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Functional Coupling from Simple to Complex Cells in the
Visually Driven Cortical Circuit

Jianing Yu and David Ferster
Department of Neurobiology, Northwestern University, Evanston, Illinois 60208

In the classic model of the primary visual cortex, upper-layer complex cells are driven by feedforward inputs from layer 4 simple cells.
Based on spike cross-correlation, previous in vivo work has suggested that this connection is strong and dense, with a high probability of
connection (50%) and significant strength in connected pairs. A much sparser projection has been found in brain slices, however, with the
probability of layer 4 cells connecting to layer 2/3 cells being relatively low (10%). Here, we explore this connection in vivo in the cat
primary visual cortex by recording simultaneously spikes of layer 4 simple cells and the membrane potential (V,,) of layer 2/3 complex
cells. By triggering the average of the complex cell’s V,,, on the spikes of the simple cell (V,,-STA), we found functional coupling to be very
common during visual stimulation: the simple cell’s spikes tended to occur near the troughs of the complex cell’s V,, fluctuations and
were, on average, followed by a significant (~1 mV) fast-rising (10 ms) depolarization in the complex cell. In the absence of visual
stimulation, however, when single simple cells were activated electrically through the recording electrode, no significant depolarization,
or at most a very weak input (0.1- 0.2 mV), was detected in the complex cell. We suggest that the functional coupling observed during
visual stimulation arises from coordinated or nearly synchronous activity among a large population of simple cells, only a small fraction

of which are presynaptic to the recorded complex cell.

Introduction

In the feedforward model of primary visual cortex (Hubel and
Wiesel, 1962), the input from LGN to layer 4 is thought to con-
struct the mutually antagonistic ON and OFF subfields of layer 4
simple cells (Priebe and Ferster, 2012). Feedforward inputs from
multiple overlapping layer 4 simple cells of similar preferred ori-
entations then construct the uniform receptive fields of layer 2/3
complex cells.

To explore the strength of the layer 4 to layer 2/3 connec-
tions in vivo, previous authors have constructed spike cross-
correlograms from extracellularly recorded simple and
complex cells in the same or nearby orientation columns
(Alonso and Martinez, 1998; Martinez and Alonso, 2001).
Strong functional coupling was found between a high propor-
tion (~50%) of pairs: firing in the complex cell increased
significantly within a narrow window (~10 ms) after spikes in
the simple cell, suggestive of a monosynaptic connection. One
question raised by these results, however, is how each simple
cell can trigger a significant fraction of the complex cell’s
spikes at the same time that a high fraction of simple— complex
pairs showed strong functional connections.
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In cortical slices, the probability of connections between layer
4 andlayer 2/3 cells is far lower, on the order of 10% (cf. Thomson
et al., 2002; Lefort et al., 2009). This mismatch between methods
implies that the in vitro studies underestimated the connectivity,
perhaps because of misalignment or truncation of connections
during slicing. Alternatively, in vivo studies might overestimate
connectivity because of coordinated network activity. For exam-
ple, correlated firing could occur without a direct connection if
the simple cell of a pair fires synchronously with other unre-
corded cells that connect to the complex cell.

Intracellular recording provides some hints that synchronous
inputs are driving complex-cell responses. Spikes in complex cells
almost invariably rise off of strong membrane potential (V)
fluctuations of 5-20 mV with dominant frequencies at 20— 80 Hz
(Fig. 1) (Jagadeesh et al., 1992; J. Anderson et al., 2000; Yu and
Ferster, 2010). Since unitary monosynaptic connections are far
less than 5 mV in amplitude (Thomson and Lamy, 2007), these
V. fluctuations most likely reflect convergent inputs from the
relatively synchronized presynaptic population.

With these results in mind, we have reexamined the function
of the layer 4-to-layer 2/3 projection by constructing averages of
the V,, of the complex cell, triggered on the spikes of a nearby
simple cell. During visual stimulation, pairs of simple and com-
plex cells were indeed functionally coupled with very high prob-
ability (85%): simple cells fired preferentially near the troughs of
the complex cell’s V,,, fluctuations and just before a consistent
and rapid depolarization (~1 mV). These correlations, however,
disappeared almost entirely in the absence of visual stimulation.
When a simple cell that showed tightly correlated activity with a
complex cell during visual stimulation was activated directly by
electrical stimulation, the evoked potentials in complex cells ei-
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ther disappeared entirely or weakened
considerably. Our results suggest that A
during visual stimulation, the activity of
complex cells is driven by concerted in-
puts from multiple simple cells.

Materials and Methods

Animal preparation. Adult cats of either sex
(4-7 months) were prepared for experiments
as described previously (Boudreau and Ferster,
2005; Yu and Ferster, 2010). All procedures
were approved by the Northwestern University
Animal Care and Use Committee. Anesthesia
was induced by ketamine hydrochloride and
acepromazine (intramuscular, 30 and 0.3 mg/
kg) and maintained throughout the experi-
ment with intravenous infusion of propofol
and sufentanil (5-10 mg-kg '+h™' and
0.75-1.5 pg-kg '-h~'). Muscle relaxant
(pancuronium bromide: 1.5 mg/kg initial
dose, 0.2 mg-kg '+h™' maintaining rate)
was administered to eliminate eye movements,
and animals were artificially ventilated via a
tracheal cannula. Nictitating membranes were
retracted with phenylepherine hydrochloride
(2.5%), and the pupil was dilated with atropine
sulfate (1%). Eyes were protected with a pair of
contact lenses (artificial pupil, 4 mm in diam-
eter). Two screws, separated by 2 mm, were
inserted into the skull above the surface of the
left hemisphere to monitor EEG. A feedback-
controlled heating lamp and a heating pad
were used together to maintain the animal’s temperature at 38.2°C. All
vital signs (heart rate, end-tidal CO,, temperature, and EEG) were mon-
itored and recorded to ensure that the animal was adequately anesthe-
tized.

Visual stimulation. With corrective lenses, the retinas were focused on
a computer display 50 cm in front of the animal. Drifting sinusoidal
gratings were generated with the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997). For each pair of cells, we first mapped their orientation
and spatial frequency preferences. To evoke visual responses in a pair of
cells, a grating of appropriate location, size, orientation, and spatial fre-
quency was chosen to activate both cells. Visual stimuli were presented
monocularly to the dominant eye for most of the recordings.

Electrophysiology. We performed simultaneous extracellular and
whole-cell intracellular recordings from pairs of nearby neurons. In vivo
whole-cell recordings were performed as described previously (Jag-
adeesh etal., 1992; Yu and Ferster, 2010). Patch pipettes (7-12 M()) were
pulled from borosilicate glasses (Sutter Instruments) and filled with an
internal solution (pH 7.3, 292 mOsm) that contained (in mm) 135
K-gluconate, 4 KCI, 10 HEPES, 0.5 EGTA, 10 Na,-phosphocreatine, 4
Mg-ATP, and 0.4 Na,-GTP. Extracellular recordings were made with
conventional extracellular tungsten electrodes (FHC or Thomas Record-
ing) or borosilicate patch electrodes. Extracellular signals were filtered
(0.3-10 kHz) and sampled at 20 kHz. Spike sorting was performed off-
line. For single-unit recording with tungsten electrodes, spike sorting was
performed with wavelet decomposition and superparamagnetic cluster-
ing (Quiroga et al., 2004). From the raw trace, candidate spikes with
height larger than a threshold determined individually for different re-
cordings were identified by the Matlab “findpeaks” function. A segment
of the spike (0.55 ms before the peak and 1 ms after the peak, 32 data
points for each segment) was then chosen and stored for further cluster
analysis. These spike segments were then aligned by their centers of mass
around the peak. For feature extraction, wavelet coefficients of these
spike events were computed (Letelier and Weber, 2000; Quiroga et al.,
2004). Several optimal coefficients were then chosen according to their
distribution so that spike waveforms can be classified into a few clusters.
Superparamagnetic clustering was then performed to isolate one to three
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spike classes from each recording (Quiroga et al., 2004). Interspike in-
terval (ISI) histograms, tuning curves, and peristimulus time histo-
grams (PSTHs) were constructed for each unit to confirm its identity.
Spike-sorting routines were modified from the Matlab package
Wave Clus (written by R. Quian Quiroga, University of Leicester,
Leicester, UK).

For juxtacellular recording/stimulation of single neurons (Houweling
etal.,2010), patch electrodes were loaded with the same internal solution
used for whole-cell recordings or with an extracellular solution that con-
tained (in mwm) 135 NaCl, 5.4 KCl, 1.8 CaCl,, 1 MgCl, and 5 HEPES (pH
7.3,295 mOsm). Spikes were detected and isolated by thresholding and,
when necessary, by the spike-sorting procedure described above. Juxta-
cellular configuration was established between the electrode tip and the
cell in bridge mode. To stimulate single cells, we injected positive current
steps (1-10 nA, 1 or 2 Hz, 250 ms) through the patch electrode (Pinault,
1996; Houweling et al., 2010). A high-pass filter was used to remove the
DC shift associated with current injection. The waveforms for naturally
occurring (ongoing or visually driven) and juxtacellularly activated
spikes were similar, confirming that we were stimulating the recorded
cell, not nearby cells or axons. A small period (25 ms) after the onset or
offset of each stimulation epoch was omitted for analysis because of
stimulation artifact.

Data analysis. Spikes were removed from the raw V, traces by an
interpolation of the beginning (1 ms before the threshold) and the end (4
ms after the threshold) of each spike event that was detected in the high-
pass-filtered V, trace. The V., trace was further passed through a
Savitsky-Golay smoothing filter. To calculate spike-triggered V,, aver-
ages (Vm-STAs) under a given stimulus condition, for each trial, we
computed the cross-correlation (“xcorr” in Matlab) of the simple-cell
spike times and the complex-cell V, and normalized the result by the
spike number. V-STAs across trials were then averaged. For each stim-
ulus condition, the shift predictor was computed from the correlation of
spikes and V,,, of different trials with one trial offset (spikes from trial n
were cross-correlated with V. of trial n+1; the last trial was omitted).
Normally, V,,-STAs from different stimulus conditions were not pooled
unless the visual responses were similar. For each time lag, spike cross-
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correlation was measured as the number of synchronous spikes between
simple and complex cells at each time bin (1 ms) across all trials.

We also applied the spike-jittering method. Here we perturbed indi-
vidual spikes by randomly jittering their timing in a defined time window
to construct jittered cross-correlations and the confidence limits. Corre-
lated activity that occurs at a time scale finer than the window width will
be disrupted after spike jittering, whereas broader correlation is pre-
served. This method can therefore disentangle the correlation at different
time scales. To examine the statistical significance of V| ,-STA couplings
for each pair, we used a £25 msjittering window (see Fig. 4A). To analyze
and isolate the postsynaptic effect of the spikes elicited by juxtacellular
stimulation, we chose a jittering window of 15 ms (see Figs. 5, 6). The
95% confidence limits of jittered data were estimated from 1000 itera-
tions as the 2.5th and 97.5th percentiles of the resampling data set, form-
ing acceptance bands for testing the null hypothesis that there was no
correlation finer than the jittering window. Functional coupling was con-
sidered significant if the raw V, -STA exceeded the 95% acceptance
bands within the jittering window. A similar procedure was applied to
estimate the acceptance bands for spike cross-correlations.

Analysis of V, correlation from pairs of cells was performed similar to
our previous study (Yu and Ferster, 2010). Here we specifically examined
short periods (166 ms) of V,, traces when the simple cell was depolarized
or hyperpolarized (see Fig. 8). Before computing the V,, correlation for
either condition, an averaged trace across cycles was subtracted from
individual traces to remove the stimulus component.

Results

To explore the interaction between simple and complex cells, we
recorded simultaneously from layer 2/3 complex cells (depth
from the pia, <600 wm) and simple cells in or near layer 4 (depth,
650—1200 pwm). Pairs of electrodes were separated by 300—400
um on the surface of the cortex and angled 10-15° from vertical
to maximize the likelihood that the recorded cells were located
within the same cortical column. The complex cell was recorded
in the whole-cell configuration; the simple cell was recorded ex-
tracellularly with a tungsten electrode, with a glass patch elec-
trode in the juxtacellular configuration, or in the whole-cell
intracellular configuration. From either of these experimental
configurations, we derived V, -STAs of the complex cell triggered
on the spikes in the simple cell during visual stimulation. In the
juxtacellular and intracellular configurations, we also derived
Vn-STAs while stimulating the simple cell electrically, without
presenting visual stimuli, to isolate the effect of spikes of single
cells from the effect of parallel network activity. From dual
whole-cell recordings, we calculated the V,,, correlation between
the recorded cells to examine the correlation that existed at the
synaptic input level. In all V -STA calculations, the first peak
of the spike waveform was used as the reference time point
(zero-lag).

Vu-STA revealed functional coupling between simple and
complex cells during visual stimulation

Simple and complex cells were recorded simultaneously in com-
bined extracellular and whole-cell configurations (Fig. 2, dia-
gram). In pair #1 (Fig. 2A), the two cells had nearly identical
orientation preference. After previous studies (Carandini and
Ferster, 2000; Priebe et al., 2004), simple cells were defined by the
magnitude of spike-rate modulation in response to a drifting
grating of optimal orientation and spatial frequency. In the
simple cell’s spike histogram (Fig. 2B, bottom), R,/R, = 1.5
(orientation, 30° R,/R, = 2.2 at 15°), where R, is half of the
peak-to-peak firing rate modulation at the temporal fre-
quency of the drifting grating and R, is the DC component of
firing rate increase. Complex cells lack strong V,,, modulation
at the grating’s temporal frequency. In the complex cell’s av-
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eraged V, trace (Fig. 2B, top), V;/V,, = 0.3 (orientation, 30°),
where V; is half of the V_, modulation and V|, is the mean
depolarization. The simple cell was recorded at 770 wm below
the pia, and the complex was recorded at 440 pm.

In the simple cell, a sinusoidal drifting grating triggered clus-
ters of spikes (Fig. 2C, blue tick marks) at the grating’s temporal
frequency (2 Hz). Within each cluster, the simple cell fired at
around 35 Hz. Notably, individual simple-cell spikes preferentially
occurred near the onset of voltage excursions of the simultaneously
recorded complex cell (Fig. 2C). As a result, the V,, -STA, calculated
by averaging the complex cell’s V, | on the spikes of the simple cell,
had an asymmetrical shape (Fig. 2D, top, black). We calculated the
shift predictor by shifting the V,, of the complex cell by one stimulus
trial (i.e., the nth trial of the simple-cell spikes was correlated with the
n+1th trial of the complex-cell V). The lack of temporal coupling
in the shift predictor implied that the coupling was not simply attrib-
utable to stimulus-mediated offset in neurons’ response latencies
(Fig. 2D, top, gray). With the shift predictor subtracted, the V, -STA
showed that the complex cell’s depolarization started 3.1 ms before
the simple cell’s spike time and a majority of V, depolarization
occurred after the spike (Fig. 2D, middle and bottom). The depolar-
ization reached a maximum of 1.8 mV at 10.1 ms. In addition, a
small hyperpolarization (—0.9 mV at —3.1 ms) preceded the simple-
cell spikes, yielding a peak-to-peak V., deflection of 2.7 mV across
the zero-lag. To study the statistical significance of the coupling, we
used a spike-jittering method (Amarasingham et al., 2012) (see Ma-
terials and Methods), in which the spikes of the simple cell were
randomly jittered within a time window of *£25 ms and jittered
V..-STAs were computed. From a large set of jittered data
(1000 iterations), we constructed the 95% acceptance bands to
test the null hypothesis that there was no temporal coupling
finer than =25 ms between the signals. Here the peak of the
original V -STA exceeded the 95% acceptance bands (Fig. 2D,
cyan dashed lines), demonstrating a significant coupling with
a fast time scale (<25 ms).

In the second pair (Fig. 2E-H ), the simple cell was recorded at
a depth 0f 940 wm, and the complex cell (the same cell in Fig. 1A)
was recoded at 390 um. These two cells had very similar orienta-
tion tuning. The onsets of the complex cell’s depolarization tran-
sients were strongly coupled to the spikes of the simple cell (Fig.
2G), as clearly demonstrated by V,-STA (onset, 0.7 ms; peak,
11.5 ms; peak-to-peak V,, = 2.2 mV; Fig. 2H ). In this pair, both
cells fired enough spikes during optimal stimulation and a reli-
able spike cross-correlogram could be constructed, which was
highly displaced toward positive time lag (i.e., simple cell leading)
with a significant peak occurring at 7 ms (Fig. 2H ).

This coupling changed with the spectral content of V, fluctu-
ations, which is stimulus dependent. For example, with decreas-
ing contrast, the correlation between simple and complex cells
became broader and more symmetrical around the zero-lag (Fig.
3A,B,D,E). In the absence of visual stimulation, spontaneous
firing of simple cells was low (~0.2 Hz) and only occurred when
the complex cell was more depolarized (“up state”), implying that
slow network fluctuations determined the response reliability of
these cells under such conditions. Increasing visual contrast grad-
ually suppressed the slow fluctuations and drove the network into
a high-frequency mode; meanwhile, asymmetrical coupling be-
tween the simple cell’s spikes and the complex cell’s V, became
stronger (Fig. 3C,F).

Of 34 recorded pairs of cells, as determined by spike jittering, 29
exhibited a significant coupling in the V, -STA that crossed zero-lag
(Fig. 4A). Data shown here were collected when both cells were
driven by the visual stimulus: When the cells preferred the same
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Functional coupling between simple and complex cells in visual responses. The diagram shows an extracellular unit (blue) recorded with a microelectrode in layer 4 and a layer 2/3 cell

(black) recorded in the whole-cell configuration. 4, Orientation tunings of the simple cell’s spikes (blue, F1 components) and the complex cell’'s mean depolarization (black). Error bars denote SEM.

B, Average V/,, of the complex cell and the PSTH of the simple cell during visual stimulation (30°). Th
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E-H, Same as A-D for pair #2. Top right, Spike cross-correlogram (bin size, 1 ms) displaying a highly asymmetrical shape and a significant peak at 7 ms. Gray line, Shift predictor; cyan lines, mean

jittered spike cross-correlogram and 95% acceptance bands. Spk, Spike.

stimulus orientation, the optimal orientation was presented; when
the cells preferred different stimuli, a stimulus intermediate
between the two preferred orientations was presented. Strong
coupling was more likely to occur between cells with similar ori-
entation preferences (=20°, Fig. 4 A, F, black circles). To summa-
rize the features of the coupling, we extracted four parameters
from each V, -STA waveform (29 pairs): the onset time of the
depolarlzatlon (fmin)> the peak time (t,,,,), the rise time (.,
)> and the peak-to-peak amplitude (V) (Fig. 4B-E). t,,;, had

nnn min

a median value of —3.2 ms, and some pairs showed onsets that
followed the spike. The median t,,,, was 11.5 ms. The rise time
was 13.4 ms. V, showed a wide distribution (median, 1 mV; 25th
and 75th percentiles, 0.6 and 2.0 mV, maximum, 2.8 mV). V,
correlated with the amplitude of visually evoked mean depolar-
ization (Fig. 4G) and the high-frequency (20—80 Hz) compo-
nents of the V,,, fluctuations in the complex cell (Fig. 4H).

The strong association between simple—complex correlations
and the amplitude and high-frequency components of the visu-
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filtered V/,-STAs and is calculated as the difference between the trough before the zero-lag and the peak. D—F, Similar to A—C for pair #2. The coupling strength is the difference between the trough

after the zero-lag and the peak.

ally evoked responses suggested that the correlations might arise
not from monosynaptic connections but from visually evoked
network dynamics that lead to synchronization among a large
fraction of the cells in the local circuit. We therefore attempted to
measure the coupling between cells in the absence of visual
stimulation.

The effect of single-cell stimulation

Layer 4 and 2/3 cortical cells spike little (<<1 Hz) in the absence
of sensory stimulation (cf. Gilbert, 1977). When using metal elec-
trodes, we could collect a large number of spikes for the V, -STA
analysis only during visual stimulation. Visual stimulation, how-

ever, inevitably increases the activity of many cells at once, which
might introduce complex neuronal interactions within and
across cortical layers. As a result, analyzing the neuronal correla-
tion in visual responses, e.g., calculating V, -STAs, may not pro-
vide an accurate estimate of the influence of a single simple cell on
a complex cell. Unfortunately, analyzing V, -STA during sponta-
neous activity is limited by the extremely small number (~50) of
spikes and is limited to a regime where the firing of the simple cell
is strongly influenced by slow network fluctuations (compare Fig.
3).

To circumvent this problem, we directly drove single simple
cells using juxtacellular stimulation, in which a patch electrode
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F, Relationship between Vpp and the orientation difference of cells in each pair. u.d., Undetermined. G, Relationship between Vpp and the mean

V;,, depolarization during visual stimulation. H, Relationship between V/,,, and the V;, fluctuations in the high-frequency range (20 — 80 Hz) calculated as the squared root of summed V, power.

tip is brought close to the cell membrane for both spike recording
and stimulation (Pinault, 1996; Houweling and Brecht, 2008).
Positive current pulses (1-10 nA, 250 ms) delivered through the
electrode at a frequency of 1 or 2 Hz electroporate the cell mem-
brane near the pipette tip and discharge the cell (Houweling et al.,
2010). Only the cell being recorded is stimulated. In our experi-
ments, juxtacellular stimulation was randomly alternated with
visual stimulation, and V,,-STAs were constructed for each stim-
ulation method separately. To test the significance of spike-
evoked postsynaptic potentials and minimize the interference of
ongoing network fluctuations, we jittered the spikes within a win-
dow of =15 ms and compared the jittered and raw STAs (Hatso-
poulos et al., 2003; Fujisawa et al., 2008). Spike jittering will
disrupt any correlations of durations shorter than the jittering
window, including postsynaptic potentials, which likely occur
immediately after the spikes (~1 ms) and peak within 10 ms
(Feldmeyer et al., 2002; Bruno and Sakmann, 2006). Further-
more, we compared the jitter-corrected V,,,-STAs between visual
and electrical stimulation conditions.

An experiment with juxtacellular recording of the simple cell
and whole-cell recording of the complex cell is illustrated in Fig.
5. Visual stimulation evoked strong responses in both cells (Fig.
5A,B), The V,,-STA of this pair during visual stimulation (V-
STA,) showed the usual asymmetrical shape (Fig. 5C): The com-
plex cell started to depolarize at —3.4 ms relative to the simple-
cell spike, and the depolarization reached maximum at 5.3 ms
with a peak-to-peak amplitude of 2.8 mV. The spike cross-

correlation was also highly asymmetrical with a significant peak
at 3 ms (Fig. 5C, top right). Spike jittering eliminated the tight
coupling in V, -STAy and the spike cross-correlation (Fig. 5C,
top, cyan). When the simple cell was driven electrically (5 nA, 250
ms duration, 1 Hz, no visual stimulation), it fired at about 44 Hz
(Fig. 5D,E), whereas V,,, of the complex cell slowly fluctuated
because of ongoing spontaneous activity. The raw V,, STA during
juxtacellular stimulation (V,,,-STA}) did not show tight coupling
(Fig. 5F, green). In fact, the jittered V,,,-STAg was not statistically
different from the raw V, -STA (Fig. 5F, compare cyan and
green lines), suggesting that juxtacellular spikes did not evoke
significant postsynaptic potentials. Similarly, the spike cross-
correlation did not show a significant peak (Fig. 5F, top right).
Short-term depression has been reported for synapses be-
tween layer 4 and layer 2/3 neurons, although sequential EPSPs
summate over time such that postsynaptic depolarization builds
up (Feldmeyer et al., 2002; Bannister and Thomson, 2007). To
examine whether the absence of coupling in V,,,-STA;, is caused
by synaptic depression, we performed two additional analyses.
First, we verified that mean V,, during the 250 ms epochs with
juxtacellularly evoked spikes was not significantly different from
that during epochs without juxtacellular current injection (p =
0.87, paired ¢ test; see Fig. 5E). Second, we plotted the distribution
of ISIs for visually and electrically evoked spikes (Fig. 5G) and
found that a majority of ISIs under either condition was between
5 and 50 ms (61% visual, 86% juxtacellular). If high-frequency
spikes depressed simple— complex synapses, hence preventing the
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Simple— complex coupling during visual and electrical stimulations. The experiment diagram showing a layer 4 simple cell recorded with a patch pipette for both spike recording and

electrical (juxtacellular) stimulation and a layer 2/3 complex cell in the whole-cell configuration are shown. 4, A single trial of visual responses of the complex cell (black, V) and the simple cell (gray,
juxtacellular recording trace; red tick marks are spikes). A 0.25 s segment is expanded at the top. Note the tight coupling of simple-cell spikes and the troughs of V. fluctuations. B, Average V. of the
complex cell (top) and PSTHs of the simple cell (bottom) during drifting— grating stimulation. €, Top, V,,-STA in visual responses (red). Cyan lines are mean jittered ¥/ -STA and 95% acceptance
bands. Spike cross-correlogram with 95% acceptance bands is on the right. Bottom, jitter-corrected V,-STA and the 95% acceptance bands. D, A single trial of activity during juxtacellular
stimulation. Arrowheads mark the onset and offset of a single epoch of current injection. E, Spike histogram of the simple cell (bottom) and the average V/,, of the complex cell (top; thin lines are 95%
confidence limits) during juxtacellular stimulation. F, Same as € for juxtacellular stimulation trials. G, Left, Distribution of interspike intervals for visually and electrically evoked spikes (red, visual;
green, electrical). Two dashed lines label 50 and 100 ms. Right, Trains of visually (top) and electrically (bottom) evoked spikes. Open circles mark spikes with long (=100 ms) prespike ISIs, and filled
circles mark spikes with short (<50 ms) prespike ISls. H, Jitter-corrected V,,-STAs for spikes with short or long prespike ISIs. stim., Stimulation; jitt. corrected, jitter corrected.

detection of postsynaptic potentials triggered by electrically
evoked spikes, it should also do so during the visually evoked
activity. Accordingly, the amplitude of V, -STA,, should be sig-
nificantly reduced for short ISI spikes. It was not the case, how-
ever (Fig. 5H, left, red): when only considering short ISI spikes,
we found the amplitude of V,-STA,, similar to that constructed
using all spikes and the difference between V, -STAg and V-
STA, remained (Fig. 5H, left). Similarly, we built STAs using
spikes that were elicited after long ISIs (>100 ms; Fig. 5G), a large
fraction of which occurred at the onset of either visual or electri-
cal stimulation (compare spike trains in Fig. 5G). Again, we ob-
served a large difference between V, -STA and V,-STA,, (Fig.
5H, right). Given these results, we conclude that short-term de-
pression does not likely account for the contrast between V, -
STA; and V,,-STA,.. We suggest that the coupling observed in
Vn-STAy was not caused by the spikes of the recorded simple cell

but originated instead from other cells that were presynaptic to
the recorded complex cell and fired at about the same time as the
recorded simple cell.

We also tested connectivity in six pairs with juxtacellular stim-
ulation (four pairs are shown in Fig. 6) and two pairs with intra-
cellular current injection when the simple cell was recorded in the
whole-cell configuration. In all but one pair (#7), the waveform
of V,-STA,, was different from the waveform of V,_-STA (Fig.
6A-D, pairs #4—#6). We performed the same analysis as we did in
Figure 5, G and H, to confirm that the difference is not caused by
short-term depression (data not shown). Finally, subtracting V.-
STA; from V, -STA, yielded a V, -STA waveform that corre-
sponded to a network effect when the recorded simple cell fired
spikes (Fig. 6E).

In two pairs (Fig. 6, #6 and #7), when the spikes of the simple
cells were evoked by juxtacellular stimulation, significant depo-
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The V,,-STA coupling should also be re-
vealed at the level of the membrane po-
tential: the synaptic inputs that simple
and complex cells receive should be cor-
related but shift in time relative to one
another. To test this prediction, we
made dual whole-cell recordings from
pairs of simple and complex cells (five
pairs) and constructed V., cross-
correlations separately for periods of the
response when the simple-cell V, was near the peak of the
visually evoked sinusoidal modulation and when the simple-
cell V,, was at the trough of the modulation (Fig. 84). We
found that the shift in correlation was only present near the
peak.

Figure 8B-D, shows three pairs of cells. In the first pair
(pair #8), during the brief moments when both cells were
depolarized by the visual stimulus, barrages of inputs arrived
at the simple cell (Fig. 8, red) first and reached the complex cell
(Fig. 8, blue) roughly 10—-20 ms later (two such barrages are
labeled with arrows in the expanded traces for pair #8; Fig. 8B).
We calculated V,, cross-correlation for these periods and
high-pass filtered (>5 Hz) the correlation to compare tempo-
ral components that are relevant to the functional coupling

Figure 6.

V,,-STAs).

i

-100 -50 O 50
Time lag (ms)

100

V,-STA coupling during visual versus electrical stimulations. A-D, Four example pairs where the same experiments
were performed as in Figure 5 are shown. For each pair of cells: 4, average V,, of the complex cell (top) and PSTH of the simple cell
(bottom) during visual stimulation; B, average V/,, of the complex cell (top) and PSTH of the simple cell (bottom) during electrical
stimulation; , jitter-corrected V,-STA,; cyan lines are 95% acceptance bands from jittered data; D, jitter-corrected V, -STA. E,
Subtracting V,-STA, from V,_-STA, produces V/, -STA that is attributed to correlated activity in the network (network-generated

(Fig. 8C). When the simple cell was depolarized and both cells
were activated, compared with blank stimulation, the V,,
cross-correlation shifted by 14.6 ms in the simple-to-complex
(positive) direction (Fig. 8C, pair #8, compare green trace with
black trace). During the depolarizing period, the shape of the
V.. cross-correlation matched the waveform of the V,-STA,
likely explaining the V,,-STA’s source (pair #8; Fig. 8, compare
C, green trace, D, blue trace). The temporal offset in synaptic
inputs was also evident in pairs #9 and #10, with rightward
shifts between the black and green traces of 6.5 and 12.6 ms
(two additional pairs, 8.6 and 4.0 ms, not shown).

In contrast, the temporal shift was not observed during the
hyperpolarized periods (compare orange trace with black trace).
During such periods, the simple cell was hyperpolarized and re-
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Dual whole-cell recordings revealing propagating synapticinputs. Shown here are three pairs of cells recorded
with dual whole-cell patch-clamp configuration (diagram). A, Example of average simple-cell V, response (red) and its
sinusoidal fit (black) during drifting grating stimulation. The definition of depolarized and hyperpolarized periods is
illustrated. B, Raw V/,, traces of both cells during visual stimulation. A 0.5 s segment is expanded at the top. Arrows mark
synaptic activity that seems to propagate from the simple cell to the complex cell. ¢, V,, cross-correlations (high-pass
filtered at 5 Hz) for blank stimulation (black) and depolarized (green) and hyperpolarized (orange) periods during visual
stimulation. D, V,,-STAs during visual stimulation. dep., Depolarized; hyper., hyperpolarized.
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ceived few excitatory inputs, whereas the complex cell, as pre-
dicted from its phase invariance, was still driven strongly (other
sets of simple cells with different spatial phases were now driving
the complex cells, likely with a similar form of synchronous
activity).

Discussion

Using in vivo paired recordings, we have constructed spike-
triggered averages of the membrane potential (V,,-STAs) be-
tween simple-cell spikes and complex-cell V, to explore their
functional relationship. A majority of pairs (29 of 34, or 85%)
exhibit significant V, -STAs (median, 1 mV) during visual stim-
ulation. When the simple cells are stimulated electrically in the
absence of visual stimulation, however, both the likelihood and
amplitude of evoked potentials in complex cells fall dramatically
(two of nine, or 22%; 0.1-0.2 mV). It does not seem likely, then,
that V,,-STAs recorded during visual stimulation arise from di-
rect monosynaptic connections, but rather reflect concerted
feedforward inputs from multiple layer 4 simple cells whose spik-
ingactivity is synchronized. The direction of coupling in V, -STA
is consistent with Hubel and Wiesel’s
feedforward model for building the com-
plex receptive fields and may be a general
feature of feedforward processing within a
cortical column (Atencio and Schreiner,
2010; Takeuchi et al., 2011). Our results
can also be compared with synchrony of
the presynaptic population in the retino-
geniculate and geniculocortical pathways
and the output from V1 (Cleland et al.,
1971; Alonso et al., 1996; Jia et al., 2013),
demonstrating that synchronous activity
mediates information transmission across
different stages of the early visual system.

Through in vivo intracellular record-
ings, we and others have reported high-
frequency V,, fluctuations during visual
stimulation in cat V1 (Jagadeesh et al.,
1992; J. Anderson et al., 2000; Volgushev
et al., 2003; Cardin et al., 2005; Yu and
Ferster, 2010), which likely reflect rapid
sequences of correlated excitatory and
inhibitory synaptic inputs (Okun and
Lampl, 2008). In our hands, the fluctua-
tions are often observed in layer 2/3 com-
plex cells during optimal stimulation with
drifting gratings, riding on top of the
100 large mean depolarization characteristic
of complex cells. Previous studies have
characterized the stimulus dependence
and interneuronal correlation of the
high-frequency components. Here, we
consider their origin.

In simple—complex pairs that showed
Vo-STAs of significant amplitude during
visual stimulation, the depolarization onset
was close to but often preceded the time of
spike occurrence. And a hyperpolarization
often preceded the depolarization, which it-
self began tens of milliseconds before the
simple cell’s spike. These features of the STA
waveform suggest that the synaptic connec-
tion from the recorded simple cell does not
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by itself account for the full shape of the A
STA. On the other hand, common genicu-
late inputs to these two types of cells with a
fixed conduction delay could potentially
produce displaced peaks in STAs but cannot
explain the long peak time (10 ms) and are
not consistent with the anatomy of layer
4-to-layer 2/3 circuits because complex cells
that receive a strong direct geniculate input
are only found in layer 3 (Ferster and Lind-
strom, 1983). We then hypothesize that a
number of simple cells firing in concert with
the recorded simple cell likely contribute to
the V,,-STA coupling. Consistent with this
interpretation, when the simple cell was ac-
tivated using juxtacellular or intracellular
stimulation in the absence of visual stimula-
tion, the spike-triggered depolarization in
the complex cell was often not statistically
significant (seven of nine pairs; Figs. 5, 6). In
two pairs, significant spike-triggered depo-
larizations were observed, and their ampli-
tudes were small (0.1-0.2 mV). The
depolarization onsets were around 1 ms af-
ter the simple-cell spikes, with a much
smaller prior hyperpolarization, more con-
sistent with the expected properties of monosynaptic connections.

The circuit diagram in Figure 9 highlights the population ac-
tivity that we infer from the data. Within a subset of simple cells
that have similar spatial-phase selectivity (Fig. 9, red circle), only
some (Fig. 9, bold red circles) connect synaptically to the re-
corded complex cell (Fig. 9, filled blue circle). When a sufficient
number of these simple cells fire, they generate a depolarization
in the complex cell (Fig. 9B). The recorded simple cell (Fig. 9,
filled red circle) also fires in near synchrony with this subset of
simple cells, so that a V,,-STA constructed from its spikes con-
tains a depolarization, which is at least partially generated by its
neighbors. The width and rise time of the V, ,-STAs reflectan ~10
ms window of synchrony in the presynaptic population (Fig. 9C,
red). The hyperpolarization just before the simple cell spike
would reflect the decreased probability of firing that occurs in all
the simple cells just before their synchronized spikes. In this sim-
ple arrangement, nearby complex cells will likely receive many of
their simple cell inputs in common, and their V,, should there-
fore tend to oscillate in synchrony, which explains the nearly
symmetrical V, -STAs and V,, cross-correlations between nearby
complex cells (Lampl et al., 1999; Yu and Ferster, 2010; Fig. 9C,
green).

The extracellular analog of V,,-STA, spike cross-correlation
between pairs of extracellularly recorded neurons, has been ap-
plied to the study of interactions between cortical neurons during
activity triggered by sensory, motor, or cognitive events (Fetz et
al., 1991). Although spike cross-correlations can often miss un-
covering intracortical monosynaptic connections that are too
weak, the feedforward connections between simple and complex
cells are thought to be strong enough to be studied with this
technique (Alonso and Martinez, 1998; Martinez and Alonso,
2001). The asymmetrical spike cross-correlograms obtained
from simple—complex pairs in layers 4 and 2/3 have similar fea-
tures to the V,_ -STA waveforms we have observed: the spike
cross-correlograms are often asymmetrical in time, showing a
decrease below baseline before the triggering spike in the simple
cell, arise from this decrease that begins before zero-lag, and arise

Figure 9.
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A circuit diagram for population dynamics in L4 to L2/3 circuits. A, Cortical circuit diagram. Layer 2/3 complex cells
show widespread synchronous V, fluctuations and only a small percentage (bold) of the nearby cells connect to the recorded cell
(filled blue circle). In layer 4, simple cells are grouped functionally into different subsets (e.g., red and purple) based on their
spatial-phase selectivity. Within each subset, only a small percentage of cells (bold) synaptically connect to the recorded layer 2/3
cell. Arecorded simple cell (filled red circle) is shown with its possible connection to the recorded layer 2/3 cell (dashed line). This
pair of recorded cells is pair #2 in Figure 2. B, V. activity of the recorded layer 2/3 cell during visual stimulation (blue). The
corresponding drifting grating is shown (brown). Red tick marks are spikes of the recorded simple cell in the pair. A depolarizing
transient (13 mV, 12 ms) is highlighted in cyan and expanded. Hypothetical local population activity is illustrated with reference to
the /., depolarization. Anincrease of layer 4 population activity (red) occurs around the onset of the transient. The recorded simple
cell (red tick marks) belongs to the population. Activity of layer 2/3 complex cells (green) grows toward the peak of the transient.
¢, Different waveforms of couplings in simple— complex pairs (red, 12 pairs) and complex— complex pairs (green, 4 pairs).

time of ~10 ms. These correlograms have been interpreted as
evidence for monosynaptic connections between the recorded
cells (Alonso and Martinez, 1998; Martinez and Alonso, 2001).
We found, however, that the V,,-STAs that likely underlie these
correlations subside in the absence of visual stimulation. When
the simple cell was activated independently, the waveform of
spike-triggered signals changed dramatically and often dropped
below chance (Figs. 5, 6).

To link spike correlations to the underlying synaptic connec-
tivity, the lateral correlations within the presynaptic and postsyn-
aptic populations must be low (Reid, 2001), and the network
must be in an asynchronous state (Ginzburg and Sompolinsky,
1994). In the visual system, synchrony has been inferred or re-
corded for both retinogeniculate and geniculocortical pathways
(Cleland et al., 1971; Alonso et al., 1996) as well as intracortical
circuits (Ts’o et al., 1986; Kohn and Smith 2005). Fast spike syn-
chrony between layer 4 simple cells has not been thoroughly stud-
ied in cat V1 (DeAngelis et al., 1999) but has been demonstrated
for layer 4 cells in monkey V1 (Briggs et al., 2013; Smith et al.,
2013). It is not implausible that synchrony among simple cells
exists, given that there is considerable synchrony in the firing of
the LGN cells, which provide the dominant input to layer 4 sim-
ple cells (Alonso et al., 1996; Wang et al., 2010). It is also possible
that lateral connections between layer 4 simple cells contribute to
synchrony. If such connections are an important factor, they
likely link groups of simple cells with similar receptive-field spa-
tial phases, since the temporal shift in V,,, correlations between
simple and complex cells primarily disappeared during the hy-
perpolarizing phase of the response to drifting gratings (Fig. 8).
Additional experiments are necessary to characterize the spike
synchrony among simple cells. Our prediction is that the syn-
chrony correlates with the magnitude of high-frequency fluctua-
tions in the upper layers.

Transmission of sensory information in the cortical and
thalamocortical systems does not seem to make use of strong
individual synaptic connections. In the rat vibrissal pathway, a
single thalamic cell only provides a 0.5 mV unitary input to layer
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4 cells in vivo (Bruno and Sakmann, 2006). The strength of con-
nections from layer 4 to layer 2/3 have so far only been measured
in brain slices, showing a wide range of size distribution: from
0.15-0.2 to 2 mV (Anderson et al., 1994; Feldmeyer et al., 2002;
Thomson et al., 2002; Bannister and Thomson, 2007; Thomson
and Lamy, 2007; Lefort et al., 2009). Note, however, that the in
vitro results may not apply directly to in vivo function. In the
intact brain, the membrane conductance of cortical neurons is
high because of the increased levels of both ongoing and evoked
synaptic activity (Paré et al., 1998; Shadlen and Newsome, 1998;
J.S. Anderson et al., 2000; Haider et al., 2006; Kumar et al., 2008).
An increase in membrane conductance, along with a depolarized
V. should considerably reduce the incremental effect of individ-
ual synaptic inputs (Kuhn et al., 2004). Additionally, cortical syn-
apses in vivo could maintain a standing level of short-term
depression because of strong neural activity (Boudreau and Fer-
ster, 2005). Therefore, considering that simple cells often fire
above 20 Hz during visual stimulation, it is quite plausible that
simple cells drive complex cells through weak individual
synapses.

In summary, we propose that the propagation of activity from
layer 4 simple cells to layer 2/3 complex cells is mediated by weak but
synchronous synaptic inputs. This proposal is consistent with the
correlated firing (i.e., asymmetrical spike cross-correlograms) and
V-STA coupling between simple and complex cells (Alonso and
Martinez, 1998; present study), the large-amplitude and high-
frequency V,, fluctuations in complex cells during visual stimula-
tion, and the synchrony of the fluctuations between complex cells
(Yu and Ferster, 2010).
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