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: However, the exact neural basis of these signals remains unclear. To address this question, we
determined the relationship between LFP signals and another, much better understood, signature of
neural activity: action potentials. Specifically, we focused on the relationship between the amplitude of
stimulus-induced LFPs and the magnitude of spiking activity in visual cortex of non-human primates.
Our trial-by-trial correlation analyses between these two components of extracellular signals in
macaque visual cortex show that the spike rate is coupled to the LFP amplitude with a surprisingly long
latency, typically 50 ms. Our analysis shows that the neural spike rate is a significant predictor of the
LFP amplitude. This limits the functional interpretation of LFP signals beyond that based on spiking
activities.

The cerebral cortex encodes sensory information by the activity of neurons, a phenomenon extensively studied
using extracellular recording in awake animals. Such recordings can pick up spiking activity, the pattern of action
potentials of nearby neurons that encodes information in the rate and temporal distribution of these binary
events. For instance, neurons in medial temporal area MT of the macaque visual cortex fire at different rates when
stimuli moving at different directions or at different speeds appear in their receptive fields' with most MT neurons
preferring a specific direction, speed of motion and binocular disparity?. The spiking activity of such sensory neu-
rons is also modulated by high-level cognitive factors such as spatial, feature-based or object-based attention®=.
This makes neural spikes a promising target for research on the neural bases of sensory and cognitive functions.

Another component of extracellular signals is local field potentials (LFP) that have attracted attention more
recently in neuroscience and neuroengineering studies®~'°. LFPs are thought to be the sum of synaptic potential
fluctuations across thousands of neurons around the tip of a recording electrode!! from a volume of up to several
hundred cubic micrometers'>~!%. Similar to spiking activity, LFP signals from sensory cortex have been shown to
encode stimulus parameters and are also modulated by top-down signals. As an example, recordings from area
MT show tuning curves for motion direction in the ‘gamma power’, the power of gamma frequency (40-200 Hz)
LFPs'®. Furthermore, the power of LFPs at this frequency range has been found to increase with switching atten-
tion to the receptive field of the recorded site while decreasing at lower frequencies (<20 Hz)'*"'%; However, see'’
for contrasting results in gamma frequencies. These previous studies suggest that those synaptic activities which
create the LFP are not an epiphenomenon of neural spikes, but they influence local modulations of neural pro-
cessing. Although LFPs and spikes have usually been studied as separate components of extracellular signals, they
show similar signatures of sensory parameters.

Spikes and LFPs are highly correlated in many cortical areas?*-?*. This includes correlations between the spike
rate and LFP power within a given frequency band as well as the locking of spikes to the LFP phases in different
frequency bands. For instance, spike rates of neurons recorded from the rat hippocampus and macaque areas V1
and MT are found to be positively correlated with gamma power across different sensory or cognitive states'>*-2%
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but see?! for negative correlations. Similar studies have reported that neural spikes occur mostly at specific phases
of LFPs at low (<20Hz) and high frequencies (30-80 Hz)'**>?¢-2%, Although it has been suggested that spike
times could be used to estimate those surrounding synaptic activities that are reflected in the LFP*, it remains
unclear which of the two components causes the other and correspondingly represents the most direct readout
of information transmission.

When spike and LFP components are recorded from the same site, knowing the causality of their interde-
pendence is crucial. This would clarify which of the two signals forms the neural representation earlier. Using
information theoretic techniques Besserve et al.*! suggested that neural spikes and gamma band oscillations in V1
have a causal effect on low frequency LFPs. They also reported causal effects of gamma band on spiking activities
when both were recorded from the same site. This study was carried out with anesthetized or passively viewing
monkeys. However, for monkeys actively engaged in a behavioral task, the existence of a causality between these
signals evoked by a transient stimulus is unclear. Therefore, determining the temporal order of evoked LFP and
spikes is of critical relevance.

Here we determined first which of the two signal components (LFP or spiking activity) reaches its peak activ-
ity earlier in response to a visual stimulus and second if one of the two predicts the other’s trial-by-trial variability.
Recordings were made in the medial temporal area MT of two macaque monkeys while they were performing a
visual detection task. We observed that LFP responses reach their maximum activity tens of milliseconds later
than spike responses and that a large portion of evoked LFP activity is predicted by the preceding spiking activity.

Results

Two macaque monkeys were trained to detect a small change in the direction or color of one of two moving
random dot patterns (RDP). Each trial started when the monkeys touched a lever and maintained their gaze ata
central point; afterwards a cue was presented showing the position of one of the two upcoming stimuli (target).
The monkeys received a juice reward if they released the lever as soon as the target stimulus underwent a small
change in its color or direction of motion (Fig. 1A). Details of the paradigm are described elsewhere (see*? for
monkey H and® for monkey T).

We recorded neural activity in the form of spiking activity and LFPs from area MT while one of the two stim-
uli was presented inside the receptive field (RF) of the neuron being recorded. Figure 1 (upper plots in B and C)
shows the normalized spiking activity and LFPs (in inversed values, see Materials and Methods) from monkeys H
and T for a 300 ms window after the onset of stimuli. Spike trains are first smoothed and next normalized by the
maximum value across trials of each recording site (see Materials & Methods for details). Figure 1 (lower plots
in B and C) shows the histogram of times with the largest absolute neural activity. Among a large majority of the
sites, the maximum absolute LFP coincides with the peak of the LFP (92% in monkey H, 100% in monkey T,
p<0.001 for both monkeys, sign test), suggesting a largely monotonous profile in LEPs of our dataset. For mon-
key H the LFP peak occurs at 153 £ 18 (SD) ms while the spiking activity peak is at 74 & 14 (SD) ms after stimulus
onset when calculated for recording sites separately. Similarly, for monkey T the peaks occur at 107 =28 ms and
71+20 ms for LFP and spikes, respectively. To determine if there is a systematic difference between the peak times
of the evoked LFP and evoked spiking activity, we considered the distribution of differences between the spiking
activity and LFP peak times across recording sites. Figure 2A,B shows the histogram of LFP peak time subtracted
by spiking peak time for the two monkeys. The dashed line in each panel indicates the median peak time differ-
ence for each monkey (83 ms and 51 ms for monkeys H and T, respectively). In both animals the peak of the LFP
activity evoked by the stimulus occurs significantly (p < 0.001, signtest) later than the peak of evoked spiking
activity. For visually evoked signals, a similar time lag (50 ms) of LFPs relative to the peak spike rate has been
observed in primate FEF*. Again, with visual stimulation, Tan et al. showed a loss of coincidence for deflections
of neural membrane potential and LFPs**. However, it is unclear whether the spike rate influences LFP amplitude
across the substantial delay we observed.

In order to investigate a potential influence of the evoked spiking activity on the evoked LFP, we asked whether
there is a correlation between the values of the evoked spiking activity and evoked LFP across the task trials. To
determine if the cross-time correlation occurs only from spiking activity to LEP, we calculated the inter-trial cor-
relation between spiking activities and LFPs at each site, with the spiking activity and LFP coming from different
time bins. This analysis was applied to trials where the preferred stimulus of the recorded neuron was presented.
Figure 3A,B shows the correlation values across different pairs of time bins averaged across recording sites. The
axes show centers of 10 ms bins stepped by 10 ms starting from stimulus onset. X and Y-axes indicate the time
bins from which the mean spiking activity and the mean LFP activity are extracted, respectively. The color code
represents the average correlation between mean spiking and LFP activity in a given pair of time bins across trials
of a given recording site. Solid black lines characterize time pairs of the map with the mean spike-LFP correla-
tion significantly different from zero across recording sites (Supplementary Figure 1 shows the proportion of
significantly correlated sites at each time-pair). Two diagonal white lines connect pairs of time bins with the same
indices; so that the area above the lines correspond to time pairs with their LFP index larger than the spike index,
conversely for the time pairs below the diagonal lines, the LFP index is smaller than the spike index. Correlation
maps of both monkeys show that the majority of time-pairs with a significant correlation occur above the diag-
onal line indicating that the time index of LFPs follows that of spiking activities in correlated time pairs. To test
this directly, we plotted the histogram of differences between the LFP and spike indices for those time pairs with
a significant mean correlation (Fig. 3C,D). The X-axes in these histograms represent the LFP time subtracted by
the spike time and the dashed vertical lines show the median of this difference across time pairs with significant
correlations. Consistent with the rightward shift of the dashed line, both monkeys show a significant difference
between the spike and LFP time indices of those time pairs with significant cross-time correlation. In these time
pairs, the LFP index follows the spike index by 40 ms for both monkeys (p <0.001, sign test). This indicates that
spiking activity is a significant predictor of future LFP activity.
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Figure 1. Task design and stimulus-evoked spiking/LFP activity. Panel A shows the behavioral paradigm. The
monkeys had to foveate a central fixation point (shown as a cross). Shortly thereafter, an RDP cued the position
of the upcoming target stimulus. The monkeys had to detect a subtle change in the color/motion direction of the
target RDP (indicated by a dashed circle here) by releasing the lever. Panels B and C present data recorded from
each of the monkeys and “n” represents the number of recording sites for each animal. Both spiking activities
and LFPs are normalized to the maximum value of each recording site across trials. Standard errors reflect
standard error of the mean (SEM). Note that we inversed all LFP values before normalization in order to present

the activity relative to the intracellular space (see Materials & Methods for details).

The unidirectional correlation between spikes and upcoming LFPs could be a side-effect of the correlation of a
neuron’ spiking activity with its own following spiking activity. To validate this, we calculated the partial correla-
tion between spikes and LFPs at different times, removing the correlation component associated with spikes at the
same time as LFPs (see Materials & Methods for details). This resulted in similar maps as in Fig. 3A,B suggesting
that spikes directly influence future LFPs (Supplementary Figure 2A,B).

Furthermore, the LFPs we observed might reflect volume-conducted voltages from other brain areas®. To
check for this, we focused on monkey H’s data, which contained a sufficient number of simultaneous record-
ings. We subtracted each electrode’s LFP from that of its neighboring electrode, to remove global effects
(Supplementary Figure 3A). Similar to Fig. 3, we calculated the histogram of the difference between LFP and spike
time-indices across the time-pairs with a significant correlation (Supplementary Figure 3B). Similar to Fig. 3C,D,
the LFP time index was significantly larger that the spike time index (p <« 0.001, sign test). This indicates that the
unidirectional correlation between spikes and the following LFP is not due to voltages volume-conducted from
other brain areas. It may be further argued that the asymmetric pattern of cross-time correlations relative to the
diagonal line depends on the behavioral condition of the trials the monkeys were performing. In each trial of the
task, either the stimulus inside or outside the RF was cued, and the monkeys were rewarded to report changes
in only the cued stimulus. We carried out similar analyses as in Fig. 3A,B on each of the two trial types: RF-cued
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Figure 2. Spiking activity and LFP peak time relative to each other. (A,B) Each panel shows the histogram
of latencies between spiking activity and LFP peaks for one monkey across recording sites. The dashed lines
represent the median latencies; which are positive for both monkeys.

and RF-uncued, where the RF’s position or the position contralateral to the RF was cued, respectively. Similar to
Fig. 3A,B, here we focused on trials where the preferred stimulus of the recorded neuron was presented. Fig. 3E-H
shows the resulting maps for each of the cueing conditions for both monkeys. Top and bottom panels present
the correlation maps for monkeys H and T, respectively. The left and right panels present the maps for RF-cued
and RF-uncued trials, respectively. For both monkeys the asymmetric pattern relative to the diagonal line can
be perceived in both cueing conditions similar to when trials of both cueing conditions were pooled (Fig. 3A,B)
and a majority of time pairs with significant correlations are above the diagonal line. The LFP time index at these
time pairs is significantly greater than the spike time index for the RF-cued and RF-uncued conditions (50 ms for
each animal, p <« 0.001, sign test). This result suggests that the asymmetry of the correlation map relative to the
diagonal line is not due to the monkey’s cognitive state.

In order to ensure that our result is not due to spectral leakage of the spike waveforms into LEPs of the same
electrode, the same analysis as in Fig. 3A,B was applied to LFP and spiking activities recorded from separate elec-
trodes simultaneously. Figure 4B,D illustrates the correlation maps for LFP and spiking activity from a different
electrode for monkey H (Fig. 4B) and monkey T (Fig. 4D). Compared to the correlation maps in Fig. 3A,B (shown
also in Fig. 4A,C) (corresponding to the condition that LFP and spiking activity were recorded from the same site)
the asymmetry relative to the diagonal line is preserved. Consequently, the LFP time index at those time pairs
with significant correlations is larger than the spiking activity time index (40 ms for both monk-+eys, p <«0.001
for both monkeys, sign test). This suggests that the correlation between spiking activity and following LFP activity
is not due to common spectral components of spiking activity and LFP signals when recorded from the same site.

Given the high trial-by-trial correlation between spiking activity and the following LFP amplitude, we next
hypothesized that earlier spiking activity should predict following LFP amplitudes. Therefore, we randomly
selected half of the trials for each site and fitted a linear model on the spike-LFP pairs coming from different time
slots. Next the linear model was used to estimate LFP amplitude based on spiking activity in the remaining trials.
The correlation of the estimated LFP and the original LFP amplitudes was calculated as a measure of the linear
estimator’s prediction performance (see Materials & Methods for details). Results are shown in Fig. 4E,F, where
each panel presents the prediction performance of the linear estimation for one monkey and color codes the
performance of the linear estimation at each spike-LFP time pair. The maps show a similar pattern as in Fig. 3A,B
with asymmetry relative to the diagonal line and a significantly higher LFP time index than spiking activity time
index for time pairs with a significant prediction performance (p <« 0.001, sign test). This shows a uni-directional
functional link between spiking activity and LFP amplitudes occurring with a substantial delay.

So far we considered LFP across all frequencies. Next we asked whether the correlation between spiking activ-
ity in a given time and LFP in following intervals occurs at any specific frequency band of LFP in particular.
Therefore, we divided LFP into frequencies higher than 30 Hz and frequencies lower than 30 Hz. This division
addresses the distinction between the functional role of these two frequency bands in neural mechanisms of
visual processing and attention in area MT'®2, Figure 5 presents the spike-LFP correlation maps for each of these
two frequency bands; the left and right panels focus on frequencies lower and higher than 30 Hz, respectively and
figures in each row show the maps for one monkey. As shown in the right panel, there is no statistically significant
correlation between spiking activity and LFP at frequencies higher than 30 Hz among any of the pairs of time
intervals we have studied. In contrast as shown in the left panel, the properties of correlation maps remain similar
to the original maps calculated based on the full frequency spectrum of LFP (Fig. 3A,B) in terms of asymmetry
relative to the diagonal line, and for both monkeys the time pairs with a significant cross time correlation rest
above the diagonal line (p <<0.001, sign test). This suggests that the cross-time correlation of spiking activity and
LFP magnitude holds only for frequencies less than 30 Hz that are linked to shared neural activities across larger
volumes of cortex compared to that of frequencies higher than 30 Hz.
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Figure 3. Correlation map across spiking activity & LFP time bins. (A-D) The top panels (A,B) represent
the correlation maps for the two monkeys. X and Y-axes represent the center of the 10 ms time bins (aligned
to stimulus onset) for spiking activity and LFP averaging, respectively. For each pair of time bins, colors show
the average Pearson correlation of spiking activity and LFP calculated per site across trials with the preferred
stimulus. Black borders indicate regions that have statistically significant correlations across recording sites
(thicker borders correspond to p < 0.01 (t-test, corrected for multiple comparisons)). White lines connect pairs
of time bins with the same X and Y indices and are drawn for illustration. Panels (C,D) present the histogram
of “LFP time index - Spikes time index” for the time pairs with significant correlations for each monkey. The
dashed vertical lines correspond to the median of each histogram (+40 ms for both monkeys, p<0.001, sign
test). (E-H) Correlation maps for different cueing conditions. (E,G) Similar to maps in panels (A,B) but for
trials in which the RF location was cued and therefore the stimulus inside the RF (moving in the preferred
direction) was the target. (F,H) Correlation maps for trials where the cue was contralateral to the RE i.e. the
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stimulus inside the RF was the distractor. Top and bottom panels correspond to monkeys H and T, respectively.
The maps follow the same convention of coding as in panels A & B. Note that correlation values here and in the
following figures are computed from the inversed LFP values (see Materials & Methods for details).

We next asked how spikes affect LFPs occurring tens of milliseconds after the spikes. For this, we focused on
the data of monkey H, because of the availability of a larger number of sites, and on those spikes with the highest
spike-LFP correlation (spike index =55 ms, Fig. 3A). Figure 6A plots the correlation of those spikes with the LEPs.
This curve shows the highest spike-LFP correlation for LFPs 125 ms after the stimulus onset. It should be noted
that there is an earlier peak in the correlation curve at about 55 ms which reflects the instantaneous interaction
between post-synaptic potentials and spikes (confirming the significantly correlated time-pairs on the diagonal
line (Fig. 3A,B)). This instantaneous interaction provides an explanation as to why the onset of stimulus evoked
LFP and spiking activity occur simultaneously after stimulus presentation (Fig. 1B,C). Furthermore, the correla-
tion shows an oscillatory pattern (<20 Hz) in time, suggesting that not only spikes influence the LFP at different
upcoming times in a non-uniform manner, but that this influence is dependent on the phase of an oscillatory
state, phase-locked to the stimulus onset. Further study needs to characterize the potential link of this oscillatory
state with low frequency LFPs. Finally, it should be possible to extract a filter allowing for the prediction of LFPs
from spikes. We estimated this kernel by estimating the spike-triggered LFP for spikes between 0-100 ms follow-
ing the stimulus onset (the interval with the maximum MU-LFP correlation) using a Weibull function (Fig. 6B):

i el

y:c*[_

where x is time (ms) and y is the estimated spike-triggered average LFP. We found a, b, and ¢ to be 182, —0.9,
and 0.19, respectively. Consistent with a study® in rodents, this suggests that the LFPs following spikes can be
predicted, using a convolution-based method.

Discussion
LFP signals and their possible causal link to cognitive aspects of brain functions have attracted wide interest.
However, the exact origin of these signals and their functional role, especially in sensory areas remains unclear.
Here we investigated the relationship between action potentials and LFPs in area MT of macaque visual cortex in
search for a possible causal link and its directionality. By calculating the trial-by-trial correlation between the two
signal components across time bins with different intervals in between, we show that spiking activity predicts LFP
activity in the transient part of neural responses. We observed a significant trial-by-trial correlation between the
LFP and preceding spiking activity. Using linear estimation, we show that the spiking activity at a given time can
predict the upcoming LFP amplitude. This suggests that evoked spiking activity has a significant role in determin-
ing LFP activity. This effect is observed across different behavioral conditions and cannot be attributed to spectral
contaminations between spiking and LFP activity recorded from the same site, as only low frequency (<30 Hz)
LFPs show this link to spiking activity. Assuming that a similar principle of information-representation holds
across different sensory areas, we assume that our findings could be extended to similar sensory areas as well.

We interpret our data to show that spiking activity induces LFP unidirectionally. To confirm this, we calcu-
lated trial-by-trial correlations across successive time slots. It may be argued that a third factor is causing the
trial-by-trial variability in both spiking activities and LFPs. The spiking input coming from upstream visual areas
(V1 and V2) could be such a factor, inducing both spiking activity and LFP. However, this input would first influ-
ence post-synaptic potentials and only then the spiking activity in area MT. Since post-synaptic potentials consti-
tute the main component of LFPs'!, the highest cross-time correlation between spiking activity and LFP should
occur at time pairs where the spiking activity time follows the LFP time. Our results show that this is clearly not
the case, suggesting that spiking activity in area MT rather than an external source of spiking input governs fluc-
tuations in LFP of the area. Nevertheless, to directly study if evoked spiking activity causes the LFP-reflecting syn-
aptic response, one would ideally selectively de-activate single neurons and inspect the effect on the evoked LFP.
Although previous studies have shown that selectively activating neurons using optogenetics induces modulation
in LFP power?’, similar studies are necessary to investigate if visually evoked spiking activity is the essential cause
of visually evoked synaptic activities reflected by LEPs. Our result is in line with a previous study®® that shows,
although there is a component of LFP that can predict either the intracellularly recorded depolarization or the
action potential, the LFP component following this depolarization has a higher amplitude and lasts longer. It is
further in agreement with a report on causality effects of spiking activities on low frequency LFP in macaque V1%,
especially in the sense that low frequencies are emphasized in transient neural responses (Fig. 1B,C). However,
there are differences in the time scale of the effect between this study and our data.

The median delay between spiking activity and LFPs at time bin pairs with a significant correlation is about
40 ms for both monkeys (Fig. 3C,D), i.e. fluctuations in spiking activity take tens of milliseconds to be reflected in
the amplitude of LFP. Despite the similarity in the magnitude of the delay, there is a noticeable time-lag between
the peaks of the average LFP in the two animals (33 ms, p < 0.0001, permutation test (with 100,000 repetitions);
151 ms and 118 ms for monkeys H and T, respectively). We speculate that this difference reflects differences
between the tasks of the two monkeys; for monkey H we showed a full-sized RDP, while for monkey T we showed
a small RDP at a small eccentricity close to the fixation point.

Although we found a delay up to 40 ms between spikes and LFP, Besserve et al. reported that the largest com-
ponent of the causality effect has a time lag of only a few milliseconds. Given the influence of wakefulness on the
amplitude of evoked activity and its trial by trial variability®>*, this difference may be because their recordings
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Figure 4. Correlation maps for spiking activity/LFP from same/different recording sites and linear model
prediction of LFPs. (A,C) Similar correlation maps as in Fig. 3A,B where spiking activity and LFP come from
the same recording site. (B,D) Correlation maps based on spiking activity and LFP recorded from different MT
sites simultaneously. Top and bottom panels correspond to monkeys H and T, respectively. (E,F) Linear model
predictions of LFPs based on spiking activity. Performance of estimating LFPs based on spiking activity for
different pairs of intervals relative to stimulus onset is shown. Colors code the correlation of a linear estimator’s
output with original LFPs at each spike-LFP time pair, and each panel reflects the results for one monkey. The
diagonal white line in each panel indicates simultaneous spike-LFP pairs. Black borders specify time pairs with
statistically significant estimation performances across recording sites, quantified as the correlation between the
estimated and original LFP amplitudes (p < 0.05, t-test, corrected for multiple comparisons).

were carried out under anesthesia whereas our monkeys were actively engaged in a visual detection task during
the recordings. Using an alternative approach Rasch et al. showed that neural spikes can be used to linearly
estimate LFP*°. Consistent with our results they found that the estimation is best done in the time scale of up
to 200 ms from spike occurrence. However, the kernel they introduce for estimating LFPs produces a negative
trial-by-trial correlation between spike rate and the following LFPs (with reversed amplitude). This is in disa-
greement with the positive correlations in our data (Fig. 3A,B; values above the diagonal line). Again, because
their data were recorded while the monkeys were either anesthetized or passively viewing a movie and given
the suppressed coding capacity of neurons under non-wakefulness*., their result cannot be generalized to when
animals actively attend. Furthermore, our observation concerning the long time scale in which spikes influence
LFP suggests that neural spikes modulate LFP in time scales much longer than that of synaptic transmission.
One might speculate that the incoming sensory spikes cause a short-term network-level modification in MT that
influences LFP-generation on a time scale of tens of milliseconds. Based on the previous observation of differed
LFP profiles across cortical layers®, it could be argued that the unidirectional induction of LFP by spiking activity
is layer-specific. While we do not know the cortical layer of our recordings, the dominance of sites with a larger
evoked peak rather than evoked trough shows that the LFPs are homogeneous across recording sites (Fig. 1B,C).
Nevertheless, this possibility remains that our LFPs are recorded only from distal dendritic regions, inducing the
time lag with spikes. Although this is unlikely given the high number of recordings in our dataset, future record-
ings from separate cortical layers of area MT could give a clear view on how the activity of neurons in each layer
contributes to the LFP.

To summarize: since the biophysical and neural bases as well as the functional correlates of LFPs are not
fully understood, we investigated the interaction between these signals and action potentials, the much better
understood signature of neural activity and coding. Our results show a strong unidirectional influence of spiking
activity on LFPs during transient neural responses, indicating that a considerable component of LFP is explained
by spiking activity. This suggests that LFPs, as well as other types of field potentials (ECoG, EEG, ...) are an epi-
phenomenon, i.e. an indirect, rather than direct measure of brain states.
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Figure 5. Correlation maps based on LFPs of different frequency bands. (A,C) LFPs of frequencies lower than
30 Hz were used to create the correlation maps. (B,D) High frequency LFPs with frequencies higher than 30 Hz
were considered here. Top and bottom panels correspond to monkeys H and T, respectively. Maps follow the
same convention of color coding as in Fig. 3A,B.
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Figure 6. Spike-LFP link in time. (A) Correlation of spikes at 55 ms with surrounding LFPs. X-axis shows the
times that LFPs come from and Y-axis presents the mean correlation value of spikes at a 10 ms time window
around 55 ms with the LFPs. Those times with a significant correlation across recording sites are indicated

by a grey bar (corrected for multiple comparisons). Error bars show SEM. (B) Spike-triggered LFP for spikes
between 0-100 ms after stimulus onset. To show how spikes rule the upcoming LFP, we have averaged the
z-scored LFPs following spikes across the recorded sites from both monkeys (solid line). The average spike-
triggered LFP is estimated using a Weibull function (shown in dashed line).

Materials and Methods
Animal welfare. Research with non-human primates represents a small but indispensable component of
neuroscience research. The scientists in this study are aware and are committed to the great responsibility they
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have in ensuring the best possible science with the least possible harm to the animals®. All animal procedures
and methods of this study have been approved by the responsible regional government office (Niedersaechsisches
Landesamt fuer Verbraucherschutz und Lebensmittelsicherheit (LAVES)) under the permit numbers
33.42502/08-07.02 and 33.14.42502-04-064/07 and were carried out in accordance with all applicable laws and
regulations. The animals were group-housed with other macaque monkeys in facilities of the German Primate
Center in Goettingen, Germany in accordance with all applicable German and European regulations. The facility
provides the animals with an enriched environment (incl. a multitude of toys and wooden structures**), natural
as well as artificial light, exceeding the size requirements of the European regulations, including access to outdoor
space. Surgeries were performed aseptically under gas anesthesia using standard techniques, including appropri-
ate peri-surgical analgesia and monitoring to minimize potential suffering.

The German Primate Center has several staff veterinarians that regularly monitor and examine the animals
and consult on procedures. During the study the animals had unrestricted access to food and fluid, except on
the days where data were collected or the animals were trained on the behavioral paradigm. On these days the
animals were allowed unlimited access to fluid through their performance in the behavioral paradigm. Here the
animals received fluid rewards for every correctly performed trial. Throughout the study the animals’ psycholog-
ical and veterinary welfare was monitored by the veterinarians, the animal facility staff and the lab’s scientists, all
specialized in working with non-human primates. The two animals were healthy at the conclusion of our study
and were subsequently used in other studies.

Behavioral task and recording. Two male macaque monkeys were trained to fixate a central fixation point
and touch a lever to start each trial. Eye movements were monitored using a high-speed video-based eye tracker at
a sampling rate of 230 Hz (ET49, Thomas Recording, Giessen, Germany). Each trial started with presenting a cue
on the screen indicating one of upcoming moving random dot patterns (RDP) as the relevant stimulus (target).
For monkey H, the cue was a static RDP shown at the same position and with the same size as the target and for
monkey T it was a small RDP close to the fixation point and on an imaginary line connecting the fixation point to
the upcoming target stimulus. After the cue was removed, two moving RDPs were presented at equal eccentrici-
ties in opposite visual hemifields and the monkeys had to detect a small direction (monkey H) or color/direction
change (monkey T) in the target RDP. This change could happen at a random time, not earlier than 500 ms after
stimulus onset and the monkeys were rewarded for releasing the lever in a time window between 100-650 ms after
the target change. If the animal’s gaze deviated from the fixation point within a trial, the trial would terminate
without a reward. For more details about the behavioral paradigm and the behavioral performance for monkey
H see® and for monkey T see?.

While the monkeys performed the task, we recorded multi-unit spiking activities and local field potentials
(LFP) from area MT using a five-channel multi-electrode recording system (Mini-Matrix, Thomas Recording,
and Plexon multi-channel acquisition system (MAP), Plexon Inc.). The electrode signal was split into LFP and
spike components by hardware filters. The LFPs were amplified and digitized at 1 kHz, while spikes were amplified
and digitized at 40 kHz. Multi-unit spikes were determined by voltage thresholding. We recorded from up to all
five electrodes (with the impedance of 2 MQ) arranged linearly separated by 305 ;sm) simultaneously. In sessions
with simultaneous recordings, we made sure that the RFs of the different multi-units overlap sufficiently for all
to contain the stimulus placed in the RE Recording sites were determined to be located in MT by their position
in the cortex, receptive field location and size, as well as the neurons’ tuning for linear motion directions. For
monkey H, the RDPs could move in one of 8 equally spaced directions between 0° and 360° and for monkey T, the
motion direction would be either the preferred or anti-preferred direction of the neuron under study.

Data analysis. All analyses were carried out in MATLAB (Mathworks, Natick, MA). To generate smoothed
spiking activities (Fig. 1B,C), a Gaussian function (¢ = 15ms) was convolved with the spike trains and the out-
come was normalized per site to the maximum value across trials. Other Gaussian functions (o =5, 10) did not
alter our main results (Fig. 3A-D). To avoid any phase lag enforced by the recording headstage, we aligned the
phases of LFP signals by applying a time-reversed filter on the LFP, which was built upon measurements of the
recording hardware’s phase shift values (provided by Plexon, Inc: FPAlign utility guide-version 1.0)*. The 50 Hz
line noise, the 76 Hz noise due to the monitor refresh rate and its periodical (152 Hz) were extracted and removed
from the original signal using MATLAB’s idealfilter routine (a non-causal ideal bandpass filter), which extracts a
given frequency component after applying Fourier transform on the signal and next applying an inverse-Fourier
transform over it. We controlled for multiple comparisons using Bonferroni correction. LFPs were first inversed
for all trials and next normalized by the maximum value across trials separately for each recording site. All our
figures show these inversed values of the LFPs in order to present the activity relative to the intracellular space.
To study the spike-LFP link, we calculated the cross-time spike rate-LFP trial-by-trial correlation. This measure
tolerates any non-stationarity enforced by the onset of stimulus (in contrast to approaches such as spike-triggered
LFP). In the correlation maps we identified time pairs with a significant correlation by testing for each time pair,
if the correlation values across sites were significantly different from zero using a sign test. Partial correlation
between spiking activity and LFP of a time pair was calculated by measuring the correlation between the two
residual values resulting from a) the linear regression of spiking activity with the spiking activity simultaneous
to LFP and b) the linear regression of LFP with the spiking activity simultaneous to it. For calculating correlation
maps based on different LFP frequencies (Fig. 5), we first subtracted the average evoked LFP from each trial’s
LFP for every site. This ensures that filtering LFPs into different frequencies is not contaminated by the transient
response evoked with stimulus onset. Signals were filtered using MATLAB’s idealfilter routine. Similar results
were achieved using a zero-phase FIR filter (eegfilt function®®; with the filter order of 3*(sampling_rate/low_cut-
off_freq) and assuming each given LFP signal as one epoc). For the linear estimation of LFPs based on spiking
activity (Fig. 4E,F) for each site at each spike-LFP time pair, first, the trials were divided randomly into two
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equal-sized groups, second we estimated a linear model using MATLAB fitlm function based on one of the groups
and finally predicted the LFP of the second group based on its spiking activity data using the model computed
from the first group (with the aid of MATLAB predict function). In order to assess the performance of this pre-
diction method, the Pearson correlation between the predicted values and the original LFP data was calculated.

Data availability statement. The datasets generated during the current study are available from the cor-
responding author on reasonable request.

References

1.

2.
3.

10.
11.
12.
. Katzner, S. et al. Local origin of field potentials in visual cortex. Neuron 61, 35-41 (2009).
14.
15.
16.
17.
18.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34.
35.
36.

37.
38.

Maunsell, J. H. R. & Van Essen, D. C. Functional properties of neurons in middle temporal visual area of the macaque monkey. I.
Selectivity for stimulus direction, speed, and orientation. J. Neurophysiol. 49, 1127-1147 (1983).

Cumming, B. G. & DeAngelis, G. C. The physiology of stereopsis. Annu. Rev. Neurosci. 24, 203-238 (2001).

Katzner, S., Busse, L. & Treue, S. Attention to the color of a moving stimulus modulates motion-signal processing in macaque area
MT: evidence for a unified attentional system. Front. Syst. Neurosci. 3, 12 (2009).

. Niebergall, R., Khayat, P. S., Treue, S. & Martinez-Trujillo, J. C. Multifocal attention filters targets from distracters within and beyond

primate MT neurons’ receptive field boundaries. Neuron 72, 1067-1079 (2011).

. Patzwahl, D. R. & Treue, S. Combining spatial and feature-based attention within the receptive field of MT neurons. Vision Res. 49,

1188-1193 (2009).

. Einevoll, G. T., Kayser, C., Logothetis, N. K. & Panzeri, S. Modelling and analysis of local field potentials for studying the function of

cortical circuits. Nat. Rev. Neurosci. 14, 770-785 (2013).

. Mehring, C., Rickert, J., Vaadia, E., de Oliveira, S. C. & Aertsen, A. & Rotter, S. Inference of hand movements from local field

potentials in monkey motor cortex. Nat. Neurosci. 6, 1253-1254 (2003).

. Moran, D. Evolution of brain-computer interface: Action potentials, local field potentials and electrocorticograms. Curr. Opin.

Neurol. 20, 741-745 (2010).

. Rothé, M., Quilodran, R., Sallet, J. & Procyk, E. Coordination of high gamma activity in anterior cingulate and lateral prefrontal

cortical areas during adaptation. J. Neurosci. 31,11110-11117 (2011).

Velliste, M., Perel, S., Spalding, M. C., Whitford, A. S. & Schwartz, A. B. Cortical control of a prosthetic arm for self-feeding. Nature
453,1098-1101 (2008).

Buzséki, G., Anastassiou, C. A. & Koch, C. The origin of extracellular fields and currents — EEG, ECoG, LFP and spikes. Nat. Rev.
Neurosci. 13, 407-420 (2012).

Kajikawa, Y. & Schroeder, C. E. How local is the local field potential? Neuron 72, 847-58 (2011).

Xing, D., Yeh, C.-I. & Shapley, R. M. Spatial spread of the local field potential and its laminar variation in visual cortex. J. Neurosci.
29, 11540-49 (2009).

Liu, J. & Newsome, W. T. Local field potential in cortical area MT: stimulus tuning and behavioral correlations. J. Neurosci. 26,
7779-7790 (2006).

Esghaei, M., Daliri, M. R. & Treue, S. Attention decreases phase-amplitude coupling, enhancing stimulus discriminability in cortical
area MT. Front. Neural Circuits 9, 82 (2015).

Fries, P., Reynolds, J. H., Rorie, A. E. & Desimone, R. Modulation of oscillatory neuronal synchronization by selective visual
attention. Science 291, 1560-1563 (2001).

Khayat, P. S., Niebergall, R. & Martinez-Trujillo, J. C. Frequency-dependent attentional modulation of local field potential signals in
macaque area MT. J. Neurosci. 30, 7037-7048 (2010).

Chalk, M. et al. Attention reduces stimulus-driven gamma frequency oscillations and spike field coherence in V1. Neuron 66,
114-125 (2010).

Khodagholy, D. et al. NeuroGrid: recording action potentials from the surface of the brain. Nat. Neurosci. 18, 310-315 (2015).

Ray, S. & Maunsell, J. H. R. Different origins of gamma rhythm and high-gamma activity in macaque visual cortex. PLoS Biol. 9,
€1000610 (2011).

Siegel, M., Warden, M. R. & Miller, E. K. Phase-dependent neuronal coding of objects in short-term memory. Proc. Natl. Acad. Sci.
106, 21341-21346 (2009).

Whittingstall, K. & Logothetis, N. K. Frequency-band coupling in surface EEG reflects spiking activity in monkey visual cortex.
Neuron 64, 281-289 (2009).

Csicsvari, J., Jamieson, B., Wise, K. D. & Buzsaki, G. Mechanisms of gamma oscillations in the hippocampus of the behaving rat.
Neuron 37, 311-322 (2003).

Fries, P., Womelsdorf, T., Oostenveld, R. & Desimone, R. The effects of visual stimulation and selective visual attention on rhythmic
neuronal synchronization in macaque area V4. J. Neurosci. 28, 4823-4835 (2008).

Lakatos, P, Karmos, G., Mehta, A. D., Ulbert, I. & Schroeder, C. E. Entrainment of neuronal oscillations as a mechanism of
attentional selection. Science 320, 110-113 (2008).

Liebe, S., Hoerzer, G. M., Logothetis, N. K. & Rainer, G. Theta coupling between V4 and prefrontal cortex predicts visual short-term
memory performance. Nat. Neurosci. 15, 456-462 (2012).

Sirota, A. et al. Entrainment of neocortical neurons and gamma oscillations by the hippocampal theta rhythm. Neuron 60, 683-697
(2008).

Vinck, M., Womelsdorf, T., Buffalo, E. A., Desimone, R. & Fries, P. Attentional modulation of cell-class-specific gamma-band
synchronization in awake monkey area v4. Neuron 80, 1077-1089 (2013).

Rasch, M., Logothetis, N. K. & Kreiman, G. From neurons to circuits: linear estimation of local field potentials. J. Neurosci. 29,
13785-13796 (2009).

Besserve, M., Scholkopf, B., Logothetis, N. K. & Panzeri, S. Causal relationships between frequency bands of extracellular signals in
visual cortex revealed by an information theoretic analysis. J. Comput. Neurosci. 29, 547-566 (2010).

Esghaei, M. & Daliri, M. R. Decoding of visual attention from LFP signals of macaque MT. PLoS ONE 9, 100381 (2014).
Monosov, L. E., Trageser, J. C. & Thompson, K. G. Measurements of simultaneously recorded spiking activity and local field
potentials suggest that spatial selection emerges in the frontal eye field. Neuron 57, 614-625 (2008).

Tan, A. Y. Y, Chen, Y., Scholl, B, Seidemann, E. & Priebe, N. J. Sensory stimulation shifts visual cortex from synchronous to
asynchronous states. Nature 509, 226-229 (2014).

Carmichael, J. E.,, Gmaz, J. M. & van der Meer, M. A. A. Gamma oscillations in the rat ventral striatum originate in the piriform
cortex. J. Neurosci. 37, 7962-74 (2017).

Einevoll, G. T. et al. Laminar population analysis: estimating firing rates and evoked synaptic activity from multielectrode recordings
in rat barrel cortex. J. Neurophysiol. 97, 2174-90 (2007).

Cardin, J. A. et al. Driving fast-spiking cells induces gamma rhythm and controls sensory responses. Nature 459, 663-667 (2009).
Okun, M., Naim, A. & Lampl, I. The subthreshold relation between cortical local field potential and neuronal firing unveiled by
intracellular recordings in awake rats. J. Neurosci. 30, 4440-48 (2010).

SCIENTIFICREPORTS|7:17110 | DOI:10.1038/s41598-017-17372-4 10



www.nature.com/scientificreports/

39. Devonshire, I. M., Grandy, T. H., Dommett, E. ]. & Greenfield, S. A. Effects of urethane anaesthesia on sensory processing in the rat
barrel cortex revealed by combined optical imaging and electrophysiology: Imaging and electrophysiology of barrel cortex. Eur. J.
Neurosci. 32, 786-797 (2010).

40. Kisley, M. A. & Gerstein, G. L. Trial-to-trial variability and state-dependent modulation of auditory-evoked responses in cortex. J.
Neurosci. 19, 10451-10460 (1999).

41. Gaese, B. H. & Ostwald, J. Anesthesia changes frequency tuning of neurons in the rat primary auditory cortex. J. Neurophysiol. 86,
1062-1066 (2001).

42. Spaak, E., Bonnefond, M., Maier, A., Leopold, D. A. & Jensen, O. Layer-specific entrainment of gamma-band neural activity by the
alpha rhythm in monkey visual cortex. Curr. Biol. 22,2313-2318 (2012).

43. Roelfsema, P. R. & Treue, S. Basic neuroscience research with nonhuman primates: a small but indispensable component of
biomedical research. Neuron 82, 1200-1204 (2014).

44. Calapai, A. et al. A cage-based training, cognitive testing and enrichment system optimized for rhesus macaques in neuroscience
research. Behav. Res. Methods 49, 35-45 (2016).

45. Nelson, M. J., Pouget, P., Nilsen, E. A., Patten, C. D. & Schall, J. D. Review of signal distortion through metal microelectrode
recording circuits and filters. J. Neurosci. Methods 169, 141-157 (2008).

46. Delorme, A. & Makeig, S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. J. Neurosci. Methods 134, 9-21 (2004).

Acknowledgements

We would like to thank Laura Busse and Steffen Katzner for sharing the data they recorded from monkey T.
We specially thank Suresh Krishna, Roozbeh Kiani and Reza Rajimehr for their expert comments on an earlier
version of the manuscript and Igor Kagan for fruitful discussions. Further acknowledgement should be addressed
to Dirk Priisse, Leonore Burchardt, and Ralf Brockhausen for expert technical assistance. This work was
supported by the grants of the Deutsche Forschungsgemeinschaft through the Collaborative Research Center 889
“Cellular Mechanisms of Sensory Processing” to S.T. (Project C04) and the Federal Ministry of Education and
Research (BMBF) of Germany under grant number 01GQ1005C.

Author Contributions
M.R.D. and S.T. designed the experimental paradigm. M.R.D. collected the data. M.E. performed the data
analyses. M.E., M.R.D. and S.T. interpreted the data. M.E., M.R.D. and S.T. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17372-4.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 17110 | DOI:10.1038/s41598-017-17372-4 11


http://dx.doi.org/10.1038/s41598-017-17372-4
http://creativecommons.org/licenses/by/4.0/

	Local field potentials are induced by visually evoked spiking activity in macaque cortical area MT

	Results

	Discussion

	Materials and Methods

	Animal welfare. 
	Behavioral task and recording. 
	Data analysis. 
	Data availability statement. 

	Acknowledgements

	Figure 1 Task design and stimulus-evoked spiking/LFP activity.
	Figure 2 Spiking activity and LFP peak time relative to each other.
	Figure 3 Correlation map across spiking activity & LFP time bins.
	Figure 4 Correlation maps for spiking activity/LFP from same/different recording sites and linear model prediction of LFPs.
	Figure 5 Correlation maps based on LFPs of different frequency bands.
	Figure 6 Spike-LFP link in time.




