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Ninomiya T, Dougherty K, Godlove DC, Schall JD, Maier A. Micro-
circuitry of agranular frontal cortex: contrasting laminar connectivity between
occipital and frontal areas. J Neurophysiol 113: 3242–3255, 2015. First
published March 5, 2015; doi:10.1152/jn.00624.2014.—Neocortex is strik-
ing in its laminar architecture. Tracer studies have uncovered anatom-
ical connectivity among laminae, but the functional connectivity
between laminar compartments is still largely unknown. Such func-
tional connectivity can be discerned through spontaneous neural
correlations during rest. Previous work demonstrated a robust pattern
of mesoscopic resting-state connectivity in macaque primary visual
cortex (V1) through interlaminar cross-frequency coupling. Here we
investigated whether this pattern generalizes to other cortical areas by
comparing resting-state laminar connectivity between V1 and the
supplementary eye field (SEF), a frontal area lacking a granular layer
4 (L4). Local field potentials (LFPs) were recorded with linear
microelectrode arrays from all laminae of granular V1 and agranular
SEF while monkeys rested in darkness. We found substantial differ-
ences in the relationship between the amplitude of gamma-band (�30
Hz) LFP and the phase of alpha-band (7–14 Hz) LFP between these
areas. In V1, gamma amplitudes in L2/3 and L5 were coupled with
alpha-band LFP phase in L5, as previously described. In contrast, in
SEF phase-amplitude coupling was prominent within L3 and much
weaker across layers. These results suggest that laminar interactions in
agranular SEF are unlike those in granular V1. Thus the intrinsic
functional connectivity of the cortical microcircuit does not seem to
generalize across cortical areas.

cross-frequency coupling; phase-amplitude coupling; canonical mi-
crocircuit; cortical column; spontaneous activity; ongoing activity

SINCE BRODMANN’S INFLUENTIAL PAPER (Brodmann 1909), many
neuroanatomists have reported heterogeneity in cytoarchitec-
ture across the primate neocortex. A vivid example of regional
diversity is provided by comparing the granular primary visual
area (V1) in the occipital lobe and the agranular supplementary
eye field (SEF) in the frontal lobe. V1 has a thick granular layer
4 (L4) where dense thalamic terminals are concentrated,
whereas SEF lacks a granular L4 (Barbas and Pandya 1987;
Brodmann 1909; Shipp 2005; Walker 1940).

The anatomical distinctions between granular visual cortex
and agranular SEF suggest that neuronal interactions within
and between laminae may differ between these two regions. To
characterize laminar microcircuitry within SEF, Godlove et al.
(2014) recently described the visually evoked current source
density (CSD) pattern of that area. They reported visually
evoked current sinks in middle layers followed by sinks in
superficial and deep layers. This sequence is broadly consistent

with the laminar response pattern observed in early visual
areas. However, unlike visual cortex, SEF exhibited two sep-
arate, early current sinks in its middle layers. While the
spatiotemporal results from the visually evoked CSD provide
insight into the sequence of activation among layers, it cannot
differentiate neural activity caused by interareal projections
from activity caused by local microcircuitry.

Spaak et al. (2012) recently addressed this question of local
connectivity in V1 by characterizing the correlational pattern
of resting-state local field potentials (LFPs) in separate layers.
Specifically, gamma-band (30–200 Hz) LFP amplitude (“power”)
in supragranular layers was modulated with the phase of an
infragranular alpha-band rhythm (7–14 Hz). This relationship
is known as phase-amplitude coupling (reviewed by Canolty
and Knight 2010; Jensen and Colgin 2007). Besides revealing
interactions across cortical areas, it can also uncover interlami-
nar connections of ongoing neural activity.

Here we test the general hypothesis that a common, canon-
ical microcircuit is replicated throughout the mammalian neo-
cortex. This conjecture was tested by quantitatively comparing
the phase-amplitude relationship of frequency components in
resting-state LFPs within and across agranular SEF layers with
that within and across granular V1 layers. Our data replicated
a previous finding of lamina-specific phase-amplitude coupling
in V1 during rest and demonstrated that this coupling occurs in
SEF but reveals a fundamentally different laminar pattern
compared with V1.

METHODS

Some of the methods used in this study have been described in
detail elsewhere, including surgical preparation, experimental condi-
tions, data collection, depth alignment, and electrode angle estimation
(Godlove et al. 2014; Maier et al. 2010).

Surgical preparation. Four monkeys were used in this study. Two
monkeys were used to collect data from area V1 (monkeys V1-b and
V1-h, Macaca radiata; male 7.0 kg, female 7.2 kg), while two
different monkeys were used to collect data from SEF (monkey SEF-e,
M. radiata male 8.8 kg; monkey SEF-x, M. mulatta female 6.0 kg). All
procedures were compliant with regulations set by the US Department
of Agriculture (USDA), the Office of Laboratory Animal Welfare
(OWLA), and the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) and approved by the Vanderbilt
University Institutional Animal Care and Use Committee (IACUC).

Data collection. Although recordings in V1 and in SEF were
conducted in different laboratories, the techniques were largely sim-
ilar. During each experimental session, monkeys sat in a custom-made
primate chair with their head restrained. The chair was positioned 73
cm in front of a 27-in. TFT monitor (Asus VG278H) for the V1
recordings and 45 cm in front of a 21-in. CRT monitor (Dell P1130)
for the SEF recordings.
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Data were collected with a 24-channel linear microelectrode array
(Plexon U-Probe, Plexon, Dallas, TX), with an interelectrode spacing
of 100 �m (V1 recordings) or 150 �m (SEF recordings). The range of
impedance measured for all channels was 0.3–0.5 M� at 1 kHz. After
inserting the linear microelectrode array into the target chamber at the
desired depth, we waited 1–4 h until the recorded data indicated that
the electrode had reached a stable position in cortex. After the
electrode had stabilized, we recorded 7–60 min of resting-state LFP in
near-total darkness with the monitor powered off. Extracellular volt-
ages were measured over time in reference to the electrode shaft. For
V1 recordings, the data were amplified and filtered in the range of 0.3
Hz–7.5 kHz, digitized at 30 kHz, and stored with the Blackrock
Microsystems Cerebus system (Salt Lake City, UT). V1 LFP was
extracted off-line by filtering the broadband data between 0.5 Hz and
500 Hz and decimating by a factor of 30, resulting in a sampling rate
of 1 kHz. For SEF recordings, all data were streamed with the Plexon
MAP system (Plexon). SEF LFP data were computed by band-pass
filtering between 0.2 and 300 Hz and amplifying with a gain of 1,000,
followed by digitizing at 1 kHz.

Experimental conditions. The main focus of this study is on data
collected during the resting state. However, each day we also pre-
sented full-screen visual flashes in order to assess the depth of the
electrode in cortex (see Laminar electrode placement). For V1, a
flashing white light stimulus was produced with MonkeyLogic 1.2
(Asaad and Eskandar 2008) in MATLAB 2011b (32 bit) running on a
PC with Windows 7 (64 bit) using an NVIDIA GeForce GTX 680
graphics board. The stimulus filled the entire screen (45° � 27°). In
this passive viewing paradigm, the animal was presented with periodic
50-ms flashes of white light (luminance of 74.7 cd/m2 in CIE color
space), each followed by a 1-s black blank (0.470 cd/m2) screen for a
period of 20 min. For SEF sessions, when the monkey’s gaze fell
within 11° of the center of the CRT monitor a white square (34.8
cd/m2, 14.3 ms at 70 Hz) was presented for a single frame (14.3 ms)
at the central area of the CRT monitor (corresponding to the central
40° � 36° of the visual field), followed by 500 ms of a blank black
screen (0.1 cd/m2) for as long as the monkey’s gaze remained in this
central window. The stimulus presentation was provided in blocks of
100–200 presentations. Flash presentation and eye position monitor-
ing were performed by dedicated computers (TEMPO, Reflective
Computing, Olympia, WA; EyeLink, SR Research, Mississauga, ON,
Canada). The timing of visual light flashes was measured by a
photodiode positioned against the monitor.

Laminar electrode placement. Accurate laminar placement of the
electrode channels was required for these experiments. This was
achieved through multiple steps, checks, and tests (Fig. 1).

1) The linear microelectrode arrays were inserted slowly. Upon
penetration of the dura mater, the depth of the electrode array in cortex
(usually just a few hundred micrometers) was discerned by contrast-
ing the 1/f� (pink) noise profile of the neural LFP on array channels
in neuropil from the Gaussian noise profile on channels outside of the
brain (Fig. 1E). The array of channels was never fully advanced into
the cortex in order to identify the depth of cortical entry. If a guide
tube was used to fortify the electrode during penetration, it was
retracted after the array entered the brain to ensure that no channels
were occluded. Note that no penetration through the dura mater was
made with a guide tube.

2) The distinction between channels inside and outside the neocor-
tex was validated by the presence of spontaneous and visually evoked
single-unit and multiunit spiking activity.

3) Converging evidence for array depth was obtained from the
laminar profile of LFP gamma power (40–80 Hz), which is quanti-
fiably attenuated on channels outside the cortex. Gamma power is
typically increased in middle layers and decreased in lower layers in
both V1 (Maier et al. 2010; Smith et al. 2013; Xing et al. 2012) and
SEF (Godlove et al. 2014).

4) Further converging evidence for array depth in V1 was obtained
from a clear separation of LFP coherence between L4C and L5 (Maier
et al. 2010).

5) Further converging evidence for array depth in SEF was ob-
tained from the laminar profile of spike width, corresponding to the
histological distribution of pyramidal cells and interneurons (Godlove
et al. 2014).

6) Further converging evidence for array depth was provided by the
distinctive laminar profile of the visually evoked CSD in V1 (Hansen
et al. 2012; Kajikawa and Schroeder 2011; Schroeder et al. 1998; Self
et al. 2013) and in SEF (Godlove et al. 2014) (Fig. 1F). This approach
is detailed in the next section.

7) Further converging evidence for proximity to the pial surface
was marked by a commonly observed electrocardiogram signal (God-
love et al. 2014) (Fig. 1F).

8) These neurophysiological criteria were supplemented with sev-
eral imaging techniques to verify both cortical penetration depth and
orthogonality of the electrode to the cortical surface with high-
resolution MRI (Maier et al. 2008) and a combination of CT scans and
MRI (Godlove et al. 2014) (Fig. 1, A–D).

Previous work has established that similar criteria for matching
penetration depth and distinction of laminar compartments correspond
to the position of deliberately placed electrolytic lesions when verified
in histological sections (Schroeder et al. 1998).

Intersession alignment of laminar data. Each recording session
resulted in time-varying voltage from each of the 24 electrode chan-
nels. To average data aligned for cortical depth of the array across
sessions, we employed CSD analysis of visual responses to brief
flashes of light (Maier et al. 2010; Fig. 1F). After constructing
event-related LFPs, triggering to the onset of each flash, and averag-
ing across samples, we calculated the second spatial derivative defined
by a three-point formula:

CSD � �
X�t, c � z��2X�t, c� � X�t, c � z�

z2

where X is the extracellular voltage recorded in microvolts at time t
from an electrode channel at position c and z is the electrode interchannel
distance (100 �m for V1 recordings and 150 �m for SEF recordings)
(Nicholson and Freeman 1975). To convert this measure into units of
current per unit volume, we multiplied the result by an estimate of the
conductivity of cortex, 0.4 S/m (Logothetis et al. 2007).

The location of granular L4C in V1 is uniquely characterized by an
early current sink, reflecting the excitatory postsynaptic potentials
produced by geniculate activation (Mitzdorf and Singer 1979). We
identified the channel positioned at the bottom of this initial current
sink, typically located 0.8–1.3 �m below the dura, and aligned array
depths across sessions on this reference point (Maier et al. 2010). Data
from SEF were aligned with an automated approach that finds the
optimum depth estimates by minimizing the summed differences
between every CSD profile in the data set (Godlove et al. 2014).

Data analysis. Data analyses were performed in MATLAB (R2013a,
MathWorks, Natick, MA) with custom-written scripts and with the
FieldTrip toolbox (Oostenveld et al. 2011). Analyses in this report
parallel precisely and extend those described in Spaak et al. (2012).

Time-frequency representations (TFRs) and a modulation index
(MI) were computed with bipolar derivations of LFPs obtained by
rereferencing each electrode channel (excluding the most superficial)
to one located 200 �m (V1) or 150 �m (SEF) in the superficial
direction. This procedure attenuates the effects of electric volume
conduction, resulting in more spatially precise evaluation of the local
coupling within and between cortical layers.

The data from V1 were further subselected with the bipolar LFPs
at electrode channels positioned �900, �300, �200, and �500 �m
relative to the bottom of the initial L4 sink, thus providing 1,510,
1,521, 1,441, and 897 high alpha segments, respectively, during 432
min of recordings. In SEF, we chose the four electrode channels
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exhibiting the highest-magnitude visually evoked current sinks
(�450, 0, �750, and �1350 �m relative to the location of the
highest-magnitude visually evoked current sink in L3), which pro-
vided 1,519, 1,541, 1,678, and 1,392 high alpha segments, respec-
tively, in 621 min of recordings.

We extracted periods of high alpha-band power in the bipolar LFPs
for each session. Specifically, bipolar LFPs were band-pass filtered
(2-pass least-square finite impulse response filter with an order of 426
over 7–14 Hz) and then Hilbert-transformed to acquire the alpha-band
amplitude envelope. Each high alpha segment had an amplitude above
the 30th percentile of the alpha amplitude distribution within the
session for a minimum time of 800 ms.

Alpha-aligned time-frequency representations. TFRs were ob-
tained by aligning time-varying power spectra of the LFP (20–300
Hz) to alpha-band LFP peaks recorded from a single reference

channel (Fig. 2A). More specifically, alpha peaks in the LFP were
defined by identifying zero crossings in the second temporal deriva-
tive of the band-limited alpha (7–14 Hz) reference signal. To obtain
each TFR, the spectral power of the bipolar LFP segments around
alpha peaks was computed with a sliding time window and a single
Hanning taper. Power in each frequency band was computed in 1-Hz
steps from 20 to 300 Hz, with a varying window length set to 7 cycles
of the frequency of interest (e.g., the window length for 20 Hz was
350 ms, and the window length for 300 Hz was 23.33 ms). These
alpha-aligned TFRs were averaged and normalized relative to the
average power per frequency within each channel.

To compute statistical significance, randomly shuffled TFRs
were obtained by the procedure outlined above but with pairing of
the LFP for phase extraction from one session with the amplitude
from a different session recorded in the same area. Results were
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Fig. 1. Laminar electrode placement. A: anatomical MR
image of primary visual cortex (V1) after electrode
removal, revealing penetration tracks. The implanted
recording chamber can be seen extending caudally. B:
magnified MRI scan of V1, showing 2 adjacent, parallel
electrode penetration tracks. Note that the MR image
does not directly show the cortical lesion but instead the
larger magnetic field distortion (susceptibility artifact)
caused by the cerebrospinal fluid that has entered the
track. C: anatomical MR image of supplementary eye
field (SEF). D: magnified image of region outlined in C.
A CT scan of the linear microelectrode array inside the
recording chamber (blue line) was coregistered with the
MRI. After the boundaries between gray/white matter
and gray matter/skull were manually drawn (green
lines), an automated algorithm determined the perpen-
dicular lines along the boundaries (thin yellow lines).
Note the perpendicularity of the electrode to the cortical
surface. E: recordings of physiological signals during
electrode placement. The electrode was advanced �500
�m between successive recordings. Note the advance-
ment of the electrocardiogram (red lines) and 1/f neural
data (blue lines). F: schematic illustration of electrode
configuration. Local field potentials (LFPs) were re-
corded simultaneously across layers of V1 or SEF with
the linear multielectrode array. The location of each
electrode channel was estimated by the visually evoked
current source density (CSD) for each session, which
was also used to align the data in depth across sessions.
Grand average visually evoked CSDs are shown beside
Nissl sections of V1 and SEF.
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converted into t-scores, by comparing the alpha-aligned TFRs to
the shuffled TFRs, for cluster-based statistical testing (Maris and
Oostenveld 2007). We selected four representative channels from
different laminar compartments to assess the relationship between
the alpha-band peaks and LFP power within and across the cortical
layers. We computed TFRs for the four channels relative to each
alpha reference electrode channel, resulting in 16 TFR combina-
tions for both SEF and V1.

Modulation index. The strength of phase-amplitude coupling was
quantified with the MI proposed by Tort et al. (2010) (Fig. 2B). First,
the bipolar LFP during periods of high alpha-band power was band-
pass filtered into 2-Hz-wide bands centered on the frequency of
interest, fphase, for all electrode channels. Then the instantaneous
phase of a given frequency was estimated by extracting the angle of
the Hilbert-transformed bipolar band-limited LFP. To analyze the
amplitude of the LFP, bipolar LFPs from all electrode channels during
the high alpha periods (see Data analysis) were band-pass filtered into
10-Hz-wide bands, centered on famp. The Hilbert transform was
applied to these band-limited segments, and the instantaneous ampli-
tude was extracted by taking the absolute value of the output of the
Hilbert transform. The MI was computed for all pairs of frequency
bands, fphase and famp, in 1-Hz steps from 3 to 60 Hz and from 30 to
300 Hz, respectively. A matrix of MI values across frequencies for
phase versus amplitude was obtained with this procedure. The statis-
tical significance of MI values was assessed with a random permuta-
tion test (using 1,000 shuffles) (Spaak et al. 2012). Significant MI
values were averaged over the alpha (7–14 Hz) and gamma (30–200
Hz) bands to obtain a single MI value for each pair of bipolar LFPs.
This yielded a matrix of mean MI values with each element corre-
sponding to a specific combination of cortical depth for alpha phase
and cortical depth for gamma amplitude. The MI matrix of the
intersession averages was cubic spline interpolated 10-fold across
space. The MI matrices were trimmed after averaging so that each
data point shown reflects the average over the number of sessions
indicated. Each element of the MI matrix was converted to a t-score
using the shuffled MI matrices described above to perform cluster-
based statistical testing (Maris and Oostenveld 2007).

Validation of TFR and MI analyses. The validity of the TFR and
MI analyses was evaluated through analyses of a simulated signal.
The simulated signal had three components: Signalph (10-Hz sine
wave), Signalamp (100-Hz sine wave with its amplitude coupled with
Signalph), and 1/f� (pink) noise, with their relative amplitudes set to 5,
1, and 105, respectively (Fig. 2C). The TFR computed on the simu-
lated signal showed power around 100 Hz modulating with the phase
of Signalph, verifying the phase-amplitude coupling in the simulated
signal (Fig. 2C). Similarly, the MI analysis applied to the simulated
signal produced the highest values between a phase of �10 Hz and an
amplitude of 100 Hz (Fig. 2C).

Considerable smearing might occur in the lower frequency range of
the TFRs because the length of the sliding time window is short, e.g.,
estimation of power at 30 Hz is based on �2 cycles of alpha. To
clarify whether such an artifact is critical, the TFR analysis was
performed with Signalamp at low frequencies (30 Hz and 50 Hz; Fig.

2D). Clear modulation of power was confined around the frequency of
Signalamp, suggesting that smearing is not critical even when the TFR
analysis is applied to the low frequency range.

Alpha-aligned current source density analysis. For the alpha-
aligned CSD analysis, alpha peaks in the unipolar LFP were detected
as described above. LFP segments in a 400-ms window centered on
alpha peaks were averaged for each channel. The CSD was calculated
through the discrete second spatial derivative as described above. The
average CSD around alpha peaks was cubic spline interpolated 10-
fold across the spatial dimension. This analysis was performed on the
electrode channels described in Alpha-aligned time-frequency repre-
sentations. The statistical significance of this CSD was assessed with
the procedure applied for alpha-aligned TFRs.

RESULTS

We collected laminar LFPs in V1 for 432 min (226 min over
11 sessions for monkey V1-b; 206 min over 12 sessions for
monkey V1-h) and in SEF for 621 min (339 min over 7 sessions
for monkey SEF-e; 282 min over 9 sessions for monkey SEF-x).

Fig. 2. A: schematic derivation of time-frequency representation (TFR). Example LFP segment is band-pass filtered into 2 frequency ranges of interest for
amplitude (Signalamp, red; 20–300 Hz) and for phase (Signalph, blue; 7–14 Hz). The spectral power of Signalamp is calculated with a sliding time window and
triggered at every peak of Signalph to obtain averaged power of Signalamp around the peak of Signalph. This procedure is repeated for each Signalamp frequency
in 1-Hz steps from 20 to 300 Hz to obtain the full TFR. B: schematic derivation of the modulation index (MI). The first filtering steps are the same as for the
TFR. Next, the instantaneous amplitude of Signalamp and the instantaneous phase of Signalph are calculated with the Hilbert transform. The amplitude of Signalamp

is binned according to the phase of Signalph. The MI is calculated with the algorithm proposed by Tort et al. (2010). The MI equals 0 when the amplitude is
distributed uniformly across the phase cycle (right). C: application of TFR and MI analyses to simulated LFP. Top left: simulated LFP is the sum of 3 spectral
components: Signalph (10-Hz sine wave), Signalamp (100-Hz sine wave with amplitude coupled with Signalph), and 1/f� (pink) noise. Top right: MI matrix of
simulated LFP. The procedure shown in B was repeated for Signalph frequencies ranging from 3 to 60 Hz and Signalamp frequencies ranging from 30 to 300 Hz.
High MI values occurred around a phase frequency of 10 Hz and amplitude frequency of 100 Hz. Bottom: TFRs of simulated LFP with different frequencies
for Signalamp (100 Hz, 50 Hz, and 30 Hz from left to right, respectively). Clear modulation of power occurs around each frequency of Signalamp synchronized
with the peaks and troughs in Signalph (bottom left). Note that the range of the y-axes for the right 2 TFRs is different from that for the left TFR to reveal the
entire shape of the modulation. No pronounced smearing can be seen in any TFR.
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Power spectral density differences. We computed the power
spectral density (PSD) of the LFP using the fast Fourier
transform for each of the main laminar compartments of the
two areas (Fig. 3). As reported previously for V1 (Maier et al.
2010), gamma (�40 Hz) LFP power was higher in L2/3 and L4
than in L5 and L6. In contrast, low-frequency (
10 Hz) LFP
power was higher in deeper than in superficial layers. SEF
exhibited a different pattern, with gamma LFP power being
highest in L3 and also in L5. In summary, the distribution of
power differed among laminae within each region, and the
laminar pattern of LFP power was qualitatively different be-
tween the two areas.

The pattern of the laminar PSDs provided another measure
to validate laminar depth alignment across sessions (Fig. 4).
Data across sessions, each with the array positioned at a
different depth, were aligned to minimize the difference in the
laminar profile of power in the 40–80 Hz range for both V1
and SEF. Then the grand average visually evoked CSD was
calculated. The CSD calculated from this alignment procedure
(Fig. 4C) was very similar to the CSD calculated from the other
alignment procedure (Fig. 1F). This similarity provides addi-
tional converging support for the accuracy of the intersession
alignment applied in this study.

Phase-amplitude coupling differences. We next compared
interlaminar interactions of LFP frequency components in both
areas with cross-frequency analyses (Canolty et al. 2006;
Jensen and Colgin 2007; Spaak et al. 2012). We first describe
results showing that V1 and SEF differ in their respective
spectral patterns of interlaminar alpha-gamma coupling. We
then extend this finding by describing the laminar pattern of

phase-amplitude coupling across a wider range of frequencies.
Finally, we compare the laminar patterns of the alpha-related
current sinks and sources in V1 and SEF.

To confirm the reliability of our data and the validity of our
analytic approach, we started by evaluating whether our V1
data showed a similar laminar profile of alpha-gamma cou-
pling, as reported in a previous study (Spaak et al. 2012). After
identifying amplitude peaks in alpha-band (20–300 Hz) LFPs
from L5, we computed phase-locked TFRs for LFPs recorded
from L2/3, L4, L5, and L6. The result can be seen in Fig. 5.
TFR colors indicate the relative amount of alpha-locked power
modulation as a function of frequency, while the contours
indicate significant modulations of gamma power based on a
random permutation test (see METHODS for details). In line with
Spaak et al. (2012), we found that gamma power in superficial
layers (Fig. 5A) as well as in infragranular L5 (Fig. 5C) was
significantly coupled to the phase of alpha-band LFPs in L5.
Coupling was also observed between gamma power in L4 and
L6 and alpha phase in L5, albeit with reduced prominence.

Performing the same analysis on the data from SEF, we
made several new observations. First, the overall power mod-
ulation in SEF was not as strong as that in V1 (maximum SEF
power modulation around L5 alpha phase was 3% vs. 15%
around L5 alpha phase with L2/3 high gamma amplitude in
V1). Second, unlike in V1, in L3 of SEF only gamma above
�150 Hz coupled with L5 alpha phase (Fig. 5F). Third, in
further contrast to V1, gamma power in SEF L2 and L5 was
only inconsistently coupled with L5 alpha phase (Fig. 5, E and
G). These results are summarized in Fig. 5I, which shows
alpha-coupled gamma amplitude for each laminar compart-
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ment of V1 and SEF divided into high (�90 Hz) and low
(30–90 Hz) gamma frequency bands, respectively. Alpha-
coupled gamma amplitudes differed significantly between cor-
responding laminar compartments of V1 and SEF (ANOVA,
P 
 0.01 followed by post hoc t-test, Bonferroni corrected P 

0.01; n � 15 for V1, n � 16 for SEF). Furthermore, in L3 of
SEF, alpha-coupled gamma amplitude in the high gamma
range was significantly larger than that in the low gamma
range.

Phase-amplitude coupling in V1 and SEF also differed in the
phase relation between alpha and gamma. The distribution of
L5 alpha phase at the maximum gamma amplitude within low-
and high-frequency gamma bands revealed different patterns
across layers in V1 and SEF (Fig. 5J). In V1, the modulatory
alpha phase in all layers was significantly different from a
uniform distribution (Rayleigh’s test for nonuniformity with
Bonferroni correction, P 
 0.01). In contrast, in SEF only in
L3 and L5 were the phase distributions significantly different
from a uniform distribution (Rayleigh’s test for nonuniformity
with Bonferroni correction, P 
 0.01).

The differences between V1 and SEF for gamma coupling
with L5 alpha led us to examine whether alpha in other cortical
layers would reveal a similar pattern of coupling (Fig. 6). To

address this, we measured translaminar gamma coupling to
alpha in the middle layers of V1 (L4) and SEF (L3). While the
strongest coupling in V1 occurred between alpha in L5 and
gamma in L2/3, the strongest coupling in SEF occurred be-
tween alpha and gamma within L3 (Fig. 6A). In V1, L4 alpha
phase also coupled with L2/3 amplitude. Within SEF, L3
showed the greatest power modulation and consistency of
coupling. In this layer, coupling of high gamma to alpha was
significantly greater than coupling of low gamma to alpha (Fig.
6B). Only weak coupling was observed between L2 alpha
phase and L3 gamma amplitude.

We next performed a quantitative analysis to evaluate these
qualitative differences. We found that the distribution of alpha
phase triggered to maximum gamma amplitudes in the middle
layers of both V1 and SEF confirmed the results described
above. In V1, the distribution of L4 alpha phases was signifi-
cantly different from uniform for low gamma amplitudes in L5
and low and high gamma amplitudes in L2/3 (Fig. 6B) (Ray-
leigh’s test for nonuniformity, P 
 0.01, Bonferroni corrected).
In SEF, the distribution of L3 alpha phases was significantly
different from uniform only for high gamma amplitudes in L3
and L5. No significant difference was found for L6 alpha phase
in either area.
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We also found that the temporal relation between alpha
amplitude peaks and maxima of gamma power differed be-
tween areas. In V1, the peak of gamma modulation in L2/3 and
L5 coincided with the L5 alpha-band peak (Fig. 5, A, C, J; note
that the alpha peak corresponds to 0° in the polar plots).
Likewise, in SEF the maximum of gamma modulation in L3
coincided with the L5 alpha-band peak (Fig. 5, F and J).
However, in SEF, the maximum of gamma power within L3
preceded the L3 alpha peak (Fig. 6, A and B). While coupling
was weak between L2 alpha LFP and gamma power in L3 and

L4 in SEF, the maxima of gamma power occurred on either
side of the alpha peak, with reduced power coinciding with the
alpha peak (Fig. 6, C and D).

We tested statistically whether the temporal phase relation
between alpha amplitude peaks and maxima of gamma power
was different between areas. To accomplish this, we used a
permutation test based on Watson’s U2 statistic to compare all
cortical layers with phase distributions that were significantly
nonuniform (n � 1,000; P 
 0.01, Bonferroni corrected). For
the high frequency range, we found significant differences
between SEF and V1 for L3/L3, L3/L5, and L2/L3 alpha-
gamma coupling. In the low gamma range, V1 and SEF
differed significantly for L2/L3 coupling. Thus translaminar
coupling differs between the low and high gamma range both
within and between cortical areas.

Next we asked whether the nonuniform phase relation dif-
fered by the layer of alpha reference in V1 and SEF (permu-

Fig. 6. Gamma amplitude coupling to alpha phase from superficial layers of V1 and SEF. Conventions as in Fig. 5. A and B: TFRs and statistical comparisons
for translaminar gamma coupling to alpha phase in L4 (V1, left) and L3 (SEF, right). C and D: same as A and B but for alpha phase from L2/3. V1 data show
only minimal gamma modulation with alpha phase in superficial layers. In contrast, SEF gamma power was coupled to the local alpha phase within each
respective laminar compartment. Note the phase difference in SEF’s alpha-coupled gamma modulation compared with Fig. 5.

D
iff

er
en

ce
 o

f
M

od
ul

at
io

n 
in

di
ce

s

3.0

-3.0

x10–3

V1

F
re

qu
en

cy
 fo

r 
am

pl
itu

de
 (

H
z)

100

300

10 60 10 60
Frequency for phase (Hz)

SEFA B

L2L2/3

L3L4

L5L5

L5 ref - L4 ref L5 ref - L3 ref

L6L6

Fig. 7. Difference of interlaminar phase-amplitude coupling as a function of
frequency for phase references in different layers of V1 and SEF. Each matrix
was obtained by subtracting the Tort MI using L4 (V1) or L3 (SEF) phase-
locked signals from L5 phase-locked signals between low-frequency phase
(3–60 Hz) and high-frequency amplitude (30–300 Hz) in 1-Hz steps. A:
frequency-dependent MI across laminar compartments for L4 phase-locked
signals subtracted from the MI derived from L5 phase-locked signals in area
V1 (n � 15). Positive MI values for L2/3 and L5 suggest that gamma
amplitude in these layers was coupled stronger with alpha phase in L5 than that
in L4. B: same as A but for a contrast between L3 and L5 phase-locked signals
in area SEF. MI patterns for SEF suggest that phase-amplitude coupling was
stronger within layers than between L5 and L4 and that these effects were
strongest outside of the alpha range. Note the difference in spectral patterns of
coupling across layers between V1 and SEF.

10 60

L2

L3

L5

L5 ref - L2 ref

L6

D
iff

er
en

ce
 o

f
M

od
ul

at
io

n 
in

di
ce

s

3.0

-3.0

x10–3

V1

Frequency for phase (Hz)

SEFA B

F
re

qu
en

cy
 fo

r 
am

pl
itu

de
 (

H
z)

100

300

10 60

L2/3

L4

L5

L5 ref - L2/3 ref

L6

Fig. 8. Difference of interlaminar phase-amplitude coupling between phase
references in superficial layers (L2/3 for V1 and L2 for SEF) and L5. All
conventions and statistical parameters are identical to those in Fig. 7. A:
frequency-dependent MI across laminar compartments for L2/3 phase-locked
signals subtracted from that derived from L5 phase-locked signals in V1. B:
same as A but for a contrast between L2 and L5 phase-locked signals in SEF.

3250 FREQUENCY COUPLING IN VISUAL AND AGRANULAR CORTEX

J Neurophysiol • doi:10.1152/jn.00624.2014 • www.jn.org



tation test based on Watson’s U2 statistic; n � 1,000; all P 

0.01, Bonferroni corrected). We found that in V1 only the
temporal phase relation between L4 alpha peaks and L5
gamma power was significantly different from the other phase
relations. In contrast, in SEF, the phase relation between L5
alpha peaks and L3 as well as L5 gamma power was signifi-
cantly different from all other temporal phase relations, sug-
gesting that the temporal structure of phase-amplitude coupling
is variable across layers in SEF, in contrast to V1.

Broadband phase-amplitude coupling differences. To deter-
mine whether the observed laminar differences between V1
and SEF in phase-amplitude coupling generalize beyond the
alpha band, we calculated the MI proposed by Tort et al.
(2010). This method results in a single value measuring the
degree of coupling between a pair of frequencies for phase and
amplitude. The MI was obtained for every combination of
frequencies for phase (3–60 Hz) and amplitude (30–300 Hz)
and between every combination of pairs of representative
channels shown in Fig. 5 and Fig. 6. To facilitate comparison
of results using phase references from different laminar com-
partments, we subtracted the MI maps obtained for each
laminar phase reference from a baseline MI map with a L5
phase reference (Fig. 7 and Fig. 8). Note that MI maps based
on a L6 phase reference were dropped from further investiga-
tion, as statistically significant coupling between phase in this
layer and amplitude in the layers above was not observed in
either area (see Phase-amplitude coupling differences).

In V1, positive MI values were observed between alpha-
range (7–14 Hz) phase and gamma amplitudes across all
layers, with the most pronounced modulation in L2/3 and L5
(Fig. 7A and Fig. 8A). Since these plots show the difference in
MI for references in L2/3 and L4 compared with L5, the
consistency of this pattern suggests that gamma coupling was
strongest for alpha in L5 compared with alpha from other

layers. This was not the case for SEF. Here again, we found
that translaminar coupling was diminished overall, with the
strongest effects being outside the alpha range (Fig. 7B and
Fig. 8B). As a whole, the MI analysis confirmed that phase-
amplitude coupling is both qualitatively and quantitatively
different between V1 and SEF, even outside the frequency
bands that we have focused on so far.

Laminar phase-amplitude coupling differences. To con-
cisely summarize the laminar pattern of coupling between the
alpha and gamma bands of the LFP in V1 and SEF, the MI
values between 7 and 14 Hz (for phase) and between 30 and
200 Hz (for amplitude) were averaged across every electrode
combination and across cortical depth. This yielded an MI map
with the cortical depth of alpha phase on the x-axis and that of
gamma amplitude on the y-axis (Fig. 9). These interlaminar MI
maps confirmed that in V1 the gamma amplitude recorded in
L2/3 and in L5 coupled with alpha phase in L5. This inter-
laminar coupling was absent in SEF. Instead, SEF gamma
amplitude in L3 was coupled only to alpha in L3; weaker
intralaminar coupling was also observed in L5.

Alpha-aligned current source density differences. We next
identified the local origins of the extracellular currents associ-
ated with the alpha phase involved in the phase-amplitude
coupling above. After detection of alpha peaks in unipolar
LFPs in L2/3, L4, L5, and L6 of V1 and in L2, L3, L5, and L6
of SEF, the time-locked laminar CSD was calculated.

In V1, an alternating sink-source pattern straddled the L4/L5
boundary around the time of L5/L6 alpha peaks (Fig. 10A). A
sink-source pair was also seen in L2/3, where the alpha-
coupled gamma power modulation was most pronounced, as
described above. These supragranular (L2/3) sink-source pairs
were present for alpha references in all cortical layers. The
alpha-aligned CSD pattern in SEF was qualitatively different
from that for V1, with all sinks and sources restricted to the
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layer of the alpha reference channel (Fig. 10B). Note that the
sink-source patterns in the alpha-aligned CSDs were largely
consistent across animals in both V1 and SEF. For each
area, the alpha-aligned CSD paralleled the distinct patterns
of interlaminar and intralaminar coupling within V1 and
SEF, respectively.

DISCUSSION

We investigated interlaminar phase-amplitude coupling in
granular occipital area V1 and agranular frontal area SEF. We
demonstrated, for the first time, phase-amplitude coupling in
SEF and replicated a previous report of translaminar coupling
in V1 (Spaak et al. 2012). Direct comparison between V1 and
SEF revealed pronounced differences across areas. Specifi-
cally, we found that V1 and SEF differ in their laminar pattern
of coupling, the relative strength of this translaminar coupling,
the spectral width of frequencies that are coupled with alpha
phase, as well as the temporal phase relation of the cross-
frequency coupling.

In V1, prominent interlaminar coupling was observed be-
tween the alpha phase in L5 and both low and high gamma
power (30–200 Hz) in L2/3 and L5. In SEF, the strongest
coupling was observed between alpha phase and high gamma
power (90–200 Hz) within L3. Unlike V1, consistent inter-
laminar interactions were nearly absent in SEF. Congruent
with the reduced magnitude and the locally restricted laminar
pattern of cross-frequency coupling in SEF, the alpha-aligned
CSD profiles in SEF revealed weaker and more restricted
current sources than those in V1. These results suggest that the
laminar circuitry producing this coupling is quantitatively and
qualitatively different between granular V1 and agranular SEF.

Deeper insight on specifics of these regional differences in
the organization of local laminar circuits can be gained from
CSD analysis. CSD analysis relies on several crucial assump-
tions about both cortical geometry and electrode parameters
that are often difficult to control (Nelson et al. 2008; Tenke et
al. 1993). However, none of these theoretical considerations
and concerns has proven limiting in practice (Kajikawa and
Schroeder 2015). Accordingly, CSD analysis has proven ef-
fective as a revealing assay of interlaminar connectivity (Bol-
limunta et al. 2008, 2011; Spaak et al. 2012). Based on the
CSD of the LFP around the time of L5 alpha peaks, Bollimunta
and coworkers (2011) reported that alpha generators can be
found in all layers of V1. Confirming these results, we found
multiple current sinks and sources across the layers of V1 that
emerge during alpha peaks in L5. A similar pattern of alpha-
aligned CSD was reported for areas V2 and V4 (Bollimunta et
al. 2008). These functional similarities among early visual
areas are consistent with the hypothesis of a “canonical micro-
circuit,” stating that interlaminar connectivity is preserved
across neocortical areas (Callaway 1998; Douglas and Martin
2004; Gilbert 1983). However, the laminar pattern of alpha-
aligned CSD in SEF deviated significantly from this general
scheme. These functional differences are difficult to explain

without allowing for anatomical differences between the cor-
tical microcircuits of V1 and SEF.

It seems conceivable that agranular cortex is a special case
among cortical areas–and thus the only exception to the rule. In
other words, apart from agranular areas the vast majority of
cortex may follow a stereotypical columnar microcircuit with a
prominent role for granular L4. Since SEF is thought to lack
this central layer, its functional design may be altered to
accommodate for this anatomical difference. However, it is
worth noting that the spatial extent of granular L4 varies
gradually across cortex in the rostro-caudal direction, and
whether or not classically defined “agranular” areas are entirely
void of L4 is still debated (García-Cabezas and Barbas 2014).
The extent to which the laminar pattern of alpha generators and
of phase-amplitude coupling found in primary visual cortex
generalizes to other cortical areas remains an outstanding
question.

As discussed by Spaak et al. (2012), the phase-amplitude
coupling of V1 might be explained by the known anatomical
microcircuitry of visual cortex. Specifically, the alpha-aligned
sink-source patterns straddling the L4/L5 boundary can arise
from synchronized synaptic input to the proximal segment of
apical dendrites of L5/L6 pyramidal neurons. This localized
pattern of activation can spread to interneurons within the same
layer (Kapfer et al. 2007; Silberberg and Markram 2007),
which project to the superficial layers and modulate activity
there (Dantzker and Callaway 2000; Iurilli et al. 2012; Xu and
Callaway 2009). Similarly detailed anatomical knowledge
about SEF’s laminar microcircuit remains lacking, but our
results suggest that interlaminar connections in SEF are gen-
erally not as prevalent as in V1. It is tempting to speculate that
SEF’s columnar microcircuit might rely less on interlaminar
connectivity because SEF tends to receive input and send
output within the same layer. For example, L3 receives input
from the mediodorsal nucleus of the thalamus (Erickson and
Lewis 2004; Giguere and Goldman-Rakic 1988) and several
cortical areas including lateral intraparietal area (LIP), area 7a,
and the frontal eye field (FEF) (Barbas and Pandya 1987;
Huerta and Kaas 1990; Shipp et al. 1998). At the same time,
SEF L3 sends projections to connected areas such as the FEF
(Barbas and Mesulam 1981; Huerta et al. 1987). This balanced
organization between thalamo-cortical inputs and outputs in
SEF is markedly different from the anatomical design of V1,
where dense thalamic afferents in the middle layers are spa-
tially segregated from interareal connections above and below
(Markov et al. 2014; Sincich and Horton 2005).

Several studies suggest that alpha-band LFPs are generated
by neural interactions between the thalamus and the cortex
(e.g., Andersen and Andersson 1968; Saalmann et al. 2012;
Steriade et al. 1990). In this context, it is interesting to note that
the magnitude of coupling and the alpha-aligned current per
unit volume were highest in L3 of SEF, where projections from
thalamic nuclei, such as the mediodorsal nucleus, preferentially
terminate (Erickson and Lewis 2004; Giguere and Goldman-

Fig. 10. Alpha-aligned current source density. A: grand average laminar CSD aligned on alpha peak in V1 (monkey V1-b, n � 7 sessions; monkey V1-h, n �
8). Alpha reference in L2/3, L4, L5, or L6 from left to right (marked with arrowhead). Black lines indicate estimated laminar borders. Maximum current per unit
volume is indicated at top right of each plot. White contours indicate statistically significant difference from zero (FDR-corrected P 
 0.05). B: grand average
laminar alpha-aligned CSD in SEF (SEF-e, n � 7; SEF-x, n � 9). All image conventions as in A. Note that interlaminar sink-source pairings were observed in
V1 but not in SEF.
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Rakic 1988). One possible interpretation of these findings is
that SEF L3 might act as a functional equivalent to both
granular and extragranular layers of V1. The translaminar
coupling between L5 and L2/3 in V1 might be linked to the
integration of intra- and interareal information associated with
these areas. However, in SEF this process might be restricted
to L3, where the main thalamic input meets cortico-cortical
connections. The spatially restricted phase-amplitude coupling
we observed in SEF thus might be a reflection of a similar type
of integrative activity as in area V1, albeit with a different
spatial scope.

Recent studies have shown that the gamma range of neural
oscillations (�30 Hz) comprises several functionally distinct
subbands with different response characteristics (Belluscio et
al. 2012; Colgin et al. 2009; Ray et al. 2008; Ray and Maunsell
2011). This spectral distinction is likely also relevant to cross-
frequency coupling. However, we did not see systematic dif-
ferences of coupling between low and high gamma bands for
our V1 resting-state data. This finding is not necessarily incon-
sistent with previous work, because distinctions between low
gamma and high gamma activity can depend on stimulation
conditions (Ray and Maunsell 2011). Having said this, cou-
pling within the low gamma range (
90 Hz) was largely
absent in SEF. This lack of low gamma coupling in SEF
suggests that gamma subbands in SEF might reflect a func-
tional division different from that in sensory visual cortex.

In summary, the present study revealed that lamina-specific
phase-amplitude coupling occurs in agranular SEF as in early
visual areas, but both the magnitude and spatial structure of
this coupling are substantially different between areas. These
results are difficult to reconcile with the hypothesis of a
universal bauplan of canonical cortical circuits in all cortical
areas (Douglas and Martin 2011).
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