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Recordings from local field potentials (LFPs) are becoming increasingly common in research and clinical applications, but we still have
a poor understanding of how LFP stimulus selectivity originates from the combined activity of single neurons. Here, we systematically
compared the stimulus selectivity of LFP and neighboring single-unit activity (SUA) recorded in area primary visual cortex (V1) of awake
primates. We demonstrate that LFP and SUA have similar stimulus preferences for orientation, direction of motion, contrast, size,
temporal frequency, and even spatial phase. However, the average SUA had 50 times better signal-to-noise, 20% higher contrast sensi-
tivity, 45% higher direction selectivity, and 15% more tuning depth than the average LFP. Low LFP frequencies (<30 Hz) were most
strongly correlated with the spiking frequencies of neurons with nonlinear spatial summation and poor orientation/direction selectivity
that were located near cortical current sinks (negative LEPs). In contrast, LFP gamma frequencies (=30 Hz) were correlated with a more
diverse group of neurons located near cortical sources (positive LFPs). In summary, our results indicate that low- and high-frequency LFP

pool signals from V1 neurons with similar stimulus preferences but different response properties and cortical depths.

Introduction

The local field potential (LFP) is a measurement of the electrical
activity from a local population of neurons recorded with an
extracellular electrode in the brain. Although LFPs were initially
thought to integrate signals within several millimeters of cortex
(Mitzdorf, 1985; Juergens et al., 1999; Kreiman et al., 2006), re-
cent studies indicate that they can be restricted to a few hundred
micrometers from an electrode with a small tip (Liu and
Newsome, 2006; Jin et al., 2008; Katzner et al., 2009; Xing et al.,
2009; Lindén et al., 2011). Because LFP activity is easier to record
and maintain than spiking activity, the recent measurements of
LEP spatial specificity raise new hopes for the use of these signals
in neuronal prosthetics (Andersen et al., 2004). However, to con-
vey meaningful information about sensory cortical representa-
tions, LFP signals need to show stimulus selectivity in addition to
spatial specificity. LFPs in inferotemporal cortex show robust
selectivity for specific objects because neurons with similar object
preferences are organized in large clusters spanning several mil-
limeters (Kreiman et al., 2006). In middle temporal area MT,
LFPs also show selectivity for speed and direction of movement
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because neurons with similar speed and directional tuning are
organized in clusters of 0.5 and up to 2 mm (Liu and Newsome,
2006). In primary visual cortex (V1), LFPs can show certain se-
lectivity for spatial position, orientation, and eye dominance
(Berens et al., 2008a; Katzner et al., 2009; Xing et al., 2009). How-
ever, it remains unclear the extent to which the LFP stimulus
selectivity conveys information about smaller clusters of neigh-
boring single neurons (DeAngelis et al., 1999).

Just like the electroencephalogram, the LEP is divided in dif-
ferent frequency bands that range from 1-4 Hz (delta frequency)
to 30-200 Hz (gamma frequency) when measuring stimulus-
evoked activity (Fries et al., 2001; Henrie and Shapley, 2005;
Bollimunta et al., 2008; Fries et al., 2008; Bosman et al., 2009;
Keliris et al., 2010) and can include even higher frequencies when
measuring spike-triggered single-axon LFP (Swadlow et al., 2002;
Jin et al., 2008, 2011; Stoelzel et al., 2009). Previous studies have
convincingly demonstrated that the stimulus selectivity of LFP is
frequency dependent and that the highest LFP stimulus selectiv-
ity is found within the gamma frequency range (Frien et al., 2000;
Siegel and Konig, 2003; Henrie and Shapley, 2005; Liu and
Newsome, 2006). However, our knowledge about LFP stimulus
selectivity is very limited when compared with what is known
about the selectivity of single neurons in visual cortex (Hubel and
Wiesel, 1962; Gilbert, 1977; DeAngelis et al., 1999; Ringach et al.,
2002; Gur et al., 2005). To address this important knowledge gap,
we performed a systematic comparison of response properties
from LFP and neighboring single neurons in area V1 of awake
macaques. We demonstrate that LFP and single-unit activity
(SUA) have similar stimulus preferences, but SUA has better
signal-to-noise, higher contrast sensitivity, and higher stimulus
selectivity than LFP. Moreover, our results suggest that different
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Figure 1.

Experimental approach to record SUA and LFPs from the same electrode tip. A, Example of a single-unit recording shown as superimposed waveforms of both single-unit (blue) and

multiunit (gray), average of the waveforms (continuous lines), SD (dashed lines), and waveform sorting. B, Spike rasters (top black trace) were convolved with a Gaussian function (o = 2 ms) to
generate a continuous spike density signal (bottom black trace). LFPs were low-pass filtered at <<500 Hz (top blue trace), and a fast Fourier transform was applied to calculate the power at different
frequency bands (bottom blue traces). €, Recording stability for both SUA and LFP was excellent. This example shows a case in which we recorded a spike waveform for several consecutive days. Over
these days, the spike waveform remained relatively unchanged (although increased in amplitude on the second week). The response properties were also very similar across days (shown here are
the spatiotemporal receptive field and orientation/direction tuning). Trans, Transient.
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Figure2.

SUA stimulus tuning at different frequency bands. A, Example of SUA with robust orientation tuning that can be demonstrated across

allfrequency bands. Notice that the tuning s strongeratlow (delta and theta) and high [low-gamma (LGF) and high-gamma (HGF) frequencies] than
atintermediate frequency bands (alpha, beta). Left, Spike rasters from SUA evoked bya grating drifting at 16 different directions (3 trials perdirection).
Right, Orientation tuning calculated at different frequency bands. B, Example of SUA with robust orientation tuning limited to low (delta, theta) and
high (LGF, HGF) frequency bands. €, Histogram showing the number of SUA, MUA, and LFP that had significant orientation tuning (R = 0.6) atagiven
frequency band. Notice that there were more recordings with significant tuning atlow (delta, theta) and high (LFG, HGF) than atintermediate (alpha,

beta) frequency bands. Trans, Transient.

LFP frequencies originate from different
pools of neurons located at different cor-
tical depths.

Materials and Methods

Surgery and preparation. Monkeys (Macaca
mulatta, n = 2 males) were implanted with a
scleral eye coil to monitor eye movements, a
head post for head fixation, and a chronic array
of three to seven ultrathin electrodes protected
by a recording chamber. The tip of the array
was introduced through a ~0.5 mm opening in
the dura, surrounded with triple antibiotic
ointment (neomycin, polymyxin B sulfates,
and bacitracin zinc ointment) and placed im-
mediately above the brain. Surgeries were
performed under fully aseptic and sterile con-
ditions. Analgesics and antibiotics were ad-
ministrated before (buprenorphine, 0.01-0.02
mg/kg; cefazolin, 25 mg/kg, i.m.) and after
(fentanyl patch, 3—6 w/kg; Baytril, 5 mg/kg,
i.m., for 3 days) the surgery. In preparation for
the surgery, monkeys were initially sedated
with an intramuscular injection of chlorprom-
azine (1 mg/kg, i.m.), ketamine (5-15 mg/kg,
i.m.), and atropine (0.05 mg/kg, i.m.). General
anesthesia was induced with intravenous thio-
pental (5-15 mg/kg, i.v.) and maintained with
a mixture of isoflurane (0.5-2%) and oxygen
(30%). Temperature, electrocardiogram, blood
pressure, and expired CO, were continuously
monitored to ensure adequate anesthesia and
ventilation. During the entire surgical proce-
dure, the eyes were kept closed and lubricated
with ophthalmic ointment to protect the cor-
neas. All procedures were performed in accor-
dance with the guidelines of the U.S.
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accurately measure the eccentricity and cen-
ter the grating stimulus that was used to test
other response properties. The Hartley stim-
ulus consisted of 576 gratings with different
orientations, phases, and spatial frequencies
randomly presented at 80 Hz. The sparse
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Static gratings presented at 1 Hz were used
for the measurements of spatial phase. Ori-
entation/direction tuning was measured
with 16 different directions (eight orienta-
tions), contrast sensitivity with eight differ-
ent contrasts (0-76%), size tuning with eight
different sizes (0.6—8°), phase selectivity
with 10 different phases (0—0.9 cycles), and
temporal frequency tuning with nine differ-
ent temporal frequencies (0.5-30 Hz), with
both drifting and flickering gratings.

The monkeys were trained to touch a bar
and fixate a small cross (0.1°/side) presented at
adistance of 57 cm. They maintained the eye position within +0.5-1° for
2-3 s and released the bar when the cross changed color to receive a drop
of juice as reward. During the 2-3 s of fixation, stimuli were presented at
the receptive field location of the recorded single neuron to study the
response properties of the single neuron and LFP.

Data collection and analysis. V1 cortical activity was recorded with a
chronically implanted array of three to seven ultrathin electrodes (1 um
tip, 15 wm shaft, 100200 um? exposed metal area), with each electrode
separated from its neighbor by ~150 um. The electrodes were made of
platinum-alloy core (90% platinum and 10% tungsten) covered with
quartz (40 um in diameter) and had impedances of 1-3 M(). The
electrodes were independently moved with individual microdrives
(Swadlow et al., 2005; Chen et al., 2008), and the electrical signals
from each electrode were collected amplified, digitized, and filtered
either between 250 Hz and 8 kHz (spikes) or between 0.5 Hz and 2.2
kHz (LFPs) with a two-pole low-cut and four-pole high-cut filters.
Spikes and LFPs were sampled at 40 and 5 kHz, respectively (Plexon).
Eye movements were sampled at 5 kHz. Spikes from single neurons
were convolved with a Gaussian function (o = 2 ms) to generate a
continuous spike density signal. The LFP raw signal was low-pass
filtered (<500 Hz) with a fourth-order Butterworth filter. A fast Fou-
rier transform (FFT function in MATLAB; version R2007b) was used
to convert spike density and LFP signals into different frequency
bands: delta (1-4 Hz), theta (4—8 Hz), alpha (812 Hz), beta (12-30
Hz), low-gamma (30-90 Hz), and high-gamma (90-200 Hz)
frequencies.

To make quantitative comparisons of the response properties between
LFP and neighboring single neurons, we used different fitting functions.
Orientation tuning was fitted with a von Mises function described by
Equation 1 (Swindale et al., 2003):

Figure3.
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SUA/LFP orientation tuning for an example recording site. A, Spike rasters from SUA evoked by a grating drifting at 16
different directions (3 trials per direction). The grating starts drifting at 0 s, and the baseline activity is measured from —0.2t0 0ss,
the transient response (Trans) from 0t0 0.2 s (shaded area), and the response to sustained stimulation from 0.2 to 2 s. B, The neuron
had sharp orientation tuning illustrated for two different frequency bands, low-gamma frequency (LGF) and high-gamma fre-
quency (HGF) at the response transient and during sustained stimulation (drifting grating). R values illustrate the goodness of fit.
€, LFPs recorded from the same electrode tip than SUA responding to different grating directions marked on the right side of the
figure. LGF, Low-gamma frequency; HGF, high-gamma frequency. D, LFP orientation tuning shown for the same two frequency
bands than SUA in C. LFP and SUA orientation preferences were similar but the tuning was broader and shallower in LFP than SUA.

Re = Ay expiki(cos(¢ — @) — D} + A; explk,(cos(e — @) — D}
(1)

where R is the response amplitude to each stimulus orientation (¢), A,
and A, are the response amplitudes for the two opposite directions of
movement (¢, and ¢,), and k, and k, are the inverses of the tuning
widths.

Contrast sensitivity and size tuning were fitted with hyperbolic
ratio functions (Naka and Rushton, 1966; Peirce, 2007), as described
by Equation 2:

c'

Rc= Rmaxim
cs+C’

+ B, (2)

where Rc is the response to each contrast/size, B is the baseline activity,
R0 1s the maximum response (with baseline subtracted), C is each stimulus
contrast/size, Cs, is the contrast/size that generate half-maximum response, and
nand s are the exponents that control the shape of function.

Phase and temporal frequency tuning were fitted with Gaussian func-

tions, as described by Equation 3:

(x—p)?

Rx = Ae 2o

+ B, (3)

where Rx is the response to each x parameter (e.g., each phase), A is the
maximum amplitude of the function, w is the mean (the peak phase/
temporal frequency of the Gaussian), o is the SD (the width of the Gauss-
ian), and B is the baseline activity.
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LFPs. The stimulus tuning for the entire cell
population was calculated by adding the tuning
functions measured at each recording site, after
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sponse. For orientation and phase tuning, this
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ence between the maximum and minimum of
the tuning curve divided by the maximum.
We estimated the cortical depth of the re-
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frequency.

Comparisons were restricted to tuning functions with reasonable
goodness of fit (R = 0.6). This selection included 113 recordings for
orientation, 54 recordings for contrast response functions, 31 recordings
for size tuning, 71 recordings for spatial phase tuning, and 23 recordings
for temporal frequency tuning (18 recordings measured with flickering
gratings and five with drifting gratings). We excluded from our analysis
LFP recordings that showed poor responses to visual stimuli. We did not
use any type of filtering to remove power line 60 Hz noise because it had
small amplitude in most recordings. All tuning functions were normal-
ized by dividing the mean frequency power of the response by the mean
frequency power of the baseline activity preceding the stimulus onset
(—200 to 0 ms). Therefore, the units of the tuning functions are given as
multiples of the signal/noise ratio of the recordings, as described by
Equation 4:

n

E rs/n

trial=1
SNRg, = —, (4)

n

E ry/n

trial=1

where SNR is the signal/noise ratio, rg;is the mean frequency power of the
response to stimulus Si, , is the mean frequency power of the baseline
activity, and n is the number of stimulus trials (usually three to four). For
neurons that had no spontaneous firing rate, we assigned an arbitrary
baseline rate of 0.01 spikes/s. To compare the mean signal/noise ratio of LEFP
and SUA, we either averaged all measurements of signal-to-noise (signal/
noise ratio) or excluded the measurements from neurons with zero sponta-
neous activity [signal/noise (no zero baselines)].
Direction selectivity (DS) was measured as described in Equation 5:

0 90 180 270 360
Direction (deg.)

SUA/LFP direction tuning for an example recording site. A, Spike rasters from SUA stimulated with gratings drifting at
16 different directions (3 trials per direction). B, The neuron had strong direction selectivity, which is illustrated for two different
frequency bands at the response transient (Trans) and during sustained stimulation (drifting grating). C, LFP responses to different
directions of movement. D, LFP had weaker direction selectivity than SUA. LGF, Low-gamma frequency; HGF, high-gamma

cordings by measuring the polarity of the LFP,
which becomes increasingly negative as the
electrode approaches the middle layers of the
cortex and reverses polarity when it reaches the
deep layers. The polarity of the LFP was calcu-
lated by measuring the LFP integral between 0
and 60 ms after the stimulus onset. We also
measured the spike-field coherence to estimate
the correlation between the frequency spec-
trum of spikes and LFPs. The spike-field coher-
ence was computed using an open-source
Chronux library for MATLAB (Bokil et al.,
2010), a sliding window of 200 ms, and nine tapers. We measured the
average coherence at low frequencies (1-30 Hz), gamma frequencies
(30-200 Hz), and the low/gamma ratio. For each single neuron, we also
measured the spike amplitude (from peak to trough) and spike width
(from spike onset to maximum absolute value of trough).

Results

We used chronically implanted arrays of ultrathin electrodes to
simultaneously record from LFPs and neighboring SUA with the
same electrode tip from area V1 of awake macaques. We com-
pared the visual responses of well-isolated single neurons (Fig.
1 A) with the visual responses of LFPs measured at different fre-
quency bands (Fig. 1B). The recordings were highly stable, and
single units could be maintained regularly for several hours and
occasionally for several days or weeks (Fig. 1C). We studied the
tuning of SUA/LFP pairs for different stimulus properties, in-
cluding orientation, direction of movement, luminance contrast,
size, spatial phase, and temporal frequency. To perform accurate
comparisons between SUA and LFP, we transformed the spike
trains into a continuous spike density histogram and measured
SUA and LFP histograms at the same frequency bands: delta (1-4
Hz), theta (4—8 Hz), alpha (8-12 Hz), beta (12-30 Hz), low
gamma (30-90 Hz), and high gamma (90-200 Hz). Although
some single neurons were tuned across all spiking frequency bands
(Fig. 2A), most neurons were better tuned at some frequencies than
others (Fig. 2B), and, in the entire SUA population, the spiking
frequency spectrum was better tuned at low-frequency (<8 Hz)
and high-frequency (>30 Hz) bands than intermediate ones (Fig.
2C). Because most LFPs showed strong responses to the stimulus
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Figure 5.  Population analysis for SUA/LFP orientation and direction selectivity. A, Distributions of goodness of it (R) for SUA (black) and LFP (blue) measured at different frequency
bands during sustained stimulation (Sust., top) and stimulus transient (Trans., bottom). The distribution is shown only for recording sites that passed our criterion (R = 0.6). B, Average
orientation tuning for SUA (black) and LFP (blue) during sustained and transient stimulation, measured at different frequency bands. The orientation tuning curves were aligned at 45°,
normalized by the maximum response and then averaged together. The bin at 45 ° was then subtracted and interpolated using the two adjacent bins (22.5 and 67.5). Tuning curves with

amean closerto 1(e.g., LFP sustained at high-gamma freq
frequency; HGF, high-gamma frequency.

onset, we measured stimulus tuning sepa-
rately for the first 200 ms of the response
(stimulus transient) and the remaining
response (sustained stimulation).

Orientation and direction tuning
Consistent with previous studies, the
most robust LFP orientation tuning was
demonstrated at the highest LFP frequen-
cies during sustained stimulation with
drifting gratings (Frien et al., 2000; Siegel
and Konig, 2003; Henrie and Shapley,
2005; Liu and Newsome, 2006). Figure 3
illustrates a recording from a V1 single
neuron with sharp orientation tuning
(Fig. 3A) measured at the gamma fre-
quency band of the spike density histo-
gram, both at the stimulus transient and
during sustained stimulation (drifting
grating; Fig. 3B). In contrast to the single
neuron, the LFP responded robustly to all
stimulus transients (Fig. 3C), but it also
showed pronounced orientation tuning at
the gamma frequency band when the grat-
ing was drifting. The orientation prefer-
ences for the high-gamma LFP and SUA
were matched, but the tuning bandwidth
was broader for the high-gamma LFP
(Fig. 3D).

Gamma LFP was not only tuned for
orientation but also for the direction of

uency) have lower signal-to-noise than those with a mean closer to 0 (e.g., SUA sustained at delta frequency). LGF, Low-gamma
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Figure 6.  SUA/LFP contrast response functions for an example recording site. 4, Spike rasters from SUA stimulated with
drifting gratings at eight different contrasts (4 trials per contrast). B, The neuron had a steep and nonlinear contrast
response function, which is illustrated for the spike densities measured at two different frequency bands. C, LFP responses
to gratings with different contrasts. D, LFP contrast response functions. LGF, Low-gamma frequency; HGF, high-gamma
frequency; Trans., transient.
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Figure7. Population analysis for SUA/LFP contrast response functions. 4, Distributions of goodness of fit for SUA and LFP contrast response functions. B, Average contrast response functions after
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Notice that the LFP responded better to smaller gratings than the SUA. D, LFP size tuning. LGF, Low-gamma frequency; HGF,
high-gamma frequency; Trans., transient.

movement. Figure 4 shows another example of a single cell with

sustained stimulation (Fig. 4D). The
gamma LFP and SUA had similar orienta-
tion and direction preferences, but the di-
rection selectivity was weaker for the LFP
than SUA (Fig. 4 D). We measured the ori-
entation/direction tuning of multiple
SUA/LFP paired recordings and fitted the
tuning curves with a von Mises function
(Swindale et al., 2003) separately for each
frequency band. Reasonable good fits
(R = 0.6) could be demonstrated for both
LFP and SUA across all frequency bands,
but the number of fits that passed our cri-
terion and the average goodness of fit were
larger for SUA than LFPs (Fig. 5A, Table 1).
To compare the average orientation tuning
of SUA and LFP, we aligned all LFP orienta-
tion tuning curves with R = 0.6, normalized
them by their maximum value, and then av-
eraged them separately for each frequency
band. This analysis revealed greater tuning
depth in high-gamma SUA than high-
gamma LFP recordings (Fig. 5B, Table 2).
The orientation preferences of LFP and
SUA were significantly correlated at the
low-gamma (r = 0.58, p = 0.002) and
high-gamma (r = 0.69, p = 0.00001) fre-
quency during sustained stimulation and
at the high-gamma frequency (r = 0.79,
p = 0.001) during the stimulus transient
(Table 3). The direction selectivity of LFP
and SUA were significantly correlated at

broad orientation tuning and strong direction selectivity (Fig.  the high-gamma frequency band during sustained stimulation
4A,B). As in the previous example, the LFP responded to all ~ (r = 0.47,p = 0.0008) and at the delta frequency band during the
stimulus transients (Fig. 4C), but it showed significant orienta-  stimulus transient (r = 0.44, p = 0.016). These results demon-
tion/direction selectivity at the gamma frequency band during  strate that, although all frequency bands of LFP can show
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form this comparison. Figure 6 illustrates ki
a single neuron (Fig. 6 A, B) and LFP (Fig. 2 5
6C,D) whose visual responses increased (_*°; g
steeply with luminance contrasts larger 5 =
(2]

than 4%. As illustrated in this example,
the contrast response functions of LFP
and SUA were not identical. For example,
at the low-gamma frequency band, the
contrast response function was more lin-
ear and had higher C, (contrast generat-
ing half-maximum response) in the LFP
(Fig. 6 D) than the SUA recordings (Fig.
6 B). Both SUA and LFP contrast response functions were well fit
with a hyperbolic function (Fig. 7A, Table 1), but the function
had greater response range (greater tuning depth) and lower Cs,
in SUA than LFP recordings (Fig. 7B, Table 2). The C, of LFP
and SUA were correlated at different frequency bands, including
the high-gamma band during sustained (r = 0.4, p = 0.005) and

Figure 10.

SUA/LFP phase tuning from an example recording of a single unit that responded to a narrow range of spatial phases
(Ph). A, Spike rasters from a single neuron that responded to a narrow range of spatial phases. B, Phase tuning of spike density
illustrated for two different frequency bands. C, LFP generated transient responses to all spatial phases. D, LFP showed phase
tuning illustrated for two different frequency bands. HGF, High-gamma frequency.

transient stimulation (r = 0.32, p = 0.039) and the theta band
(r=10.31, p = 0.04) and alpha band (r = 0.43, p = 0.013) during
transient stimulation (Table 3).

Although the results described above demonstrate that SUA
has better stimulus selectivity and higher contrast sensitivity than
LFP, the stimulus size that generated half-maximum response
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when the grating was turned off for others. B, Phase tuning illustrated for two different frequency bands. (, LFP generated
transient responses to all spatial phases. D, LFP showed weak phase tuning. LGF, Low-gamma frequency; HGF, high-gamma
frequency.
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(S50) was frequently smaller for LFP than
SUA. Figure 8 illustrates an example of a
recording from a V1 neuron and LFP that
had different size tuning. Although the re-
sponse of the V1 neuron increased
steadily with stimulus size (Fig. 8 A, B), the
LFP saturated at 1.2-2.3 ° and was more
suppressed by stimuli of larger size (Fig.
8C,D). At most frequency bands, the LFP
and SUA size tuning had similar average
goodness of fit (Fig. 9A). However, at the
gamma band during sustained stimula-
tion, the average goodness of fit was actu-
ally higher for LFP than SUA (low-gamma
SUA/LFP, 0.85/0.88, p = 0.01; high-
gamma SUA/LFP, 0.84/0.89, p = 0.026;
Table 1). Interestingly, although SUA had
greater tuning depth than LFP (Fig. 9B,
Table 2), the S, was still lower for LFP, a
finding that could be demonstrated in in-
dividual recordings (Fig. 8 A,C) and in the
average of all recordings at different fre-
quency bands (e.g., high-gamma band
during sustained stimulation, theta and
beta band during the stimulus transient;
Table 2). Moreover, the S5, of LFP and
SUA were correlated at different fre-
quency bands (high-gamma and beta
bands during sustained stimulation and
beta band during the stimulus transient;
Table 3). We cannot completely discard
the possibility that some of the differences
in size tuning between LFP and SUA could
be caused by small misalignments be-
tween the stimulus and the receptive
field center; these misalignments would
affect more the SUA than LFP because the
LFP receptive field is larger. However,
clear differences in size tuning could still
be demonstrated in cells in which we
mapped the receptive fields with reverse
correlation multiple times to identify the
smallest stimulus size that generated a re-
liable receptive field map (e.g., recording
from Fig. 8).

Phase tuning

Surprisingly, the LFP was also tuned to
spatial phase, a finding that supports re-
cent results indicating that neurons with
similar absolute spatial phases form small
clusters in the visual cortex of primates
(Aronov et al., 2003) and cats (Jin et al.,
2008, 2011). Figures 10—12 show record-
ings from three V1 neurons and LFPs with
different spatial phase selectivity. In the
example illustrated in Figure 10, the V1
neuron responded to a narrower range of
spatial phases (Fig. 10A,B) than the LFP
(Fig. 10C). However, the LFP showed
similar phase tuning to the SUA at the
beta frequency band, both during the
stimulus transient and sustained stimula-
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Population analysis for SUA/LFP phase tuning. A. Distributions of goodness of fit for SUA and LFP phase tuning. B. Average phase tuning functions after normalizing each function by

the maximum value and then averaging SUA and LFP separately for each frequency band. The central bin in each average tuning was replaced by the average of the two bins on the sides. LGF,

Low-gamma frequency; HGF, high-gamma frequency; Trans., transient; Sust., sustained.
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_ Figure 14.  SUA/LFP temporal frequency tuning for an example recording site. A, Spike rasters from a single neuron that

sustained stimulation (r 0.57, p =
0.008) and at the stimulus transient (r =
0.42, p = 0.033), but no correlations could

> poral frequency tuning to SUA. D,
be demonstrated at lower frequencies.

Temporal frequency tuning

As illustrated by all the figures above, a major difference between
SUA and LFP is that the LFP responds much stronger to the
sudden presentation of a grating than to its drift. Therefore, to
compare the temporal frequency tuning of LFP and SUA, we used

responded to temporal frequencies (TF) <30 Hz, mostly when the grating stimulus was turned off. B, SUA temporal frequency
tuning illustrated for two different frequency bands. €, LFP responses to different temporal gratings demonstrating similar tem-

LFP temporal frequency tuning. LGF, Low-gamma frequency.

both drifting gratings (n = 5 recordings) and flickering static
gratings that generated multiple stimulus transients (n = 18 re-
cordings). Figure 14 illustrates a V1 neuron and LFP measured
with static flickering gratings. Both SUA and LFP responded to
temporal frequencies <30 Hz, mostly when the grating was
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Population analysis for SUA/LFP temporal frequency (TF) tuning. A, Distributions of goodness of fit for SUA and LFP temporal frequency tuning. B, Average temporal

frequency tuning after normalizing each function by the maximum value and then averaging SUA and LFP separately for each frequency band. Notice that, although different neurons
have different temporal frequencies, some temporal frequencies are better represented by the neuronal population. The notch at the alpha band tuning is caused by under sampling. The
cortical population responds to the frequency of the stimulus and twice this frequency (double frequency response). Because only some temporal frequency values were sampled (0.5,
1,2,4,6,8,10,20,30), some neuronal response frequencies, such as 4 Hz, can be caused by two different types of stimulus frequency (2 and 4 Hz), whereas others, such as 6 Hz, can only
be caused by one stimulus frequency (6 Hz). LGF, Low-gamma frequency; HGF, high-gamma frequency; Trans., transient; Sust., sustained.
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driven by drifting gratings at different temporal frequencies. Trans, Transient response. B, SUA temporal frequency tuning mea-
sured at three different frequency bands: high-gamma frequency (HGF), low-gamma frequency (LGF), and beta. C, LFP recorded
with the same electrode tip as the SUA. D, LFP temporal frequency tuning was only significant at the high-gamma frequency band
and the tuning was linear instead of Gaussian. E, Correlation between spike amplitude and LFP for high-gamma (black) and
low-gamma (red) frequency measured by pooling together recordings with significant stimulus tuning (R = 0.6) across all
response properties. The correlation was only significant when spikes =0.5 mV were included. F, Lack of correlation between spike
amplitude and LFP stimulus tuning (measured across all response properties; same recordings as in E). Examples of average spike
waveforms (continuous lines) and SDs (discontinuous lines) are shown at the top. LGF, Low-gamma frequency; HGF, high-gamma
frequency; Trans., transient.

turned off (Fig. 14 A, C). The preferred temporal frequencies of
LFP and SUA were similar, although there were some small dif-
ferences in tuning (Fig. 14 B, D). The LFP and SUA had similar
average goodness of fit (Fig. 15A, Table 1) and tuning depth

during sustained stimulation (Fig. 15B,
Table 2). Also, a strong correlation in tem-
poral frequency preference could be dem-
onstrated at the theta frequency band
during the stimulus transient (r = 0.78,
p = 0.02; Table 3).

The correlations that we demonstrate
between the response preferences of LFP
and SUA raise the question of whether the
spikes from SUA “leaked ” into the LFP
signal sufficiently to dominate the LFP
tuning. In the extreme example, if the
spikes of a single neuron completely dom-
inated the LFP signal, the SUA and LFP
stimulus tuning should be identical. Our
data strongly supports the notion that the
spike leak of a single neuron does not have
a major influence in the LFP tuning (Za-
nos et al., 2011). This can be best illus-
trated by a recording from a single unit
with a large spike waveform (0.7 mV), as
the example shown in Figure 16. This sin-
gle neuron responded to low temporal
frequencies (Fig. 16A), and its frequency
tuning was well fit with a Gaussian func-
tion at the beta, low-gamma, and high-
gamma frequency bands (Fig. 16 B). The
LFP simultaneously recorded with the
same electrode tip also responded to low
temporal frequencies (Fig. 16C), but it did

not show significant tuning at the beta and low-gamma fre-
quency bands and the tuning at the high-gamma frequency band
was linear instead of Gaussian (Fig. 16 D). In our recordings, the
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Figure17.

Different types of neurons are involved in spike-field coherence at low- and high-frequency bands. 4, Example SUA rasters and LFP signals recorded with the same electrode

tip. B, Spike waveform (left) and LFP transient (right) from recording illustrated in A (transient shown as shaded area in A). C, Spike-field coherence for SUA/LFP illustrated in A and B is
dominated by low frequencies of <<30 Hz. D, Example of SUA rasters and LFP signals from a different recording. E, Spike waveform (left) and LFP transient (right) from recording
illustrated in D. F, Spike-field coherence for SUA/LFP illustrated in D and Eis dominated by high frequencies of >30 Hz. G, Negative correlation between the low/gamma ratio of average
spike-field coherence and LFP polarity (measured within 60 ms after the stimulus onset). The spike-field coherence was dominated by low frequencies in cortical recordings with negative
LFPs and by high frequencies in cortical recordings with positive LFPs. The insets in the y-axis are LFP averages calculated for intervals determined by the ¥ tick marks. H, Positive
correlation between gamma spike-field coherence and mean firing rate evoked by an optimal stimulus. /, Negative correlation between spike-field coherence at low frequencies and the
orientation selectivity of cells with nonlinearity of spatial summation (F,/F, < 1).J, Negative correlation between spike-field coherence at low frequencies and the direction selectivity

of cells with nonlinearity of spatial summation (F,/f, < 1).

spike amplitude was not correlated with LFP tuning, against what
it would be expected if large spikes were making the LFP and SUA
tuning similar (Fig. 16 F). Moreover, the recordings selected for
Table 3 (R = 0.6) did not show a significant correlation between
spike amplitude and high-gamma LFP power when sampled sep-
arately for each response property (e.g., r = —0.04, p = 0.793, for
comparison of orientation preferences). Only if we pooled to-
gether all the recordings that showed significant tuning (inde-
pendently of the response property) could we demonstrate a
significant correlation between spike amplitude and LFP power.
However, even then, the correlation was not significant for spikes
=0.5mV (Fig. 16 E).

Spike-field coherence

To investigate a possible contribution from different types of
neurons to the frequency spectrum of LFPs, we calculated the
correlation between SUA/LFP frequencies or spike-field coher-
ence. Figure 17A—C illustrates a recording from a V1 neuron that
responded robustly at the frequency of the drifting grating (Fig.
17A), had narrow spikes (Fig. 17B, left), was associated to a neg-
ative transient LFP (Fig. 17B, right), and had a spike-field coher-
ence strongly biased toward low frequencies (<30 Hz). Figure
17D—-F shows a different neuron that also responded robustly at
the frequency of the drifting grating (Fig. 17D), had broad spikes
(Fig. 17E, left), was associated with a positive transient LFP (Fig.
17E, right), and had a spike-field coherence strongly biased to-
ward gamma frequencies (>30 Hz). As shown in Figure 17G, the
ratio between the strength of the spike-field coherence for low/
gamma frequencies was negatively correlated with the polarity of
the LFP transient (r = —0.53, p << 0.0001). This correlation dem-

onstrates that, when the electrode was near a cortical current sink
(negative LFP, middle cortical layers), the spike-field coherence
was dominated by low frequencies. In contrast, when the elec-
trode was near a cortical current source (positive LFP, outside of
middle cortical layers), the spike-field coherence was dominated
by gamma frequencies. The strength of the spike-field coherence
was correlated with the SUA firing rate at the gamma frequency
band (r = 0.54, p < 0.0001; Fig. 17H) and low-frequency band
(r = 0.28, p = 0.002; data not shown) but not with spike width
(low, r = —0.14, p = 0.1; high, r = 0.08, p = 0.3; data not shown).
The lack of correlation with spike width was unexpected because
spike width was negatively correlated with firing rate (r = —0.29,
p = 0.002), indicating that cells with narrow spikes fired more
than cells with broad spikes (narrow and broad spikes were bi-
modally distributed, p = 0.002, Hartigan dip test).

The strength of the spike-field coherence was also correlated
with the response selectivity of the V1 cells. V1 cells are frequently
classified based on their linearity of spatial summation to drifting
gratings (Skottun et al., 1991). In linear cells, the visual responses
resemble a rectified linear replica of the sinusoidal drifting grat-
ing, and, therefore, the response amplitude at the frequency of the
grating (F,) is higher than the mean firing rate (F,) and F,/F, > 1
(Fig. 6). In nonlinear cells, the visual responses resemble more a
step than a sinusoid, and, therefore, F, is higher than F, and F,/F, <
1 (Fig. 2B). Interestingly, the spike-field coherence at the low-
frequency band was negatively correlated with both the orientation
(r=—0.35, p = 0.004; Fig. 17I) and the direction selectivity (r =
—0.33, p = 0.008; Fig. 17]) of V1 cells showing nonlinear spatial
summation, although such correlations were absent if the cells
showed linear spatial summation (orientation, r = —0.26, p =
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Figure 18.

The stimulus tuning is better for SUA than MUA and better for MUA than LFP. 4, Example of SUA, MUA, and LFP all recorded from the same electrode tip and driven by gratings drifting

in 16 different directions. Rasters and LFP records are shown on the left and the orientation tuning calculated at low-gamma (LGF) and high-gamma (HGF) frequencies are shown on the right. B,
Scatter plots demonstrating better stimulus tuning for SUA than MUA (top), MUA than LFP (middle), and SUA than LFP (bottom). Stimulus tuning was measured as the average of all properties
tested. Significance was calculated with a Wilcoxon's rank test. , Scatter plots demonstrating similar goodness of fit for the measured tuning between SUA and MUA (top), higher goodness of fit for

MUA than LFP (middle), and higher goodness of fit for SUA than LFP (bottom). Trans, Transient.

0.07; direction, r = —0.17, p = 0.24). In sharp contrast with the
findings for low frequencies, the spike-field coherence at the
gamma frequency band was not correlated with the response
properties of V1 cells, including those showing nonlinear spatial
summation (orientation, » = 0.02, p = 0.8; direction, r = 0.18,
p = 0.15) and those showing linear spatial summation [direction,
r= —0.1, p = 0.5; the correlation with orientation selectivity was
significant (r = —0.31, p = 0.03) but the significance was lost if
the recording with the highest coherence at the gamma frequency
was removed (r = —0.21, p = 0.14)]. These results suggest that
different LFP frequencies originate from different populations of
neurons located at different cortical depths. Low LEP frequencies
are more strongly associated with V1 cells located near cortical
current sinks that show nonlinear spatial summation and have
poor stimulus selectivity. In contrast, gamma LFP frequencies are
more strongly associated with a diverse group of V1 cells located
near cortical current sources.

LFP/SUA/MUA comparisons

Because many previous studies compared the response proper-
ties of LFP and multiunit activity (MUA) instead of SUA (Frien
and Eckhorn, 2000; Kreiman et al., 2006; Berens et al., 2008a,b), it
is important to report how MUA stimulus selectivity compares
with SUA and LFP in our study. In individual recordings, the
MUA tuning frequently resembled more the LFP than SUA tun-
ing. For example, in the recording illustrated in Figure 18, the

SUA had much stronger direction selectivity and tuning depth
than the MUA and LFP (Fig. 18 A). When averaged across all
properties and frequencies (Fig. 18 B), SUA had 7% greater tun-
ing depth/selectivity than MUA (0.823 vs 0.767, p = 0.004), and
MUA had 8% greater tuning depth/selectivity than LFP (0.767 vs
0.706, p = 0.03). Moreover, the direction selectivity was slightly
higher for SUA than MUA (0.49 vs 0.43) and for MUA than LFP
(0.43 vs 0.33), although the difference was only significant be-
tween SUA and LFP (0.49 vs 0.33, p = 0.004). The goodness of fit
across all tuning functions was similar between SUA and MUA
and slightly lower for LFP (Fig. 18C). The only measure in which
MUA surpassed both SUA and LFP was in signal-to-noise (mea-
sured as maximum response divided by baseline). If SUA with
zero spontaneous activity were excluded, the signal-to-noise was
~24 times larger for MUA than SUA (2.97 X 10° vs 1.22 X 10,
p = 0.001) and 53 times larger for SUA than LFP (1.22 X 10*vs
299.57, p = 0.001).

As a final comparison between the SUA and LFP visual re-
sponses, we averaged all the peristimulus time histograms
(PSTHs) measured for each response property (Fig. 19) to com-
pare the response time course of SUA and LFP population activ-
ity. This analysis highlighted once more the importance of
response transients in measurements of population activity, ob-
tained from either LFP or multiple single neurons. Because dif-
ferent recording sites had different orientation preferences, the
only visual response visible in the PSTH average for orientation
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Our results support the notion that
high-gamma LFP is restricted to a small
population of locally synchronized neu-
rons that share similar response proper-
ties in visual cortex (Siegel and Konig,
2003; Henrie and Shapley, 2005; Niessing
et al., 2005). The SUA and LFP stimulus
preferences were only matched at the

Temp. freq. (flicker) =M Temp. freq. (drift)

I

highest frequency bands (beta and . : : - -
gamma) during sustained stimulation, in- 0 05 1 15 2 0 05 1 1.5 2
dicating that neurons contributing to Time (sec) Time (sec)

high-frequency LFP have to be relatively
close to the electrode tip (i.e., the mis-
match in the stimulus preferences of sin-
gle neurons increases with distance in area
V1). The poor match at low frequencies
during sustained stimulation could have
two possible explanations. One explana-

Figure19.  Population analysis summary for SUA/LFP visual response tuning. A population sum of all SUA/LFP PSTHs measured
in this study for each response property. 4, Orientation (n = 113 recordings). B, Contrast (n = 54 recordings). (, Size (n = 31
recordings). D, Phase (n = 71 recordings). £, Temporal frequency measured with drifting gratings (n = 5recordings). F, Temporal
frequency measured with flickering gratings (n = 10 recordings tested with the same temporal frequency values of 18 measured
with flickering gratings).
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Delta (1-4 Hz) Theta (4—8 Hz) Alpha (8-12 Hz) Beta (12-30 Hz) LGF (3090 Hz) HGF (90200 Hz)
SUA versus LFP (sustained)
Orientation/direction R = 0.88/0.76 R = 0.85/0.73 R =0.8/0.75 R=10.8/0.71 R = 0.84/0.73 R =0.83/0.77
n =95/50 n=76/33 n=>57/36 n=69/23 n=71/31 n = 84/59
p <0.00001 p = 0.002 p=021 p=1026 p <0.00001 p < 0.00001
Contrast R =0.93/0.83 R = 0.88/0.81 R =0.84/0.81 R =0.88/0.77 R =0.94/0.93 R =0.93/0.95
n=51/42 n=50/34 n=42/25 n = 50/25 n = 53/50 n=53/50
p <0.00001 p=0.01 p=035 p=0.001 p =026 p=10.26
Size R =0.84/0.74 R =10.78/0.82 R =10.78/0.71 R =10.76/0.81 R =0.85/0.88 R = 0.84/0.89
n=21/18 n=22/19 n=17/1 n=25/23 n=24/28 n=27/24
p=0712 p =036 p=0.01 p=10.65 p=0.01 p = 0.026
Phase R = 0.89/0.76 R =0.87/0.77 R = 0.85/0.79 R =0.84/0.75 R = 0.84/0.75 R = 0.84/0.77
n=55/23 n=50/28 n = 45/26 n=49/14 n = 45/26 n=>51/28
p = 0.00001 p = 0.002 p=0.03 p=012 p=0.02 p=0.01
Temporal frequency R =0.89/0.88 R =10.87/0.91 R=10.91/0.92 R =10.91/0.89 R =10.91/0.86 R =0.89/0.85
n=21/15 n=19/15 n=17/19 n=22/16 n=20/18 n=21/15
p=072 p=071 p=083 p =045 p=1027 p=044
SUA versus LFP (transient)
Orientation/direction R = 0.88/0.73 R = 0.84/0.73 R =0.82/0.71 R =0.77/0.7 R =0.8/0.7 R =10.79/0.72
n=92/35 n=82/29 n=171/34 n=54/23 n = 58/25 n = 64/25
p < 0.00001 p = 0.00001 p = 0.00001 p =0.008 p =0.006 p=014
Contrast R =0.92/0.89, R =0.9/0.86 R =0.86/0.88 R=10.87/0.87 R =0.86/0.89 R =10.87/0.89
n=49/41 n=51/45 n=42/43 n = 39/45 n = 45/49 n = 49/45
p=1022 p=0.13 p=1038 p =086 p=1026 p =069
Size R =10.83/0.81 R=10.77/0.79 R=10.78/0.8 R =10.78/0.76 R=0.74/0.8 R =10.76/0.81
n=19/14 n=21/16 n=11/16 n=11/19 n=23/25 n=18/21
p=1025 p =044 p =046 p=1037 p=10.14 p=1023
Phase R =0.89/0.76 R = 0.86/0.81 R =10.82/0.78 R =0.84/0.79 R =10.82/0.78 R =10.83/0.79
n=>53/19 n=44/24 n=46/23 n=37/27 n=37/14 n=43/42
p =0.06 p =0.009 p =044 p=0.15 p=01 p=1025
Temporal frequency R=10.87/0.84 R =0.88/0.81 R =10.83/0.86 R =0.89/0.81 R =10.88/0.79 R =10.87/0.86
n=18/9 n=18/10 n=15/10 n=18/14 n=15/16 n=15/14
p =088 p =007 p=1038 p=0.1 p=0.09 p=1082

Each row provides the average goodness of fit (R) for SUA/LFP, followed by the number of recording sites that had R = 0.6 for SUA/LFP, followed by the p value obtained by comparing the LFP and SUA means (¢ test). Recordings with R <
0.6 were not included in the mean comparisons. Significant differences are highlighted in bold. LGF, Low-gamma frequency; HGF, high-gamma frequency.

tion is that the cortex acts as a low-pass capacitative filter, allow-
ing low frequencies to travel longer distances than high
frequencies (Bédard et al., 2004). Although there is strong evi-
dence that the impedance of the cortical tissue is not frequency
dependent (Ranck, 1963; Logothetis et al., 2007), there is a large
diversity of axial dendritic resistivity among neurons that could
generate the frequency-dependent impedance needed for a low-
pass filter (Pettersen and Einevoll, 2008; Lindén et al., 2010). A
second possible explanation is that low- and high-frequency LFP
originate from different populations of neurons (Logothetis et
al., 2007), with neurons having the largest number of thick den-
drites generating LFP signals that travel the longest distances
(Pettersen and Einevoll, 2008; Lindén et al., 2010). Consistent
with this second explanation, the selective stimulation of fast
spiking inhibitory neurons has been shown to amplify gamma
oscillations, whereas the stimulation of pyramidal neurons am-
plifies lower frequency oscillations (Cardin et al., 2009). Also,
multiunit recordings demonstrated laminar differences in spike-
field coherence for low and high frequencies (Buffalo et al., 2011).
Our results also support this second explanation by demonstrat-
ing that the strength of the spike-field coherence is correlated
with the polarity of the LFP. The strongest coherence at low
LFP frequencies originated from V1 cells near cortical current
sinks, and the strongest coherence at gamma frequencies orig-

inated from V1 cells near cortical current sources. In addition,
we demonstrate that the strength of the spike-field coherence
depends on the response properties of the V1 neurons: low
LFP frequencies are associated with V1 cells with nonlinear
spatial summation and poor orientation/direction selectivity,
whereas gamma frequency coherence is associated with V1
cells with more diverse response properties.

Differences in response selectivity between low- and high-
frequency LFP could also be explained if low-frequency LFP orig-
inates from larger cortical regions than high-frequency LFP.
Consistent with this prediction, our results demonstrate that,
during sustained stimulation, the LFP/SUA preferences for stim-
ulus size are correlated at lower frequency bands (>12 Hz) than
the preferences for stimulus orientation (>30 Hz), and the pref-
erences for stimulus orientation preferences are correlated at
lower frequency bands than the preferences for stimulus phase
(>90 Hz; see Table 3). These results are consistent with the find-
ing that the average cortical spread is larger for iso-retinotopy
[~2.5 mm (Albus, 1975)] than for iso-orientation [~500 um
(Hiibener et al., 1997)] and larger for iso-orientation than for
iso-spatial phase in the cat [<300 wm (Jin et al., 2008)]. In pri-
mates, the cortical spread is also larger for iso-retinotopy than for
iso-orientation (Obermayer and Blasdel, 1993), but the cortical
spread for spatial phase is unknown (Aronov et al., 2003). Previ-
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Delta (1-4 Hz)

Theta (4-8 Hz)

Alpha (812 Hz)

Beta (12-30 Hz)

LGF (30-90 Hz)

HGF (90200 Hz)

SUA versus LFP (sustained)

Direction selectivity 0.53/0.48 0.54/0.4
p=035 p=0.07
Orientation tuning depth 0.89/0.85 0.9/0.83
p=10.04 p =0.004
Contrast tuning depth 0.97/0.87 0.94/0.78
p <0.00001 p < 0.00001
Size tuning depth 0.92/0.86 0.93/0.85
p=1033 p = 0.002
Phase tuning depth 0.95/0.89 0.97/0.91
p = 0.008 p = 0.007
Temporal tuning depth 0.91/0.92 0.87/0.9
p=10.77 p=1045
Contrast (s, ) 35.95/28.08 30.03/31.19
p=10.059 p=085
Size (Sgo) 2.28/2.78 2.06/3.26
p=023 p=0.07
Contrast (exponent) 3.09/11.7 5.9/13.5
p < 0.00001 p =0.003
Size (exponent) 12.52/18.03 15/13.41
p=043 p=1072
Signal/noise 616660/45 140210/59
p = 0.008 p =0.008
Signal/noise (no zero baseline) 3754/45 2380/59
p =0.008 p =0.008
SUA versus LFP (transient)
Direction selectivity 0.74/0.47 0.55/0.43
p =0.0001 p=023
Orientation tuning depth 0.94/0.85 0.92/0.82
p < 0.00001 p=10.016
Contrast tuning depth 0.97/0.97 0.97/0.96
p =095 p=0.18
Size tuning depth 0.95/0.90 0.97/0.88
p=10.13 p =0.009
Phase tuning depth 0.89/0.83 0.91/0.77
p=02 p =0.003
Temporal tuning depth 0.85/0.84 0.88/0.8
p=1092 p=10.19
Contrast (C5) 17.28/19.39 21.07/24.82
p=0.46 p=1021
Size (Ss) 1.87/1.25 1.93/0.79
p=02 p =0.009
Contrast (exponent) 5.14/10.42 7.15/11.3
p =0.001 p=10.04
Size (exponent) 10.45/6.9 13.66/3.56
p =051 p =0.003
Signal/noise 307320/462 62723/986
p=0.008 p=0.016
Signal/noise (no zero baseline) 118290/462 15857/986
p = 0.008 p=0.016

0.48/0.46 0.3/0.28 0.39/0.2 0.37/0.16
p=1087 p=072 p=0.003 p < 0.00001
0.91/0.81 0.77/0.64 0.82/0.57 0.79/0.48
p=0.001 p =0.005 p < 0.00001 p <0.00001
0.93/0.78 0.82/0.56 0.82/0.66 0.84/0.62
p <0.00001 p <0.00001 p <0.00001 p <0.00001
0.90/0.77 0.79/0.6 0.79/0.68 0.82/0.66
p = 0.007 p < 0.00001 p=0.01 p < 0.00001
0.96/0.92 0.92/0.73 0.87/0.65 0.86/0.62
p=0.01 p =0.02 p < 0.00001 p < 0.00001
0.9/0.93 0.76/0.82 0.73/0.78 0.65/0.59
p=051 p=1033 p=10.39 p=1035
28.17/38.25 10.84/25.55 10.72/18.64 11.41/10.55
p=10.07 p =0.005 p = 0.00009 p=06
1.73/0.9 1.37/1.44 1.75/1.92 1.67/1.28
p=01 p=10.65 p=0.28 p=10.03
9.67/11.68 4.72/11.34 4.04/4.39 3.46/5.21
p =051 p=0.02 p=0.73 p =0.036
3.4/2.96 8.21/12 8.4/7.65 8.45/4.66
p=1094 p=027 p=077 p =0.029
7309/29 4655/16 2682/48 1809/41
p = 0.008 p = 0.055 p = 0.095 p =0.008
698/29 398/16 370/48 357171
p =0.016 p = 0.055 p = 0.095 p =0.008
0.59/0.36 0.49/0.26 0.37/0.3 0.56/0.27
p =0.003 p = 0.067 p=1037 p =0.002
0.97/0.82 0.92/0.73 0.88/0.7 0.91/0.68
p=<0.00001 p < 0.00001 p < 0.00001 p < 0.00001
0.97/0.96 0.95/0.9 0.9/0.82 0.92/0.77
p=1036 p = 0.004 p < 0.00001 p <0.00001
0.97/0.88 0.94/0.91 0.87/0.85 0.87/0.77
p=1027 p=038 p=1045 p =0.06
0.95/0.79 0.91/0.69 0.92/0.75 0.86/0.65
p <0.00001 p = 0.006 p=0.04 p < 0.00001
0.97/0.87 0.91/0.77 0.84/0.67 0.79/0.67
p=0.01 p=0.018 p =0.003 p=012
23.49/23.08 20.43/24.69 15.13/23.85 13.77/16.30
p = 0.007 p=1022 p = 0.0008 p=017
3.35/2.2 2.08/0.88 1.79/2.16 1.85/1.4
p=05 p=0.03 p=031 p=0.13
10.08/9.4 8.76/8.44 7.94/7.6 8.04/5.70
p=0.77 p=1087 p=08 p =0.064
3.02/6.94 12.21/4.14 8.62/7.52 11.44/6.59
p=1047 p=014 p=08 p=014
2401/848.45 3238/182.63 1153/26.44 359/9.08
p=10.09 p =0.008 p =0.008 p=0.016
2401/848.45 1561/182.63 554/25.88 73/9.08
p=0.09 p = 0.055 p=10.09 p=0.016

Each row provides the mean response selectivity of SUA/LFP for each response property listed on the left column, followed by the p value obtained by comparing the SUA/LFP means (t test). Significant differences are highlighted in bold.

LGF, Low-gamma frequency; HGF, high-gamma frequency.

ous studies in inferotemporal cortex also estimated that low-
frequency LFP signals (<40 Hz) originate from a region of 3 mm
diameter (Kreiman et al., 2006), and in area MT (Liu and Newsome,
2006), LFP speed tuning, which is organized on a spatial scale of
300-600 wm (Liu and Newsome, 2003), was found to deteriorate
at higher frequencies than direction tuning, which is organized

on a scale of up to 2 mm (Albright et al., 1984; DeAngelis and
Newsome, 1999). A significant correlation between gamma LFP
and MUA (Berens et al., 2008a,b) was also demonstrated for
ocular dominance columns, which are organized on a scale of
500—800 wm (Hubel and Wiesel, 1968; Blasdel, 1992; Obermayer
and Blasdel, 1993). It is important to emphasize that, although
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Table 3. Correlations between SUA and LFP response properties
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Delta (1-4 Hz) Theta (4—8 Hz) Alpha (812 Hz) Beta (12-30 Hz) LGF (3090 Hz) HGF (90200 Hz)
SUA versus LFP (sustained)

Orientation preference r=20.13 r=—037 r= —0.05 r=203 r=10.58 r=0.69
p=04 p=10.09 p =085 p =028 p = 0.002 p = 0.00001
n=44 n=21 n=16 n=15 n=25 n =48

Direction selectivity r=10.07 r=0.1 r=—0.04 r=1039 r=2021 r=0.47
p = 0.66 p =067 p =088 p=015 p=031 p = 0.0008
n=44 n=21 n=16 n=15 n=25 n =48

Contrast (s, ) r=1022 r=—0.14 r=1038 r=10.13 r=024 r=04
p=10.16 p =046 p=10.08 p=10.57 p=01 p = 0.005
n=4 n=30 n=22 n=23 n=49 n=49

Size (Sgo) r=203 r=—0.18 r=041 r=0.69 r=1038 r=10.49
p=033 p =052 p=035 p = 0.001 p=0.07 p =0.017
n=12 n=15 n=7 n=19 n=2 n=23

Phase preference r=—021 r=—031 r=-033 r=10.63 r=037 r=0.57
p =039 p=0.178 p=017 p=0.09 p=0.126 p = 0.008
n=18 n=20 n=16 n=3_8 n=18 n=20

Temporal frequency preference r=—0.08 r=-—0.15 r=—0.047 r=-0.15 r=10.049 r=10.033
p=078 p =059 p =087 p=0.57 p=1085 p=091
n=14 n=14 n=14 n=15 n=16 n=13

SUA versus LFP (transient)

Orientation preference r=20.29 r=20.16 r=2022 r=20.1 r=0.54 r=0.79
p=1013 p =049 p=1037 p=1077 p = 0.057 p = 0.001
n=29 n=21 n=18 n=1 n=13 n=12

Direction selectivity r=0.44 r=—0.03 r=1023 r=20.2 r=2035 r=0.46
p = 0.016 p =091 p=035 p=0.56 p=024 p=01
n=29 n=21 n=18 n=1 n=13 n=13

Contrast (C5) r=20.12 r=0J31 r=043 r=20.14 r=—021 r=0.32
p =047 p = 0.04 p = 0.013 p=1043 p=10.18 p = 0.039
n=38 n =42 n =32 n=34 n=4 n=4

Size (Sgo) r=056 r=0.44 r=207 r=10.88 r=—0.01 r=1042
p =0.09 p=0.15 p=105 p =0.02 p =097 p=0.15
n=10 n=12 n=3 n==6 n=20 n=13

Phase preference r= —0.028 r=1031 r=0.039 r=10.018 r= —0.66 r=0.42
p =092 p=019 p =089 p =0.96 p=022 p = 0.033
n=15 n=18 n=14 n=10 n=>5 n =26

Temporal frequency preference r=-022 r=0.78 r=-03 r=-—0.17 r=104 r=10.45
p =0.62 p = 0.022 p =049 p =0.65 p=019 p=0.16
n=7 n=28 n=7 n=9 n=12 n=1

Each row provides the correlation value for each SUA/LFP response property listed on the left column, followed by the p value and number of recordings. Both the SUA and LFP goodness of fit had to be =0.6 for each frequency band to be
included in the correlation analysis. Significant differences are highlighted in bold. LGF, Low-gamma frequency; HGF, high-gamma frequency.

LFP/SUA stimulus preferences were only correlated at the highest
frequency bands during sustained stimulation, during the stim-
ulus transient, we also found correlations at the low-frequency
bands. These correlations at low frequencies further support the no-
tion that low- and high-frequency LFPs originate from different
populations of neurons (Pettersen and Einevoll, 2008; Cardin et al.,
2009; Lindén et al., 2010).

Although the LFP signal is heavily dominated by neuronal
synaptic activity (Nunez, 2006; Poulet and Petersen, 2008; Okun
etal., 2010; Lindén et al., 2011), it can also contain low-frequency
components of spikes. Our results suggest that the contribution
from single spikes to LFP tuning is small even at the highest
frequency bands that we tested. First, large spikes tuned to a
specific stimulus property could be simultaneously recorded with
high-gamma LFP that was untuned or showed different tuning to
the SUA. Second, the power of the high-gamma LFP was poorly
correlated with spike amplitude. Third, we frequently found an
excellent match in the LFP/SUA stimulus preferences at the high-
gamma band during sustained stimulation but not during tran-
sient stimulation, even if the instantaneous spike rate was higher

during transient stimulation. Finally, the high-gamma LFP/SUA
signals were frequently well matched for some response proper-
ties (e.g., orientation preference) but not others (e.g., direction
selectivity, orientation bandwidth). The electrodes used in our
recordings had sharp tips (~1 um tip, ~15 wm shaft) with a
metal exposed area of ~100—200 wm?. It is possible that the
match in response properties between SUA and LFP could not be
demonstrated if our electrodes had more exposed metal area,
because larger tips pool signals from larger cortical regions and
frequently fail to isolate single units.

Previous studies demonstrated that gamma LFP is tuned to
the stimulus orientation, temporal frequency, and contrast in V1
(Frien et al., 2000; Kayser and Konig, 2004; Henrie and Shapley,
2005), and LFP has also been found to be spatially tuned in pari-
etal cortex during memory-guided saccades (Pesaran et al.,
2002). However, to better understand the neuronal mechanisms
underlying LFP selectivity, it is important to measure the selec-
tivity of the neighboring single neurons that are likely to contrib-
ute to the LFP signal. This comparison has been performed in
extrastriate cortex for speed and direction tuning (Liu and
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Newsome, 2006), but a detailed comparison in V1 was still miss-
ing. Comparisons between LFP and MUA have been obtained in
the past (Frien and Eckhorn, 2000; Kreiman et al., 2006; Berens et
al., 2008a,b), but it is difficult to estimate the number of neurons
contributing to the MUA signal. Therefore, a direct comparison
with well isolated neurons (SUA) was needed. The V1 offered a
unique opportunity to study this LFP/SUA relation because its
neuronal response properties are known with a great level of
detail (Hubel and Wiesel, 1968; Gilbert, 1977; DeAngelis et al.,
1999; Ringach et al., 2002; Gur et al., 2005). LFP recordings have
become an important experimental approach to measure the ac-
tivity from populations of neurons in the cerebral cortex. How-
ever, there are still major questions that remain open about the
type and number of neurons that contribute to the LFP signal and
the frequency dependency of this contribution. Recent studies
suggest that the origin of LFP signals is restricted to a region of
500 wm diameter (Katzner et al., 2009; Xing et al., 2009; Lindén et
al., 2011), a cortical spread that can be amplified by correlations
among neurons with similar response properties (Lindén et al.,
2011). Our work adds to these findings by demonstrating a ro-
bust match in the stimulus preference of LFP and single neurons
recorded from the same electrode tip, a match that can be ex-
plained if the LFP pool signals from neuronal groups with similar
stimulus preferences. Based on the size of neuronal domains with
similar orientation preference [~500 um (Hiibener et al., 1997)]
and spatial phase [~300 wm (Jin et al., 2008, 2011)] in cat visual
cortex and, assuming that the size of the domains for orientation
(Obermayer and Blasdel, 1993) and spatial phase (Aronov et al.,
2003) are not much larger in primates, the LFP should pool neu-
rons within a diameter of 500 wm at low-gamma frequency and
300 wm at high-gamma frequency.
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