Our results provide a circuit mechanism for the observed amplification of sensory responses 
by L4 circuits. They also show that sensory information is concurrently processed in L4 and L2/3 by columnar networks of 
interconnected neurons contacted by the same thalamocortical axons. 
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Figure 2 Method for assessing how local and 
long-range connectivity relate to each  
other. (a) Local connectivity test. Presynaptic  
spiking elicited for each neuron (top) and  
the traces simultaneously recorded in the  
other neuron (bottom). Traces are the mean 
of 100 repetitions. (b) Image of a brain slice 
(same experiment as in a) showing the  
recording pipettes and the photostimulation 
grid. 1 and 2 indicate the neurons shown  
in a; lettered arrows indicate locations shown  
in e–g. (c) Maps of mean eEPSC charge (top)  
and response probability (bottom) across 
photostimulated locations in b for each neuron 
in the pair. White triangles, soma positions.  
(d) Top, map of mean eEPSC charge for the 
pair for all photostimulated locations (average 
of top panels in c). Mean number of inputs is 
calculated as (mean eEPSC for the pair)/(TC 
unitary input size). White circles indicate 
locations with correlated eEPSCs. Bottom, 
fraction of correlated locations as function of 
the mean number of inputs. Bin size, 1 input. 
Shaded area, range used for analyses in  
Figures 4 and 5. Pixels with values within 
that range are marked with black dots in top 
panel. (e–g) Example plots (top) and traces 
(bottom) for correlated (e,g) and uncorrelated 
(f) responses from locations where a putative 
single axon (e,f) or more than one axon (g) was 
photostimulated. Temporal sequence of traces 
is from left to right and from top to bottom. Inset, superimposed traces recorded on one of the recorded neurons. Traces correspond to the locations 
indicated in b (arrowheads). An unrecorded neuron is represented in gray in f. Laser pulses were delivered at the beginning of each trace.

neurons in acute brain slices by photostimulating ChR2+ synapses 
in the presence of tetrodotoxin (TTX) and 4-aminopyridine (4-AP) 
while performing whole-cell recordings from pyramidal neurons 
using subcellular CRACM (sCRACM). sCRACM allows rapid map-
ping of the distribution of monosynaptic inputs from ChR2+ axons 
onto the dendrites of the recorded neurons23 (Fig. 1b–d). To account 
for the variability in expression levels across slices, we sequen-
tially recorded vertically aligned pairs of neurons under identical  
laser powers. We assessed the relative strength of dLGN inputs by 

adding sCRACM responses over the entire dendritic trees of L2/3 or 
L5 neurons and comparing them to the values obtained from an L4 
pyramidal neuron recorded in the same slice (Fig. 1e). The strengths 
of dLGN→L2/3 inputs depended on the cortical depth of the postsyn-
aptic neurons. Inputs to neurons within 100 µm of L4 were on average 
85% as strong as those to L4, while inputs to more superficial neurons 
were much weaker. dLGN inputs onto L4 pyramidal neurons were 
located mainly on dendrites surrounding their somata and also on 
their apical dendrites (Fig. 1b–d). L2/3 pyramidal neurons received 

a
10

0 
µm

L1
L2/3

L4

L5

L6

0 1

Normalized
fluorescence

c

b

N
or

m
al

iz
ed

 to
ta

l i
np

ut

e

1

2

–150 0 150 300

L5 L4 L2/3

Distance from L4 lower
boundary (µm)

Layer 2/3Layer 4

1

0

150 µm

d

Normalized input

A
lig

ne
d 

by
 s

om
a

n = 26 n = 14

Synaptic input
Dendritic density

n = 9

0 10.5 0 10.5

D
is

ta
nc

e 
fr

om
so

m
a 

(µ
m

)

n = 5–250

0

250

500

L1
L2/3

L4

L5

Layer 2/3Layer 4

L1

L2/3

L4

L5

150 µm

0 –15 pA 0 –9 pA
A

lig
ne

d 
by

 p
ia

1

0

150 µm

n = 26 n = 14
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dLGN inputs mainly in their lower basal dendrites. dLGN inputs to 
L5 pyramids were weaker than those to L4 or L2/3. When detected 
in L5 pyramids, dLGN inputs targeted the perisomatic dendrites and 
apical dendritic segments in L4 (Supplementary Fig. 1). On average 
dLGN→L5 inputs were only 16% as strong as those contacting L4 
pyramids. Thus, in addition to strongly innervating L4, dLGN inputs 
mainly target neurons in lower L2/3.

Measuring local and long-range TC connectivity
We then measured how interconnected subnetworks of excitatory 
neurons in L4 and L2/3 integrate dLGN input. Excitatory L4 and  
L2/3 neurons in V1 were identified by their laminar position and 
their intrinsic firing patterns (Supplementary Fig. 2). Local connec-
tivity was assessed by evoking action potentials in one of the recorded  
neurons while simultaneously monitoring membrane potential 
changes in all the other patched neurons (Fig. 2a). We measured 
shared long-range TC connectivity in simultaneously recorded neu-
rons by photostimulating ChR2+ dLGN axons in the vicinity of the 
recorded neurons using a laser beam (Fig. 2 and Supplementary  
Fig. 3). ChR2+ axons can be photostimulated in brain slices even 
when severed from their parent somata22. Individual ChR2+ axons  
have different light intensity thresholds to spike, and spiking 
probability increases as a function of laser power22. At interme-
diate illumination intensities, spikes can be elicited in a regime 
of successes and failures, akin to minimal stimulation using elec-
trodes22,24. Using galvanometer mirrors, we repeatedly photo-
stimulated dLGN axons in a grid pattern over V1 slices while 
simultaneously recording from multiple L4 and L2/3 pyramidal 
neurons (Fig. 2b). Photostimulation of dLGN axons was done at 
low laser intensities in order to maximize the excitation of axons in 
a regime of failures and successes (Fig. 2c). Additionally, these pho-
tostimulation conditions resulted in subthreshold depolarizations  

of L4 and L2/3 neurons, ensuring that evoked excitatory post- 
synaptic currents (eEPSCs) recorded in L4 and L2/3 originated 
from direct monosynaptic dLGN inputs and not from polysynaptic 
excitation involving other cortical neurons (Supplementary Fig. 4  
and Online Methods). If a minimally stimulated ChR2+ axon con-
nects to a pair of simultaneously recorded neurons, their optically 
evoked eEPSCs cofluctuates across stimulations25–28 (Fig. 2e). 
Conversely, if a minimally stimulated axon innervates only one of 
the recorded neurons, the amplitude of its eEPSCs varies independ-
ently (Fig. 2f). In locations where more than one connecting axon is 
stimulated, eEPSCs also cofluctuate when one of the axons is driven 
unreliably and connects with the recorded pair (Fig. 2g). Thus, cor-
relations measured from locations where one or several axons are 
stimulated reveal shared inputs.

Given the uneven density of ChR2+ axons in the slice, photostimu-
lation excited varying numbers of axons across locations, eliciting 
eEPSCs with different mean charges (Fig. 2c). We estimated the uni-
tary dLGN input strength from locations that resulted in apparent 
minimal stimulation of isolated single dLGN axons and showed fail-
ures and successes of the recorded eEPSCs (Fig. 2c,e,f). eEPSCs from 
putative single dLGN axons were slightly larger in L2/3 than in L4 
neurons (mean L4 eEPSC charge 0.13 ± 0.07 pC, range 0.01 − 0.87 pC,  
n = 880 connections from 52 mice; mean L2/3 eEPSC charge 0.16 ± 
0.10 pC, range 0.02 − 0.95 pC, n = 628 connections from 44 mice; 
Wilcoxon rank sum test, z = 7.64, P = 2.2 × 10−14).

For each location on the grid, we approximated the average number 
of inputs contacting the pair as the mean eEPSCs from both neurons 
divided by the unitary dLGN input size (Fig. 2d). This metric is a 
measure of the mean number of connecting photostimulated axons, 
but with shared axons counted twice. Correlated responses were 
elicited in a fraction of the photostimulated locations and from sites 
recruiting different numbers of inputs (Fig. 2d).
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Correlations depend on the number of stimulated axons and 
the fraction shared
As photostimulation can reveal shared inputs even from locations where 
several axons are driven, we modeled how eEPSC correlations in pairs of 
simultaneously recorded neurons are expected to depend on the number 
of axons stimulated and the fraction of shared input. We simulated sam-
pling randomly from a population of axons with different connectivity 
and thresholds (Fig. 3a,b) with a fixed laser power. This is analogous 
to photostimulating presynaptic ChR2+ axons in different locations, 
as in our experiments. As unreliable photostimulation of axons only 
occurs within a narrow light intensity range22, at any given laser power 
only minimally stimulated shared axons contribute to the covariance 
of simultaneously recorded eEPSCs (Fig. 3b,c). As a consequence, the 
probability of finding correlated eEPSCs increased with the number of 
axons available at each photostimulation site (Fig. 3d). Similarly, when 
simulating photostimulation at sites with the same number of avail-
able axons, the fraction correlated increased with the number of inputs 
recruited at each location (Fig. 3e). Thus, when comparing the fraction 
of shared axons between groups, measurements from locations with 
similar numbers of photostimulated axons must be used. For locations 
with equal number of photostimulated inputs, correlations were higher 
when a larger fraction of axons contacted both neurons (Fig. 3e), allow-
ing comparisons of shared input between populations.

Interconnected neurons in L4 receive common dLGN inputs
We next investigated whether dLGN inputs differentially con-
tacted pyramidal neurons in L4 and L2/3 depending on their local 
intralaminar connectivity. Pyramidal neurons in L4 and L2/3 had 
characteristic dendritic morphologies, as well as significantly dif-
ferent intrinsic properties (Fig. 4a,d and Supplementary Fig. 2) 
and intralaminar connection probabilities (Table 1). Thus, pyrami-
dal neurons in L2/3 and L4 assemble in interconnected networks  
within their layers with different local connectivity and electro-
physiological properties.

We photostimulated dLGN axons while performing simultane-
ous whole-cell recordings in pairs of L4 or L2/3 pyramidal neurons  
(Fig. 4a,d). As predicted by our simulations, the fraction of loca-
tions eliciting correlated responses increased as a function of the  
number of inputs recruited (Fig. 4b,e; in L2/3: P = 0, χ2 = 88.47; 
in L4: P = 0, χ2 = 81.44; Cochran-Armitage test for trend; see also 
Supplementary Fig. 5).

To compare the fraction of shared inputs across individual pairs, we 
calculated the fraction of photostimulated locations that elicited corre-
lated inputs within the same range of mean number of inputs (Fig. 4c,f).  
Locations eliciting correlated inputs were 4.7-fold more abundant in 
L4 connected pairs than in nonconnected ones (Fig. 4f), indicating 
that they shared a larger proportion of their TC inputs (Fig. 3). This 
difference was not observed in L2/3 (Fig. 4b,c). Unidirectionally and 
bidirectionally connected pairs shared a similar fraction of TC inputs 
(Fig. 4c,f). The strength of the local connections was a poor predictor  
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Figure 4 Interconnected neurons in L4 receive 
common dLGN inputs. (a) Scheme of paired 
recordings from L2/3 neurons (top left). Typical 
firing pattern of a L2/3 pyramidal neuron 
(bottom left). Gray traces, current injection 
steps. Example dendritic morphology of a 
pyramidal neuron from L2/3 (right). (b) Fraction 
of locations with correlated inputs as a function 
of the mean number of inputs recruited for 
pairs recorded in L2/3 (17 nonconnected pairs, 
12 connected pairs; from 26 mice). Bin size, 
1 input. The first 4 bins are plotted, as they 
contained most of the data. See Supplementary 
Figure 5 for all data. Exact fractions of  
correlated locations in each bin are shown for 
connected and nonconnected pairs. (c) Fraction 
of correlated locations for individual pairs in 
L2/3. Each dot corresponds to a single pair. 
Horizontal lines, mean. Only locations within  
the same range of mean number of inputs  
were compared across pairs (shaded area in b). 
NC, nonconnected pairs; C, connected pairs. 
Filled dots, bidirectionally connected pairs.  
P = 0.4595, Wilcoxon rank sum test, z = −0.74. 
(d) Scheme of paired recordings from  
L4 neurons (top left). Typical firing pattern  
of an L4 pyramidal neuron (bottom left). Example dendritic morphology of a pyramidal neuron from L4 (right). (e) Fraction of locations with correlated 
inputs as a function of the mean number of inputs recruited for pairs recorded in L4 (19 nonconnected pairs, 21 connected pairs; from 34 mice).  
(f) Fraction of correlated locations for individual pairs in L4. *P = 0.0132, Wilcoxon rank sum test, z = −2.48.

Table 1 Connection probability and synaptic properties of L4 and 
L2/3 pyramidal neurons in V1

Presynaptic

Postsynaptic L4 L2/3

L2/3 CP (found/tested) 14.5% (16/110) 24.1% (14/58)
Mean ± s.e.m. 0.21 ± 0.05 mV 0.45 ± 0.17 mV
Median 0.14 mV 0.14 mV
Range 0.10–0.49 mV 0.09–2.76 mV
Coeff. of var. ± s.e.m. 0.89 ± 0.18 0.85 ± 0.16

L4 CP (found/tested) 47.6% (39/82) 0% (0/110)
Mean ± s.e.m. 0.21 ± 0.03 mV
Median 0.15 mV
Range 0.07–0.55 mV
Coeff. of var. ± s.e.m. 1.08 ± 0.13

Connection probability (CP): L4→L4 versus L2/3→L2/3 (data from 93 mice), P = 0.00496,  
z = 2.81. L4→L4 versus L4→L2/3 (data from 117 mice), P = 0, z = 5.01. L2/3→L2/3 
versus L4→L2/3 (data from 86 mice), P = 0.1236, z = 1.54. Coeff. of var., coefficient 
of variation.
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of the fraction of correlated locations (Supplementary Fig. 6).  
The increase in correlated inputs in connected L4 pairs could not be 
explained by differences in intersomatic distances between the groups 
of connected and nonconnected neurons (Supplementary Fig. 7). 
Thus, locally interconnected subnetworks in L4 receive more common 
dLGN input than nonconnected neighboring cells.

dLGN axons preferentially innervate L4→L2/3 connected pairs
Next we investigated whether a single population of dLGN axons 
contacted neurons in both L4 and L2/3 or, alternatively, whether lami-
nar-specific populations of axons with different arborization patterns 
independently innervated the two layers. We simultaneously recorded 
from vertically aligned pairs of L4 and L2/3 pyramidal neurons (Fig. 5a)  
and photostimulated ChR2+ dLGN axons in a grid pattern covering 
upper L4 and L2/3 as described above. When ChR2+ axons are stimu-
lated in a grid pattern while recording from a postsynaptic neuron, 
the locations that result in eEPSCs track the trajectories and arboriza-
tions of the axons contacting the recorded neurons22 (Fig. 5b). The 
vast majority of the eEPSCs recorded in both L4 and L2/3 neurons 
were elicited when illuminating over L4. The laminar distribution of 
excited locations was indistinguishable between L4 and L2/3 record-
ings, indicating that dLGN axons connecting to L4 and L2/3 neurons 
have similar arborization patterns and overall trajectories (Fig. 5c). 
Thus, most of the axons contacting L2/3 neurons have few branches 
in L2/3 and heavily arborize in L4 (ref. 20), where they most likely 
also innervate L4 neurons.

We found L4→L2/3 connections in 14.5% of the recorded pairs, 
all unidirectional (Table 1), confirming that neurons in the recorded 
pairs belonged to different neuronal populations. We stimulated 
dLGN axons and analyzed eEPSCs covariance in simultaneously 
recorded pairs of L4 and L2/3 neurons. eEPSC were more highly 
correlated across trials in connected than in nonconnected pairs  
(Fig. 5d,e). Vertically connected pairs had on average 3.5-fold more cor-
related locations than nonconnected ones. Thus, L4→L2/3 connected 

pairs are more likely to share dLGN input than nonconnected pairs.  
Hence, dLGN axons that skip the feedforward laminar hierarchy to 
contact L2/3 neurons preferentially connect with neurons receiving 
inputs from L4 neurons that they also innervate (Fig. 5f).

DISCUSSION
We investigated whether TC afferents preferentially connect with 
locally connected subnetworks of pyramidal neurons in mouse visual 
cortex. We found that dLGN projections to pyramidal neurons in the 
deep L2/3 were almost as strong as those terminating in the canonical 
TC recipient layer, L4. We also measured how local and TC connec-
tivity relate to each other in granular and supragranular layers of V1. 
We found that dLGN axons preferentially targeted pairs of connected 
pyramidal neurons within L4. Moreover, L4→L2/3 connected pairs 
were also preferentially innervated by the same dLGN axons, demon-
strating that common thalamic inputs are simultaneously integrated by 
vertically organized multilaminar networks of connected neurons.

Technical considerations
We developed a method to efficiently measure how local and  
long-range connectivity relate to each other. Common local  
cortical connectivity can be measured using multiple paired record-
ings29. Alternatively, shared inputs can be detected by measuring 
response correlations in postsynaptic neurons after laser-scanning 
photostimulation of the local circuitry by uncaging glutamate18,30  
or electrical minimal stimulation of afferent axons25–28. Our method 
relies on cofluctuation analysis of eEPSCs in simultaneous whole-
cell recordings during optical stimulation of ChR2+ axons. As ChR2+ 
axons are excitable even when severed from their parent somata22, 
shared connectivity can be measured even when projections are 
not preserved in brain slices. Thus, our method can be applied to  
measure shared connectivity of afferent projections of any length 
scale. In addition, by using optical rather than electrical stimula-
tion of axons, cofluctuations can be efficiently measured from many 
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stimulated locations, yielding measurements from a large number of 
axons per experiment.

We detected axons innervating pairs of recorded neurons by repeat-
edly stimulating them under illumination conditions that elicit unreli-
able axonal activation, resulting in eEPSC cofluctuations. In addition 
to failures of axonal photoactivation, failures of transmitter release 
can also contribute to fluctuations of eEPSCs amplitudes independ-
ently at each release site. Thus, synaptic failures lead to a decrease 
of eEPSC correlations in neurons receiving common input from the 
photostimulated axons. This would add noise to the cofluctuation 
analysis and mask measurements of shared connectivity. TC synapses 
are highly reliable31–33, and eEPSC decorrelations in connected pairs 
due to release failures are expected to be relatively low. When measur-
ing common connectivity in neurons receiving inputs from less reli-
able synapses, we anticipated that more repetitions would be required 
to detect common input and compensate for the decorrelating effect 
of synaptic failures.

Shared TC innervation of connected L4 neurons
We found that connected pyramidal L4 neurons shared more com-
mon dLGN inputs than nonconnected ones. As the convergence of 
specific spatially offset ON and OFF TC axons determines the tuning 
properties of the postsynaptic neurons8–10,12,34,35, L4 neurons sharing 
thalamic input are expected to have similar orientation and temporal 
phase preferences. Our results suggest that L4 neurons with similar 
functional properties will also be preferentially interconnected. This 
is consistent with recent experiments showing that cortical input to 
L4 neurons is tuned for the same orientation and temporal phase 
of the target neurons10. Therefore, experimental evidence strongly 
suggests that, as in L2/3 (refs. 36–38), excitatory neurons in L4 with 
similar tuning might also preferentially connect with each other. This 
connectivity pattern, in which locally interconnected neurons sam-
ple shared long-range inputs, also supports models of amplification 
without changes in tuning properties of TC responses by recurrent 
excitation13–15.

Unlike in L4 pairs, we did not detect a larger fraction of shared TC 
input in connected L2/3 neurons when compared to the unconnected 
ones. As TC axons selectively innervated L4→L2/3 connected pairs, 
connected L2/3 pairs could also share more TC inputs than noncon-
nected ones, given their tendency to receive common L4 inputs30. As 
we did not record from strongly connected L2/3 pairs (Supplementary 
Fig. 6), pairs in our data set would be predicted to have dissimilar 
receptive fields37 and likely share relatively few bottom-up inputs. It 
remains to be determined whether strongly connected L2/3 neurons, 
given their similar and overlapping receptive fields, share common 
TC innervations like L4 neurons do.

Integration of thalamic signals by multilaminar networks
We confirmed that the TC projection to mouse V1, like that in other 
sensory cortices, makes functional monosynaptic connections with 
neurons in L5 and lower L2/3 in addition to its main target popula-
tion in L4 (refs. 21,23,39). Neurons in the deeper half of L2/3 received 
on average 85% as much input as L4 neurons. Thus, direct TC exci-
tation, in addition to L4 inputs40–42, might exert significant influ-
ence on the tuning properties of L2/3 neurons. L2/3 neurons were 
preferentially innervated by dLGN axons contacting L4 neurons that 
also connected to them. Thus, rather than propagating serially in 
the canonical dLGN→L4→L2/3 sequence, TC axons simultaneously 
excite vertically aligned, interdigitated networks of connected pyrami-
dal neurons encompassing L4 and L2/3. As TC axons are present 
from very early stages of cortical development43, vertically aligned 

and interconnected sister cells44 descending from the same cortical 
precursor could connect preferentially with the same thalamic axons. 
Multilaminar thalamic innervation could also shape specific colum-
nar networks of connected neurons sharing input from the same TC 
axons by activity-dependent plasticity mechanisms45.

The specificity of the monosynaptic dLGN→L2/3 inputs we found 
in this study suggests that L2/3 neurons integrate input from L4 as 
well as a copy of the specific thalamic responses that gave rise to the 
L4 responses (Fig. 5f). What could be the role of these direct dLGN→ 
L2/3 connections that skip a layer of the processing hierarchy? Similar 
‘shortcut’ connections that specifically connect with related neurons 
but skip hierarchical levels are useful in artificial neural networks 
for solving complex nonlinear classification problems. Second-order 
neurons, by virtue of having access to both the original inputs and 
the nonlinear transform implemented by first-order neurons, can in 
turn solve nonlinear classification problems. A canonical example of 
this computation is the implementation of neural network classifiers 
of exclusive OR (XOR) inputs46. Similarly, having access to related 
inputs from different processing layers might allow L2/3 neurons to 
fire with high selectivity for specific stimulus features47.

Many local and long-range cortical projections have targets in  
multiple cortical layers4,5,23. Like L2/3 neurons receiving related first- 
and second-order inputs from dLGN and L4, many other cortical con-
nections could be organized with similar multihierarchical specificity. 
Future experiments will be needed to determine how prevalent this cor-
tical circuit motif is and the computations it might be implementing.

METhODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METhODS
Animal surgeries. All procedures were reviewed by the Champalimaud Centre 
for the Unknown Ethics Committee and performed in accordance of the 
Portuguese Veterinary General Direction guidelines. Surgeries were conducted 
in either male or female C57BL/6J mice (P13−P15) under isoflurane anesthesia 
(2%). Virus expressing ChR2 (AAV-2/1-CAG-Channelrhodopsin-2-Venus23, 
University of Pennsylvania Gene Therapy Program Vector Core) were delivered 
to dLGN (20 nl, 10 nl min−1, coordinates relative to bregma: 1.6 mm posterior, 
2.1 mm lateral, 2.64 mm deep) using beveled pulled glass pipettes (Drummond 
Scientific) of ~20-µm tip size. Animals were maintained at 37 °C and fully recov-
ered on a heating pad before returning to their home cages, where they stayed 
with their mother until weaning date (P21) or euthanasia. Mice older than P21 
were housed in same-sex groups of up to 5 animals per cage. All animals were 
housed in a room with a regular 12 h light/dark cycle.

Slice preparation. Four to 12 days (age range: P18 − P25) after the viral infec-
tions, mice were intracardially perfused with ice-cold artificial cerebrospinal fluid 
(aCSF, 127 mM NaCl, 25 mM NaHCO3, 25 mM d-glucose, 2.5 mM KCl, 1 mM 
MgCl2, 2 mM CaCl2 and 1.25 mM NaH2PO4, aerated with 95% O2/5% CO2) 
and decapitated under deep anesthesia (intraperitoneal, 75 mg/kg ketamine,  
1 mg/kg medetomindine). Brains were dissected in ice-chilled choline chloride 
solution (110 mM choline chloride, 25 mM NaHCO3, 25 mM d-glucose, 11.6 mM  
sodium ascorbate, 7 mM MgCl2, 3.1 mM sodium pyruvate, 2.5 mM KCl,  
1.25 mM NaH2PO4 and 0.5 mM CaCl2, aerated with 95% O2/5% CO2) and sliced 
in 300-µm-thick coronal slices using a Leica VT1200S vibratome. Slices were then 
incubated for 30 min at 37 °C in aCSF. dLGN infection was confirmed under a 4× 
magnification objective using a fluorescence filter for Venus visualization.

electrophysiology and photostimulation. Data were recorded using Multiclamp 
700A and Multiclamp 700B amplifiers (Axon Instruments), digitalized using 
National Instruments acquisition boards controlled under Matlab using Ephus 
(ref. 48). Neurons were patched with borosilicate pipettes (resistance 3−5 MΩ, 
Werner Instruments) filled with potassium gluconate internal solution (128 mM 
potassium gluconate, 4 mM MgCl2, 10 mM HEPES, 1 mM EGTA, 4 mM Na2ATP, 
0.4 mM Na2GTP, 10 mM sodium phosphocreatine, 3 mM sodium l-ascorbate,  
3 mg/mL biocytin (Sigma) and 5 µg/mL Alexa-594 (Molecular Probes); pH 7.25, 
290 mOsm). All recordings were performed at room temperature (22−24 °C) 
and in the presence of 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic 
acid (CPP, 5 µM) in the bath. Recorded cells were >40 µm under the slice sur-
face. The mean intersomatic distance of simultaneously recorded L4 pairs was  
42.86 ± 16.35 µm, 62.81 ± 27.18 µm for L2/3 pairs and that of translaminar pairs 
was 195.44 ± 35.24 µm for L4→L2/3 (Supplementary Fig. 7). A low noise (<1% 
rms) blue laser (473 nm, CNI Laser) was used for photostimulation. Duration 
and intensities of light pulses were controlled with a Pockels cell (ConOptics) 
and a shutter (Thorlabs). As expression level of ChR2 varies across animals, laser 
power at the sample was manually adjusted in each experiment using a graduated 
neutral density filter (EdmundOptics) so that responses of ~100 pA were evoked 
in the most excitable locations (mean 291.1 ± 391 µW, range 0.3−1,467 µW). 
The laser beam was rapidly repositioned using galvanometer mirrors (Thorlabs) 
using Ephus. For correlation experiments multiple neurons (2−3) were simul-
taneously recorded in voltage-clamp (−70 mV). We delivered 2-ms light pulses 
in an 8 × 8 grid pattern with 60-µm spacing spanning 420 µm2. The grid cov-
ered most of L4 and L2/3 (Fig. 2b and Supplementary Fig. 3j,n) or was cen-
tered on L4 for experiments involving only L4 pairs (Supplementary Fig. 3b,f).  
A different location on the grid was illuminated every 750 ms with 4 light pulses 
at 10 Hz in a pseudorandom sequence to maximize time between neighboring 
locations42. Only responses to the first photostimulation pulse were used in all 
analyses. Input resistance was constantly monitored by delivering a test voltage 
pulse at the end of each photostimulation. Individual locations were repeatedly 
stimulated every ~50 s at least 15 times (mean 24.76 ± 5.85 times). There was 
no relation between the number of photostimulations and the number of cor-
related locations. For most pairs we also repeated the grid of photostimulation in 
current-clamp mode to verify that L4 and L2/3 never reached spiking threshold 
(Supplementary Fig. 4). Local connectivity across recorded pairs was repeatedly 
assessed (100 times) in current-clamp mode using depolarizing current steps 
(400–600 pA, 10 ms, interstimulus interval 300 ms) to evoke action potentials in 
one neuron while monitoring the activity in the other and vice versa. In general 

the investigator was blind to the local connectivity of the recorded pairs dur-
ing the experiments. For some L4→L2/3 recordings, connectivity analyses were 
done before photostimulation in order to balance data groups and increase data 
collection from the relatively rare L4→L2/3 connected pairs. A set of square 
current steps were used in current clamp mode to measure input/output curves 
and to confirm that the recorded neurons were pyramidal by their characteristic 
spiking pattern (Fig. 4a,d). The pyramidal morphology of the recorded neurons 
was also confirmed with fluorescence imaging of the recorded neuron using a 
CCD camera (Qimaging Retiga 2000) and by post hoc reconstructions of their 
dendrites. Neurons with resting potentials higher than −50 mV at break-in were 
discarded. sCRACM experiments were performed by photostimulating dLGN 
axons in a 12 by 24 grid pattern with 50-µm spacing over the dendrites of the 
recorded neurons in the presence of TTX (1 µM) and 4-AP (100 µM) in the bath 
as previously described23. The sCRACM method has a resolution of ~50 µm, 
ChR2+ synapses being photostimulated up to 60 µm away from their location in 
the dendritic tree23. sCRACM maps from neurons with detectable input (total 
sCRACM input > 5 times the total input during baseline period) were normalized 
and averaged in Figure 1c,d and Supplementary Figure 1. Maps were linearly 
interpolated for display only in Figure 1c,d and Supplementary Figure 1.

Immunohistochemistry and neuronal reconstruction. After patching, biocytin-
filled neurons were fixed overnight in 4% paraformaldehyde. Slices were rinsed 
in phosphate buffer (PB) 0.1 M. Endogenous peroxidases were quenched with 
1% H2O2 (Sigma) in PB 0.1 M for 30 min at room temperature. Slices were rinsed 
again in PB 0.1 M and then incubated in the ABC reaction (Vector Laboratories) 
for 6−8 h at room temperature (22−24 °C). After successive PB 0.1 M and Tris 
buffered saline (TBS) washings, slices were subjected to the diaminobenzidine 
(DAB) reaction for 5−20 min (prepared fresh each time using 30 mL of TBS, 90 µL  
3% H2O2, 225 µL of NiCl2 (250 mM) and 7 mg of DAB (Sigma)). The DAB reac-
tion was stopped with TBS. Slices were then mounted and coverslipped with 
Mowiol (Sigma) mounting media. Dendrites were reconstructed under a 40× 
magnification objective using an Olympus BX61 microscope and Neurolucida 
software (MBF Bioscience). Tracings were imported into Matlab, corrected 
for shrinkage and analyzed using custom routines. Dendritic length density  
(Fig. 1d) was calculated in 50-µm bins.

confocal images. AAV-2/1-CAG-ChR2-Venus-injected animals were intracar-
dially perfused with 4% paraformaldehyde (7 d after surgery) and sectioned in 
75-µm thick coronal slices. Slices were stained for DAPI and then imaged using 
a confocal microscope (Zeiss LSM 710). The visual cortex of 3 mice was imaged 
using a 40× objective. Vertical fluorescence profiles of Venus expressing axons 
in V1 were measured using ImageJ.

definition of cortical layers. The boundaries between layers were established 
as L1: pia−100 µm; L2/3: 100−350 µm; L4: 350−500 µm; L5: 500−750 µm; L6 
750−950 µm. To correct for variations in cortical thickness due to differences in 
slicing angles, the laminar position of each recorded neuron was calculated as a 
fraction of the total cortical thickness for each experiment. All the recorded neu-
rons were then positioned on a reference cortical slice with an average thickness.

data analysis. To classify pairs of neurons as connected or nonconnected, we 
scored local connections by detecting suprathreshold responses in postsynaptic 
neurons (3-fold over the s.d. of the baseline period) in a window (5 to 20 ms) 
after the depolarization pulse. Mean synaptic response (Table 1) was calculated as 
the difference between baseline and the mean depolarization in a 1-ms window 
centered on the highest peak in the detection window and then averaged across 
repetitions. Coefficient of variation (Table 1) was calculated as 

( ) /s s ms n s
2 2

1
2−  

where σs is the variance of the synaptic responses and σn is the variance of the 
noise. Noise was calculated the same way that the mean synaptic responses in  
4 different baseline time points. µs is the mean synaptic response. In photostimu-
lation experiments, eEPSCs were scored as responses if a threshold of 4 times 
the s.d. of the baseline period (100 ms before photostimulation) was crossed  
2 to 18 ms after photostimulation. Response probability was then calculated by 
dividing the number of responses over the total number of photostimulation  
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repetitions. eEPSC charge was calculated in a 60-ms window starting with  
each photostimulation.

Unitary TC inputs to L4 and L2/3 were calculated by averaging eEPSC charges 
in successful trials from photostimulated locations with a response probability 
between 0.35 and 0.8 in the recorded neuron.

eEPSC cofluctuations across photostimulation trials in simultaneously 
recorded neurons were quantified by calculating the Pearson’s correlation coef-
ficient of their amplitudes (peak response in a 40-ms window). The confidence 
interval around the measured correlation coefficient was measured by bootstrap-
ping 10,000 times (α = 0.001, bootci function in Matlab). Locations where the 
lower boundary of the confidence interval was greater than zero were considered 
correlated (Figs. 2, 4 and 5).

To test the effect of local connectivity on correlations (Figs. 4 and 5), the mean 
eEPSCs for the pair from each location were sorted according to their charge in 
units of mean number of inputs (mean charge for the pair/unitary TC charge) 
and binned (bin size 1). When analyzing L4→L2/3 pairs (Fig. 5), the mean of 
the unitary TC inputs to L4 and L2/3 was used to estimate the number of inputs. 
While the mean number of inputs is not an accurate estimation of the number of 
stimulated axons, as shared axons count twice, it is an experimentally measurable 
quantity to which correlations are related (Fig. 3e). The fraction of correlated 
locations increases as a function of the mean number of inputs and shared input 
is only comparable between locations with a similar range of number of inputs 
(Fig. 3). For group comparisons in Figures 4c,f and 5e, we compared for each 
pair locations recruiting between 0.4 and 2.5 mean number of inputs as this range 
contained most of the responses (Supplementary Figs. 3 and 5). No data points 
were excluded. Full data are shown in Supplementary Figure 5.

To estimate the relative laminar density of connected axons to L4 and L2/3 
(Fig. 5c), we averaged 5 photostimulation experiments for each cell of vertically 
aligned pairs. eEPSC responses at each location were averaged 0−75 ms after  
the photostimulation pulse. Average maps were aligned to the pia location and 
normalized to their largest response. Group averages were renormalized to 
estimate the relative density distribution of axons contacting either L4 or L2/3 
pyramidal neurons. Laminar profiles were calculated by averaging responses 
across columns for each individual map and then averaging across experiments. 
Group averages were linearly interpolated for display in Figure 5c.

Statistical analyses. No statistical tests were used to predetermine sample sizes, 
but our sample sizes are similar to those in previous studies18,30. All statisti-
cal analyses were performed with Matlab. Data distribution was assumed to be 
normal for large sample sizes, but this was not formally tested. When normality 
of the data was uncertain, we used nonparametric tests as described in the text 
and figure legends. Two-tailed comparison tests were used. Data in the text are 
presented as mean ± s.d. unless otherwise indicated.

A Supplementary methods checklist is available.

model and simulations. We defined three ensembles of axons contacting two 
neurons (E1, E2 and E3). The membrane potentials of the two neurons (ω1, ω2) 
are expressed in numbers of unitary inputs. Axons from E1 and E3 only contrib-
ute to ω1 and ω2, respectively, while axons from E2 contribute to both ω1 and 
ω2 (Fig. 3a). Independent spiking events for each axon i upon photostimulation 
are defined as binary variables ei ∈ {0, 1}, i = 1, 2, …, N, with probability pi, 
where N is the total number axons for a given location. As a binary probabilistic 
process, spiking events follow a Bernoulli distribution with variance pi(1 − pi). 
Measurement of ω1 and ω2 is affected by uncorrelated noise. This noise is a ran-
dom variable ξ of zero mean and variance γ that is independent of laser power. 
Thus, on a given photostimulation trial the inputs to the two neurons are 

w x
w x
1 1 2 1

2 2 3 2

= + +
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where independent random variables x1, x2 and x3 are the summed numbers of 
activated axons from each ensemble (Σei). Across locations, there are on average 

N2 = N × r shared axons (Fig. 3a), where r is the proportion of axons shared by 
ω1 and ω2. The spiking events of the shared axons (E2) contribute to the joint 
activity of the two neurons (Fig. 3b, bottom panel):

 cov( , ) var( )w w1 2 2= x

The variance of x2 is expressed as 

var( ) ( )x p pi
i E

i2
2

1= −
∈
∑

where the spike probability of each axon, pi, is modulated by the power of stimu-
lation, P, as pi = g(P − θi). Based on previous experimental measurements22, we 
modeled g as a cumulative Gaussian distribution function of zero mean and s.d. 
σs (Fig. 3b, top panel). θi is the threshold for each axon i. Thus, 
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Given equation (1), the correlations can be expressed as 
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Correlations are well defined even when P = 0 because γ is strictly a positive real 
number. When the power is too low or too high the mean correlation falls to zero.

Experimentally, at any given photostimulation location, the number of axons 
on each ensemble (N1, N2, N3) and the axonal thresholds {θ} are different. For the 
plot in Figure 3d,e, we simulated sampling axons from different locations with 
fixed laser power. Axons were randomly assigned to the E1, E2 or E3 connectivity 
groups with probabilities 

1
2

1
2

− −r
r

r
, ,  

respectively. In Figure 3d the total number of axons (N) varied from 2 to 30. 
In Figure 3e the number of axons was fixed at 40. Each axon had a threshold θ 
sampled from a Gaussian probability distribution with mean 20 (a.u. of power) 
and s.d. 5 (a.u. of power). Laser power was fixed at 10 a.u. in all simulations. 
The variance of the noise, γ, was 0.2 squared unitary inputs. The sigmoid g 
was a cumulative Gaussian distribution centered at zero and with an s.d. of 2. 
The tested fractions of shared axons r were 0.1, 0.2, 0.3 and 0.4. We obtained 
values of Pearson’s correlation coefficient corr (ω1, ω2) after 20 trials. By 
bootstrapping 10,000 times we estimated 99.5% confidence intervals around 
the value of corr (ω1, ω2). We considered the simulated locations correlated 
when the lower boundaries of the confidence intervals were greater than zero. 
Figure 3d shows the fractions of correlated locations after simulating each 
value of number of axons 5,000 times. Figure 3e was obtained after 20,000 
simulations and plotting the fraction of correlated locations as a function of 
the mean number of evoked inputs on the pair. The number of evoked inputs 
per trial I corresponds to the number of spiking axons, where shared axons 
count double: 

I e e e
i E i E i E

i i i= + +
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∑ ∑ ∑

1 2 3

2

The mean of I across trials, the mean number of inputs, is measured for recorded 
pairs and plotted in Figures 2d, 4b,e and 5d. Data were grouped in bins of 0.1.

code availability. No special code was used for this study.

data availability. The data that support the findings of this study are available 
from the corresponding author upon request.
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