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The local field potential (LFP) in visual cortex is typically characterized by the following spectral pattern: before the onset of a visual stimulus,
low-frequency oscillations (beta, 12-20 Hz) dominate, whereas during the presentation of a stimulus these oscillations diminish and are replaced
by fluctuations at higher frequencies (gamma, >30 Hz). The origin of beta oscillations in vivo remains unclear, as is the basis of their suppression
during visual stimulation. Here we investigate the contribution of ascending input from primary visual cortex (V1) to beta oscillation dynamics
in extrastriate visual area V4 of behaving monkeys. We recorded LEP activity in V4 before and after resecting a portion of V1. After the surgery,
the visually induced gamma LFP activity in the lesion projection zone of V4 was markedly reduced, consistent with previously reported spiking
responses (Schmid etal.,2013). In the beta LFP range, the lesion had minimal effect on the normal pattern of spontaneous oscillations. However,
the lesion led to a surprising and permanent reversal of the normal beta suppression during visual stimulation, with visual stimuli eliciting beta
magnitude increases up to 50%, particularly in response to moving stimuli. This reversed beta activity pattern was specific to stimulus locations
affected by the V1 lesion. Our results shed light on the mechanisms of beta activity in extrastriate visual cortex: The preserved spontaneous
oscillations point to a generation mechanism independent of the geniculostriate pathway, whereas the positive beta responses support the

contribution of visual information to V4 via direct thalamo-extrastriate projections.

Key words: blindsight; cortex; monkey; neurophysiology; oscillation; V4

Introduction

Neuronal oscillations often appear in both mesoscopic and mac-
roscopic electric field measurements. They are thought to largely
reflect synchronous subthreshold synaptic activity generated by
local or remote input into an area (Buzsédki et al., 2012) and are an
ubiquitous feature of sensory and motor systems (Buzsaki, 2006).
The frequencies of these rhythmic phenomena tend to vary in a
state-dependent manner, ranging from slow/delta rhythms
(0.5-4 Hz) during sleep (Crunelli and Hughes, 2010) to high-
frequency oscillations in the gamma frequency range during
states of active stimulus processing (Fries, 2009). The intermedi-
ate beta frequency range (12-20 Hz) has seen increased interest in
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recent years as these rhythms are frequently observed in both
sensorimotor (Kilavik et al., 2013) and visual cortex (Engel and
Fries, 2010) but have not been conclusively attributed to specific
functions. In mammalian visual cortex, beta range fluctuations in
the local field potential (LFP) are prominent during the deploy-
ment of top-down attention (Lopes da Silva et al., 1970a; Bekisz
and Wroébel, 2003; Buschman and Miller, 2007; Bosman et al.,
2012; Grothe et al., 2012), working memory allocation (Tallon-
Baudry et al., 2004; Salazar et al., 2012), subjective stimulus visi-
bility (Wilke et al., 2006; Maier et al., 2008), and other tasks aimed
at probing cognitive processes (Engel and Fries, 2010).

The precise mechanism underlying the generation of beta os-
cillations in visual cortex is not well understood; in particular, it
remains unknown how beta rhythms are shaped by local and/or
remote neural sources. It has been suggested that bottom-up (i.e.,
stimulus-driven) input to an area causes a reduction in oscilla-
tory activity in the beta frequency range, whereas top-down (i.e.,
endogenously generated) input leads to an enhancement (Engel
and Fries, 2010). By combining selective lesions of primary visual
cortex (V1) with longitudinal recordings in higher-order visual
area 4 (V4) of behaving macaque monkeys, we directly address
here the influence of cortical V1 feedforward input on the forma-
tion of beta oscillations in the LFP of area V4. Whereas V4 spiking
(Schmid et al.,, 2013) and gamma range activity show a strong
reduction following V1 lesions, beta oscillations follow a surpris-
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ingly different pattern. Removing the major feedforward sensory
input to V4 (Barone et al., 2000) did not eliminate spontaneously
occurring beta oscillations. Instead, visual stimulation of V4 in
the absence of V1 input led to an enhancement of beta oscilla-
tions that was sensitive to the particular parameters of the stim-
ulus. We will discuss this finding and its implications for the
generation and possible functional roles of beta oscillations in the
context of feedforward and feedback signals along the visual
pathway.

Materials and Methods

Subjects. Two healthy adult female rhesus monkeys (Macaca mulatta,
Monkey B and Monkey F) with prior V1 lesions in the right hemisphere
were used in the study. All procedures were in accordance with the Insti-
tute for Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals and approved by the Animal Care and Use Commit-
tee of the National Institute of Mental Health.

Surgical procedures. As described by Schmid et al. (2013), briefly, a
chronic “Utah” array of 1.5-mm-long microelectrodes (Blackrock Mi-
crosystems) was implanted on the prelunate gyrus in visual area V4. Two
weeks later, following the first period of recordings, the part of V1 cor-
responding to horizontal meridian was lesioned by aspiration while the
representation of the vertical meridian was left intact.

Behavioral task and visual stimulation. Visuomotor capacities before
and after the V1 lesion (see Fig. 1E) were assessed with a detection task.
After a fixation period of 1s, a 0.2° diameter dot of one of four contrast
levels could appear either on the vertical meridian (3.5°-4° eccentricity), on
the horizontal meridian (3.5°-5.3° eccentricity), or no stimulus appeared
(catch trial). Animals were rewarded if they performed a single saccade to the
appearing dot or kept fixating during catch trials.

Visual stimulation with parallel electrical recording was performed in
a passive fixation task as described by Schmid et al. (2013). Briefly, mon-
keys were trained to maintain fixation for at least 2 s within maximally 1°
radius of a centrally presented fixation spot while various visual stimuli
were displayed on the screen. Animals were rewarded after the presenta-
tion of 3 or 4 stimuli. Stimuli were presented for 500 ms and consisted of
square-wave gratings with a diameter of 1° or 1.5°, displayed at either one
of the following positions: (0°, —3.5°); (3°, —3°); (3.5°, 0°), of which in
this study the first position near the vertical meridian was used as control
and the last position near the horizontal meridian within the lesion-
affected part of the visual field (“lesion stimulus”). The gratings were
either static or slowly drifting at 0.3°/s or 0.5°/s and varied with respect to
spatial frequency (0.7°/s—10°/s), direction (0°, 90°, 180°, 270° with two
being equal for static gratings) and luminance contrast (low vs high, only
high contrast considered here). Typical numbers of stimulus presenta-
tions per session were between 1000 and 1300. The data presented here
comprise periods during which the monkeys had V1 intact and were fully
acquainted with the detection task (Monkey F: 5 sessions from 10 to 1 d
before the lesion, Monkey B: 7 sessions from 15 to 1 d before the lesion)
and a period of several weeks after the V1 lesion surgery when visual
detection was reestablished (13 sessions from 30 to 72 d after the lesion,
5 sessions from 40 to 53 d after the lesion).

Neurophysiological recordings. All electrophysiological recording ses-
sions were carried out in an electromagnetically shielded cabin. Voltages
were measured against a reference wire located subdurally over parietal
cortex. The impedance of the recording electrodes ranged between 150
kQ and 1 mQ at 1 kHz. Extracellular voltages were amplified, filtered
between 0.1 Hz and 12 kHz, and digitized at 24,414.1 Hz using a 64
channel RZ2 recording system (Tucker Davis Technologies). Electrodes
were selected for data analysis if at least three recording sessions before
and after the V1 lesion showed a noise and artifact-free signal.

Data analysis. All data were analyzed with the MATLAB (R2011a,
MathWorks) toolbox FieldTrip (Oostenveld etal., 2011) (http://fieldtrip.
fcdonders.nl) and custom-written routines. LFPs were extracted from
raw signals by downsampling to 1017.25 Hz. LFP wavelet time-frequency
analysis was performed with a Morlet wavelet of 7 cycles length (Field-
Trip parameter “width,” corresponding to a spectral bandwidth of 2.14
Hz at 15 Hz) at 89 logarithmically spaced frequencies between 7.6 and
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Figure 1.  Longitudinal investigation of beta rhythms (12—20 Hz) in the LFP of area V4 with

and without V1 input by selective ablation of V1. A, During task periods without transient
sensory input, such as active fixation (Fix.) before the onset of a stimulus (Stim.), the LFP in
visual cortex of behaving subjects is often dominated by rhythmic fluctuations in the beta
frequency range (12-20 Hz). B, To investigate the role of bottom-up input for the generation of
these beta oscillations, we recorded from midlevel area V4 with chronically implanted arrays
before and after a targeted aspiration lesion in V1. The lesion was placed to eliminate the V1
representation of the horizontal meridian (HM) between ~2-7° of visual eccentricities (red)
while leaving the lower vertical meridian (VM) representation, close to lunate sulcus, intact
(gray). ¢, Example coronal section of V1 showing extent of lesioned (red line) and intact (gray
line) tissue for Monkey B. Note the loss of gray matter in the targeted area. D, Stimulus locations
throughout the paper are labeled lesion stimulus (LS) for stimuli inside the lesion-affected
visual space around the HM and control stimulus (CS) for stimuli outside, close to the VM. E,
Behavioral performance in a detection task before and after V1 lesion with dot stimuli around
the lesion stimulus location. Arrows indicate time period of LFP recordings.

400 Hz. Stimulus-induced power changes were quantified as percentage
change from the 250 ms baseline power averaged across trials. Power in a
time-frequency window was determined by averaging across time and
frequency. The latency of the stimulus-induced beta power changes were
determined as the first time point reaching 90% of the peak value in the
session-averaged beta power time course. For all prelesion and control
stimulus data, the peak was defined as the minimum value in the 50—400
ms window after stimulus onset. For the lesion stimulus after lesion, the
peak was defined as the maximum power value in the same time window.

Results

The goal of our experiments was to directly test the effect of
permanent V1 lesions on the spectral properties of visual re-
sponses in area V4 (Fig. 1A) of macaque extrastriate cortex. De-
tailed retinotopic assessment of V1 and V4 by fMRI guided the
planning of our surgical procedures (Schmid et al., 2013). We
first implanted multielectrode arrays into the dorsal part of area
V4 at a position responsive to parafoveal visual stimulation in the
lower right quadrant of the visual field. After recovery from the
implantation, over the course of 2 weeks, we obtained LFP re-
cordings during visual task performance, as a baseline with intact
V1. Subsequently, we surgically removed V1 gray matter strad-
dling the horizontal meridian representation (Fig. 1B). Care was
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taken to spare a section of the cortex ~5 mm in width along the
lunate sulcus (which corresponds to the visual representation of
the visual vertical meridian and the boundary to area V2). Using
this selective lesioning approach, our study contrasted V4 LFP
responses to visual stimuli with V1 input intact versus V1 re-
moved, regardless of the time point of assessment (Fig. 1C,D).
Postmortem histological assessment of the occipital lobes of both
monkeys confirmed the complete loss of gray matter in the tar-
geted area of V1 as well as the preservation of striate cortex in the
control region (Fig. 1C).

To assess the impact of the V1 lesion on the monkeys’ visuo-
motor capacities, we tested the monkeys on a simple task in which
they had to detect and saccade toward a small patch of light.
While both monkeys achieved very good performance under V1
intact conditions, lesioning V1 had a detrimental effect on per-
formance, that is, the monkeys were unable to detect stimuli
presented at the horizontal meridian (lesion stimulus) (Fig. 1E).
However, following a recovery period of 30—40 d with daily test-
ing on the detection task, both monkeys had partially recovered
their detection capabilities and reached performance values ranging
from 23%-66% in Monkey F and 13%—42% in Monkey B.

For the electrophysiological assessment, we focused our anal-
ysis on the time periods before and >30 d after the surgical in-
tervention (i.e., when the monkeys had regained some of their
visuomotor capacities; Monkey F: 3072 d after lesion; Monkey
B: 40-53 d after lesion). The basic testing procedure across all
experimental conditions entailed passive fixation on a centrally
presented spot, while stimuli were shown on a screen. After 250
ms of fixation, a drifting or static square-wave grating stimulus
(high contrast, varying drift direction, and spatial frequency,
70-90 presentations per session) was presented in parafoveal re-
gions to elicit visually triggered LFP responses while the monkey
continued to fixate. Stimuli were either placed in the lesion-
affected part of visual space, that is, the horizontal meridian (le-
sion stimulus), or on the vertical meridian (control stimulus).
During the times when testing was performed under V1 intact
conditions, the prestimulus LFP was often dominated by voltage
fluctuations in the beta frequency range (12-20 Hz; Fig. 2A,D,
left). Following stimulus onset and a brief broadband response,
these low-frequency fluctuations decreased in amplitude, and a
mixture of broadband and oscillatory high-frequency gamma ac-
tivity (>50 Hz) instead dominated the LFP (for an example, see
Fig. 3A). The resulting spectral change of the LFP was evident as a
decrease in the baseline-normalized beta power and an increase
in gamma band power. This effect of visual stimulation causing a
shift from high-amplitude, low-frequency activity toward low-
amplitude, high-frequency activity has been observed in a large
number of studies on visual cortical responses (Gray and Singer,
1989; Taylor et al., 2005; Ray and Maunsell, 2011).

Prestimulus beta rhythms in V4 are still present after

V1 lesion

Following the V1 lesion and subsequent partial behavioral recov-
ery (Monkey F: 30-72 d after lesion; Monkey B: 40-53 d after
lesion) beta oscillations during the prestimulus period (Fig. 2)
were prominent in the raw LFP (Fig. 2 A, D, right) and manifested
as peaks in the power spectra ~15 and 14 Hz in Monkey F and
Monkey B, respectively (Fig. 2 B, E). The mean amplitude of the
oscillation was unchanged in Monkey F (Fig. 2A-C, p > 0.05,n =
47 electrodes averaged across 5 sessions prelesion and 11-13 ses-
sions after lesion, Wilcoxon signed rank test) and enhanced by
23 = 4.4% in Monkey B (Fig. 2D-F, p < 10 ~>, n = 53 electrodes
averaged across 7 sessions prelesion and 3—5 sessions after lesion).
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Figure 2.  Beta oscillations during active fixation in area V4 are preserved after selective
removal of V1. A, Example prestimulus beta oscillations of the unfiltered V4 LFP before (black,
left) and after V1 lesion (red, right). B, Absolute power spectrum of the prestimulus period
before (black, n = 5 sessions, each comprising 1000—1300 trials) and after (red, n = 13
sessions) from an example V4 electrode in Monkey F, averaged across trials and sessions. Gray
and red shadings represent SEM across sessions before and after lesion, respectively. €, Distri-
bution of powerin the beta frequency range (1220 Hz, green shading in B) during prestimulus
period before and after V1 lesion. Each dot represents the beta-band power at a recording site
averaged across sessions. Filled and open symbols represent recording sites with significant or
nonsignificant changes in power (p << 0.05, independent samples t test), respectively. Gray line
indicates identical prelesion and postlesion power. D—F, Example beta oscillations (D), wavelet
spectrum (E), and beta power distribution (F) for Monkey B before (n = 7 sessions) and after
(n = 5sessions) V1 lesion.

On the individual electrode level, in Monkey F only a small frac-
tion showed significant changes in beta power, with a decrease in
2 (4%) electrodes and increase in other 2 (4%) electrodes (inde-
pendent samples ¢ test, p < 0.05, electrodes and sessions as be-
fore). In Monkey B, 21 (40%) electrodes showed a significant
increase and 3 (6%) electrodes a decrease in beta power. These
findings demonstrate that the generation of V4 beta oscillations is
not dependent on input from V1.

Differential effects of V1 lesion on V4 beta and

gamma dynamics

Under normal conditions, the presentation of a visual stimulus
leads to a reduction in the amplitude of beta LFP oscillations (Fig.
3A). Following the lesion, however, there was a notable reversal of
this effect: visual stimulation with a slowly drifting grating in the
lesion-affected visual space now led to a beta power enhancement
(Fig. 3B). This postlesion stimulus-induced beta power enhance-
ment was significantly different from zero in both monkeys (p <
10 ~%, Wilcoxon signed rank test, # = 47 and 53 electrodes in
Monkey F and Monkey B, respectively). Compared with the pre-
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Figure 3.  Visual stimulation in lesion-affected visual space induces strong beta (1220 Hz)

oscillations in V4 instead of decreasing beta power. A, Example LFP responses to a moving
grating stimulus (high contrast, varying spatial frequency, and drift direction) in the lesion-
affected part of visual space from a recording site in Monkey F before the V1 lesion. Upper row,
Single trial LFP trace. Gray line indicates stimulus onset. Lower row, Session-averaged (n = 5),
baseline-normalized wavelet power spectra from an example electrode in Monkey F (data asin
Fig. 2). White circle represents peak latency within the beta frequency band (dashed lines). B,
Same as A for data from after the V1 lesion (n = 11 sessions). Note the unusual stimulus-
induced beta oscillations visible in both single trials and average. €, Baseline-normalized power
spectra from example recording site in A averaged across 200 —500 ms period and sessions for
lesion stimulus, before (black) and after (red) V1 lesion. Shadings surrounding curves represent
SEM across sessions. D, Distribution of beta power peak latency before and after V1 lesion. E,
Distribution of baseline-normalized power in beta band before and after V1 lesion for lesion
stimulus. Each dot represents a power value from one recording site averaged across the beta
band, 200500 ms period, and sessions. F, Same as E for the gamma frequency band (30 —150
Hz). E, F, Open and filled symbols represent recording sites with nonsignificant and significant
changes in power on the individual electrode level (p << 0.05, independent samples t test),
respectively.

lesion condition, the baseline-normalized beta power in the 200—
500 ms and 12-20 Hz time-frequency window increased from
—27.1 = 0.84% to 51 * 1.1% in Monkey F (p < 1078 n = 47
electrodes, Wilcoxon signed rank test) and from —29 * 0.9% to
5 + 0.9% in Monkey B (p < 10 ~°, n = 53 electrodes) (Fig. 3C).
On the individual electrode level, 47 of 47 (100%) and 43 of 53
(81%) electrodes showed a significant increase in stimulus-induced
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beta power (independent samples ¢ test, p < 0.05, sessions as above)
(Fig. 3E). Thus, lack of V1 input appeared to unmask the stimulus-
induced modulation of beta oscillations.

To obtain more information with respect to mechanistic
changes that may have contributed to this effect, we compared
the latencies of the stimulus-induced beta modulation before and
after the V1 lesion. The beta power enhancement observed under
V1 lesion conditions reached its peak at 260 = 2.8 ms and 274 =
2.3 ms after stimulus onset (Fig. 3D; see 5A) for Monkey F and
Monkey B, respectively. In comparison, the stimulus induced
beta power decrease under V1 intact conditions had a latency of
179 = 1.0 ms and 207 = 2.1 ms in Monkey F and Monkey B,
respectively. This means that the postlesion positive beta peak
occurred by ~65—85 ms significantly later than the negative peak
before the lesion (p < 10~ in both monkeys, Wilcoxon signed
rank test).

In addition to the changes in the beta oscillation dynamics, we
also examined the effects of the V1 lesion on faster LFP oscillatory
activity (i.e., in the gamma range, which is thought to be strongly
dependent on feedforward input) (Bosman et al., 2012). In con-
trast to the general increase in the stimulus-induced beta power,
effects on the stimulus-induced gamma power (30-150 Hz, late
time window 200-500 ms, same sessions and trials as for beta)
were more spatially confined. In sites that were well activated by
the stimulus before the lesion (power increase from baseline
>25%, p < 0.05, independent samples ¢ test), gamma power was
reduced after the V1 lesion (Fig. 3C,F). In Monkey B, stimulus-
elicited gamma power was drastically decreased from 70 % 7.3%
prelesion to 0.3 = 0.4% postlesion (1 = 23 electrodes, Wilcoxon
signed rank test, p < 10 7, sessions as above), which was signif-
icant in 23 of 23 (100%) individual recording sites (independent
samples ? test, p < 0.05). In Monkey F, this gamma decrease was
less pronounced, from 64 = 11% prelesion to 44 = 6% postlesion
(p = 0.037, Wilcoxon signed rank test, n = 10 electrodes) with 4
of 10 electrodes showing significant decreases (p < 0.05, inde-
pendent samples  test).

Reversal of beta oscillation dynamics is restricted to lesion-
affected visual space

Importantly, the lesion-induced reversal of beta dynamics was
specific to stimuli that were presented in the lesion-affected visual
space and was not seen for the identical control stimuli that in-
voked visual processing in V1 as they were presented outside the
lesion zone (Fig. 1D). Stimulation at the vertical meridian
resulted in a decrease in low frequency and an increase in high-
frequency power (Fig. 4). In contrast to the stimulus in the lesion-
affected space, beta power values for the control stimulation (Fig.
4E) were either further decreased from the prelesion baseline in
Monkey F, from —21.9 * 0.83% to —45 = 1.2% (p < 10~ %,
Wilcoxon signed rank test, n = 47 electrodes) or minimally in-
creased in Monkey B with —34 £ 1.2% before and —32 = 1.1%
after the lesion (p = 0.025, Wilcoxon signed rank test, n = 53
electrodes). On the individual electrode level, in Monkey F 44 of
47 (94%) electrodes showed a significant decrease of stimulus-
induced beta power, whereas in Monkey B 8 of 53 (15%) showed
a significant increase and 1 of 53 (2%) a significant decrease
(independent samples ¢ test, sessions as before). The gamma fre-
quency range was also affected with an increase from 40 * 3.6%
to 74 = 8.9% in Monkey F (p = 0.016, n = 7 electrodes, Wil-
coxon signed rank test; significant change in 5 (71%) electrodes,
independent samples ¢ test) and a decrease in Monkey B from
75+ 9.4% to 58 = 8.0% (p = 0.008, n = 13 electrodes; significant
change in 2 (15%) electrodes).
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Figure4. Reversal of stimulus-induced beta oscillation dynamics is restricted to visual stim-

ulation in lesion-affected space. A, B, Session-averaged, baseline-normalized wavelet power
spectra from an example electrode in Monkey B around visual stimulation with drifting grating
stimulus (high contrast, varying spatial frequency, and drift correction) at the control stimulus
location before (4, n = 7 sessions) and after (B, n = 4 sessions) the V1 lesion. C, Baseline-
normalized power spectra from example recording site in A, B averaged across 200—500 ms
period and sessions for lesion stimulus, before (black) and after (red) V1 lesion. Shadings sur-
rounding curves represent SEM across sessions. D, Distribution of beta power peak latency
before and after V1 lesion E, Distribution of baseline-normalized power in beta band before and
after V1 lesion for lesion stimulus. Each dot represents a power value from one recording site
averaged across the beta band, 200 —500 ms period, and sessions. F, Same as E for the gamma
frequency band (30—150 Hz). E, F, Open and filled symbols represent recording sites with
nonsignificant and significant changes in power on the individual electrode level (p << 0.05,
independent samples t test), respectively.

Stimulus-induced beta oscillations reflect stimulus content
We previously observed residual, V1-independent spiking activ-
ity in V4 that was unusually sensitive to stimulus motion (Schmid
et al., 2013). In an effort to assess whether beta oscillations simi-
larly reflected feature-dependent processing of the stimulus, we
compared their magnitude following the presentation of static
versus slowly drifting gratings (Fig. 5). In both monkeys, the
stimulus-driven beta power increase in V4 was significantly
stronger for moving than for static stimuli (p < 10 ~® for both
monkeys, Wilcoxon signed rank test), indicating that the ob-
served responses showed some level of stimulus specificity.

Discussion

Our results demonstrate that beta-band oscillations in area V4
are preserved in the absence of V1 input, indicating that they are
not generated by a feedforward drive from V1. Moreover, follow-
ing the ablation of V1, the stimulus-driven power decrease in the
beta frequency band was replaced by stimulus-driven power in-
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Figure 5. V1-independent beta oscillations are sensitive to motion. A, Time course of
baseline-normalized power in beta (12—20 Hz) band from example recording site and sessions
in Monkey F for moving (green) and static (blue) grating stimuli (high contrast, varying drift
direction/orientation, and spatial frequency for both) at the lesion stimulus location. Shading
represents SEM. B, Distribution of beta power values (200 -500 ms) for moving versus static
stimuli for lesion (left) and control stimulus (right) from Monkey F (data as in Figs. 3 and 4). C,
Same as B for Monkey B.

crease occurring ~300 ms after stimulus onset. As this effect was
limited to the lesion-affected part of visual space, passive volume
conduction as a potential contributor to the observed effect can
be largely excluded. In addition, stimulus-induced beta power
modulation in V1-deaffarented V4 was sensitive to stimulus mo-
tion, indicating that these changes of the LFP are related to active
feature-dependent stimulus processing. In the following, we dis-
cuss our findings in the context of what is known about the gen-
eration of beta oscillations and their putative contribution to
cortical processing.

Beta rhythm in infragranular cortical layers

Beta oscillations in the visual system were described early in the
occipital cortex of dogs actively attending a screen (Lopes da Silva
et al., 1970a). Yet, compared with other brain rhythms, to date
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very little is known about their generation and function in the
visual system (Steriade, 1993; Engel and Fries, 2010). On the
cellular level, in vitro results from rat auditory and somatosensory
cortex showed that layer 5 cortical pyramidal neurons can gener-
ate beta rhythms (Roopun etal., 2006, 2010). Consistent with this
finding are observations from studies showing that alpha to beta
band oscillations measured in primate visual cortex are most
prominent in the infragranular layers (Sun and Dan, 2009; Buf-
falo et al., 2011; Maier et al., 2011; Xing et al., 2012). Given an
estimated average cortical thickness of ~2 mm and our electrode
lengths of 1.5 mm, it is likely that we have primarily sampled beta
activity from V4’s deep layers. A common observation in studies
that assessed oscillatory activity in visual cortex is that the LFP is
usually dominated by low-frequency fluctuations before the pre-
sentation of salient visual stimuli, which are then reduced during
stimulus presentation (Gray and Singer, 1989; Taylor et al., 2005;
Fries et al., 2008; Ray and Maunsell, 2011). This effect of
stimulus-induced cortical excitation is also evident in our data
from area V4 in the V1 intact condition (Figs. 3 and 4). In vitro
slice studies suggest that an excitatory glutamatergic or cholin-
ergic drive is needed to generate beta oscillations (Roopun et al.,
2006, 2010). What might be the source of the V4 beta oscillation
and its modulation by visual input?

Beta oscillations may reflect unmasked input from thalamus
or neighboring cortex
Our data argue against a contribution of a bottom-up V1 drive
contributing to V4 beta oscillations because prestimulus beta
power was not affected or, if anything, increased under the lesion
condition. Surprisingly, after the lesion, beta power in V4 was no
longer diminished following visual input, but instead, beta oscil-
lations were enhanced following the presentation of a stimulus. It
is likely that this effect reflects some form of unmasking or plas-
ticity that results from the lack of V1 input and may involve either
local or remote circuits. For example, it is conceivable that neu-
rons in layer 4 of V4 release their inhibitory impact on processes
in deeper layers when their driving input from V1 is removed.
Alternatively, the enhanced beta modulation may indicate the
unmasking of alternative input projections. It is likely that at
some point these processes invoke the thalamus. The lateral
geniculate nucleus (LGN) directly projects to multiple extrastri-
ate areas, including V4 (Fries, 1981; Lysakowski et al., 1988; Rod-
man et al., 2001; Lyon and Rabideau, 2012), and has been shown
to be crucial for V1-independent responses in extrastriate areas
(Schmid et al., 2009, 2010). Interestingly, the geniculate input to
V4 appears to target primarily the deeper layers (Benevento and
Yoshida, 1981) from which we likely recorded and where beta
oscillations are most prominent. It is possible that V4 inherits
beta oscillatory activity via this projection from LGN as beta os-
cillations have also been recorded in LGN (Lopes da Silva et al.,
1970b, 1970a; Bekisz and Wrobel, 2003; Bastos et al., 2014). This
geniculate beta-drive to V4 may get unmasked or even upregu-
lated following the V1 lesion. Other thalamic nuclei are also pos-
sible candidate sources for beta rhythmicity in visual cortex, in
particular the pulvinar and lateral posterior complex. These
higher-order nuclei have been shown to engage in rhythmic activity
in the alpha/beta frequency range (Wrdbel et al., 2007; Saalmann et
al., 2012). The pulvinar, which receives visual input from superior
colliculus and projects to visual cortex (Harting et al., 1980;
Stepniewska et al., 1999; Adams et al., 2000; Lyon et al., 2010), could
trigger a stimulus-related increase in oscillatory activity.

A possible argument against a thalamic origin of V1-
independent beta modulations is the relatively long peak latency
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of 300 ms after stimulus onset. It is therefore conceivable that the
beta oscillations are triggered by input from other cortical areas,
including feedback projections, which reach to the infragranular
layers of area V4 as well (Barone et al., 2000). The idea of cortical
beta oscillations as a spectral signature of top-down feedback
signals has gained support from a number of studies that reported
beta-band modulation associated with attention (Bekisz and
Wrébel, 2003; Buschman and Miller, 2007; Bosman et al., 2012),
working memory allocation (Tallon-Baudry et al., 2004; Salazar
et al., 2012), or subjective stimulus visibility (Wilke et al., 20065
Maier et al., 2008). In some of these studies, beta oscillations
resulted in increased interareal coherence (Buschman and Miller,
2007; Bosman et al., 2012; Salazar et al., 2012) and were most
pronounced in cortical layers 5 and 6 (Maier et al., 2008; Sun and
Dan, 2009; Buffalo et al., 2010). However, a recent study reported
beta oscillations that did not exhibit attentional modulation in
area V4 of monkeys with prefrontal cortex lesions (Gregoriou et
al., 2014). Therefore, areas other than prefrontal cortex likely
contribute to the observed beta oscillation dynamics in our
results.

Irrespective of the ultimate neuronal mechanism leading to
the formation of beta oscillations, it appears to become un-
masked or perhaps even plastically upregulated after lesioning
V1. As the changes in beta oscillation dynamics were observed
during a time period when visuomotor detection capacities had
substantially recovered after the surgery (Mohler and Wurtz,
1977), itis tempting to speculate that the beta increase may reflect
or perhaps even directly contribute to the observed behavioral
recovery.

Dependence of gamma range activity on feedforward input

In contrast to LFP beta oscillations in visual cortex that are pres-
ent before the onset of a visual stimulus, oscillatory activity in the
gamma frequency band is usually associated with the presence of
a visual stimulus (Gray and Singer, 1989; Fries, 2009; Ray and
Maunsell, 2011). It was hypothesized that gamma oscillations
could be related to or even mediate feedforward processing (Bos-
man et al., 2012) of visual stimuli. In our data, similar to previous
assessment of spiking and fMRI activity in V4 after removal of V1
input (Schmid et al., 2010, 2013), LFP activity in the gamma
range in V4 was decreased or abolished following the V1 lesion.
Therefore, feedforward input from V1 appears to be necessary for
the full emergence of gamma oscillations at the level of V4.

Distinguishing alpha from beta oscillations

The beta oscillations and their modulation by the stimulus that
we observed were ~15 Hz in both monkeys (Figs. 2A,E and
3C,D). This frequency lies at the lower end of the classical beta
13-30 Hz (Kilavik et al., 2013) frequency band, raising the ques-
tion whether the generative mechanism of the beta oscillations in
our study is distinct from the one for alpha oscillations, which are
usually considered to be in the 8—12 Hz range in both humans
(Haegens et al., 2014) and monkeys (Bollimunta et al., 2008) as
well as other species. One important difference between the two
frequency bands in previous studies seemed to be that beta
rhythms were enhanced in attentive behavior (Lopes da Silva et
al., 1970a; Bekisz and Wrdbel, 1993), whereas alpha rhythms
were strongest when attention was away from visual stimuli
(Lopes da Silva et al., 1980; Bollimunta et al., 2011; Haegens et al.,
2014). In our case, the monkeys were attentively fixating on the
screen to receive reward and were also trained on other visual
tasks that required attention to the visual domain. This makes it
conceivable that the rhythm observed in our data is rather asso-
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ciated with an activated state. However, based only on frequency
range, without more targeted experimental manipulations, it is
difficult to delineate whether the underlying mechanism has
greater overlap with the alpha-generating or beta-generating
networks.

A final conclusion on the origin of the beta rhythm withstand-
ing, our data conclusively demonstrate that the feedforward drive
from V1 is not necessary for the initiation and maintenance of V4
rhythmic activity in the beta range. Rather, V1 input seems to be
required to break low-frequency rhythms and evoke an activated
state (for a similar mechanism in the thalamocortical system,
compare Castro-Alamancos, 2004; Poulet et al., 2012).
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