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Summary
While the mammalian neocortex has a clear laminar organization, layer-specific neuronal
computations remain to be uncovered. Several studies suggest that gamma band activity in
primary visual cortex (V1) is produced in granular and superficial layers and is associated with the
processing of visual input [1–3]. Oscillatory alpha band activity in deeper layers has been
proposed to modulate neuronal excitability associated with changes in arousal and cognitive
factors [4–7]. To investigate the layer-specific interplay between these two phenomena, we
characterized the coupling between alpha and gamma band activity of the local field potential
(LFP) in V1 of the awake macaque. Using multicontact laminar electrodes to measure
spontaneous signals simultaneously from all layers of V1, we found a robust coupling between
alpha phase in the deeper layers and gamma amplitude in granular and superficial layers.
Moreover, the power in the two frequency bands was anticorrelated. Taken together, these
findings demonstrate robust inter-laminar cross-frequency coupling in the visual cortex,
supporting the view that neuronal activity in the alpha frequency range phasically modulates
processing in the cortical microcircuit in a top-down manner [7].

Results
The laminar organization of the mammalian neocortex has been the subject of many
anatomical studies [8, 9]. This work has revealed alayer-specific organization both within
cortical columns, as well as between brain areas including thalamic regions. To comprehend
the functional role of this laminar organization it is essential to uncover the dynamical
interactions between layers. Neuronal oscillatory activity dominated in V1 by the alpha (7–
14 Hz) and gamma frequency bands (30–200 Hz) has been demonstrated to be modulated
during various types of processing and cognitive manipulations [2–7, 10]; however, the
interactions between these frequency bands, and their laminar profile, remain poorly
understood.
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To better understand these interactions, we recorded spontaneous cortical activity from V1
of two awake, healthy adult monkeys (Macaca mulatta) at rest using a 24-contact laminar
electrode, which allowed us to simultaneously sample from all cortical layers (Figure 1A).
Visual inspection of the local field potential (LFP) data revealed segments of high ongoing
alpha activity amidst segments with much less pronounced alpha (see Figure 1B for an
example), and parts of the analyses described here were restricted to such high-alpha
segments (see Supplemental Methods for details on the selection procedure). To minimize
the contribution of volume conduction, we used locally bipolar LFP signals. The resulting
mean power spectrum over all bipolar measurements during the high alpha epochs is shown
in Figure 1C. A peak in the alpha band (most strongly at 8 Hz) embedded in the 1/f power
spectrum that characterizes electrophysiological measures of brain activity [11] is clearly
visible.

Layer-specific entrainment of gamma power by the phase of the alpha rhythm
We found that LFP power in the gamma band (30–200 Hz) was coupled to the phase of the
alpha rhythm measured from electrodes in the infragranular layers. This was observed by
aligning time-varying power in the LFP spectrum to peaks of the alpha rhythm in
infragranular layers. Averaging a total of ~3000 peak-aligned traces resulted in a
characteristic wavelet shape (Figure 2D). The mean time-frequency representations (TFRs)
of power aligned to the infragranular alpha peaks for the different layers demonstrated a
clear coupling between the power in the 50–200 Hz range and the phase of the alpha rhythm
(Figure 2). This modulation was most pronounced in the supragranular and granular layers,
reaching nearly 20% (Figure 2A,B). The modulation was smallest in the infragranular layers
(sign test of mean rectified TFR; supragranular versus infragranular: p < 10−8; granular
versus infragranular: p < 10−9; supragranular versus granular: n.s.) (figure 2C),
demonstrating that the coupling is not just within-layer but involves interaction between
different laminar compartments. This result cannot be attributed to the high-alpha selection
procedure, since qualitatively similar results were obtained when using the entire dataset
(Figure S1).

Phase-amplitude coupling across frequencies and layers
In contrast to the analysis in the previous section, where the selection of a given frequency
and electrode position might affect the observed coupling pattern, we next applied a data-
driven approach in which all positions and frequencies were analyzed for phase-amplitude
coupling. Figure 3A shows cross-frequency coupling of phase and amplitude [12], with the
phase derived from the LFP signal in the infragranular layers and the amplitude measured
from either the supragranular layers (upper panels) or granular layer (lower panels).
Coupling was specific to gamma band amplitude locked to the phase in the alpha band (p <
0.001 to p < 0.05; cluster-based permutation test). In both monkeys, significant coupling was
found in two separate gamma bands [13] (~30–70 Hz and ~100–200 Hz). This division was
most evident when considering infragranular phase and granular amplitude. It has been
proposed that some of the power in the high gamma band (>100 Hz) can be explained by
broadband contributions from spiking activity [14], whereas 30–70 Hz power is a
consequence of oscillatory neuronal synchronization. In future work it would be of interest
to quantify the contribution from spiking to the high gamma band. This would require an
independent measure of neuronal spiking, which the present data does not contain.

Figure 3B presents gamma amplitude binned as a function of alpha phase. Across the two
monkeys, the gamma amplitude showed a phase modulation exceeding 10%, with somewhat
stronger coupling in the granular than supragranular compartments. Note that this percent
modulation is robust, but somewhat smaller than that reported in Figure 2. The smaller
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modulation may be due to a lack of phase stationarity in the alpha band signal, leading to an
effective decrease in the coupling magnitude.

To determine the laminar profile of the observed phase-amplitude coupling, we computed
the alpha-to-gamma modulation index between all possible electrode combinations. Results
for this analysis are shown in Figure 3C, where 0 is defined as the center of the granular
layer [1, 15]. This plot revealed a well-circumscribed region of increased coupling between
the infragranular alpha phase at around −300 μm and the supragranular gamma amplitude
around 700 μm (yellow arrow). The coupling between alpha phase in deeper layers to
gamma amplitude in supragranular layers was highly consistent across both animals. The
coupling between signals from different locations alleviates concerns that the phase-to-
power coupling is trivially explained by non-sinuodial properties of the alpha rhythm (e.g. a
sawtooth shape producing broadband power at given phases). In addition, we found a region
of increased coupling between the alpha phase at around −300 μm and the gamma amplitude
at the same laminar position (white arrow).

Gamma amplitude and burst duration are inversely related to alpha amplitude
Consistent with the notion that alpha activity serves to inhibit neuronal processing [6, 7], we
here report that alpha and gamma amplitude are inversely correlated. We investigated the
correlation between the alpha and gamma amplitude on a 2s, segment-by-segment basis. To
control for non-physiological signals producing spurious correlations we used a partial
correlation analysis controlling for the contribution from broadband (7–200 Hz) activity. We
found significant negative correlations between the alpha amplitude around −300 μm and
the gamma amplitude either at that same location (monkey 1: rαγ·broad = −0.38; monkey 2:
rαγ ·broad = −0.50), or at 700 μm (monkey 1: rαγ ·broad = −0.22; monkey 2: rαγ ·broad =
−0.29; all p < 0.001). (See Figure S2 for a similar analysis in which we estimated gamma
amplitude separately for different alpha phases: we find a more negative correlation when
gamma amplitude is estimated at the alpha troughs versus at the alpha peaks.)

Next we found that long gamma bursts were predominantly observed during periods of low
alpha amplitude. (see Figure S3). We detected gamma bursts (defined as 5–50 ms segments
exceeding the 60th percentile of gamma amplitude) and computed the infragranular alpha
amplitude in a 100 ms window around the bursts. The alpha and gamma amplitude time
series were normalized by dividing both by the broadband (7–200 Hz) amplitude time series.
In both monkeys, we found a weak, but highly significant, negative correlation between the
length of a gamma burst and the alpha amplitude in a window around it (monkey 1: r =
−0.070, p < 10−5, monkey 2: r = −0.067, p < 10−3).

Current sources of gamma-coupled alpha rhythm suggest an infragranular generator
To identify the generators of the alpha currents associated with the modulated gamma
activity, we performed a current-source density (CSD) analysis [16]. We detected troughs in
the alpha band in a supragranular unipolar electrode located at 700 μm. Around the alpha
troughs, we averaged segments of LFP activity (Figure 4A), and estimated the CSD (Figure
4B). A clear alternating sink/source pattern can be observed straddling the granular/
infragranular boundary.

Next, we aimed to find the generators associated with the modulation of the superficial
gamma activity by aligning the LFP traces to the incidences of gamma bursts. We first
detected peaks in the gamma activity at the superficial unipolar electrode located at 700 μm
(Figure 4C; black arrow). We then averaged epochs around these peaks. This analysis
revealed a clear nesting of gamma bursts in the lower frequency oscillation of the LFP
(Figure 4C; superimposed blue lines indicate 7–14 Hz band-pass filtered signals) [17].
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The CSD of these traces revealed a prominent low-frequency sink in the granular layer
coinciding with the gamma burst, accompanied by a source directly below (Figure 4D).
Approximately 70 ms before and after the gamma burst, sinks were apparent in the
infragranular layers (probably layer 5), and were accompanied by sources in the granular
layer. Calculating the CSD aligned to gamma bursts measured from the granular layers
yielded comparable results (Figure S4). The spatial distribution for the alpha-aligned current
sources and sinks is highly similar to the sinks and sources we find when aligning to gamma
bursts (compare Figure 4B and 4D). However, note that the frequency for the alpha-aligned
CSD is around 10 Hz, while the gamma-burst-aligned CSD frequency is slightly lower.
Overall, the laminar pattern of sinks and sources associated with the alpha rhythm and
gamma bursts are highly consistent across both monkeys.

Discussion
Using laminar neurophysiological recordings, we have demonstrated that the amplitude of
gamma activity (30–200 Hz) is coupled to the phase of alpha oscillations (7–14 Hz) within
the V1 cortical microcircuit. This coupling is spatially specific: gamma activity in the
granular and supragranular layers is coupled to the phase of alpha oscillations with
generators extending to infragranular layers. Furthermore, fluctuations in the alpha
amplitude are inversely related to both the amplitude and burst length of the gamma activity.

In humans it has been demonstrated that the phase of the alpha rhythm is predictive of
perception [18–20], BOLD responses [21], and gamma band activity [22, 23]. Laminar
recordings in monkey have identified gamma generators in granular and supragranular
layers [1] and alpha generators in deeper layers [15, 24–26] (albeit there is also evidence for
supragranular alpha generators [25]). We now add to this body of work by revealing an
intimate relationship between the neuronal dynamics in the alpha and gamma band: the
alpha activity in deeper layers modulates the gamma band activity in granular and
supragranular layers in a suppressive, phase-specific manner.

It bears emphasis that most analyses were restricted to data segments exhibiting pronounced
alpha activity, with “high-alpha” periods amounting to a small proportion of our extensive
dataset (approximately 3% using a conservative threshold, see Supplemental Methods for
details). In humans, the fraction of alpha-rhythm in V1 during rest is considerably greater.
We cannot rule out that the low fraction of alpha rhythm in both monkeys stemmed from
active exploration of the room, though this seems unlikely given the absence of novel or
interesting events. Comparing the prevalence of high amplitude alpha rhythm in the
macaque to that in humans would require a controlled, comparative study between the two
species. In the present study, our results were qualitatively similar when we applied the
analysis to the entire data set (e.g. Figures S1,S3,S4), demonstrating that the coupling
between frequencies is not only present during periods of high-amplitude alpha.

It should be noted that some of the effects we assign to the alpha band at 7–10 Hz overlaps
with the theta frequency range. However, given that we study the visual system, the
generators were in the deeper layers of V1, and the 7–10 Hz activity correlated negatively
with gamma amplitude, we deemed the term alpha to be appropriate. Nonetheless, for some
of our analyses, coupling did extend well into the theta range and below (i.e. < 8Hz; see
Figure 3A).

It has been proposed that neuronal synchronization in the gamma band, as observed for
instance during visual processing [1–3], results in a stronger drive to downstream regions.
Thus, modulating the degree of this synchronization might serve as a mechanism for feed-
forward gain control [27]. Indeed, when attention is allocated to a specific spatial location,
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visual stimuli elicit stronger gamma spike-field coherence in V4 neurons whose receptive
fields correspond to that location [28]. Furthermore, in V1, V2 and V4, alpha synchrony in
deep layers decreases with attention, while gamma synchrony in superficial layers increases
[29]. Since alpha band activity is strongly modulated by spatial attention tasks—
independently of whether there is visual stimulation present—and suppressed by visual
input, this rhythm has been proposed to reflect top-down modulation of neuronal processing;
specifically, it is thought to functionally inhibit sensory brain regions [4, 6, 7, 30].

Our results do not conclusively demonstrate the directionality of the coupling between alpha
and gamma band activity: while alpha activity could phasically modulate gamma activity, it
is also conceivable that gamma activity has a causal impact on alpha phase instead.
However, alpha is strongly modulated in a top-down manner even in the absence of visual
input, in contrast to gamma activity, whose modulation is directly linked to the processing of
visual stimuli. Therefore, we hypothesize a mechanism in which alpha activity modulates
neuronal processing reflected in the gamma band, and thus implements a mechanism for
gain control. Such gain control might be implemented by regulating the duty cycle of
processing within an alpha cycle. Strong alpha activity allows for only short bouts of
processing to occur, while low alpha activity allows for longer bouts of processing (see
Figure S2, and [7]).

Our CSD analysis of the ongoing alpha rhythm revealed sinks in the granular layer, co-
occurring with sources in the infragranular layers (Figure 4B,D). While it is difficult to
pinpoint the precise basis for this pattern, one possibility would be that the zero-lag source is
an active source corresponding to after-hyperpolarization currents in layer 5 (L5) cells [31].
However, a more conventional interpretation would be that the zero-lag sink is active. While
this sink might represent synchronized synaptic input to layer 4 neurons themselves, it could
also arise from synapses on the proximal segment of L5 pyramidal cell apical dendrites [16],
consistent with the involvement of infragranular neurons in the generation of the alpha
rhythm [24]. Such synchronized input to L5 cells would likely be effective in bringing these
cells above firing threshold [3, 32]. L5 pyramidal cells project to interneurons in the same
layer [33, 34], which in turn project to the superficial layers [35–37]. This micro-anatomical
pathway could explain how alpha oscillations exercise phasic inhibitory control over the
gamma activity. Furthermore, this idea would be in line with recent findings demonstrating
that cholinergic agonists concurrently enhance both attention and alpha activity [38]: L5
interneurons are specifically targeted by cholinergic afferents [39]. An alternative
explanation to this intra-columnar route is that the deeper layers modulate gamma activity
through a thalamic route. Electrophysiological studies have shown phase-coherence between
alpha activity in the lateral geniculate nucleus of the thalamus (LGN) and early visual
cortices [40, 41]. Furthermore, infragranular layers are known to project to the LGN [9, 42].
Since the LGN projects to the granular layer in V1, which in turn projects to superficial
layers, such a cortico-thalamo-cortical interaction might also explain the present findings.
Future research combining anatomy with electrophysiological stimulation and
measurements is required to determine whether the intra-columnar alpha-gamma coupling
we observe is due to purely cortical anatomical connections, or whether the thalamus is
involved.

In conclusion, our findings are consistent with the notion that processing in the gamma band
is clocked by slower rhythms [43, 44]. In future work it would be of great interest to
investigate how the interaction between alpha and gamma activity changes with attentional
demands. Furthermore, it would be important to elucidate the physiological mechanisms
implementing the cross-frequency interactions, as they are currently not well understood.
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Experimental procedures
All relevant aspects of the experimental procedure were approved by the Institutional
Animal Care and Use Committee (IACUC) of the National Institute of Mental Health. Data
analyses were performed using MATLAB R2011a (MathWorks Inc.), either with custom-
written scripts or with the FieldTrip toolbox [45] (http://www.ru.nl/neuroimaging/fieldtrip/).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The phase of cortical alpha activity is coupled to gamma power within a cortical
column

• Gamma activity in superficial layers is coupled to the alpha rhythm in deep
layers

• As alpha amplitude increases, gamma amplitude and burst length decrease
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Figure 1. Overview of the type of data we acquired
(A) Continuous electrophysiological activity was simultaneously recorded from all layers of
primary visual cortex using a 24-contact laminar probe in two monkeys. (B) Example of the
recorded voltage traces. The example traces shows more prominent gamma activity in the
superficial layers, and a transient segment of alpha activity in the deep layers (about 9
cycles). (C) The power spectrum of bipolar data in infragranular layers. Note the local peak
at in the alpha band, indicated by the arrow.
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Figure 2.
Time-frequency representations (TFRs) of power for epochs time-locked to the peaks of the
alpha rhythm. The TFRs were calculated per epoch and then averaged. The TFRs for the
supragranular (A) and granular (B) layers reveal a robust modulation in the gamma activity
(50–200 Hz) phase-locked to the alpha oscillations. The modulation was virtually absent in
the infragranular layers (C). The TFRs were normalized relatively to the average power per
frequency. The averaged unfiltered traces reveal alpha activity in the bipolar LFP (D). The
averaged TFRs and LFPs were calculated from ~3000 epochs.
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Figure 3.
Modulation Index (MI) analysis for phase-amplitude coupling. (A) MI values as shown for
four representative bipolar channel pairs (each from a single recording session). Only
significant MIs values are shown. The significance values are corrected for multiple
comparisons by a shift-predictor cluster permutation approach. (B) Granular/supragranular
gamma amplitude as a function of binned infragranular alpha phase, averaged over all
recording sessions. The effect size of the modulation is shown in the inserts. (C)
Topographical representations of the alpha (7–14 hz) to gamma (30–200 Hz) MI when
considering all electrode combinations. The arrows indicate the deep layer alpha phase
modulation of the granular (white arrow) and supragranular (yellow arrow) gamma
amplitude.
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Figure 4.
Laminar activity time-locked to alpha troughs (A-B) or gamma bursts (C-D). (A) Average
voltage traces phase-locked to alpha troughs. The troughs were identified in the superficial
layers (reference electrode indicated with “(ref)”). (B) Current-source densities for the traces
shown in A. (C) Average voltage traces phase-locked to gamma bursts. The arrow on the
right indicates the electrode used for identifying the gamma activity in superficial layers. In
the raw averaged traces, a low-frequency profile emerges in the deep layers. Superimposed
blue lines indicate 7–14 Hz band-pass filtered signals for three infragranularly located
electrodes. (D) Current-source densities, computed on the traces shown in C. The high-
frequency source-sink string at +700 μm is due to the gamma alignment. Alpha-frequency
sink/source alternations are apparent around −100 μm and −400 μm.
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