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Abstract

Neuronal connectivity is fundamental to information processing in the brain. Understanding the
mechanisms of sensory processing, therefore, requires uncovering how connection patterns
between neurons relate to their function. On a coarse scale long range projections can
preferentially link cortical regions with similar responses to sensory stimulil-4. But on the local
scale, where dendrites and axons overlap substantially, the functional specificity of connections
remains unknown. Here we determine synaptic connectivity between nearby layer 2/3 pyramidal
neurons /n vitro whose response properties were first characterized in mouse visual cortex /n vivo.
We found that connection probability was related to the similarity of visually driven neuronal
activity. Neurons with the same preference for oriented stimuli connected at twice the rate of
neurons with orthogonal orientation preferences. Neurons responding similarly to naturalistic
stimuli formed connections at much higher rates than those with uncorrelated responses.
Bidirectional synaptic connections were found more frequently between neuronal pairs with
strongly correlated visual responses. Our results reveal the deg of functional specificity of local
synaptic connections in visual cortex, and point to the existence of fine-scale subnetworks
dedicated to processing related sensory information.

Paired intracellular recordings in cortical slices indicate that synaptic connectivity between
neighboring neurons is heterogeneous and depends on factors such as cell type and
electrophysiological properties®-19. In fact, even within relatively homogenous groups of
neurons, connectivity is not uniformly distributed®,. While this non-random connectivity
raises the possibility that functionally similar neurons form synaptically coupled
subnetworks®,”, the relationship between a neuron’s synaptic partners and their functional
properties in local cortical circuits has not been determined.
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To elucidate this relationship, we developed an approach to relate connectivity to function in
identified neurons of the layer 2/3 (L2/3) network in mouse visual cortex (V1), where
neurons with diverse preferences for sensory stimuli are locally intermixed!1,12. In
anaesthetized mice, the monocular region of V1 was bulk labeled with injections of the
calcium indicator dye OGBIO1 AM and the astrocyte marker SR10113 (see Methods). We
first used /n vivo two-photon imaging®4,1° to sample spikeOrelated somatic calcium signals
from L2/3 neurons during presentation of drifting gratings and natural movie sequences (see
Methods). We repeated this mapping at consecutive depths beneath the cortical surface in
order to characterize visually evoked responses of all neurons within a cortical volume of
approximately 285x285x90 wm3, starting at the upper border of L2/3 (Fig. 1a, b, depth
range covered 60-120 wm). In this way, we obtained information about orientation/direction
tuning and response correlation from a complete sample of L2/3 neurons (Fig. 1c, d).

We then identified the same OGB-1-filled neurons in acute slices (Fig. 1le-h, 2a) by
registering image stacks obtained /77 vivo and /n vitro using affine transformation (see
Methods and Supplementary Fig. 1), and carried out simultaneous whole-cell patch clamp
recordings from up to four neighboring L2/3 pyramidal neurons (mean distance = s.d. =25 +
9 wm). Synaptic connectivity between cells was assessed by evoking action potentials in
each neuron in turn while simultaneously recording membrane potential in the other
neurons. Monosynaptic connections appeared as spikeOlocked postsynaptic potentials with
millisecond latency (mean latency = SEM = 1.69 + 0.11 ms; see Fig. 2c, 3b for sample
traces). This approach allowed us to determine connectivity rates and patterns (i.e.
unidirectional, bidirectional), and to relate these to cell functionality in the intact brain (Fig.
1c, d, 2b, 3a).

The dataset contained imaging experiments performed on 16 mice and whole-cell recordings
from 126 L2/3 pyramidal cells, 116 of which could be matched to neurons functionally
characterized /n vivo (see Methods). The rate of connectivity was 0.19 (43 connections out
of 222 potential connections assayed), in keeping with previous reports® 8,10, Connection
probability, synaptic strength and electrophysiological properties of OGB-1 labeled neurons
were not significantly different to those recorded in slices from naive age-matched visual
cortex which was not injected with OGB-1 AM (connectivity rate 0.18; 25 connected of 143
tested; Supplementary Fig. 2), indicating that dye loading, anesthesia and prolonged
exposure to infra-red laser light during imaging /n vivo did not alter these parameters.

We first examined how connectivity depended on orientation selectivity and on
responsiveness to natural movies. Out of the 116 neurons, 77 were responsive to the natural
movie, and 79 were orientation selective for grating stimuli (see Methods). Connection
probability between orientation-tuned neurons was more than two-fold higher than among
non-selective and/or non-responsive cells (0.27; 25/94 vs 0.10; 3/31; P = 0.050, Chi-square
test). Connectivity rate between neurons responsive to the natural movie was significantly
higher than among cells non-responsive to the movie (0.28; 30/108 vs 0.04; 2/48; P = 0.001,
Chi-square test). Taken together, these data suggest that reliably responsive and feature
selective neurons belong to more densely interconnected neocortical subnetworks.

We then related connection probability to neuronal preference for the angle and direction of
drifting gratings (Fig. 2). For this analysis, we only included pairs in which both neurons
were responsive (74/113), orientation selective (OSI > 0.4; 53/74), or direction selective
(DSI > 0.3; 41/53; see Methods and Supplementary Fig. 3a-c). Connectivity rate decreased
with increasing difference in orientation preference (P = 0.040, Cochran-Armitage test for
trend, Figure 2d). For similarly tuned cells, connection probability was high (0.38; 10/26;
AORI < 22.5°), more than two-fold higher than for cells with a large difference in
orientation preference (0.17; 4/24; AORI > 67.5°). Thus, neuronal pairs similarly tuned for
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orientation were more likely to connect to each other, although a considerable connectivity
rate was still observed between neurons tuned to dissimilar or orthogonal orientations. These
results are consistent with the narrow suprathreshold yet broader subthreshold tuning for
orientation and direction in mouse V1 neurons!é. The same decrease of connection
probability with increase in AOri was found for direction selective pairs (P = 0.034,
Cochran-Armitage test, Fig. 2e), but these neurons only connected specifically with respect
to orientation not preferred direction (Fig. 2e). These data suggest that directional preference
is not conferred by biased local excitatory input, so other cell intrinsic or network
mechanisms (e.g., biased long range input, specific inhibition) may be needed to explain the
emergence of direction selectivity. Varying the criteria for orientation or direction selectivity
(OSI/DsI from 0.2 to 0.6) did not change the dependence of connectivity on difference in
orientation/direction preference (Supplementary Fig. 3d, e), suggesting that neurons which
are broadly or sharply tuned both tend to connect preferentially to others with similar
functional preference. In our dataset we did not find evidence suggesting that neurons with
similar preferred orientation or direction are connected by stronger (EPSP amplitude) or
more facilitating (paired-pulse ratio, PPR) connections than neurons with different preferred
orientation or direction (Supplementary Fig. 4a, b, d and e; also see Supplementary Fig. 5
for a sample pair with strong connections), although the sample size may not be adequate for
ruling out any subtle trends.

The visual cortical circuit is constantly engaged in processing natural scenes, so statistical
dependencies between neuronal activities in the presence of such stimuli may reflect
connectivity. We therefore tested how network connectivity relates to the similarity of
neuronal responses during presentation of stimuli with natural spatiotemporal statistics
(Figure 3, see Methods). For each neuronal pair in which both neurons responded reliably to
natural movies (56/113), we computed the time-varying firing-rate correlation of average
responses (signal correlation) to repeated presentations of a 30 to 40-second-long natural
movie sequence (Fig. 3a). On average, signal correlations were low (mean £ s.d. =0.08 £
0.10). The probability of finding a connection between two neurons significantly increased
with signal correlation to natural movies (P = 0.0002, Cochran-Armitage test, Fig. 3c). For
pairs with close to zero or weakly negative signal correlation (<0.05), the connection
probability was low (0.11, 5/44). In contrast, for neuronal pairs with stronger signal
correlation (>0.15), the connection probability was more than four-fold higher (0.5; 13/26).
Therefore, connectivity in mouse visual cortex is highly selective with respect to neuronal
responses to natural movies. EPSP amplitude and paired-pulse ratio, however, were not
found to change significantly with increase in signal correlation (Supplementary Fig. 4c, f;
also see Supplementary Fig. 5), although the sample size may not be large enough to rule
out subtle trends.

Correlated variability in neuronal firing independent of a sensory stimulus is assumed to
reflect neuronal connectivity in the network7-19. Correlated fluctuations in neuronal firing
may either be driven by common input or by recurrent synaptic connections, or both. For a
subset of visually responsive neuronal pairs (12/56) that were imaged simultaneously /in vivo
(i.e. on the same optical planes), we computed noise correlations (see Methods), which
provide an indication of correlated response variability. Noise correlations were low (mean
+s.d. =0.02 + 0.04). Despite the small sample size, connection probability was found to
increase significantly with increase in noise correlation (Fig. 3d, P = 0.011, Cochran-
Armitage test), indicating that recurrent connectivity may contribute to correlated
fluctuations of neuronal firing.

We next compared how visual response similarity relates to connectivity motifs in the local
network. Previous work indicates that bidirectional connections are over-represented in a
network of sparsely connected pyramidal neurons®. We found that the connectivity bias
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between neurons responding similarly to drifting gratings or to natural movies was further
accentuated when investigating the distribution of unidirectionally or bidirectionally
connected pairs (Fig. 4). We found a decreasing trend relating probability of bidirectional
connections and difference in orientation preference (Fig. 4a, b; P = 0.070 for all orientation
selective pairs; P = 0.036 for direction selective pairs, Cochran-Armitage test). Importantly,
the monotonic fall-off in the incidence of bidirectional motifs was steeper than the overall
decrease in probability of finding connected pairs as AOri increased (Fig. 4a, b). Similarly,
the incidence of bidirectional connections increased sharply as signal correlation to natural
movies increased (P = 0.003, Cochran-Armitage test, Fig. 4c), such that signal correlation
was almost three-fold higher for recurrently connected pairs than unconnected pairs (mean
signal correlation of bidirectionally connected pairs + s.d. = 0.16 + 0.07 vs 0.06 £ 0.10 for
unconnected pairs; P = 0.01, rank sum test). Since probability of unidirectionally connected
pairs did not show a monotonic trend with increase in response similarity (Fig. 4a-c, P > 0.4
for all conditions, Cochran-Armitage test), reciprocal connectivity reflects functional
similarity better than does unidirectional connectivity.

In this study, we have characterized the functional specificity of local connections in mouse
V1. Our results demonstrate that connectivity between neighboring neurons (<50 pwm apart)
is not random, but specifically structured; visually driven neurons were more likely to
connect to each other, and this probability increased with the degree of their response
similarity. This relationship between connectivity and function was stronger when
comparing responses to natural sensory input than for relatively artificial grating stimuli.

We have shown in mouse V1 that—although a given neuron receives input from nearby
neurons preferring a wide range of stimulus orientations—maore than twice as many
connections are made between similarly tuned neurons as between disparately tuned cells. In
keeping, subthreshold tuning in L2/3 pyramidal neurons in mouse V1 is broad but
nonetheless biased towards the preferred orientation8. This is similar to the tuning of
neurons in pinwheel centers of orientation maps in visual cortex of other species2’. In
carnivores and primates, long-range horizontal projections in L2/3 (>500 pm) are biased
towards cortical columns with similar orientation preferencel-4. Our results indicate that
similar principles of connectivity apply at the level of local neocortical networks in the
mouse—a species without columnar architecture—suggesting that functionally biased
connectivity may be a general feature of organization in the visual cortex. In the visual
cortex this selective connection scheme may serve as mechanism for amplification of
thalamic input and sharpening of tuning?,22 or for local contour integration23.

Analysis of connectivity rate with respect to similarity of responses to natural movies
revealed a striking degree of specificity of local connections (Fig. 3c, d). Connection
probability increased sharply with increase in both signal and noise correlation to natural
movies. Neurons with higher signal correlation to natural movies likely share similar
receptive field structure, and may therefore be driven by common feed-forward input4. Our
results are therefore consistent with the finding that L2/3 pyramidal neurons form highly
interconnected subnetworks sharing common input from layer 4 in slices of rat visual
cortex8. Developmentally, this organization of lateral connections based on receptive field
similarity may arise through activity-dependent synaptic plasticity, whereby neurons driven
by common input develop stable bidirectional connections. Indeed, our data show that the
majority of bidirectionally connected neurons had stronger signal correlations to natural
movies and shared similar orientation preference. Since individual neurons exhibit
variability in their responses to the same visual stimulus25, recurrent excitation between
similarly tuned neurons may reduce response variance, while introducing redundancy into
the population code for robustness against errors?’.
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Our results do not preclude the possibility that other factors—including gap junction
coupling, inhibitory connections or synaptic strength—also contribute to functional
specificity in the circuit. Since inhibition, in particular, may be important in determining the
receptive field properties of neurons in V128, it will be important to examine the extent to
which inhibitory connections are functionally specific’.

In conclusion, by using a novel and relatively straightforward approach for /n vitro mapping
of synaptic connectivity among neurons that had been identified functionally /in vivo, we
found that neighboring neurons with similar feature selectivity preferentially but not
exclusively connected to each other in L2/3 of mouse V1. Together with other powerful
approaches??,30, our method can be used to uncover functional biases of connectivity
between different cell types and cortical layers, and in other brain areas. This information
will be critical for understanding the functional wiring of circuits mediating perception and
behavior.

Methods Summary

Anaesthetized C57BI/6 mice between postnatal day 22 and 26 were injected with the
calcium-sensitive dye Oregon Green Bapta-1 AM into monocular V1 as described
previously!! and in vivo two-photon calcium imaging4,1°> was used to record responses of
layer 2/3 neurons to 8 different drifting square-wave gratings (0.035 cycles/degree, 2 cycles/
s, 100% contrast) and natural movie sequences. Spike trains were inferred from calcium
signals using a non-negative deconvolution method. Preferred orientation and direction, as
well as orientation selectivity index (OSI) and direction selectivity index (DSI) were
calculated using Fourier-interpolated tuning curves. Pearson’s correlation coefficient was
used to obtain pair-wise response correlations, either from average responses to the stimulus
(signal correlation) or from mean-subtracted responses (noise correlation). Small volumes of
fluorescent microspheres were injected into the imaged region to facilitate identification of
the region in the sliced brain. Coronal slices were cut after dissection of the brain, and
whole-cell recordings from up to four cells simultaneously were carried out in the vicinity of
the microsphere tract (identified by two-photon microscopy). The presence of synaptic
connections was tested by evoking five spikes at 30-Hz in each cell, repeated for 30-90
times. Connection probability is the number of detected connections over the total number
of potential connections assayed. Probability of finding uni- or bidirectionally connected
pairs was calculated as the number of uni- or bidirectionally connected pairs over the total
number of pairs. To register /in vivoand /n vitroimage stacks and to match the same neurons
imaged /n vivo and recorded from /n vitro, threeCddimensional image registration by affine
transformation using custom-written MATLAB software was performed subsequent to the
experiment. To relate connectivity to functional properties, the asymptotic Cochran-
Armitage test for trend was used to test for significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Animals and surgical procedures

Dye loading

All experimental procedures were carried out in accordance with institutional animal welfare
guidelines and were licensed by the UK Home Office. Experiments were performed on
C57BI/6 mice between P22-26, when both intrinsic and visually driven cortical responses
exhibit a relatively mature phenotype31,32. Mice were initially anesthetized with a mixture
of Fentanyl (0.05 mg/kg), Midazolam (5.0 mg/kg), and Medetomidin (0.5 mg/kg). Light
anesthesia was maintained during recordings by isoflurane (0.3-0.5%) in a 60:40% mixture
of 0,:N,0 delivered via a small nose cone. Surgery was performed as described
previouslyll. Briefly, a small craniotomy (1-2 mm) was carried out over primary visual
cortex and sealed after dye injection with 1.6% agarose in HEPES-buffered ACSF and a
cover slip.

and two-photon calcium imaging in vivo

For bulk loading of cortical neurons, the calcium-sensitive dye Oregon Green Bapta-1 AM
(OGB-1 AM, Molecular Probes) was first dissolved in 4 il DMSO containing 20%
Pluronic, and further diluted (1/11) in dye buffer (150 mM NacCl, 2.5 mM KCI, and 10 mM
HEPES [pH 7.4]) to yield a final concentration of 0.9 mM. Sulforhodamine 101 (SR101, 50
1M, Molecular Probes) was added to the solution to distinguish astrocytes from neurons?3.
The dye was slowly pressure injected into the right visual cortex at a depth of 150-200 im
with a micropipette (3-5 MQ, 3-10 psi, 2-4 min) under visual control by two-photon imaging
(10x water immersion objective, Olympus). Activity of cortical neurons was monitored by
imaging fluorescence changes with a custom-built microscope and a mode-locked
Ti:sapphire laser (Mai Tai, Spectra-Physics) at 830 nm through a 40x water immersion
objective (0.8 NA, Olympus). Scanning and image acquisition were controlled by custom
software written in LabVIEW (National Instruments). The average laser power delivered to
the brain was <50 mW.

Imaging frames of 256x256 pixels were acquired at 7.6 Hz, starting at ~110 pm below
cortical surface, corresponding to superficial layer 2 in mouse V1. After each recording, the
focal plane and imaging position was checked and realigned with the initial image if
necessary. To obtain visually evoked responses from all neurons in a cortical volume of
approximately 285x285x60-120 wm3, images were recorded at 9 to 18 cortical depths with a
spacing of 7 um. At the end of each experiment, fluorescent microspheres (Lumafluor, FL)
were carefully pressure-injected into the imaged volume with a glass-pipette, resulting in
small fluorescent landmarks (5-20 pum diameter) along the pipette track. These landmarks
were used to assist in subsequent identification of the imaged region in the sliced brain (see
below), as well as fine-scale registration of /77 vivoand in vitro image stacks.

Visual stimulation

Visual stimuli were generated using MATLAB Psychophysics Toolbox33,34, and displayed
on a LCD monitor (60 Hz refresh rate) positioned 20 cm from the left eye, roughly at 45
degree to the long axis of the animal, covering ~105x85 degrees of visual space. At the
beginning of each experiment, the appropriate retinotopic position in visual cortex was
determined using small grating stimuli at 12-24 neighboring positions. Only cortical regions
in the monocular part of primary visual cortex were included in the analysis. The monitor
was repositioned such that the preferred retinotopic position of most imaged neurons was
roughly in the middle of the monitor. Calcium signals were measured in response to
sequences of full-field grating stimuli and natural movies. Square wave gratings (0.035
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cycles/degree, 2 cycles/s, 100% contrast) drifting in eight different directions were randomly
interleaved, with the grating standing for 1.4-1.9 s before moving for 0.9-1.5 s (6 repetitions
per grating). Naturalistic movies consisted of 30 or 40 second sequences of moving scenes
compiled from David Attenborough’s Life of Mammals (BBC) and cage scenes from a
head-mounted mouse camera, adjusted to 70% mean contrast (repeated 4-7 times).

Analysis of calcium signals

Image sequences were aligned for tangential drift and analyzed with custom programs
written in ImageJ (NIH), MATLAB (Mathworks) and LabVIEW. Recordings with
significant brain movements, vertical drift, or both were excluded from further analysis.
Outlines of neurons recorded were semi-automatically defined using software written in
MATLAB (Mathworks). All pixels within each ROI were averaged to give a single time
course (AF/F), which was additionally high-pass filtered at a cut-off frequency of 0.02 Hz to
remove slow fluctuations in the signal.

Spike trains were inferred from calcium signals using a fast non-negative deconvolution
method which approximates the maximum a posteriori spike train for each neuron, given the
fluorescence observations3®. Performance of the algorithm was tested by cell-attached
recordings performed simultaneously with calcium imaging. There was a close
correspondence between inferred and recorded spike rates (mean correlation £ s.d. = 0.82 £
0.06; 9 cells from 4 animals).

Visual responsiveness was determined by the following procedure: For all stimulus
repetitions, inferred spike trains were moving-average filtered with a time window of 3
frames (~0.394 s). The smoothed firing rates at corresponding points of the stimulus were
then treated as groups and tested for differences by one-way ANOVA. Neurons with P-value
less than 0.05 were considered visually responsive. This allowed neurons that exhibited
consistent elevated firing during at least one period of stimulus presentation to be detected.
Among cells responsive to grating stimuli, sum of firing rates of 8 frames (~1.05 s) 0.13 s
after onset of grating drift was taken as the response to each stimulus. Responses from
different trials were averaged to obtain the orientation tuning curve. This orientation tuning
curve was then Fourier interpolated to 360 points, and the preferred direction was
determined by the angle at which the interpolated tuning curve attained its maximum. The
preferred orientation was taken as the modulus of the preferred direction to 180 degrees.
Orientation selectivity index (OSI) was calculated as (Rpest-Rortho)/( Rbest*Rortho), Where
Rpest is the interpolated response to the best direction, and Rqhg is the average of
interpolated responses to the directions orthogonal to best responding direction. Direction
selectivity index (DSI) was calculated as 1-Rn1/Rpest, Where Rpy is the interpolated
response to the angle opposite the best responding direction. When relating connection
probability to orientation selectivity or direction selectivity, neurons were defined to be
orientation selective if OSI > 0.4, and direction selective if DSI > 0.3. Varying these criteria
from 0.2 to 0.6 did not change the results (Supplementary Fig. 3). We used Pearson’s
correlation coefficient to obtain pairwise response correlations for cell pairs, using estimated
spike rates. Signal correlation was calculated as the correlation coefficient of the average
responses to stimulus. Noise correlation was found by subtracting the average response from
the responses to each trail, and then calculating the correlation coefficient of mean-
subtracted responses.

In vitro whole-cell recording

We carried out imaging experiment on a total of 16 mice which were followed by patch
clamp recordings /n vitro. After the functional properties of individual neurons had been
determined /n vivo by twoOphoton calcium imaging, the mouse brain was rapidly removed
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to and dissected in ice-cold artificial cerebrospinal fluid (ACSF) containing 125 mM NacCl,
2.5 mM KCI, 1 mM MgCly, 1.25 mM NaH,POy4, 2 mM CaCly, 26 mM NaHCO3, 25 mM
Dextrose; osmolarity 315-325 mOsm, bubbled with 95% O,/5% CO,, pH 7.4. Visual cortex
slices (300 um) were cut coronally (HM 650 V Vibration Microtome, MICROM) and were
incubated at 34 °C for thirty minutes before they were transferred to the recording chamber.
The slice containing the imaged region was identified by the presence of OGB-1 green
fluorescence and the red microsphere injection site. To reveal the relative locations of cells,
a detailed morphological stack of the slice was acquired with a custom-built microscope and
a mode-locked Ti:sapphire laser (Chameleon, Coherent) at 830 nm through a 16x water
immersion objective (0.8 NA, Nikon). Scanning and image acquisition were controlled by
custom software written in LabVIEW (National Instruments). Whole cell recordings from
up to four cells were carried out in regions identified by visually comparing image stacks
obtained /n vivoand in vitro, using red fluorescent microspheres and the pial surface as
reference. At this point, the experimenter was blind to the functional identity of the recorded
neurons. Recordings were carried out in 28°C ACSF, using Multiclamp 700B amplifiers
(Axon Instruments) and data was acquired using custom software36 running in Igor Pro
(WaveMetrics Inc.). Recording pipettes were filled with internal solution containing 5 mM
KClI, 115 mM K-Gluconate, 10 mM K-HEPES, 4 mM MgATP, 0.3 mM NaGTP, 10 mM
Na-Phosphocreatine, 0.1% wi/v Biocytin, 40 .M Alexa Fluor 594; osmolarity 290-295
mOsm, pH 7.2. The chloride reversal potential was ~—85.2 mV. Junction potential was not
corrected for. Cells were approached under visual guidance using laser-scanning Dodt
contrast. After break-through, the presence of synaptic connections was tested using five
suprathreshold 5-ms-long current pulses delivered as 30-Hz trains into each cell sequentially
while monitoring for postsynaptic responses in the other cells, repeated at least 30 times at
15-second intervals. Postsynaptic traces were averaged, and monosynaptic excitatory
connections were deemed present when there were action potential-locked depolarizing
postsynaptic potentials associated with all five presynaptic spikes that exhibited millisecond
latency3’. Latency was measured as the time between the peak of the action potential and
5% of the EPSP. If no spike-locked depolarizing postsynaptic potentials were present, up to
60 additional repetitions were acquired to ensure the absence of a post-synaptic response.
With this approach, unitary EPSPs as small as 0.015 mV have been reported previously®, the
smallest EPSP in the present dataset was 0.035 mV. PPR was calculated as the amplitude of
the second evoked EPSP over that of the first one. Input resistance was monitored
throughout recordings by measuring the steady-state membrane potential change due to brief
=25 pA current injections. After connectivity mapping, step currents from —50 pA to 700 pA
were injected at 50 pA increments and spike threshold was measured from the inflexion
point of the minimally suprathreshold trace. Spike height was the difference between spike
threshold and peak. Spike half-width was measured at the mean of threshold and peak.
Pyramidal neurons were identified according to morphology in Alexa 594 filled image
stacks (Fig. 2a), electrophysiological properties (resting membrane potential ~~80mV, spike
half-width > 1ms, spike height ~80mV, regular spiking pattern typical of pyramidal neurons
with current injection, see Supplementary Fig. 2c-e) and, in the presence of connections,
depolarizing postsynaptic potentials (Fig. 2c, 3b).

of in vivo and in vitro image stacks

In order to accurately match up /n vivoand in vitroimage stacks and to locate neurons of
known /n vivo functional preference, threeddimensional image registration using custom-
written MATLAB software was performed after patch clamp experiments. The two stacks
containing the same region to be matched differ in rotation and translation, as well as scales
along axes. In other words, taking the center of each stack as origin, same points in the two
stacks can be related by affine transformation. This can be written as
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F=AX+b

Where — and 7y are column vectors of coordinates in inn vivoand in vitro stack, respectively
A, is a 3x3 matrix representing linear transformation, and 7 is the translation. To find the

affine transformation four pairs of corresponding points, (Yl)y_f) (72@) (73)73»)) and (m),
were manually picked from the stacks, using landmarks such as blood vessel bifurcations,
fluorescent bead injections, cortical surface, and/or brightly labeled astrocytes. The

relationship between the first pair of points (Yfﬁ) is

N
Vi=AX+b
5

b=y — Ax]

Substitute this into

A|BwE|+ [_l; b _b>] =|355i]

- = . .
and let x,=x, — X}, y,=y, —y; Where /=2, 3, 4, gives

A ([X2X3X4] - [chm]) = [y2y3y4] - [)Hym]

-5

S avard V| Braverd B

Knowing the linear transformation A, 7 can also be found.

In practice, to assist the process of identifying corresponding points, after picking three pairs
of points, the image stacks were both rotated such that the planes containing the three pairs
of points became parallel to the xy-plane, and the /n vitro stack was further transformed such
that the stacks became roughly registered in 2D on the planes but not along the z-axis
(Supplementary Fig. 1a, b). To do this, let R, and R; are the matrices for rotating /n vivo

T
and /n vitro stacks respectively, and let 7=[u.xuyuz] be a unit vector, the matrix for rotating
a point around - by angle & (right handedly) is given by
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0 -u u , ,
R=| u, 0 —u, |sin 6+ (I - uUu )cost9+u u
—Uy Uy 0

where | is the identity matrix. To rotate the /n7 vivo stack such that the plane containing the
first three points picked becomes parallel to the xy-plane, the vector and the angle are

AURA T
X, X x5 | X e;
—
uy=

N AUA T
| Xy X Xy X ezl

— -
/ / N
(x2 Xx3) - ey
1

2

6,=cos =
X X

llx; X< x5

where 22=[0 0 1]7, x denotes cross product, - denotes dot product and || || denotes
norm. Substituting these into the formula for rotation matrix above, we can find R, and

similarly R; can also be found. To register the two planes in 2D, a further linear
—
transformation parallel to xy-plane can be applied to the /n vitro stack. Let x , be the X, y

= - - . .
components of R,.x,, and y,, be the x, y components of R,y,, where /= 2,3, the matrix M
needed for the 2D transformation is given by

- -
M |:y2Ry3R:| = [xZRx3R]

2R 3R

aand | e Bt
M=[x x ] wm]

Therefore, the transformation T; applied to the /n vitro stack is

M 0
=3 0w

After this step, we picked one more pair of corresponding points from a plane different from
the plane that contained the initial three pairs of points (Supplementary Fig. 1b, lower

panel), which is necessary for [X2x3x4] and [y2y3y4] to be invertible, A can then be found

and be applied to the /n vivo stack. With the affine transformation known, we could find the
correspondence between points. When rotating or transforming the images stacks, trilinear
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interpolation was used to assign pixel values. After registration, we inspected several planes
of the transformed stack containing neurons recorded /7 vitro and made use of three-
dimensional relationships of nearby cells to visually verify the matching (cf. Fig 1g, h,
Supplementary Fig. 1c). Among 126 pyramidal neurons patched, matching was successful
for 116 while 10 failed: 3 cells were occluded in the /n vivo stack by a blood vessel, and 7
cells did not show convincing matching in 3D on visual inspection.

Analysis of connection probabilities

Connection probabilities were calculated as the number of connections detected over the
number of potential connections assayed. For example, with one quadruplet there are
4x3=12 potential connections, and if two connections were detected the corresponding
figure would be 2/12. Probability of unidirectional and bidirectional connections were
calculated as the number of unidirectionally and bidirectionally connected pairs over the
total number of pairs respectively. To relate connectivity to functional properties, the
asymptotic Cochran-Armitage test for trend was used to test for significance38. Scores of [2,
1,0]and [2, 1, 0, 1, 2] were used in the test to relate connection probability or probability of
finding bidirectionally connected pairs to increase in AOri among orientation selective pairs
and direction selective pairs, respectively. Scores of [0, 1, 2, 3, 4] were used to relate
connection probability or probability of finding bidirectionally connected pairs to the
increase in signal correlation. To related connection probability to increase in noise
correlation, scores of [0, 1, 2] were used.

Criteria for inclusion in data analysis

After patching, image stacks of patched neurons filled with Alexa 594 were taken and
coordinates of approximate centers of neuronal somata were manually picked in a custom-
written MATLAB program. The distance between slice surface right above the patched
neuron and the soma center was taken as the depth of neuron from slice surface. Only
neuronal pairs in which both neurons were located at >60 pum depth and with an inter-soma
distance of <50 wm were included in the analysis relating connectivity to visual functional
properties. On average we patched 7.9 neurons (range: 2-14) and assayed 13.9 potential
connections (range: 2-31) per slice for neuronal pairs located deeper than 60 pm in the slice
and separated by less than 50 pm.

Neuronal pairs closer to slice surface are more likely to have connections severed, and we
found a significant increase in probability of finding connections with depth of potential
presynaptic neuron (P = 0.043, Cochran-Armitage test) or postsynaptic neuron (P = 0.041,
Cochran-Armitage test) (Supplementary Fig. 6a, b). However, inclusion of cell pairs closer
to slice surface (which increases false negative rate of connection detection), or increasing
the depth criteria (which reduces sample size) in analysis did not change the main findings
(Supplementary Fig. 6d-f). Between neuronal pairs located deeper than 60 m from slice
surface, 222 connections were assayed between pairs separated by less than 50 um. We did
not find a significant difference in connection probability for neuronal pairs separated by
less than 25 pm compared to those spaced farther apart (P = 0.594, Chi-square test,
Supplementary Fig. 6¢).

In 18 out of 113 pairs, high quality recording were achieved in one cell only (e.g. the other
cell was very depolarized/unhealthy, or the seal resistance was less than 1 GQ). Since action
potentials could still be evoked in both neurons, these pairs were included as pairs in which
connectivity was assayed in the direction from the unhealthy cell to the healthy cell only.
Data from these pairs were included in the analysis of connection probability, but not in the
analysis of probability of finding bidirectional or unidirectional pairs. Analysis of intrinsic
electrophysiological properties was carried out only if series resistance was less than 30 MQ.
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Figure 1. Imaging functional properties of neuronsin vivo and indentifying the same neuronsin
vitro

a, Two-photon imaging was used to sample somatic calcium signals from a complete
population of L2/3 neurons within a 285x285x119 pm3 volume. Imaging was carried out at
7 wm depth increments. Neurons were labeled with the calcium indicator dye OGB-1 AM
(green) and the astrocyte marker SR101 (red). b, Example traces of calcium signals from
four different cells in the imaged volume while presenting six trials of grating stimuli
drifting in eight different directions. c, All orientation selective cells in the volume were
color-coded according to preferred orientation and plotted as spheres. d, Signal correlations
were computed from average responses to natural movies. Red lines represent strongly
correlated neuronal pairs (signal correlation > 0.2). e and f, After imaging visually evoked
calcium signals, a detailed image stack was obtained /n vivo. The brain was sliced coronally
and another stack of the same tissue was obtained /n vitro (a single optical plane is shown in
f). Affine transformation was used to align the /n vivoto the in vitro stack, allowing precise
matching of OGB-1-filled cells in the two stacks. g and h, Close-ups of the regions outlined
with dashed lines in e and f, respectively.

Nature. Author manuscript; available in PMC 2011 November 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Ko et al.

Page 15
a In vivo In vitro In vitro patched
b 30 um
bR LA X4 x T R, 0. 4
1 N A S A h A e~y @180“@0
2 v~ Vv e o e 270°
4 ~ A 4R B S~ 3 2

20% AF/F

s

D et 1 b

M§3M~ Mg ===

4..._—"‘%

{ =

M{ J\'\N\f\ M{ 2

4 N o o, 3 B i S

__Joamv
d e 40 ms
0.5

> P=0040 » 07843 P=0.034
= = 2/5
Qo Qo
(2] @
Q Nl
<] o
S S 3/16  4/22
[} [}
[9] [3]
{ =t =
[ = c
o o
o (&) 0

0 45 90 0 45 90 135 180

AOri (degree) ADir (degree)

Figure 2. Relating orientation and direction preference to connection probability among L 2/3
pyramidal neurons

a White circles denote the locations of /n vivoto in vitro matched cells that were targeted for
whole-cell recording and filled with Alexa 594. b. Left: average calcium responses of the
four cells to oriented drifting gratings. Right: corresponding polar plots of inferred spike rate
responses, normalized to the maximum response of cell 4. Three of the cells (cells 2, 3 and
4) were reliably responsive and orientation selective. Arrow shows a connection detected
from cell 3 to cell 2. ¢, Membrane potential recordings from the four cells. Currents were
injected into each cell in sequence, and from average traces of postsynaptic potentials an
excitatory connection was found from cell 3 to cell 2. No other connections were found.
Vertical dashed lines indicate timing of presynaptic spikes. In some traces, stimulation
artefacts are visible that coincided exactly with presynaptic spikes and therefore could be
clearly distinguished from EPSPs. d, Relationship between connection probability and
difference in preferred orientation (AOri) among pairs in which both neurons were
responsive to grating stimuli and were orientation selective (OSI > 0.4). There was a
significant decreasing trend in connection probability as AOri increased (P = 0.040,
Cochran-Armitage test). Dotted line indicates connection probability for all pairs included in
this analysis (25/94, 0.27). The bins include difference in orientation values of 0 to 22.5°
(zero degree bin), 22.5° to 67.5° (45 degree bin), and 67.5° to 90° (90 degree bin). e,
Relationship between connection probability and difference in preferred direction (ADir) in
the subset of neurons which were direction-selective (DSI > 0.3). The same decreasing trend
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with respect to AOri was detected (P = 0.034, Cochran-Armitage test). Neurons connected
with specificity to preferred orientation but not to preferred direction. Dotted line indicates
connection probability for all directionally selective pairs (19/72, 0.26). The bins include
difference in orientation values of 0 to 22.5° (zero degree bin), 22.5° to 67.5° (45 degree
bin), and so on.
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Figure 3. Relationship between response correlation to natural moviesand connection
probability

a, An example of a triplet of neurons targeted for whole cell recording /n vitro, with
associated /n7 vivo calcium responses to the natural movie (average of 6 repetitions) and
spike rate correlation values. Neuron 1 and 2 showed correlated firing (signal correlation =
0.31), whereas other pairs did not. b, Triple recordings from the same neurons reveals the
pattern of connections: neurons 1 and 2 were bidirectionally connected, while neuron 3
provided input to neuron 1. Dashed lines indicate timing of presynaptic spikes. c, There was
a significant increase in connection probability with increasing signal correlation to natural
movies (P = 0.0002, Cochran-Armitage test). Dotted line indicates connection probability
for all pairs included in this analysis (30/108, 0.28). d, Connection probability increased
significantly with increase in noise correlation (P = 0.011, Cochran-Armitage test).
Correlation values were binned, with ranges from -0.15 to —0.05, from —0.05 to 0.05, and so
on.
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Figure 4. Relationship between similarity of visual responses and probability of finding
unidirectionally and bidirectionally connected pairs

a, Among orientation selective neurons, probability of finding connected pairs decreased as
AOri increased. The fall-off in probability of finding bidirectionally connected pairs was
steeper than the decrease in overall probability of finding connected pairs. A trend of
decrease in probability of finding bidirectionally connected pairs was found (P = 0.070,
Cochran-Armitage test). b, The same observation holds in the subset of directionally
selective pairs, and probability of finding bidirectionally connected pairs decreased as AOri
increased (P = 0.036, Cochran-Armitage test). ¢, The probability of finding bidirectionally
connected pairs increased sharply as signal correlation to natural movies increased (P =
0.003, Cochran-Armitage test). Dotted lines indicate probability of finding connected pairs
from all pairs included in analysis (panel a: 15/41, 0.37; panel b: 11/31, 0.35; panel c: 20/52,
0.38).
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