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Visual perception 

Every morning we wake up and open our eyes we see the world, we see colors, shapes and 

objects. The outside world appears to us, immediate, in detail and seemingly without any 

effort. We trust this experience, we don't question that this is the actual world we live in. 

Why should we, as it is continuously being confirmed by our interaction with it, holding a 

glass of water, our feet touching the ground. 

However, when we close one eye we can clearly see the tip of our own nose (Figure 1). The 

fact that we normally overlook this is a surprise to most, as we often forget that we need our 

eyes to see.  

 

Figure 1 | Inner perspective. A drawing by Ernst Mach showing the boundaries of our visual field.47  

 

Our view of the world not only has limits, it even has holes in it, the so called 'blind spots' 

(Figure 2), created by the fiber bundles that exit through the back of our eyeballs. And the 

colors we see are not veridical either. The visual world outside is comprised of 

electromagnetic waves with different wavelengths. We just interpret light with a certain 

wavelengths as having a certain color, colorizing the images we see as in a coloring book. 
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Figure 2 | Blind Spot. An illustration by which you can experience the blind spots in your eye. Close 
your left eye and focus on the black cross in the middle. Start with your eyes at around 10cm 
distance and slowly move backwards. At around 20cm distance you can see that the red dot 
disappears. Moreover, the blue lines seem to continue at the location of the red dot. This is partly 
due to mechanisms in the cortex. 

 

These examples illustrate that we don't have a direct perception of the outside world, but 

that our visual experience is a construct of our brain. We are living in a simulation that is so 

convincingly real that it can be hard to believe it is generated by this bulk of tissue in our 

heads. How does our brain create the images that we see? What are the neural mechanisms 

that are underlying our visual perception? 

 
The retina & the LGN 

A crucial step towards visual perception takes place in the first layer of cells in the retina 

where photoreceptors transform electromagnetic waves into electrical charges across the 

cell membrane. Light is now being represented by the activity in brain tissue. A 

photoreceptor only responds to a small patch of the visual field, this is called it's receptive 

field (RF)1, similar to a pixel of a digital camera (Figure 3).  
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Figure 3 | The visual stream. An illustration showing how visual information propagates from the 
eyes to the lateral geniculate nucleus (LGN), and onwards to the primary visual cortex (V1) at the 
back of the brain.48 From V1, activity travels towards the front of the brain (see also Figure 5). 

 

The electrical activity of the photoreceptor is passed on to the next layer of neurons, the 

bipolar cells. Another group of neurons called horizontal cells also receive input from the 

photoreceptors as well and locally inhibit bipolar cells. A bipolar cell that is activated by 

light thereby only becomes active if it receives more light than its neighbors, and it gets 

suppressed if it receives less light than it's neighbors. The receptive field of bipolar cells 

thereby have a so called 'center-surround organization' (Figure 4A)2. This elegant trick 

makes bipolar cells relatively independent of how bright or dark the image is that you're 

looking at. 

The next station from the retina is the lateral geniculate nucleus (LGN), a knob of neurons 

within the thalamus, a structure in the middle of the brain. The receptive fields of neurons 

in the LGN are similar to the ones in the retina3. From the LGN, the activity is sent directly 

to the first visual area in the cortex, the primary visual cortex (V1) (Figure 3). 
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Figure 4 | Receptive fields. An illustration of receptive fields in the retina and the LGN (A) and in V1 
(B). Receptive fields can either have a positive center and a negative surround, or vice versa. 
Receptive fields in the retina and the LGN are concentric while in V1 they are elongated. Panel C 
illustrates a simple circuit by which an elongated receptive field can be made up from three 
concentric receptive fields which are aligned.49 
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The cortex 

The first layer in V1 where activity arrives at is layer 4C (some activity is also being send to 

layer 6 and to layer 4A)4. For primates, the neurons in layer 4C behave similar to neurons in 

the LGN5. Layer 4 subsequently targets superficial layers 2 & 34. Here, cells behave 

differently, they do no longer respond to dots of light, but to bars, or edges (Figure 4B)5. 

And they only respond if the bar has a specific orientation. You could imagine that the 

combined input from a couple of layer 4C neurons to a layer 2-3 neuron create this 

property (Figure 4C).  

From layers 2 and 3 in V1, activity flows onwards to layer 4 of the next cortical area, which 

is V2. In V2 the properties of the neurons change again, seemingly combining the input 

they receive from V1. With every step that activity travels down the visual hierarchy, the 

properties of the neurons become more and more complex (Figure 5). The information 

processing in this direction is called 'feed-forward'. 

All the way down the visual stream, in the inferotemporal cortex (IT), cells only respond to 

very specific objects, to faces or houses for example. Moreover, cells have been found that 

only respond to pictures of specific persons, Jennifer Aniston for example6. And they not 

only respond to an image of her face, but also to an image of her standing among other 

people, and even when reading just her name. Similar cells have been found for Bill Clinton 

and the Simpsons. These so- called 'grandmother cells' only respond when you see or just 

think about a certain person.  

The path towards IT is called the ventral stream, representing what we see. Another path in 

the cortex represents where we see it and where it is moving towards, the dorsal stream7. 

These paths both give input to an area in the front of the brain, the prefrontal cortex (PFC). 

This brain structure is thought to be involved in planning, setting goals and deciding on 

what to do to reach those goals8. 
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Figure 5 | Visual Hierarchy. Illustration of the feedforward (in red) and feedback (in blue) flow of 
information between visual areas in the cortex. The tiled images represent receptive fields of 
neurons in the different cortical areas. Note that while the number of neurons decreases towards 
higher visual areas, their receptive fields become larger and more complex. (Adapted from ref. 50).50 
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Feedback processing, selective attention and working memory 

The feedforward processing stream that we just described can fully explain the activity of 

grandmother cells in IT cortex9-12. However, there is a 'feedback' processing stream sending 

information in the opposite direction (from the PFC to IT, IT to V4 etc.), which is as least 

as dense as the feedforward stream13. The function and mechanisms of this feedback 

pathway are much less understood.  

One cognitive function that is thought to involve feedback connections is 'selective 

attention', the filtering of information dependent on what is relevant for us at a given 

moment in time14-16. This is crucial in everyday life, for example when focusing on a 

headline from the front page of a newspaper. The effects of attention on visual perception 

can be quite dramatic, see Figure 6. By sheer thought we can perceive this drawing as either 

a duck or a rabbit. Your visual experiences switches, while the drawing stays exactly the 

same. 

 

Figure 6 | Duck rabbit illusion. A drawing by Ludwig Wittgenstein in which you can see this drawing 
either as a duck or as a rabbit. You can even try to switch between one and the other while fixating 
your eyes on the dot in the middle. Once you have seen the duck and the rabbit it becomes 
impossible to see neither, to simply observe the drawing as a set of lines. This illustrates that we 
always interpret what we see.51 

 

A related cognitive function is working memory, keeping relevant information in mind 

when a stimulus is no longer present. To understand this sentence for example, you have to 
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keep track of the individual words to be able to combine them at the end into a message 

with coherent meaning. You only have to store the words for a short period of time and can 

forget them once you have distilled the gist of the sentence.  

Both selective attention and working memory are thought to involve feedback from the 

PFC to early visual areas. The PFC maintains the information about the task at hand and 

sends feedback to early visual areas to enhance the visual representation of task-relevant 

versus task-irrelevant stimuli. This suggests that early visual areas are not only involved in 

the processing of information when a stimulus is present, but also when retaining 

information about that stimulus when it has disappeared. 

How crucial working memory and selective attention are becomes apparent when they are 

impaired, as is the case in mental illnesses as varied as autism, schizophrenia, ADHD, 

depression and old age17-24. Therefore, investigating the neural mechanisms of cortical 

feedback is not only important to understanding visual perception, but it is also highly 

relevant for the understanding of many mental illnesses.  

 
Laminar recordings 

Neurons in the visual cortex receive both feedforward and feedback input and it has 

therefore been difficult to separate the two streams of processing. Luckily, the feedforward 

and feedback inputs to cortical areas arrives in separate layers, in particular in area V1. As 

mentioned before, the feedforward connections to V1 arrive mainly in layer 4C. In contrast, 

the feedback connections target layer 1-3 and layer 5. This allows us to distinguish 

feedforward from feedback influences by measuring inputs to neurons in different layers of 

V1. 

Techniques that are used in humans rely on signals that can be picked up on top of the 

scalp, which generally cannot distinguish between cortical layers. Simultaneously recording 

throughout the depth of cortex is possible with an invasive laminar probe (Figure 7). 

Monkeys can be trained to perform similar tasks that are used to test cognitive impairments 

in patients with mental illnesses25, which provides a unique way to study the underlying 

cortical mechanisms and the role of feedback in visual attention and working memory. 
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Figure 7 | Monkey brain and laminar recordings. (A) Lateral view of a macaque brain with a part cut 
out exposing the calcarine sulcus. Blue indicates V1, yellow indicates V2 and red indicates V3. (B) 
Illustration of a laminar recording using a high density laminar probe.  

 
Chapter 2 

A cognitive task that is thought to involve feedback to V1 and is well studied in humans and 

monkeys is the figure-ground task (Figure 8A,B)26-31. A display of texture elements of a 

certain orientation is presented with one square containing elements of the opposite 

orientation, giving the perception of a figure popping out against a background. A monkey 

can be trained to make an eye movement to the center of a figure, indicating that he 

perceived it.  

Neurons in V1 have a small receptive field (red and blue circles in Figure 8A,B), confined 

within the figure. Note that the stimulus elements inside these circles are identical, receptive 

fields in V1 are too small to distinguish whether they are lying on a figure or on a 

background. That explains why the initial transient responses in these neurons are identical 

for the figure and ground conditions (Figure 8C). Still, neurons in V1 with their receptive 

fields lying on the figure enhance their activity relative to when they are lying on the 

background, with a delay of about 100ms (Figure 8C). This difference in activity is called 

'figure-ground modulation'. Neurons in higher visual areas have larger receptive fields that 

would be able to see whether they are lying on a figure or on a background. This suggests 

that neurons in V1 receive feedback input from higher visual areas; this input enhances the 
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activity of neurons with receptive fields lying on the figure and suppresses the activity of 

neurons with receptive fields lying on the background. The delay is thought to arise from 

the fact that activity first has to propagate to higher visual areas before it can be send back 

to V115.  

To directly investigate whether the figure-ground task involves feedback to V1, we recorded 

activity in the different layers of monkey V1 with a laminar probe. Our hypothesis is that 

the initial response to the figure and ground stimulus evokes a laminar pattern in V1 that 

indicates feedforward input to layer 4 and 6. In contrast, the modulation between the figure 

and ground condition is expected to indicate feedback input to layer 1-3 and layer 5. 

 

Figure 8 | Figure-ground and curve-tracing task. (A,B) Texture-segregation stimuli with a figure of 
one orientation placed on a background with the orthogonal orientation. The monkey was trained to 
make an eyemovement to the center of the figure. The neurons’ receptive field (circle) fell either on 
the figure (A) or on the background (B). The white square was not visible to the monkey. (C) Average 
MUA response in V1 evoked by the figure (red trace) and the background (blue trace). The dashed 
line indicates the stimulus onset. (D,E) The monkey had to mentally trace the target curve that was 
connected to the fixation point. Either the target curve (D) (red circle) or the distractor curves was 
placed in the RF (E) (blue circle). (F) Average MUA response in V1 evoked by the target (red trace) 
and the distractor curve (blue trace). 
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Chapter 3 

Horizontal connections within V1 have been shown to provide contextual input to the 

receptive fields of neurons in V132. Figure-ground modulation could thereby rely on input 

from neurons within V1 instead of feedback from higher visual areas33, 34. Yet the 

modulation has been shown to depend on whether it is the goal of the monkey to report the 

figure, indicating the involvement of feedback from higher cortical areas like the PFC31.  

A task that is not thought to rely on horizontal connections, and more clearly involves the 

selection of one object among distractors is the curve-tracing task (Figure 8D,E)35. 

Monkeys are trained to mentally trace a curve and make an eye movement to the end of the 

curve that is connected to the fixation dot35. Again, the receptive fields of neurons in V1 are 

too small to see whether they are lying on a task-relevant (Figure 8D) or a task-irrelevant 

part of the stimulus (Figure 8E). Still, neurons on the target curve become enhanced over 

the distractor curve after a certain delay, again indicating feedback (Figure 8F).  

The curve-tracing task allowed us to measure the laminar profile of both selective attention 

and spatial working memory in V1, by presenting the curves either for the full duration of 

the trial or only for a short time period. It is still an open question whether a working 

memory trace is present in terms of spiking activity in V1. Furthermore, we can now 

investigate the role of feedback in both selective attention and working memory by 

analyzing the laminar pattern of activity in V1. 

 
Chapter 4 

The brain also generates rhythmic activity. Visual input generates a high frequency rhythm 

in the visual cortex called 'gamma' (Figure 9)36. This rhythm corresponds to spiking activity 

and is enhanced when the stimulus is attended37.  

Another rhythm of a lower frequency called 'alpha' is generated in the visual cortex when 

you close your eyes (Figure 10)38. It has been suggested that the alpha rhythm therefore 

reflects the state of the cortex when it is at rest38-40. In line with this, the alpha rhythm is 

found to be suppressed at attended locations41, 42.  
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It has been suggested that the gamma rhythm selectively propagates in the feedforward 

direction through the visual hierarchy, while the alpha rhythms propagates in the feedback 

direction. Rhythmic activity could thereby provide markers to distinguish feedforward from 

feedback processing. As the alpha and gamma rhythm can also be picked up outside the 

scalp this could be highly useful to investigate these processing streams in humans.  

 

Figure 9 | Gamma oscillations in V1 with visual stimulation. Recording in cat V1 with the local field 
potential (LFP) on the top and single unit recordings below it. The upper two traces show a slower 
times scale, the inset below it shows a faster time scale. At the onset of a moving bar, the low 
frequency oscillations in the LFP can be seen to be replaced by high frequency activity, simultaneous 
the spiking activity is increased. In the inset it can be seen that this high frequency activity also 
consists of oscillations where spiking activity it locked to a specific phase of the LFP.52 

 

 



 Chapter 1  

14 

We analyzed the alpha and gamma rhythm during the figure-ground and the curve-tracing 

task, using both laminar recordings in V1, and combined recordings in V1 and V4. 

Moreover, using pharmacological manipulations and electrical microstimulation we 

causally investigated the hypothesis that the alpha and gamma rhythms travel in opposite 

direction through the visual cortex. 

 

Figure 10 | Alpha oscillation with eyes closing. EEG recording showing large amplitude alpha 
oscillations when eyes are closed, which disappear when eyes are open.53 

 

Chapter 5 

Finally, we investigated how the PFC maintains task relevant information during working 

memory. Neurons in the PFC which are selective for a task relevant stimulus show 

persistent activity when the stimulus has disappeared43. The neural mechanisms behind this 

persistent activity are not well understood.  

Neurons contain two major classes of channels by which they receives excitatory input, 

AMPA and NMDA channels. While AMPA channels open and close rapidly, NMDA 

channels have slower dynamics. Furthermore, NMDA channels can only open once the cell 

has been depolarized44. Modeling work therefore suggested that NMDA channels could be 

essential in working memory, maintaining sustained activity after an initial feedforward 

activation45. Moreover, a deficit in NMDA channels has been suggested to underlie 

schizophrenia, which is in line with working memory impairments in schizophrenia 

patients46. 

Using pharmacological manipulations we studied the roles of AMPA and NMDA channels 

located in PFC neurons for working memory.  
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Conclusion  

Taken together, we investigated the cortical mechanisms of selective attention and working 

memory in monkey visual cortex. We investigated the mechanisms of the source of cortical 

feedback in the PFC, and the signatures of feedback in the laminar profile and in rhythmic 

activity in early visual areas. This line of research has the potential to unravel the function 

and mechanisms of cortical feedback, which could have applications with huge benefits to 

society.  
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ABSTRACT 

What roles do the different cortical layers play in visual processing? We recorded 

simultaneously from all layers of the primary visual cortex while monkeys performed a 

figure-ground segregation task.  This task can be divided into different sub-processes 

which are thought to engage feedforward, horizontal and feedback processes at different 

time-points. These different connection types have different patterns of laminar 

terminations in V1 and can therefore be distinguished with laminar recordings. We found 

that the visual response started 40ms after stimulus presentation in layers 4 and 6, which 

are targets of feedforward connections from the LGN and distribute activity to the other 

layers. Boundary detection started shortly after the visual response. In this phase, 

boundaries of the figure induced synaptic currents and stronger neuronal responses in 

upper layer 4 and the superficial layers ~70ms after stimulus onset, consistent with the 

hypothesis that they are detected by horizontal connections. In the next phase, ~30ms 

later, synaptic inputs arrived in layers 1, 2 and 5 that receive feedback from higher visual 

areas which caused the filling-in of the representation of the entire figure with enhanced 

neuronal activity. The present results reveal unique contributions of the different cortical 

layers to the formation a visual percept. This new blueprint of laminar processing may 

generalize to other tasks and to other areas of the cerebral cortex, where the layers are 

likely to have similar roles as those in area V1. 
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INTRODUCTION 

Neocortex is often divided into six layers on the basis of histological data. Every layer 

receives a characteristic pattern of inputs and gives rise to a distinct set of projections to 

other layers and brain structures. While the anatomy of the different layers is fairly well 

defined1-4 the roles of the different layers in cortical processing are still poorly understood 

and their elucidation remains a central challenge for systems neuroscience5. In the present 

study we examined the role of the layers in the primary visual cortex (V1) of monkeys. V1 

receives feedforward connections from the LGN that terminate primarily in layers 4 and 

66,7, there are horizontal connections between the V1 columns which are present in all 

layers but predominantly terminate in upper layer 4 and the superficial layers8,9 and there 

are feedback connections from higher visual areas, which terminate primarily in layers 1, 

and 5 and tend to avoid layer 49-12. What is the role of these different inputs? Do they give 

rise to distinct types of firing behavior in the different layers? 

To determine the role of the layers we used a texture-segmentation task (Figure 1A) 

because electrophysiological13, psychophysical14,15 and computational16-18 studies have 

suggested that cortical processing in this task consists of a number of processing phases for 

which feedforward, horizontal and feedback connections play different roles. Firstly, the 

orientation of the line elements is extracted by the spatial arrangement of feedforward 

connections from the LGN to V119. Then the edges between figure and background are 

detected at locations where the orientation changes abruptly (Figure 1B). This is thought to 

be achieved through horizontal inhibition between neurons with nearby RFs tuned to the 

same orientation16,17,20,21, suppressing neuronal responses to homogeneous image regions. 

Finally, all image elements of the figure must be grouped together in perception (Figure 

1C). Electrophysiological studies have shown that neuronal responses evoked by the figure 

are enhanced relative to the background, an effect known as figure-ground modulation 

(FGM)22. FGM in the figure center is thought to arise from feedback projections from 

higher visual areas back to V1 as it is modulated by attention18 and absent when a monkey 

fails to detect the figure23 or is anesthetized24.   

The aim of our study was to identify the laminar circuits engaged by the different 

processing phases in the texture-segregation task of Figure 1A. We simultaneously 
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recorded multi-unit neural activity (MUA) from all layers of V1 using a multi-contact 

depth electrode. The advantage of this electrode is that we were also able to measure the 

flow of synaptic currents in the different layers underlying changes in firing-rate using 

current-source density (CSD) analysis25. The laminar profile of these currents can be 

compared to the targets of feedforward, horizontal and feedback connections, allowing us 

to estimate the contributions of these connection types to figure-ground segregation.  

  

RESULTS 

We trained two monkeys to perform a texture-segregation task (Figure 1D,E) where they 

saw a square figure of one orientation on a background of the opposite orientation. Both 

monkeys performed this task with an accuracy of greater than 95%.  

Twenty-five percent of trials were catch-trials without a figure and on these trials the 

monkey was rewarded for maintaining fixation. The performance on catch trials was 

slightly lower (77% for Monkey S and 89% for Monkey E) due to the longer fixation time. 
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Figure 1. (A) Example texture with an orientation defined figure used in the present study. (B) A 
model of neural responses at either side of a texture-boundary (pink dashed line). Neurons tuned to 
the same orientation inhibit each other (black bars).  A neuron at the edge of the figure receives less 
inhibition than a neuron in the middle of the texture and therefore has a relatively enhanced firing-
rate (saturated colors, thicker outlines). (C) Models of region-filling suggest that the figure-region 
becomes perceptually grouped through excitatory feedback from neurons in higher visual areas 
tuned to the figural orientation (red cone) causing an enhanced firing rate in the entire figure region. 
(D) We varied the eccentricity of the figure in blocks of 200-500 trials so that the RF of the neurons 
fell on either the figure center or edge. (E) Schematic representation of the time-course of the task.  
Monkeys started a trial by fixating within a small window (1o) centered on a fixation point. After 
300ms a figure-ground texture appeared. There were three possible figure locations. One was 
centered on the neurons’ RF (figure condition) and the other two were at an angle of 120o (ground 
conditions). The orientation of the line elements (45o or 135o) was chosen so that the texture inside 
the RFs was on average the same across conditions. The fixation dot was extinguished after another 
300ms and the monkeys were rewarded for an eye movement to the figure (arrow). On catch trials 
there was no figure and the monkey was rewarded for maintaining fixation. The yellow circle 
denotes the RF and the red square illustrates the location of the figure.   
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Visually driven activity in the different cortical laminae 

We recorded multi-unit spiking activity (MUA) simultaneously from the different laminae 

of area V1 using a multi-contact electrode (Figure 2A). We estimated the cortical layer of 

each electrode site using current source density (CSD) analysis (see Methods and Figure 

S1A-C).  The CSD profile provides a reliable measure for the boundary between layers 4c 

and 5. We estimated boundaries between the other layers using data from previous 

anatomical studies3,4,26 and these boundaries are therefore more tentative. For each electrode 

contact we measured the orientation tuning and the multi-unit receptive-field (RF) with a 

moving bar stimulus (Figure S1D-E, Supplementary Methods). We then examined the 

neural responses induced by the appearance of the textures in the catch-trial condition in 

which there is no figure-ground organization. Visual response latency (calculated using a 

curve-fitting technique, Figure 2B,C and Supplementary Methods) varied across the 

cortical layers, being earliest in layer 4c and layer 6. Visually driven activity then spread to 

layer 5 and considerably (10-15ms) later to the superficial layers. For statistical analysis we 

grouped the layers into four laminar compartments (deep layers, layer 4c, layer 4a/b and 

superficial layers, see Methods). The differences in latency across the compartments were 

highly significant (assessed by a mixed linear model which corrects for the correlations 

within penetrations, see Supplementary Methods for details; F3,119.7=116, p<0.001, n=43 

penetrations). Post-hoc tests showed that layer 4c had a significantly shorter latency and 

that the superficial layers had a significantly longer latency than all other compartments (all 

p<0.05, Bonferroni corrections were applied to all post-hoc tests). 

Figure 2D shows the MUA response induced by the appearance of the texture, averaged 

across all penetrations. Figure 2E shows the MUA and CSD responses during the initial 

peak response phase (30-90ms). The CSD profile gives information about the currents that 

flow in the cortical layers25. Current sinks mark the locations where excitatory input arrives 

and causes inward currents, whereas current sources arise at locations where the current 

flows out of cells. The first current in the average CSD was a sink in layer 4c reflecting the 

thalamic input into this layer (black arrow in Figure 2E). This sink coincided with a source 

in layer 5, which reflects the passive return of current25. This initial sink/source pair was 

followed by a pattern of current sinks and sources in superficial and deep layers that reflects 
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the anatomy of the cortical micro-circuitry1. Thus, the laminar recordings reveal how the 

visual response activates successive layers of V1.  

The initial burst of activity evoked by the onset of the texture stimulus was followed a 

period of sustained spiking activity (Figure 2F).  We measured the strength of the sustained 

activity as the average MUA in a window from 100-300ms after stimulus onset. The 

strength of this sustained response differed significantly between the cortical compartments 

(mixed model, F3,119.8=9.9, p<0.001, n=43 penetrations). Spiking activity in layer 4 was 

relatively transient whereas the response was more sustained in the superficial layers and 

particularly in layer 5.  
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Figure 2. (A) Laminar electrode for the simultaneous recording of MUA and CSD at different cortical 
depths. The electrode (‘U-probe’, Plexon) contained 24 contact points spaced 100µm apart which 
allowed us to record simultaneously from every layer of cortex. The diagram shows the approximate 
thickness of V1 cortex and the division into four layer compartments: 2/3, 4ab, 4c and 5/6. We 
assigned the depth of 0mm to the reversal in the CSD, which marks the boundary between layer 4c 
and layer 5. (B) Example MUA response in the catch-trial condition (averaged across 235 trials) at 
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one of the recording sites. A curve was fitted to estimate the visual response latency as the point at 
which it reached 33% of its maximum (dashed-line). (C) The black curve shows visual latencies in the 
different laminae, averaged across all penetrations, the error-bars show s.e.m. (Figure S5 specifies 
number of recording sites per cortical depth). (D) The average multi-unit activity (MUA) response 
across penetrations (n = 43) to the oriented texture (catch-trial condition). Dashed lines mark the 
boundaries between layer compartments. (E) The average MUA and current source density (CSD) 
responses evoked by the onset of the oriented texture across the different laminae in an early time 
window (30-90ms). These responses were averaged across 29 penetrations for monkey S and 14 for 
monkey E. For the CSD plots on the right warmer colors indicate current sinks (i.e. current flowing 
into neurons), cooler colors indicate current sources (current flowing out of neurons). The first MUA 
response occurred in layers 4c and 6 and it was accompanied by a current sink in layer 4 (indicated 
by the black arrows). (F) MUA during the more sustained phase of the response (150-250ms). The 
plots to the right of each graph show the average MUA in this time-period for each layer. Note the 
U-shaped profile indicating that responses in layer 4 are more transient than in the superficial and 
deep layers. 

 

The laminar profile of region-filling in V1 

To examine the differences between neural responses evoked by the center of the figure and 

the background we placed the figure so that the RF fell on its center or on the background. 

Figure 3 shows an example penetration from each monkey and illustrates several effects that 

we consistently observed across penetrations. The laminar profiles of the responses evoked 

by the figure and background were similar during the initial peak-response, but at later 

time-points (>100ms) responses were stronger when the figure fell on the RF (Figure 

3A,B). This can best be visualized by subtracting the background response from the figure 

response to compute FGM (Figure 3C). In both example penetrations FGM was strongest 

in the superficial and deep layers and considerably weaker in layer 4. The laminar pattern of 

FGM resembled the pattern of sustained activity (compare Figure 3C and Figure 2F). The 

strength of FGM differed significantly between laminar compartments of V1 in both 

example penetrations (two-way ANOVA, interaction between condition and compartment, 

Monkey S: n=155 trials, F3,612=3.3, p=0.02; Monkey E: n=828 trials, F3,3304=12.2, p<0.001).   
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Figure 3. (A,B) MUA responses across the layers from an example penetration in Monkey E (top 
graphs) and Monkey S (bottom graphs) evoked by the figure (A) and background (B). The panels 
above show the MUA-response averaged across all laminae; the relevant condition is highlighted in 
pink. Panels to the right show the MUA response averaged across time (0-300ms post stimulus 
onset). Note that the high levels of sustained activity in the superficial layers and in layer 5 are most 
pronounced in the figure condition. n, number of trials. (C) FGM, which is the difference between 
activity evoked by a figure and the background.  The upper graphs show how FGM develops in time 
and the right graph shows the variation across laminae. Note that FGM is weakest in layer 4. 

 

We observed a similar laminar profile of FGM at the population level (Figure 4A). We 

quantified center-FGM as the difference in normalized activity evoked by the figure and 

background (in a window from 100-300ms). In Monkey E the average FGM was 0.072, i.e. 

the difference in response evoked by figure and ground was on average 7.2% of the peak 

response (mixed model, F1,13.1=382, p<0.001, n=14 penetrations). FGM was significant 

(p<0.05, two-sample t-test) at 98% of individual recording sites. In Monkey S the average 

FGM was 5.8% (mixed model, F1,27.5=88.8, p<0.001, n=29 penetrations) and was significant 

at 68% of sites. We did not observe cases where the background evoked significantly 

stronger activity than the figure. The absolute FGM strength may appear small, but this is 
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due to the normalization to the peak response. During the sustained response period (100-

300ms) the figure evoked responses were 46% (monkey E) and 28% (monkey S) stronger 

than the background. FGM was strongest in the superficial and deep layers, which are 

targets of feedback connections, and weaker in layer 4, the main target of feedforward input 

from the LGN (Figure 4A, data and statistical maps from the individual monkeys are 

shown in Figure S2). For statistical analysis we again grouped the layers into four 

compartments (Figure 4C). FGM differed significantly between these compartments 

(mixed model, Monkey S: F3,78.0=5.4, p=0.002; Monkey E: F3,38.2=35.2, p<0.001). Post-hoc 

analyses showed that the deep and superficial layers modulated significantly more than the 

layer 4 sites (p<0.05) and were not significantly different from each other (p>0.5). Control 

analyses showed that these results did not depend on the orientation-tuning of the 

recording sites and were not caused by variations in eye position within the fixation 

window (Supplementary Results). Thus, FGM is strong in the superficial and deep layers, 

targets of feedback connections. 
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Figure 4. (A,B) FGM in the center of the figure (A) and at the edge (B) averaged across all 
penetrations. The upper plots show MUA averaged across layers. The shaded grey region shows the 
difference in activity evoked by the figure and background (FGM). n, number of recording sites. The 
lower plots show the laminar profile of FGM. The edge causes early FGM in the superficial layers 
(white arrow in B). (C) The average FGM evoked by the figure center in the four layer compartments. 
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Error-bars, s.e.m. Significant differences from post-hoc tests in the average across both animals are 
indicated by the asterisks, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, after Bonferroni correction. 
(D) Difference between the level of FGM in the edge and center conditions during the early (50-
100ms) time period.  Note that the difference is strongest in the superficial layers and, to a lesser 
extent, layer 4ab.  Number of recording sites in panels C and D have been specified in Figure S5.  

 

To examine the synaptic inputs responsible for FGM we computed the difference between 

the CSD evoked by the figure and the background (Figure 5A). FGM was associated with 

an altered current flow in layer 5 and very superficially in putative layer 1 or upper layer 2 

(black arrows in Figure 5A). There appears to be an additional current sink in the figure 

condition, but because Figure 5A is the result of a subtraction it is also possible that there 

was an additional current source in the background condition (Figure S3A shows the figure 

and ground conditions separately). Cluster-based statistics indicated that the differences 

between the figure and background CSD described above were all statistically significant 

(Figure 5C, Supplementary Methods). The latency of the CSD difference in layer 5 and 

layer 1/2 was approximately 100ms and it began at the same time as the modulation of the 

MUA response (see below and Figure S4). Thus, our results indicate that region-filling is 

caused by a putative excitatory input into layers 1, 2 and 5, the major targets of cortico-

cortical feedback connections10,11.  



 Chapter 2   

34 

 

Figure 5 | (A) Difference in the normalized CSD evoked by the figure center and background.  Warm 
colors show stronger sinks in the figure condition (and/or stronger sources in the ground condition) 
and cooler colors stronger sources.  The black arrows indicate the first sinks that differentiate 
between figure and background at a latency of ~100ms in layer 5 and layer 1/2. (B) The difference in 
CSD between the figure edge and the background.  The earliest, weak sink occurs in upper layer 
4/superficial layers (black-arrow). This sink was consistent across penetrations (see Figure S3B,C). 
(C,D) A statistical map indicating the t-score of the difference between the CSD evoked by the figure 
center (C) or figure edge (D) and the background. Cluster-statistics were used to calculate the 
significance of sinks and sources. Non-significant clusters are not shown (grey area). Figure S5 
specifies the number of recording sites per cortical depth.  

 

Laminar profile of FGM at boundaries between figure and background 

The boundary between figure and background was defined by an orientation-discontinuity, 

which might be detected locally in V1. To examine the laminar profile of the boundary 

detection process, we placed the neurons’ RF on the edge between figure and background 
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(Figure 1D). We observed significant FGM at the figure edge for both monkeys (mixed 

model: monkey S: n=16 penetrations, F1,16.3=43.6, p<0.001; monkey E: n=12 penetrations, 

F1,11.2=197.3, p<0.001). At first sight, the laminar profile of edge-FGM was similar to that of 

center-FGM (Figure 4A,B, Figure S2). However, the edge of the figure evoked an 

additional, early increase in neuronal activity that was strong in the superficial layers (arrow 

in Figure 4B) and somewhat weaker but significant in upper layer 4 (Figure 4D, 6C). We 

tested almost all recording sites in the edge and the center condition so that we could 

compare the FGM for matched penetrations. FGM in an early analysis window (50-100ms) 

was significantly stronger when the RF was on the edge of the figure than when it fell on the 

center (mixed model, n=27 matched penetrations, F1,26.6=6.3, p=0.02).  This difference in 

FGM between the center and the edge varied between the laminar compartments 

(F3,67.2=7.2, p<0.001) being significantly larger in the superficial layers than in the other 

layers (post-hoc tests, all p<0.05) (Figure 4D).  

To further characterize edge FGM, we measured its latency using the same curve-fitting 

procedure used for the visual latency (Figure 6A,B). Across the population of recording 

sites the early detection of edges in upper layer 4 and the superficial layers caused the 

latency of edge-FGM to differ significantly between layers (mixed model, F3,55.6=6.4, 

p=0.001). Edge FGM in the superficial layers begun on average at 71ms after stimulus onset 

(Figure 6C). In contrast, the latency of FGM in the center of the figure was very similar 

across the layer compartments (mixed model, F<1) beginning at 100ms. Center-FGM was 

significantly later than edge-FGM in the superficial layers and layer 4ab (paired t-test, both 

p<0.005).  Edge FGM was accompanied by an extra current sink in putative upper layer 

4/lower layer 3 (black arrow, Figure 5B,D) and a source in layer 2. Although these currents 

appear weak in Figure 5B, they were reproducible across penetrations and animals (Figure 

S3B,C) and occurred at a latency of 58ms, just prior to the edge-modulation of the MUA 

response (Figure S4), which suggests that they underlie the edge FGM. Thus, edge 

detection was associated with an early MUA increase in superficial layers and upper layer 4, 

caused by a characteristic pattern of synaptic input into these layers. 
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Figure 6 | (A) Time-course of FGM at an example recording site in the superficial layers with RF in 
the center of the figure. The black-line shows the function (the sum of two Gaussians and a 
cumulative Gaussian) used to estimate the latency of FGM (the same function was used to estimate 
visual latency). The latency was estimated as the time point at which the function reached 33% of its 
first maximum. (B) Example FGM time course at a superficial layer electrode with the RF on the 
edge.  Note that the first Gaussian captures the early edge modulation. (C) The average latency 
across penetrations of the center-FGM (grey line) and edge-FGM (black line), calculated by fitting a 
curve to the FGM in each layer compartment for every penetration. Error-bars show s.e.m.  

 

DISCUSSION 

Here we have examined the roles of the different cortical layers within a single visual task 

that requires a number of different computations. The segregation of a figure from the 

background starts with the registration of features, is followed by the detection of feature 

discontinuities at the figure boundaries and completes with a region filling process that 

labels all figural image elements with enhanced activity13,18. We observed distinct 

contributions of the cortical layers to the successive processing phases, corresponding well 

to the anatomy of feedforward, horizontal and feedback connections (summarized in 

Figure 7).  
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Figure 7 | The processes for figure-ground segregation have different time-courses and also specific 
laminar profiles within area V1 (A-D). The registration of features started in layers 4 and 6 (yellow 
region in B), the layers that receive input from the LGN, causing an early current sink in layer 4c 
(black arrow in B). Whereas the textures produced a transient response in layers 4 and 6, the 
response in the other layers was more sustained, especially in layers 2/3 and layer 5. After 65-70ms 
boundary detection occurred in the superficial layers (yellow regions in C) because image locations 
where the features changed caused stronger MUA activity than image locations with a 
homogeneous orientation. This edge-enhancement was accompanied by current sinks in upper layer 
4 and the superficial layers, which receive input from horizontally projecting axons within V1 (black 
arrows in C). After approximately 100ms, FGM also occurred in the center of the figure (yellow 
region in D). Center-FGM was significantly weaker in layer 4 than in the deep and superficial layers 
and it coincided with additional current sinks in the upper superficial layers and in layer 5 (black 
arrows in D), known targets of cortico-cortical feedback connections. 

 

Flow of visual information through the cortical column 

The initial input from the LGN into layer 4c causes large sinks in the CSD and this input 

robustly drives responses in all cortical layers (Figure 7B).  We observed that the latency of 

the visual response varies across the cortical laminae, in accordance with previous 



 Chapter 2   

38 

studies27,28. The shortest latencies occurred in the input layers 4c and 6, with longer latencies 

in layer 5 and particularly in the superficial layers. This result is surprising as the anatomy 

of the micro-circuitry of V1 appears to predict shorter latencies in superficial layers than 

layer 52,29. Long response latencies in the superficial layers has been observed previously27 

and their cause is unknown. One possibility is that neurons in the superficial layers must 

summate the input from layer 4 for a longer period before they reach spike-threshold. Layer 

5 neurons receive a small amount of direct input from layer 430 onto their apical dendrites 

in layers 2/331, which is highly effective in driving the neuron to threshold32 and may allow 

layer 5 neurons to fire at a shorter latency. We also observed a laminar difference in the 

balance between transient and sustained activity. Layers 4 and 6 had a strong transient 

response but their activity decreased after ~100ms. Visually driven activity was more 

sustained in the superficial layers and layer 533 and these layers may therefore play an 

important role in representing the stimulus at later times. These laminar differences 

contrast with a recent study in V1 of anesthetized monkeys34 showing that the level of 

sustained activity evoked by moving gratings is relatively homogeneous across the layers. 

This discrepancy may have been caused by our use of stationary texture patterns, which 

cause stronger adaptation, or by a difference between the awake and anesthetized state. 

 
Detection of feature discontinuities at figure edges 

The figures used in this study were delimited by orientation-defined edges.  

Neurocomputational models have suggested that boundary detection is caused by 

inhibition between neurons tuned to the same orientation20,21. This “iso-orientation 

inhibition” suppresses activity in image regions with a homogeneous orientation and is 

weaker at edges, thus accounting for edge-FGM (Figure 1B)35. It has also been implicated in 

orientation pop-out detection in V136,37.   

We observed early enhancements in spiking activity at orientation-defined edges within 10-

15ms after the visual response in the superficial layers and upper layer 4 (Figure 7C). This 

finding is in line with a recent study demonstrating that iso-orientation inhibition is most 

pronounced in these layers38 and the latency is also in good agreement with previous 

studies35,36,39. Horizontal connections within V1 are a likely source of the required 

orientation-tuned inhibition.  Many pyramidal neurons in V1 have axonal arbors that 
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project horizontally over large distances8,40,41 and that are particularly prominent in upper 

layer 4 and the superficial layers9 although these connections are also present in the other 

layers. These horizontal connections preferentially link cortical columns tuned to the same 

orientation and they could therefore provide the required iso-orientation inhibition42. In 

accordance with a contribution of the horizontal connections, the earliest difference in 

current flow between the edge and center-FGM was in upper layer 4 and the superficial 

layers (Figure 5B, Figure S3B,C)8,40. An important role for local processing within V1 for 

boundary detection is also supported by a study demonstrating that blocking V2 did not 

reduce pop-out effects in V143 and by a recent study showing that boundary detection 

depends little on the animal’s attentional state18. Our results combined with these previous 

findings support the idea that texture-defined boundaries are first detected locally in V1 

through iso-orientation inhibition.    

 

FGM at the center of the figure  

Iso-orientation inhibition for boundary detection would cause suppression of neuronal 

activity in the center of the figure, where image elements are surrounded by the same 

orientation. We have previously postulated a complementary region-filling process where 

neurons in higher areas that register the figural orientation provide feedback to excite V1 

neurons coding the same orientation16,44 (Figure 1C). This “iso-orientation excitation” 

feedback mechanism can explain why FGM in V1 labels all image elements of the figure 

with enhanced activity at a longer delay and is supported by a number of previous studies. 

FGM in V1 in the center of the figure is abolished if higher areas are lesioned45 or if the 

monkey is anesthetized24, and it is reduced if the animal directs attention away from the 

figure18. FGM in the figure center is also reduced if the monkey fails to detect the figure23. 

The present results provide further support for this view. Center-FGM was strongest in the 

superficial and deep layers (Figure 7D), which receive feedback from higher areas, and it 

was weaker in the input layer 4 (Figure 4A,C). Moreover, the center-FGM coincided with 

strong current sinks in layers 1,2 and 5 (Figure 5A), which are prime targets of feedback 

connections to area V19,10,46. The areas that provide these feedback signals cannot be 

determined from our data, but the most likely candidates are V2 and ventral stream areas 

(e.g. V4) where neurons are selective for orientation and send feedback connections to the 
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deep and superficial layers of V19,10,12,46. The pattern of feedback targets we observe is less 

consistent with a contribution from dorsal stream areas such as MT which target layer 4B47. 

The influence of figure-ground organization on spiking activity was more widespread than 

the CSD sinks.  We note, however, that these sinks may also reflect input into the dendrites 

of cells with somas located in different cortical layers. Furthermore, FGM can be passed 

around the cortical micro-circuitry through the many interlaminar connections1,2.  Layer 4c 

neurons have only few dendrites extending into layers 1, 2 and 52, which might cause them 

to receive little feedback from higher areas and this could explain the weak FGM in this 

layer. However, it is also conceivable that the weaker FGM in layer 4 is the result of the 

weaker level of sustained activity. Previous studies suggested that feedback effects are 

particularly pronounced for neurons that are well driven by a stimulus and weaker for 

neurons that are not48,49. Such a multiplicative interaction between feedback effects and 

visually driven activity could be conveyed by NMDA-receptor mediated feedback50. 

NMDA-receptors only pass current if the membrane is depolarized, which could explain 

why FGM is strongest in layers with a high level of sustained activity.   

In conclusion, the present results reveal distinct laminar patterns of neuronal activity in V1 

for the visual response, the detection of boundaries and the labeling of figural image regions 

with enhanced neuronal activity. Future studies can now determine whether the laminar 

patterns observed in the present task comprise a canonical pattern for tasks that require 

feedforward activation, combined with local intra-areal processing and feedback from 

higher visual areas. 
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METHODS 

All procedures complied with the NIH Guide for Care and Use of Laboratory Animals, and 

were approved by the institutional animal care and use committee of the Royal Netherlands 

Academy of Arts and Sciences. We recorded from 2 adult macaque monkeys (monkeys S 

and E) using laminar electrodes (Figure 2A).  The monkeys were implanted with a headpost 

and recording chamber as described previously50. We targeted the operculum of area V1 

(visualized using ultrasonic imaging, Figure S1B), as well as from the calcarine portion of 

V1 by inserting the electrode deeper into the cortex (Figure S1D). 

We recorded the spiking responses of neurons as the envelope of the multi-unit activity 

(MUA) (Supplementary Methods). The local field potential (LFP) was recorded by filtering 

the raw signal from the electrodes (digitized at 24.4kHz) using a low-pass filter (2nd order 

Butterworth filter, corner frequency 200Hz), and sampling it at 763Hz.  The current-source 

density was calculated as: 

 

2
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h
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φ is the voltage (in μV), x is the point at which the CSD is calculated, h is the spacing of 

recording sites for the computation (here 200μm) and σ is tissue conductivity (we used 0.4 

S.m-1).  

The MUA response at each recording site was normalized by subtracting the spontaneous 

activity, measured from -150ms to 0ms before stimulus onset, and by dividing the response 

by the peak response (maximum in a 50-90ms window after stimulus onset) in the catch-

trial condition. FGM was calculated as the difference between normalized figure and 

ground MUA responses in a time window from 100-300ms after stimulus onset. We 

normalized the CSD of each penetration by dividing by the maximum absolute value of the 

CSD across layers during the peak period (50-90ms) in the catch-trial condition. 

To generate average MUAs and CSDs per electrode depth we aligned the depth of the 

different penetrations using the CSD (Supplementary Methods). The realigned, 

normalized CSD data and normalized MUA signals were then averaged across penetrations. 
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We assigned recording sites to one of four laminar compartments based on their distance 

from the layer 4c/layer 5 boundary. The assignments were made with reference to previous 

anatomical studies3,4,26 which measured the thickness of the cortical layers in V1. These 

assignments come with an inherent degree of uncertainty as histological measurements of 

layer thicknesses vary between studies, aside from the CSD reversal at the boundary 

between layer 4 and layer 5 that is reliable25. The compartment labels we use in this paper 

should therefore be taken as guides and do not imply a one-to-one correspondence with 

histological data. Recording sites between 0.7 and 0.1mm below the 4c/5-boundary were 

assigned to the deep layers, sites between 0 and 0.2mm above the boundary were assigned to 

layer 4c, sites between 0.3 and 0.5mm were assigned to upper layer 4 (which we refer to as 

layer 4ab) and sites more than 0.5mm above the boundary were assigned to the superficial 

layers. Recording sites more than 0.7mm below or more than 1.1mm above the boundary 

were removed from the analysis because we did not obtain sufficient data from these very 

deep and very shallow locations (14.9% of all recording sites).  
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SUPPLEMENTARY INFORMATION 

 

Supplementary Results 

Influence of orientation tuning on FGM 

We examined whether FGM depended on the neurons’ orientation tuning.  We first 

calculated an orientation index based upon the response of the multi-units to the texture 

stimuli (OTI): 

  

𝑂𝑇𝐼 =  
𝐶𝑇𝐻45 − 𝐶𝑇𝐻135
𝐶𝑇𝐻45 + 𝐶𝑇𝐻135

 

 

Where CTH45 was the average MUA response during the catch trial condition (0-300ms) 

with a 45° texture and CTH135 was the response to the 135° texture. We considered a multi-

unit recording site to be tuned to orientation if this index was greater than 0.1 (prefers 45°) 

or less than -0.1 (prefers 135°).  We then examined how these recording sites responded to 

figure and ground textures which either matched the preferred orientation of the cell or not.  

We carried out a 2x2 repeated measures ANOVA with factors context (figure or ground) 

and orientation of the texture in the RF (preferred or non-preferred).  As expected, we 

found significant main-effects of context and orientation (Orientation: F1,1045 = 1463, p<10-6.  

Context: F1,1045=2640, p<10-6), however these two factors did not interact (F1,1045 = 2.12, p = 

0.15).  We also examined if FGM depended on the strength of the orientation-tuning by 

correlating the OTI with FGM-strength, but we found no significant correlation (r2 = 

0.0005, p > 0.5).  Thus, the strength of FGM does not depend strongly on the orientation 

tuning of the recording sites. 
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Eye movement analysis 

During this experiment the animals fixated on a fixation dot of 0.3° in diameter inside a 

circular window of 1° diameter. We performed an analysis to control for possible 

differences in fixational eye-position within this window between the figure and ground 

conditions. We performed a stratification analysis as described previously1. For each 

penetration we binned the mean horizontal and vertical eye positions from each trial (bin 

size 0.25o x 0.25o).  We equated the number of trials in each bin across conditions (figure 

and ground) by randomly removing surplus trials in one of the conditions, thus ensuring 

that the eye-position distribution was similar across the different conditions.  We then 

reanalyzed the data using the remaining trials. After stratification we still found significant 

differences in FGM in the centre condition across layer compartments (F3,81.3 = 6.5, p = 

0.001). FGM was weakest in layer 4c (FGM in superficial layers and deep layers was 

significantly stronger than in layer 4c, post-hoc test, both p < 0.01, Bonferroni corrected).  

After stratification, we also replicated the laminar profile of FGM if the RF fell on the edge, 

with significant differences between the layer compartments (window from 50-100ms, 

F3,66.4= 4.5, p = 0.006) . Thus, the laminar differences between the centre and edge FGM 

were not caused by variations in eye-position.  

 

Supplementary Methods 

Stimuli and task 

After 300ms of fixation, we presented a figure-ground stimulus that was comprised of an 

oriented texture with a square figure (4ox4o) of the orthogonal orientation (Figure 1A). The 

textures consisted of randomly placed black line elements (45o or 135o) on a white 

background. We made four different textures for each recording session (two of each 

orientation) and these were presented in a counter-balanced order to ensure that precisely 

the same line-elements were present in the RF for each condition.  After another 300ms, the 

fixation dot was extinguished and the monkeys were rewarded for making an eye 

movement to the figure. There were three possible figure locations. One was centered on 

the neurons’ RF (figure condition) and the other two were at an angle of 120o (ground 

conditions, Figure 1E).  Twenty-five percent of trials were catch-trials without a figure and 
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on these trials the monkey was rewarded for maintaining fixation. Within a block of trials 

(between 200-500 correct trials) the figure was always presented at the same eccentricity. In 

different blocks we varied the eccentricity of the figure to create the 'Center' and 'Edge' 

conditions (Figure 1D).  

 

Aligning penetrations based on CSD analysis 

To align different penetrations in depth we used current source density (CSD) analysis.  A 

full-screen, full-contrast checkerboard was presented (duration 250ms, check size 0.3°) 

while the monkey fixated.  The sudden appearance of the checkerboard produced a 

characteristic and highly repeatable laminar CSD pattern (Fig. S1A,C) with a clear reversal 

from current sources in the deep layers to a current sink in layer 4c. We identified this 

reversal point online for each penetration and placed the electrode so that the reversal was 

as close as possible to the 8th contact from the tip to ensure coverage of all cortical laminae.  

We also used this reversal point to align all our recordings in depth at the data analysis 

stage. Taking one penetration as a reference, we used an automated procedure to shift the 

other penetrations to minimize the sum-of-squares errors between the CSD of the reference 

and target penetration between 50 and 100ms after stimulus onset (as this time period gives 

the most reliable CSD profiles). 

 
Receptive-field measurement 

We measured the extent of the multi-unit receptive-field (RF) by determining the onset and 

offset of the response at each recording site evoked by a moving bar. The RF dimensions 

were measured precisely by sweeping the bar in the four cardinal directions while the 

monkey maintained fixation. We measured the average response to a minimum of eight 

repeats of each direction, and fitted a Gaussian curve to the responses (adjusting mean and 

standard deviation). The onset and offset of the response were taken as two standard 

deviations on either side of the mean.  The RF border was taken to be the average between 

the onset position of one direction averaged with the offset position from the opposite 

direction, a procedure which automatically compensates for the delay between the stimulus 

and the onset of the neural response2. The RF size varied with laminar compartment 
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(Figure S1E) (Mixed model, F3,118.7= 46.2, p < 0.001). The smallest RFs were found in layer 

4c in accordance with some3,4 but not all5,6 previous studies, whereas the RFs in the deepest 

layers were particularly large, as has been reported previously5.  

Orientation tuning indices (OTIs) were calculated as the ratio between the average response 

to the preferred orientation of the moving light bar and the response to the least-preferred 

orientation. The strength of orientation tuning of the multi-unit activity also varied 

significantly across the cortical layers (Figure S1E) (Mixed model, F3,120.1 = 8.9, p < 0.001) 

being weakest in layer 4c, as has been reported previously for single units4,6-9. 

 
Multi-unit envelope 

To study spiking activity we used a multi-unit recording technique that was introduced by 

Legatt et al.10, and was used in several studies from other labs11,12. The method measures the 

spiking of neurons in the vicinity of the electrodes as the amplitude of the envelope of the 

multi-unit signal (MUA)2. The signal from the electrode is first filtered between 500Hz and 

5kHz to extract high-frequency (spiking) activity, rectified (negative values become 

positive) and low-pass filtered at 200Hz to produce MUA. MUA provides an instantaneous 

measure of the number and amplitude of spikes in the vicinity of the electrode and its 

measurement does not require the setting of an (arbitrary) spike-detection threshold.  We 

have previously compared responses obtained using MUA with both thresholded multi-

unit data and single-unit data and found the responses to be very similar2,13. Furthermore, 

we observed that the MUA signal contains contributions from spiking neurons within 

~150µm of the contact point13, which corresponds to the distance over which the same V1 

cell can be recorded with single-unit recording14,15. The limited distance over which cells are 

recorded with MUA is supported by the well-localized receptive fields with a size 

corresponding to the composite receptive field of a few V1 single units (Figure S1D).  

 
MUA Statistics 

Statistics assessing the level of FGM for the example penetrations were generated using the 

average activity on each trial from a laminar compartment as the dependent variable.  These 
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values were entered into a two-way independent ANOVA with the factors being condition 

(figure, ground) and compartment (deep, layer 4c, layer 4ab, superficial). 

We carried out our population statistics at the level of laminar compartments. Specifically, 

data from individual recording sites within a laminar compartment of the same penetration 

were first averaged and these averages entered into the statistical tests. We corrected for the 

fact that data from electrode sites from the same penetration are correlated (i.e. not 

independent) with a hierarchical mixed linear regression model (referred to as a ‘mixed 

model’ in the text) with one fixed effect (laminar compartment, 4 levels) and one random 

effect (penetration). The model contained an intercept term for the random effect and was 

fit using restricted maximum likelihood in SPSS (IBM, vs. 20). This approach produces 

identical results to a standard repeated-measures ANOVA if there is no missing data. 

However, in some penetrations there were insufficient numbers of electrode sites passing 

our exclusion criteria (or in the case of latency analyses, insufficient sites generating a 

measurable latency) to generate a compartment average. In these cases the mixed model 

approach is more powerful. The same mixed model approach was used for testing figure-

ground modulation, visual latency, latency of modulation and the level of sustained activity. 

For post-hoc testing a 95% confidence interval was constructed around the estimated 

marginal means and the Bonferroni correction for multiple comparisons was applied. 

 
Latency Analysis 

Our method to calculate the latency of the visual response was based on a previously 

described method16. The latency of both the visual response and FGM were calculated by 

fitting a function to the data.  We fitted the visual response, y, at each time-point, t, with the 

sum of two Gaussians and a cumulative Gaussian using non-linear least-squares fitting 

(MATLAB, Mathworks Inc.): 
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Free parameters of the fit are the amplitudes (G1-3), means (µ1-3) and standard deviations (σ1-

3) of the Gaussians, and erf stands for the error function. 
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To calculate the latency of FGM we fitted the same function to the difference between the 

responses evoked by the figure and the background, separately for every layer 

compartment. The method resulted in good fits of both the visual response (median 

adjusted r2 = 0.94) and FGM (median adjusted r2 = 0.73). We (arbitrarily) defined the 

latency as the time point at which the fitted curve reached 33% of the maximum of the 

earliest Gaussian.  

An important advantage of this technique is that the latency does not strongly depend on 

the signal-to-noise ratio of the response or the number of trials (in contrast, latency 

measurements based on the first of a number of significant time bins tend to yield shorter 

latencies when more data has been acquired). Moreover, we could use the same curve to fit 

the visually driven response, the centre FGM and the edge FGM so that these latencies 

could be directly compared. 

 
Number of penetrations and exclusion criteria 

We recorded from a total of 43 penetrations in which we acquired data from the center 

position (29 from monkey S and 14 from monkey E) yielding a total of 590 recording sites 

(370 in monkey S and 220 in monkey E) after applying our exclusion criteria (See below). 

We also recorded data from the edge of the figure in 16 penetrations in monkey S (154 

recording sites) and 12 penetrations in monkey E (156 sites). For all of the penetrations in 

which we recorded data from the edge condition we also recorded data from the center 

condition, with the exception of one penetration in which we only recorded edge data 

yielding 27 matched penetrations for the center and edge data. We included eight 

penetrations from Monkey S with a laminar probe containing a fluid-line for the injections 

of drugs. The effects of the drug injections were reported elsewhere13, whereas the data 

included here came from the pre-injection period. The number of included of recording 

sites per layer per condition per monkey is reported in Figure S5. 

We removed recording sites with a signal-to-noise ratio (SNR) of less than 1.  SNR was 

calculated as the difference between the evoked visual response (in a window from 0-

300ms) and the spontaneous activity during the pre-stimulus period (-150-0ms) normalized 

to the standard deviation across trials of activity in the pre-stimulus period.  We also 
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removed recordings sites for which the RF was not well defined or if the RF was larger than 

2.5o. For the analysis of FGM in the center of the figure we did not evaluate activity at 

recording sites where the RF edge came within 0.2o of the figure edge. For the analysis of 

edge FGM, we only included recording sites with an RF which included the figure edge.  

The exclusion criteria together (too high/low cortical depth, low signal-to-noise ratio, RF 

too large, not well defined or at wrong location) resulted in the exclusion of 41.3% of all 

potential MUA-recording sites, but the CSD at these sites could generally be used.   

 
CSD cluster statistics 

The statistical analysis of the significance of differences in the CSD between figure and 

background was based on a non-parametric cluster analysis17. First, we calculated t-scores 

for the difference in the CSD evoked by the figure and the background across penetrations 

for each time-sample/depth pair, thus producing a 2-dimensional array of t-scores (time-

samples x depth). The t-map was thresholded, setting non-significant t-values (p < 0.05) to 

zero (Figure 5C,D). We clustered adjacent t-scores with the same sign and calculated a 

cluster statistic; the sum of the absolute t-scores per cluster. To determine the significance 

of these clusters, we carried out a bootstrapping analysis. We randomly shuffled the data 

(mixing trials from the figure and ground condition) to produce 1000 CSD difference maps 

(see below for details) and subjected them to the same procedures as the real data.  We took 

the maximum of the sum of the t-values in each cluster as the bootstrap statistic and 

generated a shuffled distribution of this statistic.  We then compared the calculated t-values 

from each cluster of the actual data to the shuffled distribution. Clusters were considered 

significant if their absolute t-value fell above the 95th percentile of the shuffled distribution. 

We also applied a size-threshold, excluding clusters that were smaller than 10 time-

sample/depth pairs.  The advantage of this statistic is that it uses both the magnitude of the 

t-scores within a cluster and also the size of the cluster so that is sensitive to strong sinks 

and sources and also to weak, but spatially extended, sinks and sources. 

The bootstrapping procedure was as follows: 

1)  For each electrode site of a penetration, the LFP from the figure and ground trials were 

collected and placed into one large distribution, with one entry per trial. 
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2)  Two reshuffled conditions (Figurer and Groundr) were created for every penetration by 

sampling (with replacement) from this pooled distribution of trials. The same number of 

trials per condition were drawn as were present in the original data set. The average LFP for 

each condition was then calculated from the reshuffled trials and stored for each electrode 

site in the penetration.  

3) The LFP maps were converted into CSD-profiles using the equation described in the 

Experimental Procedures.  The resulting CSD maps were converted into a CSD difference 

map by subtracting the CSD map of the simulated ground condition from that of the 

simulated figure condition.  

4) Steps 1-3 were repeated for each penetration and the CSD difference maps of different 

penetrations were aligned in depth. 

5) One-sample t-tests were performed for each time/depth sample (229 time-samples [0-

300ms] x 19 depths).  The resulting t-maps were thresholded and non-significant (p < 0.05) 

samples were set to zero.  

6) The thresholded t-maps were clustered. Negative and positive t-scores were separately 

clustered and a cluster-statistic, the sum of the absolute t-values in the cluster, was 

calculated for each cluster. The maximum of the summed cluster values was then taken as 

the bootstrap statistic. 

7) Steps 1-6 were repeated 1000 times to produce a distribution of cluster statistics. 

8) The cluster statistics from the original data were compared to the cluster-distribution. 
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Supplementary Figures 
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Figure S1 | (A) An example penetration showing the MUA (left graph) and CSD (middle and right 
graph) triggered by the sudden appearance of a full-screen, full-contrast checkerboard stimulus. 
Simultaneous responses from 17 contacts are shown stacked (the other contacts were excluded due 
to low signal to noise ratio). In the leftmost columns blue colors indicate deeper channels and 
green/yellow colors indicate shallow channels. In the rightmost column the red colors show current 
sinks and the blue colors current sources. The CSD shows a reversal from a current source in the 
deep layers to a current sink in layer 4c, the boundary is marked by the dashed line.  (B) An 
ultrasound image taken through the recording chamber showing the operculum of V1.  The lunate 
sulcus is visible at the anterior side of the image and all penetrations were targeted posterior to the 
lunate.  The cortical surface is relatively flat here allowing penetrations orthogonal to the cortical 
layers.  This is important for achieving accurate current source density profiles. (C) Example current-
source density profiles from 8 penetrations in monkey S (top row) and monkey E (bottom row). 
These profiles show the CSD pattern produced by the onset of the full-screen texture (catch-trial 
condition).  (D) Location of RFs from monkey S (red, left graph) from opercular (central RFs) and 
calcarine V1 recordings (eccentric RFs) and monkey E (blue, right graph) from recordings in the 
operculum. (E) The average RF size (square-root of the RF area, red line) and orientation tuning 
index (OTI) as a function of cortical depth. Lower OTIs indicate weaker orientation tuning.  
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Figure S2 | (A) MUA data from the individual animals in the same format as Figure 4A,B. Both the 
temporal and laminar patterns of FGM were similar. One difference was a lower level of FGM in the 
superficial layers of Monkey S in a later phase (>200ms), although it was similar to the FGM in 
Monkey E in an earlier phase (100-200ms). (B) Statistical maps showing t-values from sample-by-
sample t-tests between the figure and ground conditions from the centre (left) and edge (right) 
positions. Non-significant tests (p < 0.05, NS) are colored black.  
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Figure S3 | (A) The average normalized CSD patterns from monkey S (left graphs) and monkey E 
(right graphs) in the figure center and ground conditions individually.  The location of the 
modulatory current sink in layer 5 is indicated by the arrow. This modulatory current arrives at a 
time-point where there is no obvious net current flow in the ground condition. (B) Example 
penetrations showing the CSD difference between the response evoked by the figure edge and the 
background.  Conventions are as in Figure 5B.  These examples demonstrate the consistency of the 
extra sink in upper layer 4/superficial layers (black arrow) caused by the presence of the edge in the 
RF.  E/S indicates the monkey. (C) Average data from the individual monkeys showing the CSD 
difference between the response evoked by the figure edge and the background.  Four additional 
sinks in the edge condition (labeled 1-4) are identified. Note the similar timing and laminar position 
in both monkeys.   
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Figure S4 | (A) The top graph shows the difference in the CSD between the figure and ground 
conditions in layer 5 in the center condition (the average of the two electrode sites immediately 
below layer 4c were used, i.e. -0.1 and -0.2mm). The dashed line shows the latency of the CSD 
modulation (100ms) which was estimated by taking the point at which the trace reached 33% of the 
maximum response (it is not necessary to fit the CSD trace with a curve to estimate latency as it is 
already a low-passed signal).  We also calculated the latency of the CSD modulation in layer 1, which 
was very similar to that of layer 5 (102.3ms). The lower graph shows the level of FGM from the same 
laminar depth with the CSD latency overlaid. (B) The same format as in (A) but now showing the 
early edge-related modulation in the superficial layers (depths 0.6 and 0.7mm were averaged).  The 
latency of the CSD sink (58ms) was estimated in the same way as in (A). 
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Figure S5 | The number of recording sites included in the analysis per layer. The color of the bars 
indicates the laminar compartment that the electrode site was assigned to. The n values indicate the 
number of penetrations in each data set. 
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ABSTRACT 

Selective attention and working memory are essential in daily life. Attention serves to 

select relevant stimuli while working memory retains the information when the stimulus 

has disappeared. Selective attention causes a top-down modulation of neurons in sensory 

areas, but the influence of working memory is less well understood. We here compared 

the influence of top-down selection signals on neuronal activity in the different layers of 

primary visual cortex (V1) in the presence and absence of a visual stimulus. Current-source 

density analysis revealed a profile of top-down inputs in the superficial layers and layer 5, 

irrespective of the presence of the stimulus. The top-down signal caused an increase in 

the neuronal firing rates that was most pronounced in the superficial and deep layers and 

weaker in input layer 4. This increase was strongest in the presence of the stimulus but we 

also found a highly reliable memory trace when the stimulus had disappeared. A visual 

mask erased the V1 memory activity, but it then reappeared at a later point in time. These 

results provide new insights in the role of V1 in working memory, and in the laminar 

circuits involved in top-down modulation of activity in early visual cortex. 
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INTRODUCTION 

A brief visual stimulus can leave a lasting trace in the visual system. Visual memories 

consist of successive phases that differ in stability. The first phase is iconic memory, a high 

capacity store that lasts about 100ms and resembles a snapshot of what was just seen1,2. 

Iconic memory traces are fragile and are overwritten when new information is presented. 

During the decay of iconic memory, a subset of visual items can be transferred into visual 

working memory3, which is a more robust memory store that can last several seconds but 

has a small capacity4.  

At the neuronal level, iconic memory is thought to correspond to the decaying activity that 

follows the response elicited by the stimulus in low-level areas of the visual cortex. Neuronal 

activity underlying the more stable working memories is found in higher areas of the visual, 

parietal and frontal cortex where neurons exhibit persistent firing even if the stimulus has 

disappeared5-7. The role of low-level areas in the maintenance of visual information as 

persistent activity is less well understood8. On the one hand, a recent study9 demonstrated 

that persistent firing elicited by briefly presented motion stimulus is virtually absent from 

area MT, a lower level motion sensitive area, but that it is strong in the next higher area 

MST and in the frontal cortex. This finding suggests that persistent firing is a unique 

property of higher cortical areas. On the other hand, studies in human observers 

demonstrated that memory traces of low-level stimulus attributes may persist for seconds10, 

and fMRI studies revealed that is it possible to decode the orientation of a stimulus in 

working memory from activity in primary visual cortex (V1)11,12. It not known, however, 

whether the fMRI signals elicited by working memories reflect subthreshold synaptic events 

or whether neurons also increase their spiking activity13-15. There has been one 

electrophysiological study in monkeys that demonstrated that working memory influences 

firing rates in V116, but this study used a stimulus with texture elements that drove the 

neurons even during the delay period. It is therefore unknown if V1 neurons exhibit 

persistent activity when there is no stimulus in the receptive field (RF).  

To resolve this issue we here used a curve-tracing task, which requires an analysis of the 

location and orientation of multiple contour elements, which are represented at a high 

resolution in the lower visual areas. An example curve-tracing stimulus has been illustrated 

in Figure 1C-F where the task is to determine the green circle that is connected to the 
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fixation point by a target curve. Previous studies used version of this task where the 

stimulus remained in view and demonstrated that the feedforward response is followed by a 

phase where horizontal connections and feedback connections , modulate V1 activity17-20. In 

this later phase, enhanced neuronal activity spreads along the V1 representation of the 

target curve, starting at the fixation point until the entire curve has been labeled with an 

enhanced response17,21. This propagation of enhanced activity corresponds to the spread of 

object-based attention at a psychological level of description22,23. Human observers can 

continue tracing for a few hundred milliseconds if the stimulus is presented only briefly24. 

This capacity to trace a mental image of a curve that disappeared implies that the observers 

had access to the curves’ precise shapes. We therefore hypothesized that early visual areas 

might also contribute to curve tracing after the stimulus has disappeared.  

We trained monkeys in a curve-tracing task where the stimulus was presented only briefly 

to address a number of questions. First, we wanted to test if monkeys can trace curves that 

are only briefly presented. If so, do V1 neurons exhibit persistent activity and does it 

depend on the relevance of previously presented contour elements? Second, we aimed to 

compare the putative V1 memory signal to the attentional response modulation when the 

curves remain visible. Third, we wanted to measure the influence of a strong visual mask on 

the activity in area V1 because masking interferes with iconic memory whereas working 

memories can be preserved25. Fourth and finally, we used a laminar electrode so that we 

could determine the contribution of the different V1 layers to curve tracing in the presence 

and absence of the stimulus.  

 

RESULTS 

We recorded multi-unit activity (MUA) and local field potentials (LFPs) in the different 

layers of monkey V1 using a high-density depth probe with a spacing of 100um between 

electrodes (Figure 1A,B). We used a version of a curve tracing task (Figure 1C,D)17 that 

allowed a direct comparison between selective attention for stimuli that remained on the 

screen and working memory for stimuli that were only presented briefly. The monkeys 

directed their gaze to a red dot and we then presented four curves with green circles at their 

ends. One of the curves was a target curve that connected the fixation dot to one of the 
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green circles. The monkeys were rewarded for making a saccade to this target circle after a 

delay of 750ms. In every recording session we showed a total of eight stimuli that were 

randomly interleaved and varied at three locations (Figure 1C-F shows the variations at 

locations 1 and 2, Figure S1 shows all stimuli). We adapted the stimulus so that the 

neurons’ receptive field fell on one of the possible segments at location 2, and the initial 

segment at location 1 determined whether the this segment belonged to the target curve 

(Figure 1C) or a distractor curve (Figure 1D), while receptive field stimulation was 

constant. For the two other stimuli the target (Figure 1E) or distractor curve was adjacent 

to the receptive field (Figure 1F) so that we could determine the spatial specificity of 

attentional modulation and persistent activity. We held the orientation of the contour 

element in the neurons’ RF constant to obtain a sufficient number of trials per condition 

and did not determine orientation tuning.  

In the standard curve-tracing task (performed in blocks of ~100 trials), the monkeys’ 

accuracy was high (94% for monkey E and 97% for monkey R). The appearance of a 

contour segment in the receptive field elicited a feedforward MUA response in the different 

V1 layers, starting in layers 4C and 6 and then spreading into the superficial and deep layers 

(Figure 1G,H). We also computed the current source density (CSD) profile to determine 

the putative location of synaptic inputs. The small contour element in the receptive field 

elicited a relatively weak initial current sink in layer 4C (arrow in Figure 1I), which was 

followed by current sinks and sources in the superficial and deep layers26,27. This laminar 

pattern is consistent with the projection from the LGN to layers 4C and 628 which, in turn, 

target the superficial and deep layers29, although the later CSD profile presumably also 

includes contributions from horizontal and feedback connections27. 
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Figure 1 | Laminar recordings and visual stimuli. (A) Lateral view of the macaque brain. V1 is the 
blue region. (B) Laminar recording with the multi-site linear electrode (Plexon Inc. U-probe). (C-F) 
The monkey had to mentally trace the target curve that was connected to the fixation point (FP). We 
placed the target curve (C, red circle) or a distractor curves in the RF (D, blue). In other conditions 
the target (E, yellow) or distractor curve (F, green) was next to the RF. Bar in panel C, 1 degree. (G) 
The average MUA response evoked by the onset of the target curve across the layers. Note the slight 
differences in the timing of the onset of the MUA response between layers. (H) Visual latencies in 
the different layers, averaged across all penetrations, shaded areas indicate s.e.m. (n=38 
penetrations). The earliest neuronal activity occurred in layers 4C and 6. (H) Average CSD evoked by 
the appearance of the target curve. Warm colors indicate current sinks, cooler colors current 
sources. The appearance of the curve causes an early sink in layer 4C (arrow). 

 

The initial MUA response did not distinguish between the target and distractor curve 

(Figure 2B), but after a delay the representation of the target curve was enhanced over the 

representation of the distractor (200-750ms after stimulus onset, t-test: monkey E: n=25 

penetrations, p<0.001; monkey R: n=13 penetrations, p<0.001), in line with previous 

studies17,19,30. The reliability of the attentional modulation in V1 was high as it occurred in 

every penetration (Figure 2C). A target or distractor curve that fell next to the receptive 

elicited only a weak, transient and delayed response (Figure 2B)31 that did not discriminate 

between target and distractor (t-test: p>0.1 for both monkeys). Thus, attention only 

influenced neurons that were well activated by a contour element in their receptive field. 

In alternating blocks of trials (of ~100 trials) we examined if the monkeys were able to trace 

curves that were presented for 150ms, followed by a delay of 600ms with only the fixation 

point left on the screen. At the end of the trial, the stimulus reappeared, except the middle 

line elements which had to be remembered (locations 2 and 3, Figure 2D). The monkeys’ 

performance was comparable to that in the regular curve-tracing task (90% for monkey E 

and 97% for monkey R; t-test: p>0.1 for both monkeys), suggesting that they could trace the 

image of a curve that had been presented only briefly, just like human observers24. In this 

version of the task, the MUA exhibited an off-response and the activity then gradually 

decreased to baseline (Figure 2E), a decrease in activity that presumably corresponds to the 

decay of iconic memory.  
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Figure 2 | Selective attention and short-term memory; task and MUA response. (A,D) After a 300 
ms fixation period, four curves appeared on the screen. One of them was the target curve that was 
connected to the fixation point. The monkeys had to make a saccade to a green circle at the end of 
this curve. In the regular task (A), the stimulus remained on the screen whereas the stimulus 
disappeared after 150ms in the short duration task (D). After an additional delay (600ms), part of 
the stimulus reappeared, but the segment at locations 2 and 3 did not, so that the animal had to 
remember the configuration of the target curve. Black circle, typical receptive field location. (B,E) 
Neuronal activity averaged across all V1 recording sites in the standard task (B) and the short 
stimulus duration task (E). The RF fell on the target (red trace), distractor curve (blue), or next to the 
target (yellow) or distractor curve (green). Shaded areas show s.e.m. (n=38 penetrations; when they 
are difficult to see the s.e.m. is small). (C,F) Data of the individual penetrations in monkeys E (black 
data points) and R (white) in the standard task (C) and the task with short stimulus duration (F). 
Abscissa, MUA elicited by the distractor curve (200-750ms after stimulus onset). Ordinate, MUA 
elicited by the target curve. 

 

Strikingly, the response elicited by the contour element that had been part of the target 

curve remained stronger than the distractor response for the full duration of the trial 

(Figure 2E) (t-test: monkey E: n=25 penetrations, p<0.001; monkey R: n=13 penetrations, 

p<0.001). Although this modulation of persistent activity was weaker than the attentional 

modulation in the presence of the stimulus (two sample t-test: monkey E: n=25 

penetrations, p<0.001; monkey R: n=13 penetrations, p<0.01), it was present in all 

penetrations in both monkeys (Figure 2F). No modulation of V1 activity occurred when 

the target or distractor curve was adjacent to the receptive field (t-test: p>0.05 for both 

monkeys), indicating that the modulation of persistent activity depended on the brief 

stimulation of the neurons’ receptive field. We also considered the possibility that the 

modulation of persistent activity was related to the trajectory of the impending eye 

movement, but we ruled this possible explanation out in a control experiment, in which we 

varied the shape of the target curve while keeping the eye movement target the same 

(Figure S2). Thus, persistent activity was strongest for task-relevant parts of the 

representation in memory and not due to eye movement preparation. 
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Figure 3 | The laminar profile of selective attention and short-term memory. (A) Laminar pattern 
of spiking activity in the epoch after the peak response. (B,C) The attentional modulation (B) and 
short-term memory effect (C) on spiking activity across the depth of the cortex. The figures show the 
difference in activity elicited by the (memory of) the target and the distractor curve (red minus blue 
traces in Figure 2B,F). For the MUA, graphs above and at the side show the averages across layers 
and across the modulation period (200-750ms after stimulus onset, indicated by the black square in 
graphs at the top). Graphs at the side show the average across the modulation period. Graphs at the 
top show the amplitude of this laminar profile over time (inner product of the laminar profile at a 
particular time point and the average normalized laminar profile in the modulation period). Black 
lines indicate s.e.m. (D) Consistency of the laminar MUA profile as assessed with an analysis of 
correlations between penetrations in the modulation period in the attention and short-term 
memory conditions and between these conditions. Also shown are the controls when the data are 
shuffled. Error bars indicate s.e.m. (E) Average CSD during the episode when the peak response has 
subsided. The average laminar CSD profile is plotted on the right. The upper panel shows the inner 
product of this profile with the CSD at the different time points (nCSD). (F,G) Average difference in 
CSD between target and distractor curve. Plots on the side and top are as defined in panel E. (H) 
Analysis of the consistency of the laminar CSD profile across penetrations by computing pair-wise 
correlations. 

 

We next examined the activity profile in the presence and absence of the stimulus across the 

depth of the cortex. Figure 3A shows the sustained spiking activity (200-750ms after 

stimulus onset) elicited by a contour element of the distractor curve (blue in Figure 2B) in 

the different layers. For statistical analysis we normalized activity at every electrode to the 

peak response and we assigned electrodes to three compartments, superficial layers, layer 4 

and the deep layers. The sustained activity level differed significantly between layers (one-

way repeated measure ANOVA, monkey E: F(2,48)=9.4, p<0.05; monkey R: F(2,24)=6.63, 

p<0.005). It was stronger in the superficial and deep layers than in layer 4 (t-test: p<0.01 for 

both comparisons and both monkeys). There were also differences between layers in the 

strength of the attentional modulation (Figure 3B; one-way repeated measures ANOVA, 

monkey E: F(2,48)=9.4, p=0.001; monkey R: F(2,24)=6.63, p=0.005), which was strongest in 

the superficial and deep layers and weaker in layer 4 (t-test: p<0.05 for both comparisons 

and both monkeys), in accordance with the anatomy of feedback connections to V1 which 

tend to avoid layer 432,33. The laminar profile of attentional modulation was consistent 

across penetrations (Figure 3B) (test of correlation across penetrations; t-test: p<0.001 for 

both monkeys; unlike a shuffle control; t-test: p>0.5 for both monkeys). 
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When the stimulus disappeared, the difference between activity elicited by the target and 

distractor was weaker than when it did not, but the laminar profile was similar (Figure 3C), 

with a significant difference between the layers (ANOVA, monkey E: F(2,48)=12.7, p<0.001; 

monkey R: F(2,24)=4.733, p=0.025). The extra activity elicited by the target curve was more 

pronounced in the superficial and deep layers than in layer 4 (t-test: p<0.05 for both 

comparisons and both monkeys). This laminar profile of MUA modulation was similar 

between tasks (analysis of correlations; t-test: p<0.001 for both monkeys) (Figure 3D), 

suggesting a common feedback source for selective attention and spatial working memory. 

To investigate the synaptic sources underlying the MUA, we calculated the current source 

density (CSD). If the distractor curve remained visible it evoked two sinks in the CSD, one 

in the deep layers and the other one straddling the superficial layers and upper layer 4 

(Figure 3E). When we subtracted the distractor response from the target response to isolate 

the attentional modulation, we observed two sinks that were more confined. One was in the 

superficial layers and the other one in layer 5 (Figure 3F), i.e. in the layers that receive 

feedback connections from higher visual areas32,33. This CSD pattern was highly consistent 

across recording sessions (t-test: p<0.001 for both monkeys) (Figure 3H). The CSD 

associated with the modulation of persistent activity if the stimulus was not visible exhibited 

a surprisingly similar laminar profile (200-750ms after stimulus onset; t-test: p<0.001 for 

both monkeys), with sinks in layer 1-3 and 5 (Figure 3G). It did not differ significantly 

from the profile of attentional modulation with the stimulus in view (two-way ANOVA, 

monkey E: F(17,204)=1.2, p=0.3; monkey R: F(17,408)=1.7, p=0.15). Thus, both tasks gave 

rise to similar laminar patterns of spiking activity and synaptic input, in accordance with 

the anatomy of feedback connections to V1.  

The amplitude of the CSD modulation was also similar in the presence and absence of the 

stimulus (t-test: p>0.15 for both monkeys), although the MUA modulation was stronger if 

the curves were visible (causing an interaction between signal type [MUA vs. CSD] and task 

in a two-way ANOVA, monkey E: F(1,48)=53.2, p<0.001; monkey R: F(1,24)=45.7, 

p<0.001), which indicates that the presence of a curve in the receptive field amplified the 

influence on the firing rate. These results, taken together, demonstrate that tracing a briefly 

presented curve causes a modulation of persistent activity in V1. 
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The influence of masking on persistent activity in V1 

Is the modulation of persistent activity a spatial working memory trace or does it represent 

an influence of attention on iconic memory? Iconic memories are sensitive to masking, 

while information becomes resistant against masks once it has been transferred into 

working memory1,2,4. In our next experiment we therefore tested the influence of masks on 

persistent firing in V1. We showed two full contrast checkerboard stimuli at locations 2 and 

3, 400ms after the onset of the stimulus (225ms after the offset). One of these masks covered 

the neurons’ receptive field (Figure 4A). The performance for this task was slightly, but not 

significantly lower than in the memory task without a mask (84% for monkey E and 95% 

for monkey R; t-test, p>0.3 for both monkeys). The mask elicited a strong MUA response 

that abolished the curve-tracing modulation (window from 450-550ms after stimulus onset, 

t-test:  p>0.25 for both monkeys). Notably, the modulation returned ~200ms after mask 

offset (Figure 4B; t-test: monkey E: n=12 penetrations, p<0.01; monkey R: n=8 

penetrations, p<0.01), an effect that occurred for nearly all penetrations in both monkeys 

(Figure 4C). The magnitude of the modulation in this epoch was similar to that when no 

mask had been shown (650-750ms after stimulus onset, t-test: p>0.2 for both monkeys) and 

the profile across the layers was similar (Figure 4D,F test of correlations, t-test: p<0.01 for 

both monkeys). The mask also disrupted the characteristic CSD profile with sinks in the 

superficial layers and layer 5 (Figure 4E), associated with the selection of the target curve in 

memory, but the CSD pattern reappeared at about the same time as the MUA modulation 

(Figure 4D; 650-750ms after stimulus onset, t-test: p<0.05 for both monkeys). During this 

phase, the CSD profile was similar to that in the task without a mask (two-way repeated 

measure ANOVA, monkey E: F(17,595)=1.2, p=0.3; monkey R: F(17,323)=2.1, p=0.1). Thus 

during the mask, V1 spiking activity apparently does not store the memory of the stimulus 

but the response modulation is restored later, presumably due to feedback from higher 

areas. The reappearance of the V1 modulation suggests that these putative higher areas 

enable a stable form of memory, and it excludes the possibility that the modulation of the 

V1 response depends on iconic memory. 
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Figure 4 | The influence of a mask. (A) The stimulus was shown for 150ms and 250ms later a mask 
appeared (50ms) followed by another delay of 300ms. (B) Neuronal activity averaged across all V1 
recording sites in two monkeys evoked by the target (red trace) and the distractor curve (blue). 
Shaded areas show s.e.m. (n=20 penetrations, if it is difficult to see, the s.e.m. is small). (C) MUA 
evoked by the target (ordinate) and distractor curve (abscissa) during the modulation period (650-
750ms after stimulus onset). Filled circles for monkey E, open circles for monkey R. (D) Difference in 
MUA elicited by the target and distractor curve across cortical depth. Upper panel, average across 
layers. Right panel, average in window from 650-750ms after stimulus onset (black square in upper 
panel). (E) CSD difference between target and distractor curve. Upper panel, time course (inner 
product with the average laminar profile from 650-750ms). Right panel, average from 650-750ms. 
Black lines, s.e.m. (F,G) Correlation coefficients of the MUA (F) and CSD (G) across penetrations from 
650-750ms. STMM, consistency across penetration of short-term memory modulation after the 
mask. STMM vs. STM, correlation coefficient between STM modulation after the mask and when 
there was no mask. Error bars, s.e.m. 

 
A limitation in keeping multiple curves in memory 

We next investigated whether the monkey could maintain two the configuration of two 

curves in memory by only presenting the cue at location 1 after the locations 2 and 3 had 

been masked (Figure 5A). After 150ms the crucial segments disappeared while the 

'skeleton' of the stimulus remained in view, to aid the monkeys in a task that was relatively 

difficult for them. The accuracy was lower than in the task of Figure 2D (74% for monkey E 

and 81% for monkey R; t-test, p<0.05 for both monkeys) and close to 75%, which is 

predicted if the monkeys are able to hold the configuration of only one of the two masked 

locations in memory (100% for the memorized configuration and 50% for the other one). 

As expected, the MUA response elicited by the target and distractor curves overlapped 

during the first delay (Figure 5B), but approximately 200ms after the appearance of the 

contour element at location 1, the representation of the target curve increased (900-1150ms 

after stimulus onset, t-test: monkey E: n=14 penetrations, p<0.001; monkey R: n=9 

penetrations, p<0.001). This modulation of spiking activity occurred in nearly all 

penetrations in both monkeys (Figure 5C). The modulation in the both the MUA and the 

CSD exhibited their characteristic laminar pattern (Figure 5D,E), which was also significant 

(900-1150ms after stimulus onset, t-test:  p<0.001 for both monkeys). Thus the cue near the 

fixation point initiated a feedback signal from higher areas back to V1, which enhanced the 

representation of the relevant curve in memory.  
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Figure 5 | The influence of a delayed central cue. (A) The contours in or near the receptive field 
disappeared after 150ms and a mask (50ms) appeared after 250ms, followed by a second delay of 
250ms. The connection to the fixation point was shown after the second delay cueing one of the 
curves as target. (B) Average MUA response evoked by the target (red trace) and the distractor 
curve (blue). Shaded areas show s.e.m. (n=23 penetrations). (C) MUA elicited by target (ordinate) 
and distractor (abscissa) from 850-1100ms after stimulus onset. (D,E) Difference in MUA (D) and CSD 
(E) elicited by target and distractor curve. (F,G) The left bar represents the average correlation 
coefficients of the laminar pattern of the MUA (F) and CSD (G) between penetrations, from 850-
1100ms. The second bar (capacity vs. STM) compares the laminar profile to that in the task without 
a mask. Error bars show s.e.m. 

 

The monkeys’ accuracy suggested that they memorized, on average, only one of the two 

masked configurations. We therefore hypothesized that V1 activity during the first delay 

might predict which configuration was remembered and compared the neuronal activity in 

correct and erroneous trials. V1 activity elicited by the probed side of the stimulus was 

stronger in correct trials than that in erroneous trials (t-test, p<0.05 for both monkeys). In 

contrast, if the distractor was in the receptive field, activity was slightly weaker on correct 

trials, but this effect was not significant (t-test, p=0.2 for monkey and p=0.06 for monkey 

R). Thus, V1 activity during the first delay predicted the accuracy of the memory on that 

side of the stimulus.  

 

DISCUSSION 

Human observers can trace curves that are presented only briefly, as if they can inspect a 

mental image of a previously presented stimulus at a high spatial resolution for a few 

hundred milliseconds24. Here we compared the mechanisms of this mental tracing process 

to the mechanisms for curve tracing with the stimulus in view, directly comparing of spatial 

attention and working memory in the different layers of V1. Like humans, monkeys are able 

to trace curves that are only briefly shown to them. Remarkably, the relevance of contour 

elements modulated the spiking activity of V1 neurons, during a phase in which they were 

no longer in view. This modulation of spiking activity was most pronounced in the 

superficial and deep cortical layers and an analysis of the CSD revealed strong current sinks 
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in the superficial layers and layer 5, in accordance with an important contribution of 

feedback connections from higher visual areas to the modulation of V1 activity. 

 
Iconic memory and working memory 

Theories about visual memory for briefly presented stimuli distinguish between an early 

iconic memory store with a rapid decay and a later working memory store that lasts 

longer1,2. A distinguishing feature of iconic memory, which differentiates it from working 

memory, is its sensitivity to masking. Masks erase iconic memories but they usually do not 

interfere with items that have been transferred into working memory. The transfer from 

iconic memory to working memory has to be selective because the capacity of working 

memory is much smaller than that of iconic memory1,2,34. Our results suggest that the 

delayed V1 response modulation after a briefly presented stimulus is a neuronal correlate of 

working memory, for at least two reasons. First, the mask briefly erased the influence of 

memory on V1 spiking activity, but the response modulation reappeared thereafter. In 

other words, the memory resisted the mask. Second, V1 activity predicted the probability 

that the memory for the curve in the receptive field would survive the mask, and this 

memory store had a limited capacity of approximately one contour configuration. These 

results, taken together, imply that the late modulation of V1 activity provides a neuronal 

correlate of working memory. At the same time, it is conceivable that the early visually 

driven but quickly decaying V1 response provides a neuronal correlate of iconic memory, a 

conjecture that could be addressed in future work.  

 
Working memory representations in early visual cortical areas 

Many previous studies in monkeys performing working memory tasks focused on higher 

cortical areas where the persistent firing for items in working memory can be strong5-7. It 

has remained less clear if working memory also relies on persistent activity in early visual 

cortical areas8. On the one hand, fMRI studies in humans revealed signatures of the items in 

working memory in higher but also in lower visual areas35-37. Indeed, it is possible to decode 

the stimulus in memory in early visual areas by analyzing the pattern of the fMRI signal 

across multiple voxels11,12, even when the visually driven fMRI response has decayed back to 
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baseline38,39.  One the other hand, it was unknown whether these fMRI signals reflect an 

influence of memory on spiking activity or on subthreshold synaptic activity13-15. In 

accordance with such a subthreshold influence, a recent study on the influence of working 

memory on neuronal firing rates reported that persistent firing was virtually absent from 

motion sensitive area MT, but pronounced in the higher visual area MST and prefrontal 

cortex9. Nevertheless, the present results reveal that tracing a curve in memory modulates 

V1 spiking activity, during a phase where the overall V1 firing rate is close to spontaneous 

activity levels. It is of interest that masks briefly eliminated this memory trace. The response 

modulation restored when the mask had disappeared. This finding is consistent with the 

hypothesis that the target curve was also stored in higher cortical areas where masks may 

have less impact, which then fed back to restore the pattern of response modulation in V1. 

We note, however, that the masking results do not rule out local storage of information 

within V1 by processes other than spiking activity, such as rapid synaptic potentiation40. 

We do not know why we observed such a robust influence of memory on V1 activity where 

previous studies failed to find such an effect. One possibility is that tracing a curve in 

memory necessitates the access to a high-resolution representation of the location and 

orientation of contour elements, which is made available by V1. Compared to other tasks, 

the attentional selection of contour elements during the tracing of visible curves also causes 

a relatively strong modulation of V1 activity compared to some other tasks that demand 

attention shifts17,41. Another difference is that we investigated the spatial working memory 

for a relevant curve, whereas previous studies focused on memory features other than space, 

like motion direction. A sustained spatial attention signal that is directed to the locations 

that were previously occupied by a relevant curve might therefore also account for our 

results, although one previous study reported that attention does not influence ongoing V1 

activity if there is no stimulus in the RF41. It is generally difficult, if not impossible, to 

dissociate working memory for spatial locations from sustained attention to these locations 

and a sustained attention signal implies a memory for the locations where attention should 

be directed. It is therefore of interest that the working memory trace specifically encoded 

the course of the target curve (Figure 2F, S2), as if it was contingent on the preceding visual 

response42.  
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Neuronal activity underlying working memory and attention  

The present study is the first to directly compare the influence of selective attention and 

working memory on neuronal activity in the different layers of cortex. Attention and 

working memory both increased spiking activity with pronounced effects on spiking in the 

superficial and deep layers and an almost identical CSD profile. Our findings therefore 

support theories that suggest that the mechanisms for controlling attention strongly overlap 

with those for working memory 37,43,44. Attention and working memory caused current sinks 

in the superficial layers and layer 5 of similar magnitude, yet the modulation of MUA was 

highest with a stimulus in the neurons’ RF. This finding suggests that the feedforward drive 

provided by a RF stimulus enhances the impact of feedback input on the firing rates. This 

amplification of the feedback influence by the visual stimulus should not distract from the 

new finding that working memory also had a robust influence on V1 firing rates if there was 

no stimulus in the RF. Thus, our results support studies that demonstrated short-term 

memory for location16 and figure-ground organization45 in early visual cortex while driving 

cells with a texture or an edge. Yet, they also go beyond by demonstrating short-term 

memory signals in the absence of a visual stimulus.   

 
Role of the different V1 layers 

Although models of the visual system have often emphasized the importance of feedforward 

connections46-49, early visual areas receive at least as much feedback as feedforward input50. 

Area V1 is an extreme case in this respect, because only ~1% of the external input 

connections come from the LGN and ~95% from higher visual areas50. Feedforward and 

feedback connections target different V1 layers28,32,33, which allowed us to distinguish 

between these two processing streams. The visually driven spiking response started in input 

layer 451,52 and then quickly spread to the superficial and deep layers. In accordance with 

previous work, the initial visual response coincided with a sink in layer 4, the target of 

feedforward connections from the LGN26,27.  The laminar pattern of the feedback influences 

was drastically different because the increase in spiking activity caused by attention and 

working memory was most pronounced in the superficial and deep layers. The modulation 

of the firing rate was accompanied with strong current sinks in the superficial layer and 

layer 5, which are the main targets of cortical feedback connections32,33. The laminar pattern 
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caused by selective attention and working memory resembles the pattern of activity across 

the V1 layers when monkeys segregate a texture into figure and background27, although 

figure-ground segmentation also occurs when attention is directed elsewhere30. These 

results, taken together, suggest that these sinks in the superficial layers and layer 5 represent 

a reliable signature of feedback influences onto lower cortical areas, which are driven by 

figure-ground organization, selective attention as well as working memory.  

 

METHODS 

Stimuli 

We trained two macaque monkeys (E and R) to perform the curve tracing tasks. A trial 

began with the fixation point (a red circle of 0.3o diameter) presented on a grey background. 

The monkey initiated the trial when the eye position was within a one degree window 

centred on the fixation point. We presented the curve-tracing stimulus after 300ms of 

fixation and extinguished the fixation point after another 750ms in most of tasks (Figure 

2A,D and Figure 4A), but after 1100ms in task with the delayed presentation of the cue 

near fixation (Figure 5A). The monkey was required to make a saccadic eye-movement into 

a target-window (3 degrees diameter) centered on the green disc at the end of the target 

curve. Correct responses were rewarded with apple juice. We aborted trials in which the 

animal broke fixation before the fixation point was extinguished. All stimulus conditions 

were presented in a pseudorandom order. 

The stimuli were generated using in-house software and were presented on a CRT monitor 

with a resolution of 1024x768 pixels and refresh rate of 85Hz, which was viewed from a 

distance of 75cm. The stimulus consisted of two main branches that could split into two 

curves each, with an initial segment (location 1 in Figure 2A) that determined which of the 

two main branches was relevant and two additional segments (locations 2 and 3) 

determining the relevance of contour elements within the branch, so that there were a total 

of 8 stimuli (Figure S1). We placed one of the contour elements at location 2 in the center 

of the receptive field. The configuration at location 3 was not relevant for our analyses and 

we therefore averaged across these two configurations so that there were a total of four 

conditions left. 
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Surgical procedures 

The animals underwent two surgeries under general anesthesia that was induced with 

ketamine (15mg/kg injected intramuscularly) and maintained after intubation by 

ventilation with a mixture of 70% N2O and 30% O2, supplemented with 0.8% isoflurane, 

fentanyl (0.005mg/kg intravenously) and midazolam (0.5mg/kg/h intravenously). We 

implanted a head holder in the first operation. We trained the monkeys until they could 

reliably perform the task, and we then implanted a recording chamber (Crist Instruments) 

over the operculum of V1 and performed a craniotomy inside the chamber for the laminar 

recordings. All procedures complied with the NIH Guide for Care and Use of Laboratory 

Animals (National Institutes of Health, Bethesda, Maryland), and were approved by the 

institutional animal care and use committee of the Royal Netherlands Academy of Arts and 

Sciences. 

 

Data acquisition and preprocessing 

We collected neuronal data with TDT (Tucker Davis Technology) recording equipment 

using a high-impedance headstage (RA16AC) and a preamplifier (either RA16SD or PZ2) 

with a hardware high-pass filter of 2.2Hz, a low-pass filter of 7.5 kHz (-3dB point) and 

sampled with a rate of 24.4kHz. As in previous studies14,53,54, the digitized signals were band-

pass filtered (500Hz-5kHz), full-wave rectified and low-pass filtered (200Hz) to produce an 

envelope of the multi-unit activity (MUA). This MUA signal provides an average of spiking 

activity of a number of neurons in the vicinity of the tip of the electrode and the population 

response obtained with this method is therefore expected to be identical to the population 

response obtained by pooling across single units55-57. We applied a low-pass filter (<200Hz) 

to record the local field potential (LFP), and sampled it at 763Hz. We corrected the LFP for 

the amplitude changes and phase shifts that were induced by the filters in the preamplifier, 

as has been described in Supplementary Information. 

We corrected for the change in amplitude and phase shifts induced by the hardware filters 

(Nelson et al. 2008). To determine the filter characteristics we generated 15 windows of 60 

seconds white noise in Matlab (The MathWorks, Inc), used the sound card of the PC for 
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output and attenuated the signal with a voltage divider. We fed the signal to the headstage 

and preamplifier, and for comparison also to a DC amplifier (TDT RA8GA). As expected, 

the power spectrum of the signal recorded with the DC amplifier was flat, while the lower 

frequencies were attenuated in the signal recorded through the head-stage and preamplifier. 

We calculated the phase spectrum between the two signals as well as the amplitude 

spectrum of the regular preamplifier and fitted sigmoidal functions to these spectra. We 

used the fitted functions to correct LFP signals in the frequency domain.  

We used multi-contact ‘U’ probes (Plexon) for the laminar recordings with 24 contact 

points spaced 100µm apart (Figure 1B). Either the metal shaft of the probe or a silver/silver 

chloride wire in the recording chamber served as reference. We used a blunt guide tube to 

exert slight pressure on the dura and we then quickly inserted the tip of the probe using a 

micro-manipulator (Narishige, Japan). The moment when the first contact point passed the 

dura was ascertained by careful visual inspection of the LFP and listening to the MUA. 

Once the probe passed through the dura, the guide tube and the probe were moved upward 

until the dura showed no sign of dimpling. This procedure was done quickly to minimize 

the time of applying pressure to the cortex. The probe was then lowered into the cortex at 

very low speeds (~2-5µm/s). We obtained high quality spiking activity with this method 

and observed no shifts in the depth of the probe the during recording sessions. 

We calculated the one-dimensional current source density (CSD) from the LFP following 

Mitzdorf 58 as: 

 

Where  is the voltage,  is the point at which the CSD is calculated,  is the spacing of 

electrodes for the computation (here we used a spacing of 200μm) and σ is the conductivity 

of cortical tissue (we used a value of 0.4S.m-1)59. The CSD is negative if currents flow 

towards the electrode (sink) and positive if currents flow away from the contact points 

(source)58,60. 

To determine the depth of the electrode we measured the CSD evoked by a full-screen 100% 

contrast checkerboard (presented for 250ms while the monkey fixated, check size 0.3o)26,27,58. 
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We estimated the location of the border between layer 5 and layer 4C as the polarity 

reversal from current sinks in layer 4C to current sources in the deep layers around 40ms 

after stimulus onset26,61. We placed the electrode so that the CSD reversal was as close as 

possible to the 8th contact from the tip to ensure coverage of all cortical layers. Final 

alignment was done on the basis of evoked potential by the curve stimuli (Figure 1I). We 

estimated the position of the other layers on the basis of published histological data62,63. We 

mapped the receptive fields (RFs) of the neurons at every recording site of the electrode (see 

below for the RF mapping methods). When the RFs of the recording sites in different layers 

did not overlap, indicating that the probe was not perpendicular to the cortical surface, the 

probe was retracted and inserted at a different location. We calculated the signal-to-noise-

ratios (SNR) of every MUA recording site as the height of the peak of the stimulus-evoked 

response divided by the standard deviation of activity in the prestimulus period. Only 

recording sites with an SNR>3 were included in the analysis.  

Eye movements were recorded with a video eye-tracker (Thomas recordings) with a 

sampling rate of 350Hz. Trials containing microsaccades were discarded, microsaccades 

were defined as a minimum of 5 consecutive samples in which the speed of the eye 

movement was higher than 5 times the standard deviation. 

We corrected for the change in amplitude and phase shifts induced by the hardware filters 

(Nelson et al. 2008). To determine the filter characteristics we generated 15 windows of 60 

seconds white noise in Matlab (The MathWorks, Inc), used the sound card of the PC for 

output and attenuated the signal with a voltage divider. We fed the signal to the headstage 

and preamplifier, and for comparison also to a DC amplifier (TDT RA8GA). As expected, 

the power spectrum of the signal recorded with the DC amplifier was flat, while the lower 

frequencies were attenuated in the signal recorded through the head-stage and preamplifier. 

We calculated the phase spectrum between the two signals as well as the amplitude 

spectrum of the regular preamplifier and fitted sigmoidal functions to these spectra. We 

used the fitted functions to correct LFP signals in the frequency domain.  
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Data analysis and statistics 

The MUA response at each recording site was normalized by subtracting the spontaneous 

activity, measured from -150ms to 0ms before stimulus onset, and by dividing the response 

by the peak response (calculated as the maximum response in a window 50-90ms after 

stimulus onset) of the recording site in the distractor condition. We normalized the CSD of 

each penetration by dividing by the maximum absolute value of the CSD across layers 

during the fixation period in the target curve condition.  

To generate the average MUA and CSD per electrode depth we first aligned the depth of the 

different penetrations using the CSD for realigning the probes. The realigned, normalized 

CSD data and normalized MUA signals were then averaged across penetrations. We 

assigned recording sites to one of three laminar compartments based on their distance from 

the layer 4c/layer 5 boundary. The assignments were made with reference to previous 

anatomical studies62,63, which measured the thickness of the cortical layers in V1. Recording 

sites between 0.55 and 0.05mm below the 4c/5-boundary were assigned to the deep layers, 

sites between 0.05 and 0.55mm above the boundary were assigned to layer 4 and sites 

between 0.65mm and 1.15mm above the boundary were assigned to the superficial layers.  

Our method to calculate the latency of the visual response was similar to previously 

described methods19,64. We fitted the sum of a Gausian and a cumulative Gausian to the data 

and determined the latency as the time point at which the fitted curve reached 33% of its 

maximum. 

We quantified the amplitude of the normalized CSD pattern over time (nCSD). To this aim, 

we first computed the laminar template, which we defined as the average laminar profile in 

the modulation period which we normalized the laminar template to the channel with the 

strongest sink. The nCSD is the inner product of the laminar template and the momentary 

CSD. 

To calculate the correlation coefficient an average over pair-wise correlations was taken. For 

the comparisons within tasks, all possible comparisons were taken, i.e. the number of paired 

correlations equaled 0.5*N*(N-1), where N is the number of penetrations. For the 

comparisons between tasks, only the comparisons from the same penetration were taken, i.e 
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the number of paired correlations equaled N. For shuffled controls, the channels from one 

element of the comparison were randomly shuffled. 

 
Receptive-field measurements 

We measured the V1 receptive field dimensions by determining the onset and offset of the 

response to a slowly moving light bar for each of eight movement directions (Figure S3)65. 

The MUA RF size was 1.4 deg on average (with an s.d. of 0.25 deg) and the eccentricity was 

between 2.1 and 7.8 deg (median = 5.3 deg). No difference between average eye position or 

the standard deviation of the eye position was observed between conditions (Figure S4). 

 
Statistics 

We used ANOVAs to estimate the significance of MUA and CSD patterns across the layers 

with laminar compartment as factor for MUA (deep, layer 4 and superficial) and the 

channels of the laminar electrode for CSD because this method corrects for correlated data 

of channels of individual penetrations. For the MUA, data from individual recording sites 

within a laminar compartment of the same penetration were first averaged and these 

averages entered into the statistical tests. If necessary, we applied the Greenhouse-Geisser 

correction for deviations from sphericity. For post-hoc testing we used t-tests and we used 

two sampled t-tests to compare results from different tasks. Welch's t-tests were used if 

there were differences in variance between the two datasets. 
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SUPPLEMENTARY INFORMATION 

Supplementary Figures 

 

Figure S1 | The stimulus conditions. There were two stimuli for each of the conditions. The target 

(A) or distractor curve (B) fell in the receptive field or the target (C) or distractor curve (D) fell next 

to the receptive field. Circles indicate the position of the receptive fields. 
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Figure S2 | Dissociating short-term memory from the saccade plan. (A) The monkeys were trained 

to fixate on the red dot and to make an eye movement to the target at the end of the curve that was 

connected to the fixation dot, after a memory delay. The receptive field could be on the target curve 

(red condition, upper row), on an adjacent distractor curve (yellow condition, middle row) or on a 

far distractor curve (blue condition, lower row). Note that the eye movements in the target and 

adjacent distractor conditions were identical, but that the receptive field only fell on (the memory 

of) the relevant curve in the target condition. (B) The average MUA response elicited by the memory 
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of the target curve is elevated relative to that elicited by the adjacent and far distractor. Thus, the 

V1 working memory trace depends on the course of the curve and not on the impending eye 

movement. Shaded areas show s.e.m. (n=8 penetrations). (C) MUA elicited by the target condition 

and the adjacent distractor in a window from 200-750ms after stimulus onset (filled circles for 

monkey E, open circles for monkey R). All data points lie above the diagonal, indicating that the 

MUA for the memory of the target curve was stronger than that for the adjacent distractor in all 

penetrations(t-test, p<0.001 for both monkeys). 

 

 

 

Figure S3 | Position and size of the multiunit RFs. The rectangles indicate the average position and 

size of the RFs in each penetration. Monkey E, green squares. Monkey R, blue squares. 
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Figure S4 | Eye position. (A, C) X and (B, D) Y eye position for (A, B) the attentional and (C, D) the 

short-term memory task. 
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ABSTRACT 

Cognitive functions rely on the coordinated activity of neurons in many brain regions but 

the interactions between cortical areas are not yet well understood. Here we investigated 

whether low-frequency (alpha) and high-frequency (gamma) oscillations characterize 

different directions of information flow in monkey visual cortex. We recorded from all 

layers of the primary visual cortex (V1) and found that gamma waves are initiated in input 

layer 4 and propagate to the deep and superficial layers of cortex, whereas alpha waves 

propagate in the opposite direction. Simultaneous recordings from V1 and downstream 

area V4 confirmed that gamma and alpha waves propagate in the feedforward and 

feedback direction, respectively. Microstimulation in V1 elicited gamma oscillations in V4, 

whereas microstimulation in V4 elicited alpha oscillations in V1, thus providing causal 

evidence for the opposite propagation of these rhythms. Furthermore, blocking NMDA 

receptors, thought to be involved in feedback processing, suppressed alpha while boosting 

gamma. These results provide new insights into the relation between brain rhythms and 

cognition. 
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INTRODUCTION 

Areas of the visual cortex are arranged hierarchically with low-level areas representing 

simple features and higher areas representing the more complex aspects of the visual 

world1,2. Neurons in many visual areas are co-active during the perception of a visual 

stimulus and it is difficult to disentangle the influences of lower areas onto higher areas 

from the effects that go in the opposite direction 3. Studies of visual cognition could benefit 

enormously from markers of cortical activity that distinguish between feedforward and 

feedback effects. One such putative marker is cortical oscillatory activity, because 

oscillations of different frequencies have been proposed to propagate either in feedforward 

or in the feedback direction4,5, but experimental evidence for this view is sparse6.  

Low frequency rhythms, like the alpha rhythm which is particularly pronounced in the 

visual cortex, have been proposed to characterize spontaneous activity7,8 as the alpha 

rhythm increases when the subject closes the eyes9. More recent observations have also 

implicated alpha oscillations in the active suppression of irrelevant, unattended 

information10,11. In contrast, the high-frequency gamma rhythm increases if visual stimuli 

are presented, and in particular if they are task-relevant12,13. One influential hypothesis has 

been that gamma oscillations play a role in feature binding14, but later studies casted doubt 

on this proposal15,16. A more recent hypothesis holds that gamma oscillations facilitate the 

communication between cortical areas17, but both evidence in favor of this proposal18 and 

against it19-22 has been presented. Although the causal role of oscillatory rhythms in 

cognition is therefore not undisputed, it would also be of great value if oscillations could be 

used as markers for feedforward and feedback effects23.  

We therefore aimed to resolve, for the first time, the laminar pattern of low and high 

frequency oscillations in V1 with a high spatial resolution during a texture segregation task 

that requires interactions between visually driven activity and top-down influences from 

higher areas. For comparison, we also examined oscillatory coupling between V1 and 

extrastriate area V4 in the same task. Moreover, we here used two new, causal approaches to 

test directionality. First, we applied microstimulation in one area while recording the 

oscillations in the other area. Second, we locally infused blockers of AMPA and NMDA- 

receptors thought to be differentially involved in feedforward and feedback processing24,25. 
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All our results converged onto a straightforward conclusion: gamma oscillations in visual 

cortex travel in the feedforward direction whereas alpha oscillations index feedback effects.  

 

RESULTS 

We first investigated the power and the timing of oscillatory activity in the different layers 

of area V1. Anatomical studies demonstrated that the feedforward input from the lateral 

geniculate nucleus arrives predominantly in layer 4C with a weaker input into layer 626, 

whereas feedback connections from higher visual areas target layers 1, 2 and 5, avoiding 

layer 427,28. If alpha and gamma activity travel in opposite directions through the cortex this 

might therefore be visible in the laminar profile of these rhythms in V1. 

To measure oscillatory activity in V1, we recorded multi-unit neuronal activity (MUA) and 

local field potentials (LFP) using laminar electrodes that span the cortical depth with 

contact points spaced 100µm apart (Figure 1A,B). An important advantage of these laminar 

electrodes is that they permit the computation of the current-source density (CSD), which 

estimates currents flowing into and out of neurons in different layers29,30. We determined 

the cortical depth of the laminar electrode in each recording session with the CSD response 

triggered by the appearance of a checkerboard stimulus31. The stimulus evoked a 

characteristic CSD profile with a current sink in layer 4C and a current source in the deep 

layers (Figure S1). These sinks and sources coincided with the onset of the visual response 

in the MUA. 
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Figure 1 | Laminar recordings. (A) Lateral view of the macaque brain. Blue region corresponds to 
area V1. (B) Laminar recording with the multi-site linear electrode (Plexon Inc. U-probe). (C,D) 
Texture segregation stimulus with a figure of one orientation placed on a background with the 
orthogonal orientation. The neurons’ receptive field (circle) fell on the figure (white square, not 
visible to the monkey) (C) or on the background (D).  

 

Oscillatory activity in V1 in a texture-segregation task 

We trained monkeys to carry out a figure-ground segregation task in which they detected 

an orientation defined figure (Figure 1C,D)32. The monkeys started a trial by directing their 

gaze to a fixation point, and after a delay of 300ms a full screen texture appeared with 

texture elements with one orientation and a square figure (4 deg size) of the opposite 

orientation (Figure 1C). After an additional 300ms of fixation, the monkey made an eye 

movement towards the figure to obtain a juice reward. On each trial, the figure appeared at 

one of three locations at the same eccentricity. In one of these conditions, the neurons’ 

receptive fields (RFs) fell on the figure centre, in the other two conditions the RFs fell on the 

background (Figure 1D). We balanced the orientation of the line elements across trials so 

that the texture elements inside the RFs were on average identical across conditions and we 

ensured that the RFs of none of the recording sites overlapped with the figure edge. As 
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previously reported32, MUA in V1 (24 penetrations with a total of n=493 recording sites, 13 

penetrations in monkey S and 11 penetrations in monkey E) was stronger if the neurons’ RF 

fell on the figure than when it fell on the background (Figure 2A), a modulatory effect that 

most likely depends on feedback from higher areas33-35.  

Examination of the LFP also revealed a prominent signature of figure-ground organization. 

The background texture evoked a strong low frequency oscillation, which could be seen in 

single trials (arrows in Figure 2B), but the low frequency oscillations elicited by the figure 

were weaker. To further characterize these oscillations, we computed the power spectrum in 

a window from 150-350ms from stimulus onset. This analysis revealed a prominent peak in 

the lower frequencies (5-15Hz), which was larger if the RF fell on the background than if it 

fell on the figure (Figure 2C; Figure S2A,D) and also stronger than in the pre-stimulus 

period (Figure 2C; S2C) (t–test, n=493, P<0.001 for both comparisons). We next analyzed 

of the LFP-MUA coherence, focusing on the internally generated oscillations by first 

subtracting the evoked potential (Figure S3), and found that the MUA was also more 

strongly locked to the low-frequency rhythm if the RF fell on the background (Figure 2D, 

Figure S2F). The spectral resolution for the low frequencies was limited by the short 

duration of the computational window (200ms), but we obtained a comparable results 

when we analyzed trials with longer reaction times so that we could use a longer time 

window of 300ms (Figure S4). We also analyzed catch trials with a homogeneous 

background where the monkeys were required to maintain gaze on the fixation point for 

700ms (Figure S5A-C). The MUA in these catch trials was similar to when the figure was 

placed outside the neurons’ RF (Figure S5H). The LFP power spectrum and the LFP-MUA 

coherence in the catch trials were similar to that in the background condition (time-

window of 550ms; spectral resolution of ~1.8Hz) with a peak at ~10Hz, indicative of an 

alpha oscillation (Figure S5F,G). The alpha peak also remained in a later time-window 

(400-700ms after stimulus onset) (Figure S5I), confirming that the alpha oscillation did not 

depend on the initial stimulus-evoked activity. The increase of the alpha rhythm when the 

RF fell on the background compared to when it fell on the figure and compared to the pre-

stimulus period is in line with previous reports that alpha indexes the suppression of 

irrelevant information10,11. Moreover, we found that trials with more LFP alpha power (5-

15Hz) had a weaker MUA response (Figure 2E; cor. coef.= -0.05, t-test, n=493, P<0.05)36 in 

further support of this idea. 
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In contrast to the low-frequency rhythm, the gamma rhythm was stronger in the figure 

representation than in the background. This increase in gamma was visible in the LFP 

power spectrum (Figure 2C, Figure S2A,E) and also in the coherence between the MUA 

and the LFP (Figure 2D, Figure S2G) (t–test, n=493, P<0.001 for both comparisons). When 

we sorted trials according to gamma power (40-90Hz), trials with a higher gamma were 

associated with a stronger MUA response (Figure 2E; cor. coef.=0.3, t-test, P<0.001)37. We 

also investigated the intermediate beta band (15-30Hz), but beta power and coherence was 

only weakly modulated by the task (Figure 2C,D and Figure S2A). The weak beta 

oscillations differentiate V1 from the primary somatosensory cortex where beta power is 

much more prominent38.  

To analyze the profile of LFP power across the layers, we divided them into four 

compartments: layers 1/2, layer 3, layer 4 and layers 5/6. The alpha power was strongest in 

layers 5/6 (t-test, n=24 penetrations, all Ps<0.001) with a secondary peak in layer 1/2 (layers 

1/2 higher than layers 3 and 4; t-test, P<0.001) (Figure 2F,G) as has been observed 

previously13,39. In contrast, gamma power was stronger in layer 3 than in the other layers 

(Figure 2F,G; t-test, all Ps<0.001)39,40. The laminar pattern of LFP power was similar, 

irrespective of whether the RF fell on figure or ground (Figure 2G). Thus, the cortical 

mechanisms that generate the alpha and gamma rhythm appear to be similar for figure and 

background, but task-relevance modulates the amplitude of these rhythms. 
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Figure 2 | Neuronal activity in the texture-segregation task. (A) Average MUA response in V1 
evoked by the figure (red trace) and the background (blue trace) (n=493 recording sites). Grey area 
highlights the modulation period (150-350ms after stimulus onset). (B) Example LFP responses in 
successive trials at an example electrode, elicited by image elements of the figure (red) and 
background (blue). Dotted line indicates the stimulus onset, arrows indicate slow frequency 
oscillations. (C) Average LFP power spectrum (arbitrary units) evoked by the figure (red trace) and 
background (blue trace) during the modulation period and the pre-stimulus period (200-0ms before 
stimulus onset) (black trace). (D) Average LFP-MUA coherence in the figure (red trace) and 
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background condition (blue trace) during the modulation period, and the pre-stimulus period (black 
trace). The dashed lines indicate the LFP-MUA coherence for shuffled trials. (E) LFP power spectra 
calculated for the 50% trials with lowest (dark blue lines) and highest MUA response (light blue lines) 
in the conditions with the RF on the background. (F) Laminar profile of the increase in LFP power 
evoked by the background (power is shown in pseudocolor, arbitrary units, log scale). Black arrow, 
alpha activity in the deep layers. Open arrow, gamma activity in upper layer 4 and the superficial 
layers. (G) Laminar profile of LFP power in the alpha (5-15Hz) and gamma band (40-90 Hz) in the 
conditions with the RF on the figure (red traces) and background (blue traces). Shaded areas show 
s.e.m. in all plots (n=493 recording sites), when they are difficult to see the s.e.m. is small. 

 

Propagation of alpha and gamma oscillations through the layers of V1  

The use of a laminar electrode with a fine spacing between contact points provided us with 

a unique opportunity to investigate the propagation of rhythmic activity from one layer to 

the next. We investigated the LFP in all layers, aligning activity to the LFP troughs in layer 

4C (Figure S6). To detect the time of alpha troughs we filtered the LFP between 8 and 12Hz 

and registered the times of the minima. These narrow filter settings were only used to detect 

trough times; all further analyses were performed with the broad-band LFP signal (Figure 

S6D). We used the alpha troughs time-points to compute the average trough-aligned LFP, 

in the same way that one would align the LFP to the stimulus presentations to compute the 

evoked potential. We applied this analysis to the broad-band LFP in the background 

condition where alpha was most pronounced and averaged across all penetrations (n=24). 

In the LFP, the alpha oscillations were relatively coherent across cortical depth (Figure 3A), 

but this signal also contains contributions from volume conduction. The CSD provides a 

local measure for the sinks and sources underlying the LFP in the different layers. The CSD 

profile had the shape of a chevron with a succession of sinks starting in feedback recipient 

layers 1, 2 and 5 that propagated towards layer 4 during the alpha cycle (Figure 3B). The 

MUA was also coupled to the LFP troughs (Figure 3C), as predicted by the significant 

coherence between these signals in the alpha range (Figure 2D). Interestingly, we also 

observed phase differences between MUA in different cortical layers. The earliest MUA 

coincided with the current sinks in layers 1, 2 and 5 (Figure 3C). MUA in layer 4 lagged 

MUA in the deep and superficial layers by 12 and 10ms, respectively (t-test, n=24 

penetrations, both comparisons P<0.005). When we repeated this analysis for other 

frequency bands, we found that MUA in superficial and deep layers preceded MUA in layer 
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4 for all frequencies between 5 and 15Hz (Figure S7). The same laminar profile was found 

before stimulus onset, indicating that it was general feature of alpha oscillations, which did 

not depend on the presence of a visual stimulus (Figure S8). 

 

Figure 3 | Laminar profile of cortical oscillations. To determine the average laminar profile of the 
LFP, CSD and MUA relative to the alpha and gamma oscillations, we aligned the data to the troughs 
of the LFP in layer 4. (A) Laminar profile of the LFP (mV) relative to the alpha troughs in a window 
from 150-300ms after stimulus onset, averaged across 24 penetrations. The LFP was relatively 
homogeneous across the layers. Negative potentials are shown in blue, positive potentials in red. (B) 
Average laminar profile of the CSD (mA/m3) relative to LFP troughs in layer 4 for the alpha rhythm. 
Current sinks are shown in red, sources in blue. (C) MUA aligned to the LFP troughs in layer 4. Red 
colors show MUA that is higher than the average and blue colors MUA lower than the average. The 
MUA was normalized to the visually driven activity 150-300ms after stimulus onset. The scale 
therefore denotes the fraction of the visually driven MUA response that synchronized to the LFP 
troughs in layer 4 in the 8-12Hz frequency range. (D-F) Same analysis as in A-D, but now the data 
were aligned to the troughs of the gamma rhythm (55-65Hz) in layer 4. 

 

The phase lags in the MUA were less pronounced than in the CSD (Figure 3B,C), smaller 

phase differences that might be explained by the neurons’ extended dendritic trees. 
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Neurons sample synaptic input from multiple layers so that the timing of somatic spikes 

across layers might become more similar than the timing of synaptic inputs in different 

layers. For example, some layer 4 cells receive input trough their dendrites in layer 2/3 so 

that they can start to fire action potentials before the alpha related synaptic input arrives in 

layer 4. To directly investigate the phase relationship between spikes and synaptic input we 

analyzed the coherence between the MUA and the layer specific CSD for the alpha 

frequencies (Figure 4A). In this analysis we averaged MUA across layers, but we obtained 

qualitatively comparable results if we separately analyzed MUA from the superficial layers, 

layer 4 or deep layers (Figure S9). We found four coherence peaks; in layers 1/2, 4, 5 and 6. 

The phase analysis for the alpha rhythm revealed that MUA was in phase with sinks in 

layers 1/2 and 5 (mean phase advance of CSD sink relative to MUA in L1/2, 23±6° (s.e.m.); 

L5, -2±8°; n=24) but with sources in layers 4 and 6 (mean phase in L4, -174±7°; L6, 171±5°). 

These results suggest that the spikes locking to the alpha rhythm are driven by sinks in 

layers 1/2 and 5, which are the main targets of feedback connections. 

We next analyzed the propagation of activity during gamma oscillations. We detected 

troughs by filtering the LFP between 55 and 65 Hz and then used these time-points to 

analyze the broad-band LFP, CSD and the MUA (Figure S6). Strikingly, gamma oscillations 

exhibited the opposite sequence of sinks across the layers (Figure 3D-F). The gamma cycle 

started with a sink in layer 4, the recipient of feedforward input, and the sinks then 

propagated to the superficial and deep layers. Spiking activity in layer 4 coincided with the 

layer 4 current sink, and was delayed by 1ms in the deep layers (t-test, n=24, P<0.05) and by 

2ms in the superficial layers (P<0.005)41, a phase delay that occurred for all frequencies 

between 20 and 100Hz (Figure S7). The analysis of gamma-coherence between MUA and 

CSD revealed two peaks. The first coherence peak reflected the coincidence of the MUA 

with a current sink in layer 4 (mean phase advance of CSD sink relative to MUA: 17±4° 

(s.e.m); n=24) and the second coherence peak occurred in layer 6 where a current sink 

lagged the MUA by 116±5° (Figure 4B). These results suggest that the gamma cycle starts 

with excitatory input into layer 4, the main target of feedforward connections from the 

LGN. 

The propagation of alpha and gamma oscillations through the layers was highly consistent 

between monkeys (Figure S10). Interestingly, it was also relatively invariant across 
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conditions with the RF on the background (Figure 3), the figure (Figure S11A-F) and catch 

trials (Figure S11G-L). We observed a comparable invariance in the phase relation between 

CSD and MUA, which did not depend strongly on the presence of a figure in the RF 

(compare Figure 4 to Figure S12). Thus, figure-ground segregation influences the 

amplitude of the oscillations, but the cortical mechanisms that generate these rhythms 

appear to be invariant. 

 

Figure 4 | Laminar profile of CSD-MUA coherence and phase. (A) Laminar profile of coherence 
between the layer-specific CSD and the MUA averaged across all layers, for the alpha band (RF on 
the background). There were four peaks in the coherence and the small circles show the phase of 
the CSD relative to the MUA. Red colors indicate that MUA was in phase with a sink in layers 1/2 and 
5. Blue colors indicate that the MUA was in phase with a source. (B) Laminar profile of the CSD-MUA 
coherence in the gamma frequency range. Note that the MUA was in phase with a sink in layer 4. 

 

We replicated these results with a phase coherency analysis that does not depend on the 

detection of troughs. We analyzed the phase of the CSD and MUA in the different layers 

relative to the LFP in layer 4. For the gamma oscillations, the phase of the CSD and MUA in 

layer 4 was earlier than that in the other layers (Figure S13; t-test, n=24, P<0.001 for both 

MUA and CSD), in accordance with the feedforward laminar profile. Alpha oscillatory 

activity showed the opposite profile with a phase advance of the deep and superficial layers 

relative to layer 4 (Figure S13; P<0.001 for both MUA and CSD). Thus, the opposite 

propagation of alpha and gamma oscillations through the cortical layers is a robust finding 

that does not depend on details of the analysis method. 
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Figure 5 | Schematic representation of Granger causality between layers for the gamma (left) and 
alpha band (right). Thick arrows indicate Granger causality stronger than 0.015, thin arrows for the 
gamma band indicate Granger causality between 0.005 and 0.015 (not shown for the alpha band to 
prevent crowding). 

 

We complemented the analysis of phase differences by measuring Granger causality 

between the CSDs in the different layers. If oscillations are propagated between layers, then 

activity in one layer should forecast activity in the next better than the other way around, 

implying a significant directionality in the Granger causal interactions38. As a first step in 

this analysis, we calculated the average coherence of CSDs between sites on the laminar 

probe with a distance of 200µm, and found peaks at 10 and 80Hz (Figure S14), in 

accordance with the LFP-MUA coherence (Figure 2D). The Granger causality analysis also 

revealed a peak around 10Hz, in accordance with a previous study42, and a broader peak in 

the gamma range (Figure S15). Figure 5 summarizes the Granger-causal interactions 

between layers with a significant directionality in the alpha and gamma range. It can be seen 

that Granger causality in the alpha range was directed from the superficial and deep layers 

towards layer 4, in accordance with the analysis of phase differences (Figure 3B). The 

Granger causality showed a strong directionality from layer 5 to layer 6, 4C, 4AB and 3 

(permutation test, P<0.001), from layer 1/2 to layer 3 (permutation test, P<0.001), and from 

layer 3 to layer 4AB (permutation test, P<0.001), indicating that the alpha rhythm originates 
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from the feedback recipient layers in V1. The Granger causality in the gamma range (30-

90Hz) showed a strong directionality from layer 4AB to layer 3, from layers 4C to layer 5 

and 6 and from layer 6 to layer 5 (permutation test, all Ps<0.001) (Figure 5, Figure S15), in 

line with the trough-triggering analysis (Figure 3), implying that the gamma rhythm 

originates from the V1 layers that receive feedforward input from the LGN. 

 



  Alpha and gamma oscillations travel in opposite directions 

113 

Figure 6 | Curve-tracing task where the monkey had to mentally trace the target curve that was 
connected to the fixation point. (A,B) We place either the target curve (A) (red circle) or one of the 
distractor curves in the RF (B) (blue circle). (C) Neuronal activity averaged across all V1 recording 
sites in two monkeys evoked by the target (red trace) and the distractor curve (blue trace). Grey 
area highlights the time window for spectral analysis (200-750ms after stimulus onset). (D) Example 
LFP responses in successive single trials elicited by the target (red) and distractor curve (blue). 
Dotted line indicates the stimulus onset, arrows point to low frequency oscillations. (E) LFP power 
spectrum elicited by the target and distractor curve and during pre-stimulus period (200-0ms before 
stimulus onset) (black trace). (F) LFP-MUA coherence evoked by the target and distractor curve 
during the epoch of response modulation (200-750ms after stimulus onset) and during the pre-
stimulus period (black trace). Shaded areas show s.e.m. in all plots (n=365 recording sites), when 
they are difficult to see the s.e.m. is small. 

 
Curve-tracing task 

Texture defined figures are intrinsically salient and induce stimulus driven attention 

shifts43. We therefore investigated if these results generalize to another task where the 

attention shifts depend on familiarity with the task. Two monkeys mentally traced a target 

curve, which was connected to a red fixation point, while ignoring three distractor curves 

(Figure 6A,B). We showed previously that subjects solve this task by directing attention to 

the target curve and by ignoring the distractors44,45. The monkeys viewed the stimulus for 

750ms and we ensured that the contour element in the neurons’ RF was the same across 

conditions so that we could directly investigate the influence of attention shifts on neuronal 

activity in V1 (8 penetrations in monkey R and 8 penetrations in monkey E with a total of 

n=365 recording sites). As in previous worke.g. 46 the attended curve evoked a stronger MUA 

response than the distractor curves (Figure 6C) (p<0.001, sign-test). Also in this task, the 

ignored curve elicited a low frequency oscillation that was visible in individual trials (Figure 

6D), and we could now examine LFP power and LFP-MUA coherence in a longer time 

window (from 200-750ms after stimulus onset) (Figure 6E,F). Our results replicated those 

in the texture-segregation (compare to Figure 2). The distractor curve evoked a significant 

increase in low frequency power (p<0.001, sign-test), whereas the target curve elicited 

stronger power in the gamma frequency range (p<0.001, sign-test). The LFP-MUA 

coherence revealed that MUA was locked to these rhythms (Figure 6F) and demonstrated 

that the center frequency of the low frequency oscillation was 10Hz. Moreover, the 



 Chapter 4  

114 

propagation of neuronal activity through the cortical layers was comparable to that in the 

texture-segregation task (Figure S16), implying that these results generalized across tasks.  

 

Figure 7 | Array recordings in areas V1 and V4. (A) Schematic representation of implanted 
electrode arrays in V1 and V4 with overlapping RF’s. (B) Coherence between the LFP in V1 and V4 in 
a window from 150-350 ms after stimulus onset when the neurons’ receptive fields fell on the 
background. Shaded areas show s.e.m. (n=1224 pairs). The cyan curve shows the coherence 
between the locally referenced LFP in the two areas (Y-axis scale shown left). Blue curve, coherence 
between LFP signals referenced to a low-impedance epidural electrode (Y-axis scale on the right). 
Dotted lines indicate the V1-V4 coherence for shuffled trials. (C) Phase relationship between LFP in 
V1 and V4. Black lines show least square linear fits to the phase of alpha and gamma as function of 
frequency. Dashed lines indicate 95% confidence intervals (P<0.001). (D) Average Granger causality 
of the LFP from V1 to V4 (yellow line) and from V4 to V1 recording sites (green line). Shaded areas 
show s.e.m. (n=1224 pairs). 

 
Coupling between V1 and V4 

We found that gamma waves start in input layer 4 whereas alpha waves start in feedback 

recipient layers 1, 2 and 5. Is this opposite progression of oscillations through the cortical 
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layers associated with corresponding time-lags between lower and higher visual areas? 

Previous studies in cats and using EEG recordings in humans suggested a phase lead of 

lower areas over higher areas for gamma oscillations and a phase lag for alpha 

oscillations6,47,48. To investigate the synchrony between areas of the monkey visual cortex in 

the texture-segregation task, we simultaneously recorded the LFP in V1 and downstream 

area V4 with chronically implanted microelectrode arrays with an electrode length of 1 or 

1.5mm in two other monkeys (n=34 recording sites in V1, n=36 recording sites in V4, 7 

recording sessions) (Figure 7A). The V1 and V4 RFs overlapped (Figure S17). We first 

examined the coherence between the LFPs in the two areas in the background condition 

and observed that it was significant for both the alpha and the gamma range compared to a 

shuffle control (t-test, n=1224 pairs, P<0.001) (Figure 7B). For the coherence and power 

analysis we referenced the LFP to another electrode within the same array (inter-electrode 

distance of 0.4 mm). The inter-areal coherence was much lower than in a recent study using 

epidural EEG recording above V1 and V4 49 (inter-electrode distance of 2-3mm), as 

predicted by previous work 50. Indeed, the coherence between the V1 and V4 LFP 

referenced to a low impedance epidural electrode was two orders of magnitude higher (blue 

in Figure 6B), but coherence computed in this way may also contain the contribution of 

sources that are picked up by the common reference. The LFP-MUA coherence between V1 

and V4 also showed a low and a high frequency peak (Figure S18). We next examined the 

phase relation (epidural reference) and observed a phase-lead of area V4 for the lower 

frequencies (Figure 7C), which increased with frequencies between 5 and 12Hz. This 

finding is consistent with a relatively fixed time delay between V4 and V1 that translates 

into larger phase lags at higher frequencies. The slope of the phase relation provides an 

estimate of this delay for the alpha band, which was approximately 9ms (limitations of this 

method have been pointed out by51). The slope inverted above 15Hz, and the V1 phase lag 

changed into a phase lead in the gamma band. Although less linear, the slope of this phase 

relation in the gamma range suggested that V1 led V4 by approximately 3ms. We used 

Granger causality (global reference) to further investigate the directionality of the coupling 

between V1 and V4 (Figure 7D). We observed a narrow peak around 10Hz directed in the 

feedback direction, from V4 to V1 (permutation test, P<0.01). In contrast, Granger 

causality in the gamma range was stronger in the feedforward direction, from V1 to V4 

(permutation test P<0.01), in accordance with the analysis of phase delays (Figure 7C). 
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Thus, the inter-areal coupling during figure-ground segregation supports the hypothesis 

that gamma and alpha rhythms index feedforward and feedback processing, respectively. 
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Figure 8 | Effects of microstimulation in areas V1 and V4. (A) Effect of microstimulation of V1 on 
the LFP power spectrum in V4. Stimulation (5 pulses, 200Hz) was applied in the conditions with the 
RF on the background from 150-170ms after stimulus onset in the texture segregation task. The 
power in each time bin represents the center of a time window (Morlet wavelet) with a length equal 
to one cycle of the corresponding frequency. (B,C) Power spectrum in V4 with (lighter curve) and 
without V1 microstimulation (darker curve) if the RF fell on the background (B) or figure (C). The 
analysis window was from 0-200ms (50-100ms) after microstimulation for alpha (gamma). Shaded 
areas show s.e.m. (n=36 recording sites). (D) Influence of V1 microstimulation from 150-130ms 
before stimulus onset on V4 power. (E) Effect of V4 microstimulation on the power spectrum in V1 
in the background condition (n=34 recording sites). (F-H) Power spectrum in V1 with (lighter curves) 
and without V4 microstimulation (darker curves) if the RFs fell on the background (F), figure (G) or in 
the pre-stimulus epoch (H).  

 

Microstimulation in V1 and V4 

We next tested this hypothesis with a causal approach by combining electrical 

microstimulation in one area with the recording of LFP in the other area, in two monkeys 

(6 and 8 recording sessions with stimulation in V1 and V4, respectively). We again used the 

chronically implanted microarrays with overlapping RFs, but we now stimulated one area 

and recorded neuronal activity in the other one. We applied microstimulation in V1 for 

20ms (5 pulses at 200Hz; amplitude 50-100µA), starting 150ms after the onset of the texture 

segregation stimulus. Microstimulation had a negligible effect on the monkeys’ accuracy 

(above 98%), which was expected because the task was not designed to provide sensitive 

measures of the monkeys’ performance. It induced gamma oscillations in V4 (t-test, n=36 

V4 recording sites, P<0.001, 200-250ms after stimulus onset, both in the figure and 

background condition) but had little effect on V4 alpha power (P>0.3, 150-350ms after 

stimulus onset) (Figure 8A-C). The effect of V1 microstimulation did not strongly depend 

on whether the neurons’ RF fell on the background (Figure 8B) or figure (Figure 8C). 

Moreover, a similar effect occurred if microstimulation occurred in the fixation epoch, 

150ms before the texture was presented (t-test, n=36, P<0.001 for gamma, P>0.25 for alpha) 

(Figure 8D). Thus, the effect of V1 microstimulation on V4 power did not depend strongly 

on the visual stimulus, which is in accordance with a driving effect of the feedforward 

connections.  
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We also carried out the opposite experiment, microstimulating in V4 while recording in V1. 

If the neurons’ RF fell on the background, V4 microstimulation with the same timing 

(amplitude 30-60µA) caused an increase in the V1 alpha rhythm (t-test, n=34 V1 recording 

sites, P<0.001, 150-350ms after stimulus onset), while it suppressed the gamma rhythm 

(P<0.05, 200-250ms after stimulus onset) (Figure 8E,F). The effect of V4 microstimulation 

on V1 was stimulus dependent. If the figure fell in the neurons’ RFs, it blocked the increase 

in alpha elicited by V4 microstimulation as well as the decrease in gamma (Figure 8G). 

Interestingly, V4 microstimulation also had little effect on V1 power in the fixation epoch, 

when the monkeys were looking at a blank screen (t-test, n=34, P>0.5 for alpha and gamma, 

150-0ms before stimulus onset) (Figure 8H). Thus, V1 neurons are particularly susceptible 

for the V4 feedback effects when their RFs fall on the background. Furthermore, these 

microstimulation results, taken together, provide causal evidence that gamma oscillations 

travel in the feedforward direction, whereas alpha waves travel in the feedback direction.  

 

Pharmacological intervention in V1 

We used pharmacology as an additional causal method to probe the directionality of alpha 

and gamma oscillations. Theoretical studies proposed that the feedforward drive of a 

cortical neuron depends on AMPA-receptors whereas feedback effects depend more on 

NMDA-receptors24. A recent neurophysiological study using the texture-segregation task 

demonstrated that AMPA-blockers indeed reduce the visually driven response whereas 

NMDA-blockers decrease the difference in activity evoked by the figure and background25, 

which depends on feedback connections33,35. If alpha oscillations signify feedback 

processing, then alpha power might decrease if NMDA-receptors are blocked. We used 

laminar probes with a fluid line for local pressure injection of small quantities (<80nL) of 

pharmacological substances in V1 while the monkeys carried out the texture segregation 

task (Figure S19A). We first measured the effective diffusion distance of our injections with 

CNQX (an AMPA-receptor blocker), which reliably reduces neural responses. CNQX 

injections reduced neural activity over a distance of approximately 1.5mm (Figure S19B).  



  Alpha and gamma oscillations travel in opposite directions 

119 

 

Figure 9 | Effects of glutamate-receptor antagonists in V1. (A) Effect of the NMDA-receptor blocker 
APV on the LFP power spectrum (n=156 sites), in a window from 150-350 ms after stimulus onset 
with the RF on the background. Blue trace, pre-drug epoch. Cyan trace, after drug application. (B) 
Effect of ifenprodil, another blocker of the NMDA-receptor (n=200). (C) Effect of the AMPA-receptor 
blocker CNQX (n=113). (D-F) Same as A-C but for the condition with the RF on the figure. Shaded 
areas show s.e.m.  

 

To block NMDA-receptors we applied the broad spectrum NMDA-antagonists APV (8 

penetrations in two monkeys) and ifenprodil, which blocks NMDA-receptors with the 

NR2B subunit (11 penetrations in two monkeys). The small drug injections generally did 

not interfere with the monkeys’ accuracy, which was higher than 97%, but they did have a 

profound influence on the power spectrum of the LFP. Both NDMA-receptor blockers 

suppressed the alpha frequencies of the LFP, while enhancing the gamma frequencies 

(Figure 9). These effects occurred if the neurons' RF fell on the background (Figure 9A,B; 

t-test, APV n=156 sites, ifenprodil n=200, both drugs P<0.001 for alpha; P<0.05 for APV 

and P<0.001 for ifenprodil for gamma) and also if it fell on the figure (Figure 9D,E; both 

drugs P<0.001 for alpha; P<0.05 for APV and P<0.001 for ifenprodil for gamma). The two 

NMDA-blockers have opposing effects on visually driven activity25, which implies that their 
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influence on alpha and gamma oscillations are not caused by changes in neuronal 

excitability. In the control experiments where we blocked the AMPA-receptors with CNQX 

(n=113 sites in 7 penetrations in two monkeys) we observed a reduction in the LFP power 

across all frequencies (Figure 9C,F; t-test, n=113, P<0.001 for alpha and gamma in either 

stimulus condition), as is expected for a drug that causes a general decrease of cortical 

activity. Thus, NMDA-receptor activity is important for the alpha rhythm, which fits with 

the relatively long time constant of these receptors52 and is in accordance with their role in 

feedback processing24,25. 

 

DISCUSSION 

Our results provide four convergent lines of evidence that the gamma rhythm is a signature 

of feedforward processing whereas the alpha rhythm indexes feedback effects. First, our 

results demonstrate for the first time that gamma waves start in layer 4, the input layer of 

cortex, and are then propagated to the superficial and deep layers. Alpha waves are initiated 

in layers 1, 2 and 5, the targets of corticocortical feedback connections in V127 and 

propagate in the opposite direction, towards layer 4. Second, simultaneous recordings in V1 

and V4 showed that the gamma rhythm propagates from V1 to V4 whereas the alpha 

rhythm propagates in the opposite direction. Third, electrical microstimulation provided 

the first causal evidence that feedforward processing induces gamma oscillations in a higher 

visual area and that feedback causes alpha activity in a lower area. Fourth, we found that 

local application of blockers of the NMDA-receptor, which is important for feedback 

effects25, suppressed alpha oscillations while enhancing gamma oscillations. These results, 

taken together, provide strong evidence for the opposite directionality of alpha and gamma 

oscillations.  

Figure-ground organization mainly influenced the amplitude of the oscillations but their 

laminar patterns remained the same, and we obtained similar results with shifts of attention 

in the curve-tracing task. Thus, task-relevance influences the amplitude of the rhythms, but 

the cortical mechanisms that generate them appear to be task and stimulus invariant.  

 
 



  Alpha and gamma oscillations travel in opposite directions 

121 

Mechanisms underlying the alpha rhythm 

Our analysis of the coherence between MUA and the CSD during alpha oscillations 

revealed that spikes coincide with sinks in feedback recipient layers 1/2 and 527,28 and with 

sources in layers 4 and 626 (Figure 4). This is of considerable interest because layer 5 cells, 

thought to be involved in the generation of alpha53,54, are particularly sensitive to coincident 

input to their basal and apical dendritic trees55,56 and their apical dendrites have a resonance 

in the 5-10Hz frequency range5,57. Alpha coherence between spikes and the CSD was also 

measured by Bollimunta et al.42 but the present study is the first to resolve the laminar 

pattern with a high resolution because of a denser spacing of contact points on the 

electrodes.  

The sinks that started in layers 1/2 and 5 propagated towards input layer 4 during the alpha 

cycle. We obtained a similar result for MUA, which also started in the superficial and deep 

layers and was delayed in layer 4 during the alpha cycle. The propagation of activity towards 

layer 4 could rely on the input it receives from layers 5/658-61 and 2/360. The results therefore 

support the hypothesis that alpha is a signature of feedback effects. 

 
Mechanisms underlying the gamma rhythm 

Our data revealed that spiking activity during the gamma cycle coincided with a sink in 

layer 4C, which was followed by a succession of sinks propagating towards the superficial 

and deep layers. Moreover, layer 4 MUA locking to the gamma rhythm preceded MUA in 

superficial and deep layers, in line with a previous study in squirrel monkey41. These results 

suggest that the gamma oscillation in V1 is elicited by thalamic input, which is in 

accordance with the finding that trials with a stronger MUA response also elicited more 

gamma. In combination with in vitro studies demonstrating that gamma oscillations are of 

cortical origin5, our results suggest that the thalamic input enables a cortical loop that 

generates these high frequency rhythms.  

Our laminar recordings thereby provided new mechanistic insight into generation of 

cortical rhythms. The opposite directionalities of gamma and alpha oscillations represent a 

strong constraint for cortical circuit models that aim to explain the generation of these 

rhythms.  
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Directionality between V1 and V4 

The simultaneous V1-V4 recordings demonstrated that the opposite directionalities of the 

alpha and gamma rhythms co-exist for a single combination of visual cortical areas within a 

single task. The relationship between the frequency and phase-delay in the two areas 

suggested that V1 leads V4 by 3ms for the gamma rhythm but lags V4 by 9ms for alpha. 

This difference between time-lags may seem surprising because feedforward and feedback 

connections have similar conduction times62, but our pharmacological results suggest that it 

may be explained by a difference in synaptic integration. The time constant of NMDA 

channels, which play a role in the feedback effects, is longer than that of AMPA channels 

that are important for the feedforward propagation of activity to higher visual areas25. 

Our analysis of phase shifts and Granger causality between V1 and V4 confirmed the 

propagation of alpha waves in the feedback direction, in accordance with some48,63 but not 

all64 previous EEG-recordings in humans. At first sight, this result appears to contradict a 

recent finding that Granger causality between V1 and V2 in the alpha range is strongest in 

the feedforward direction18. We suspect that methodological differences (the previous study 

only selected electrode combinations with high gamma coherence) and perhaps differences 

between tasks are responsible for this discrepancy. 

The feedforward signature of gamma is in line with recent studies showing stronger 

Granger causality for gamma from V1 to V2 and from V1 to V4 than in the opposite 

direction18,49,65. It is also reminiscent of a study in cats, showing that gamma oscillations 

propagate from the LGN to V1 with an average delay of approximately 2ms47. 

A modeling study by Vierling-Claassen et al.66 suggested that pyramidal cells interact with 

fast-spiking interneurons to generate gamma oscillations whereas they interact with low 

threshold spiking interneurons to generate the alpha rhythm. In this context, our findings 

raise the possibility that feedforward connections preferentially influence the putative loop 

that involves fast-spiking cells, whereas feedback connections target low-threshold spiking 

interneurons, a hypothesis that could be explored in future work, e.g. by recording from 

genetically identified single neurons during alpha and gamma oscillations in mice.  
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Causal tests of directionality 

Our electrical microstimulation experiments provided the first causal evidence that 

feedforward processing induces gamma oscillations in a higher visual area and that 

feedback causes alpha activity in a lower area. We used electrode arrays for 

microstimulation, positioned 1 or 1.5mm below the cortical surface. They were presumably 

in layers 4 or 5, but the effects of microstimulation on neuronal activity are relatively 

homogeneous across cortical depth67,68. Microstimulation activates axons in the vicinity of 

the electrode tip68,69 and can cause orthodromic and antidromic stimulation effects in 

another area. Antidromic effects occur if axon terminals of projection neurons are 

stimulated and action potentials travel back to their cell-bodies in another area. 

Orthodromic effects occur either by the direct or by trans-synaptic activation of projection 

neurons with cell bodies in the area that is stimulated. At the current levels used by us, most 

neurons are stimulated trans-synaptically68. Accordingly, previous studies demonstrated 

that orthodromic stimulation effects are many times stronger than antidromic effects even 

between areas with strong direct projections62,70,71. The direct connectivity between V1 and 

V4 is relatively sparse72 and the antidromic contribution to our findings was therefore 

presumably even smaller than in these previous studies.  

V4 microstimulation only caused an increase in V1 alpha if the neurons’ RF fell on the 

background (Figure 8). This finding is important for two reasons. First, antidromic 

stimulation effects should be invariant across visual stimulation conditions. The stimulus 

dependence of V4 microstimulation effects therefore confirms the predominance of 

orthodromic, trans-synaptic stimulation effects. Second, the finding that V4 stimulation 

only induced alpha in V1 if the neurons’ RFs fell on the background suggests that alpha 

oscillations are signature of suppressive feedback effects. This suggestion is supported by 

our finding that trials with strong alpha were associated with a weak MUA response as well 

as preliminary results that V4 microstimulation reduces firing rates of V1-neurons in the 

texture segregation task 73. The influence of V4 stimulation on the V1 alpha rhythm could 

be generated by the cortico-cortical feedback connections, but our results do not exclude 

the possibility that these effects are mediated in part through the thalamus74. Specifically, 

connections from the pulvinar also target the superficial layers of V1 and may provide a 

source of top-down influences75-77. We used V1 microstimulation to probe the feedforward 
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effects and found that it elicited gamma power in area V4 without a strong influence on the 

V4 alpha rhythm. Interestingly, this increase in gamma was relatively independent of the 

visual stimulus in the neurons’ RF, in accordance with a driving influence of the 

feedforward connections, and indeed, our preliminary results revealed that V1 

microstimulation increases V4 spiking activity73.  

Our second causal experiment influenced the activity of glutamate receptors with a 

pharmacological approach. Theoretical work24 implicated NMDA-receptor activity in 

cortico-cortical feedback effects. A recent study25 confirmed this prediction by 

demonstrating that figure-ground modulation in V1, which depends on feedback35, indeed 

requires NMDA-receptor activity, whereas visually driven activity in V1 primarily depends 

on AMPA-receptors. Thus, NMDA-blockers reduce feedback influences, and our finding 

that they reduce alpha oscillations is in line with the hypothesis that alpha oscillations 

signify feedback effects. This finding is also in accordance with previous results in cortical 

slices where NMDA blockers suppress the lower frequencies53. At the same time, we found 

that NMDA-receptor blockers enhanced gamma oscillations, in accordance with previous 

results obtained with the systemic application of NMDA antagonists in rodents78 and with 

local application in the visual cortex of monkeys79. 

 
The influence of perceptual organization on the alpha and gamma rhythm 

The finding that the gamma and alpha rhythms signal feedforward and feedback processing 

is neutral with respect to their putative role in information processing. Many studies have 

reported that selective attention enhances the gamma rhythm12,13,49,80. The increased gamma 

may be instrumental in the propagation of sensory information towards higher areas17, but 

it could also be a side-effect of a more efficient feedforward information flow for attended 

stimuli. Earlier studies reported that the presentation of a visual stimulus suppresses the 

alpha rhythm80-83. Our laminar recordings only revealed alpha suppression at the 

representation of the figure and only in the middle and superficial layers (Figure 2G), in 

line with a recent study13,84. The selective enhancement of the alpha rhythm in the 

background of the texture stimulus and its association with weaker neuronal activity 

suggests that it reflects the active suppression of irrelevant information10,11,85. Such a 

suppressive feedback effect is in accordance with a role of corticocortical feedback in 
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surround suppression86-88 and inhibitory effects of selective attention in early visual 

areas89,90. A previous model of the interactions between cortical areas for texture segregation 

proposed that the orientation of the image elements that are part of the figure is registered 

in higher visual areas, which feedback to suppress V1 responses to background elements 

with the orthogonal orientation and disinhibit activity evoked by figural image elements 

with the same orientation91. The putative disinhibitory top-down feedback influence on the 

figure representation is in line with the low alpha power with the figure in the neuron’s RF. 

Our results do not exclude that feedback, in addition to its putative disinhibitory effect, also 

has direct excitatory effects to enhance the neuronal representation of relevant image 

elements92,93. Such an excitatory feedback signal might be weaker, or not show up in a 

spectral analysis if it targets different synapses that do not cause synchronized activity. Our 

experiments with the curve-tracing task and a comparison with previous work12,13,49,80 

indicate that the effects of task-relevance of alpha and gamma power generalize across tasks. 

Irrespective of the precise functional significance of these brain rhythms, our results 

demonstrate that alpha and gamma oscillations characterize feedback and feedforward 

processing in visual cortex. This new insight can now be exploited to gain a deeper 

understanding of the role of feedforward and feedback influences in visual cognition. 

 

METHODS 

Six adult macaque monkeys (S, E, R, B, J and C) were trained to do a texture segregation 

task. A texture stimulus was presented 300ms after the monkey directed gaze to a fixation 

period. The stimulus was a whole screen texture with one orientation with a figural region 

of 4x4 degrees with the orthogonal orientation (Figure 1D,E). After another fixation epoch 

of 300ms the monkey received a reward for making a saccade to the texture defined figure. 

The figure could appear at 3 possible locations, with the location of the figure rotated by 

120 degrees. The texture stimuli were constructed so that on average precisely the same 

contour elements were present inside the RF across the different conditions (details in SI 

Appendix). 
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In monkeys S, E and R extracellular recordings in V1 were performed with multi-contact 

‘U’ probes (Plexon) with 24 contact points spaced 100µm apart. A fluid line allowed the 

application of pharmacological substances by pressure injection with a Hamilton syringes 

(1µL). The depth of the probe was determined by measuring the CSD evoked by a full-

screen 100% contrast checkerboard. We estimated the location of the border between layer 

5 and layer 4C as the polarity reversal from current sinks in layer 4C to current sources in 

the deep layers (Figure S1).  

In monkeys B, J and C we obtained extracellular recordings in V1 and V4 using grids of 4x5 

microelectrodes (Cyberkinetics Neurotechnology Systems Inc.). For the power and 

coherence analysis we locally referenced the LFP to an electrode within the same array. For 

the electrical microstimulation experiments we delivered trains of 5 biphasic pulses of 500μs 

duration at a frequency of 200Hz with an amplitude in the range of 30-100μA. The anode 

and cathode electrode were on the same array, reducing the stimulation artifact in the other 

area where we recorded LFP’s. Statistical significance was assessed using paired Student’s t-

tests. See Supplementary Information for further information about the paradigm, 

neuronal recordings and data analysis. 
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SUPPLEMENTARY INFORMATION 

 
Supplementary Results 

Catch trials 

Figure S5H compares the MUA response elicited by a homogeneous background (the catch 

condition, Figure S5C) to the response elicited in the background condition with a figure 

far from the RF (the ground condition, Figure S5B). The presence of a figure outside the 

neurons’ RF caused a slight additional suppression of the MUA response (time window 

from 200-30ms after stimulus onset, t-test, P<0.001). Similarly, the gamma LFP-MUA 

coherence was slightly lower if the neurons’ receptive field fell on the background than in 

the catch condition (Figure S5E). Both effects are presumably caused by the selection of a 

figure outside the RF in the ground condition, and are in accordance with the finding that 

attentional selection increases the MUA responses as well as gamma oscillations (Figure 

2A,D). The LFP power in the alpha band was somewhat higher in the ground than in the 

catch condition, but effect did not occur for the LFP-MUA coherence. 

 
Granger causality  

Figure S15 illustrates the full multivariate Granger causality frequency spectrum between 

layers. Causality that is directed upwards (towards the pia) is plotted in red and downwards 

in blue. For the low frequencies, Granger causality was directed from the deep layers 

towards layer 4 (note that the largest low frequencies peaks are red) and also from the 

superficial layers towards layer 4 with a remarkably narrow peak, which was consistently 

located at 10Hz. This finding supports the hypothesis that the deep and very superficial 

layers influence activity in the middle layers, and is in accordance with the profile of phase 

differences between these layers for the alpha rhythm (Figure 3) and also with the 

coherence analysis (Figure S13). In contrast, the peak in the Granger causality analysis in 

the gamma range revealed directional influences from layer 4AB to layer 3 and, in addition, 

a directional influence from layer 4C and layer 6 towards layer 5. This profile therefore 

matches the laminar profile of phase differences evident in the trough triggering analysis 

(Figure 3) and in the coherence analysis across layers (Figure S13). A previous study also 
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investigated Granger causality across layers in monkey V11. We notice that the electrodes 

used in the present study allowed a more fine-grained analysis of the CSD patterns due to 

the smaller spacing between electrodes (100um as opposed by 150um in ref. 25). We 

confirm some of the previous findings, but also obtained important additional insights. 

First, we found that the strongest generator in the alpha range was in the deep layers, in line 

with the results from Bollimunta et al.1,2. Second, we also observed a generator in the very 

superficial layers driving downwards. Third, we found that the generator of the alpha was in 

layer 5/6, not in layer 4 as reported by Bollimunta et al.1. This result is in line with our 

analysis of the CSD-MUA coherence, which demonstrated that MUA locking to the alpha 

rhythm coincided with a sink in layer 5 (Figure 3B,C). A possibility explanation for the 

discrepancies between the studies is provided by the improved spatial resolution provided 

by the narrower spacing between the contact points of our laminar probes, which also 

enabled a better localization of the boundary between layers 4c and 5 and thereby a more 

accurate alignment of different penetrations. 

 

Supplementary Methods 

Stimuli and Task 

We trained 6 adult macaque monkeys (S, E, R, B, J and C) to perform the texture 

segregation task. A trial began with the fixation point (a red circle of 0.3o diameter) 

presented on a grey background and the monkey began the trial by directing gaze to a one 

degree fixation window centred on the fixation point. After 300ms of fixation the texture 

stimulus was presented. After a further 300ms, the fixation circle was extinguished and the 

monkey was required to make a saccadic eye-movement into a target-window (4 degrees 

diameter) centered on the figure position. Correct responses were rewarded with apple 

juice. Trials in which the animal broke fixation before the fixation point was extinguished 

were aborted. On 25% of trials we presented a homogeneous texture without a figure (catch 

condition) and the animals were rewarded for carrying on fixating within the fixation 

window for a further 400ms. All stimulus conditions were presented in a pseudorandom 

order.  
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All stimuli were generated using in-house software and were presented on a CRT monitor 

with a resolution of 1024x768 pixels and refresh rate of 85Hz, which was viewed from a 

distance of 75cm. The figure-ground stimuli were full-screen bitmaps of textures consisting 

of black oriented line elements (45 and 135 orientation) on a white background. Two 

bitmaps of each texture orientation (i.e. two leftwards oriented and two rightwards oriented 

textures) were made with randomly placed elements (5345 elements per bitmap with a 

thickness of 1 pixel and a length of 16 pixels). To make the figure stimuli, a square region of 

one bitmap of 4 x 4 degrees with the center located on the RF was copied onto the same 

position of a full-screen bitmap of the orthogonal orientation. Four different versions of 

each stimulus were made by combining each texture with a figure from one of the two 

orthogonal textures. These four texture-combinations were shown in a counter-balanced 

order, ensuring that on average precisely the same contour elements were present inside the 

RF across the different conditions. Two background conditions were created by rotating the 

location of the figure 120 or 240 degrees around the fixation point. 

 
Surgical procedures 

The animals underwent two surgeries under general anesthesia that was induced with 

ketamine (15mg/kg injected intramuscularly) and maintained after intubation by 

ventilation with a mixture of 70% N2O and 30% O2, supplemented with 0.8% isoflurane, 

fentanyl (0.005mg/kg intravenously) and midazolam (0.5mg/kg/h intravenously). In the 

first operation a head holder was implanted and in monkeys S, E, B, J and C a gold ring was 

inserted under the conjunctiva of one eye for the measurement of eye position (we 

measured the eye position of monkey R with a camera system). The monkeys were then 

trained until they could reliably perform the task. In monkeys S, E and R a recording 

chamber (Crist Instruments) was subsequently implanted over the operculum of V1 and a 

craniotomy was performed inside the chamber for the laminar recordings. In monkeys B, J 

and C multiple grids of 4x5 microelectrodes with 1-1.5 mm length needles (Cyberkinetics 

Neurotechnology Systems Inc.) were chronically implanted in areas V1 and V4. The 1 mm 

electrode tips are likely to end up in layer 4 and the 1.5mm tips in layer 4 or just below in 

layer 5. All procedures complied with the NIH Guide for Care and Use of Laboratory 

Animals (National Institutes of Health, Bethesda, Maryland), and were approved by the 
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institutional animal care and use committee of the Royal Netherlands Academy of Arts and 

Sciences.  

 

Data acquisition and preprocessing 

Neuronal data was collected with TDT (Tucker Davis Technology) recording equipment 

using a high-impedance headstage (RA16AC) and a preamplifier (either RA16SD or PZ2) 

with a high-pass filter of 2.2Hz, a low-pass filter of 7.5 kHz (-3dB point) and sampled with a 

rate of 24.4kHz. As in previous studies3-5, the digitized signals were band-pass filtered 

(500Hz-5kHz), full-wave rectified and low-pass filtered (200Hz) to produce an envelope of 

the multi-unit activity (MUA). This MUA signal provides an average of spiking activity of a 

number of neurons in the vicinity of the tip of the electrode and the population response 

obtained with this method is therefore expected to be identical to the population response 

obtained by pooling across single units6. For the spectral properties of neuronal activity, 

MUA gives a higher signal-to-noise ratio than single unit data3,7. We applied a low-pass 

filter (<200Hz) to record the local field potential (LFP).  

We used multi-contact ‘U’ probes (Plexon) for the laminar recordings with 24 contact 

points spaced 100µm apart (Figure 1B). Either the metal shaft of the probe or a silver/silver 

chloride wire in the recording chamber served as reference. We lowered the electrode across 

the dura with a micro-manipulator (Narishige, Japan) at a relatively fast rate (~100µm/s) to 

minimize dimpling of the cortex and ascertained when the first contact point passed the 

dura by careful visual inspection of the LFP and we then reduced the speed to ~10µm/s.  

We calculated the one-dimensional current source density (CSD) from the LFP following 

Mitzdorf8 as: 

2

( ) 2 ( ) ( )( ) x h x x hCSD x
h

φ φ φσ − − + +
= − ⋅  

Where φ  is the voltage, x  is the point at which the CSD is calculated, h  is the spacing of 

electrodes for the computation (here we used a spacing of 200μm) and σ  is the 

conductivity of cortical tissue (we used a value of 0.4S.m-1)9. The CSD is a measure of the 

currents flowing towards or away from electrode contact points10,11. 
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To determine the depth of the electrode we measured the CSD evoked by a full-screen 100% 

contrast checkerboard (presented for 250ms while the monkey fixated, check size 0.3o)8,12. 

We estimated the location of the border between layer 5 and layer 4C as the polarity 

reversal from current sinks in layer 4C to current sources in the deep layers around 40ms 

after stimulus onset10,12 (Figure S1). We placed the electrode so that the CSD reversal was as 

close as possible to the 8th contact from the tip to ensure coverage of all cortical layers. We 

estimated the position of the other layers on the basis of histological data13,14. We mapped 

the receptive fields (RFs) of every recording site of the electrode (see below for the RF 

mapping methods). When the RFs of the recording sites in different layers did not overlap, 

indicating that the probe was not perpendicular to the cortical surface, the probe was 

retracted and inserted at a different location. In the final analysis we aligned the data from 

different penetrations using the CSD reversal of the visual response evoked by the figure-

ground stimuli. We removed line noise by fitting a 50Hz sinusoid to the LFP signal of each 

trial and subtracting it. We calculated the signal-to-noise-ratios (SNR) of every MUA 

recording site as the height of the peak of the stimulus-evoked response divided by the 

standard deviation of activity in the prestimulus period. Only recording sites with an 

SNR>3 were included in the analysis.  

In monkeys B and J recordings were made with microelectrode grids in V1 and V4 with 

overlapping receptive fields (Figure S17). To measure the local V1 and V4 LFP for the 

power and coherence analysis, we referenced the LFP to an electrode within the same array. 

Hardware filters in the preamplifier stage induce phase shifts in the signal15. We measured 

the shift for every frequency and corrected for them in the frequency domain. 

Eye movements were recorded either with a scleral search coil using the double-induction 

techniqu16 and sampled at 1017Hz, or using a video eye-tracker (Thomas recordings) with a 

sampling rate of 350Hz. 

 
Electrical microstimulation 

We carried out electrical microstimulation experiments in monkeys B and C using the 

microelectrode grids in V1 and V4. We delivered trains of 5 biphasic pulses of 500μs 

duration (250μs per phase) at a frequency of 200Hz with an amplitude in the range of 30-
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100μA using a custom-made constant current stimulator. In the first phase of the pulse, one 

electrode of the V1 or V4 array served as cathode and another electrode in the same array as 

anode and the polarity was reversed in the second phase. An advantage of this stimulation 

configuration is that it reduced the stimulation artifact in the other area where we recorded 

the LFP.   

 
Drug injections  

Some of the laminar probes contained a fine glass capillary tube for the injection of fluids 

into the cortex.  The exit point of the tube was commonly between contacts points 7 and 8.  

The tubes were filled using polyethylene tubing and Hamilton syringes (1µL).  Drugs were 

dissolved either in filtered water or artificial cerebrospinal fluid.  The drug was filtered 

using a sterile microfilter (Millipore, 0.23µm filter). All drugs were obtained from Sigma 

and were used in the following concentrations: 50 mM APV, 5–10 mM CNQX, and 50–100 

μM ifenprodil. We used pressure injection to administer small volumes (25–80 nL) with a 

Hamilton syringe, either in 10nL steps or in a larger bolus. 

 
Receptive field mapping 

We measured the V1 receptive field dimensions by determining the onset and offset of the 

response to a slowly moving light bar for each of eight movement directions17.  The MUA 

RF size in V1 was 1.2 deg on average (standard deviation = 0.28 deg) and the eccentricity 

was between 1.8 and 5.5 deg (median = 3.7 deg). We mapped the V4 RFs by presenting 

white dots (0.5-1 deg diameter, luminance 82cd/m2) on a grey background (luminance 

14cd/m2) at different positions of a grid (0.5 deg spacing). We defined the RF borders as the 

locations where activity fell below 50% of the maximum18. With this definition, the median 

V4 RF area was 13.6 deg2 (range 6.5 to 37.7 deg2). RFs in V4 were considerably larger than 

those in V1 but there was substantial overlap (Figure S17). In the figure condition of the 

task the V1 RFs fell in the center of the figure. 
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Data analysis and statistics 

Figure 2A shows the MUA population response evoked by the figure and the background. 

Before pooling responses across the individual MUA recording sites we normalized their 

activity by subtracting the average spontaneous activity in a window of 150ms before 

stimulus onset and then dividing by the peak response in the background condition. 

We used wavelet analysis and correlation analysis to calculate spectral estimates19. The 

Fourier transform of the signal ( )rx t  of every recording site j  and every trial r  was 

calculated and convolved with a set of complex Morlet-filters to obtain the time- and 

frequency-dependent spectrum: 

( ) ( ) ( )' ', , , , 'r r
j c b jF t dt g t t x tω λ λ= ∫  

With the complex Morlet filters given by: 

( )
( ) ( )2

2
' '

' 1, , , b c

t t t t
i

c b
b

g t t e eλ λλ λ
λ π

− −
− −

=  with 2 /cλ π ω=  and b cλ αλ= . 

This can be understood as a complex exponential with wavelength cλ , windowed by a 

Gaussian with a standard deviation equal to 2bλ . bλ  is set equal to cλ  times the 

scaling parameter α , making the length of the wavelet linearly dependent on the 

frequency. α  was set to 1, making the standard deviation of the wavelet envelope equal to 

2cλ . The effective temporal bandwidths of the wavelets therefore corresponded to 

100 2 ms for alpha and about 17 2 ms for gamma. The time representation of the 

wavelet envelopes were truncated at ± 3 bλ . The wavelet envelopes were allowed to extend 

beyond the chosen time window by maximally half a Gaussian.  

The power spectrum of site j  was defined as: 
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N

r
j j

r

P t F t
N

ω ω
=

= ∑  



 Chapter 4  

140 

where N  is the total number of trials20. The cross spectral density function for recording 

sites j  and k  was calculated for each trial r  as: 

( ) ( ) ( )*1, , ,r r r
jk j kS t F t F t

T
ω ω ω=  

where the * denotes the complex conjugate. This equation can also be expressed as: 

( ) ( ) ( ), ,  ,r r r
jk jk jkS t C t iQ tω ω ω= −  

where the real part, denoted by ( ),r
jkC t ω , is the coincidence spectral density function 

and the imaginary part ( ),r
jkQ t ω  is the quadrature spectral density function. The 

coherence function was calculated from the cross spectral density as: 
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and the instantaneous phase function as: 
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To compute the LFP-MUA and CSD-CSD coherence, we selected sites on the laminar 

probe with a distance of 200µm. 

The analysis window was from 150 to 350ms after the presentation of the visual stimulus 

(unless otherwise noted). For these analyses the average LFP signal over all trials was 

subtracted from the signal of every trial, separately for each condition and each channel to 

focus on internally generated rhythms. To estimate the contribution of stimulus locked 

activity to the coherence measurements we repeated the analysis for shuffled trials but 

observed no clear peaks (dashed lines in Figure S3), which confirmed that oscillatory 

activity was not time-locked to the stimulus onset (see also Figure 2B, 6D, S20A,B). 

Furthermore, the effects of the task on the LFP power and LFP-MUA did not critically 
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depend on the subtraction of the stimulus-evoked LFP potential (Figure S20C-F) as they 

occurred in a time-window after the strongest components of the evoked potential.  

We carried out permutation tests to determine the p-values for differences in LFP power 

between conditions, separately for low frequencies (below 25Hz) and high frequencies 

(above 30Hz) (Figure S2A-C). Specifically, we shuffled the class labels (figure or ground) 

10.000 times, for each permutation we determined the mean power spectrum across 

recording, calculated the difference spectrum, selected the two frequency bins with the 

highest and lowest differences in power and stored those values. This resulted in a 

distribution of 20.000 values from which p-values could be determined by calculating the 

upper and lower percentiles corresponding to that p-value (for example the 0.05 and 99.95 

percentiles for a p-value of 0.001)21. CircStat, a toolbox for circular statistics, was used for all 

statistical analyses involving phases22.  

Because oscillatory activity is not necessarily linked to external events that can serve as 

triggers to average individual waves of activity, we used the troughs of oscillatory activity in 

the LFP as reference points23,24. To select genuine oscillatory activity, we selected the 50% of 

trials with highest power in the relevant frequency band (we obtained equivalent results if 

we included all trials). We determined the troughs by filtering the LFP of one recording site 

in layer 4C (~250µm above the CSD reversal between layer 4C and layer 5) in the desired 

frequency band (8-12Hz for alpha and 55-65Hz for gamma) (Figure S6). Only troughs 

occurring in a period from 150-350ms after stimulus onset were stored, after which the 

filtered signal was not used further. Time windows around the troughs were then used to 

average the LFP, the CSD and the MUA of all channels, after subtraction of the mean 

response (equivalent to subtraction of the shift-predictor). The size of these time windows 

was 1.5 times the period of the mean filtered frequency, and we excluded windows that 

extended beyond 100-350ms after stimulus onset. All trough-triggered traces were added 

together, divided by the total number of troughs per monkey and subsequently averaged 

across monkeys. We expressed the amplitude of the fluctuations in the MUA revealed by 

this analysis (Figure 3) as fraction of the mean MUA response in the window from 150-

350ms after stimulus onset, after smoothing with a sliding window of 5ms for gamma and 

25ms for alpha. 
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To measure the phase shifts in MUA between layers, we averaged LFP-triggered MUA 

across laminar compartments (Figure 3D,H). We assigned recording sites between 550 and 

50µm below the CSD reversal to the deep layers, between 50 and 550µm above the reversal 

to layer 4, and between 650 and 1050 µm above the reversal to the superficial layers. To 

estimate phase differences between the MUA in different compartments we fitted a sinusoid 

with the frequency of the band-pass filter used to determine the LFP troughs. Statistical 

significance of these time delays was calculated over penetrations (i.e. recording days). We 

extended this analysis by determining LFP-troughs for a wide range of frequencies (in steps 

of 2 Hz using a band-pass filter with a width of 4Hz, i.e. 2Hz overlap between adjacent 

frequency bins) to investigate how the MUA phase differences between laminar 

compartments depend on frequency (Figure S7).  

We used the MVGC toolbox25 to compute Granger causality with a model order of 50ms1,2. 

We used the CSD to compute the Granger causality between layers and the LFP (global 

reference) for Granger causality between V1 to V4. We used bootstrapping to estimate the 

standard error of the means (10.000 samples) and permutation tests to calculate the 

significance of the difference in Granger causality between layers and between V1 and V4 

averaged in the alpha and gamma band (10.000 permutations). We controlled for multiple 

comparisons between layers by calculating for each permutation the full matrix of 

comparisons between laminar compartments averaged within the alpha and gamma band, 

for each permutation only the maximum and minimum value was taken within this matrix. 

This resulted in a distribution of 20.000 values from which we determined the p-values (the 

0.05 and 99.95 percentiles for a p-value of 0.001).  

 
Design of anatomical figures 

For the lateral view of the macaque brain in Fig, 1A we adapted drawings of Nieuwenhuis et 

al.26 and Krieg27. The Nissl section illustrating the different layers in Figures 1B and S19A 

was adapted from O'Kusky and Colonnier14.  



  Alpha and gamma oscillations travel in opposite directions 

143 

Supplementary Figures 

 

 

Figure S1 | Example of laminar recordings. An example penetration showing the MUA (left graph) 
and CSD (middle and right graph) triggered by a full-screen, full-contrast checkerboard stimulus. 
Simultaneous responses from 17 contacts are shown stacked. In the leftmost columns blue colours 
indicate deeper channels and green/yellow colours indicate shallow channels. MUA was normalized 
to the peak of the response for each recording site. In the right column the red colours show current 
sinks and the blue colours current sources. The dashed line shows the boundary between layers 4 
and 5, estimated as the transition between the earliest sink and source evoked by the appearance of 
the visual stimulus. 
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Figure S2 | Supplementary statistics for LFP power and LFP-MUA coherence. (A) Difference in LFP 
power between the response evoked by the figure and the background in a window from 150-
350ms after stimulus onset. (B) Difference in LFP power between the response evoked by the figure 
and the pre-stimulus period (200-0ms before stimulus onset). (C) Difference in LFP power between 
the response evoked by the background and the pre-stimulus period. Grey lines indicate p<0.001 
(signed permutation test; n=493 recording sites). (D-G) Scatter plots for LFP power (D,E) and LFP-
MUA coherence (F,G) for the alpha (D,F) and gamma band (E,G) elicited by the figure (abscissa) and 
background (ordinate). Yellow circles indicate penetrations for monkey S (13 penetrations) and 
green circles for monkey E (11 penetrations) (t-test, Ps<0.001 for all comparisons). 
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Figure S3 | Average LFP-MUA coherence in the figure (red trace) and background condition (blue 
trace) during the modulation period, and the pre-stimulus period (black trace). The dashed lines 
indicate the LFP-MUA coherence for shuffled trials. Notice that these spectra fell below the 
unshuffled trials and showed no clear peaks, indicating that oscillatory activity was significant and 
not time-locked to the stimulus onset. Shaded areas show s.e.m. in all plots (n=493 recording sites), 
when they are difficult to see the s.e.m. is small. 

 

 

 

Figure S4 | Control analysis with extended time-window. LFP power spectrum (A) and LFP-MUA 
coherence (B) in a window from 150-450ms in trials with a reaction time longer than 420ms, for the 
figure (red trace) and ground condition (blue trace).  
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Figure S5 | Power spectra and LFP-MUA coherence in catch trials. Schematic representation of the 
time course of the task and the different trial types. The monkeys started a trial by fixating within a 
small window (indicated by the dashed circle) centered on a fixation point (indicated by the red dot). 
After 300ms, a figure-ground texture appeared (the blue region illustrates the background, the red 
square illustrates the location of the figure). (A-C) In the figure condition (A), a figure was centered 
on the neurons’ receptive field (circle) and in the ground conditions (B) the figure appeared at one 
of two other locations so that the receptive field fell on the background. The monkeys were 
rewarded for an eye movement to the figure (arrow). There were also 25% catch trials with a 
homogenous texture of one orientation. The monkey was rewarded for maintaining fixation for 
another 400ms (C), so that we could analyze the power spectrum in a longer time window. (D, E) LFP 
power spectrum (D) and LFP-MUA coherence (E) for the figure condition (red trace), the ground 
condition (blue trace) and the catch condition (yellow trace), in a time window from 150-350ms 
after stimulus onset. (F, G) Comparison of the LFP power (F) and LFP-MUA coherence (G) in the 
catch condition in a 200ms (150-350ms after stimulus onset, yellow trace) and a 550ms time-
window (150-700ms after stimulus onset, green trace). Shaded areas show s.e.m. in all plots (n=493 
recording sites). (H) Average MUA response in V1 evoked by the figure (red trace), the background 
(blue trace) and the catch condition (n=493 recording sites). The traces for the figure and ground 
condition are truncated at the time when the monkey was allowed to make a saccade. Note that the 
MUA in catch trials reaches a relatively stable level in the later period of the trial. (I) Average LFP-
MUA coherence in the catch condition in a window from 150-700ms after stimulus onset (green) 
and 400-700ms after stimulus onset (purple). Shaded areas show s.e.m. in all plots (n=493 recording 
sites). 
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Figure S6 | Trough-triggering analysis. (A) LFP trace of a representative trial where the RF of a 
recording site fell on the background, after subtraction of the mean evoked potential. Note the 
presence of alpha and gamma oscillations. (B,C) To determine the timing of troughs of the 
oscillations, the LFP was filtered between 8-12Hz (B) and 55-65Hz (C). Red marks indicate troughs 
within the computational window (150-300ms, grey rectangle). (D,E) The troughs detected in the 
filtered signal were mapped back onto the broad-band LFP for averaging. 
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Figure S7 |  MUA phase in deep and superficial layers relative to layer 4. MUA phase in the deep 
(A) and superficial layers (B) relative to the MUA in layer 4 for different frequencies. We aligned the 
MUA on the troughs of the LFP in layer 4 for different frequencies with a band-pass filter (width of 
4Hz). Positive values denote a phase lead of layer 4. Green and yellow areas indicate the frequencies 
that we assigned to the alpha (5-15Hz) and gamma (40-90Hz) range. Shaded areas show s.e.m. (n=24 
penetrations).  
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Figure S8 | Laminar profile of alpha oscillations in the prestimulus period. (A) Laminar profile of 
the LFP (mV) relative to the alpha troughs in a window from 150-0ms before stimulus onset, 
averaged across 24 penetrations. Negative potentials are shown in blue, positive potentials in red. 
(B) Average laminar profile of the CSD (mA/m3) relative to LFP troughs in layer 4 for the alpha 
rhythm. Current sinks are shown in red, sources in blue. (C) MUA aligned to the LFP troughs in layer 
4. Red colors show MUA that is higher than the average and blue colors MUA lower than the 
average. 
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Figure S9 | Laminar profile of CSD-MUA coherence for the alpha band (A-C) and the gamma band 
(D-F) separately for the MUA averaged across superficial layers (A,D), layer 4 (B,E) and deep layers 
(C,F). 
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Figure S10 | Laminar profile of cortical oscillations separately for monkey E (A-F) and monkey S (G-
L). (A) Laminar profile of the LFP (mV) relative to the alpha troughs in a window from 150-300ms 
after stimulus onset, averaged across 11 penetrations of monkey E. Negative potentials are shown in 
blue, positive potentials in red. (B) Average laminar profile of the CSD (mA/m3) relative to LFP 
troughs in layer 4 for the alpha rhythm. Current sinks are shown in red, sources in blue. (C) MUA 
aligned to the LFP troughs in layer 4. Red colors show MUA that is higher than the average and blue 
colors MUA lower than the average. (D-F) Same analysis as in A-C, but now the data was aligned to 
the troughs of the gamma rhythm (55-65Hz) in layer 4. (G-L) Same analysis as in A-F but averaged 
across 13 penetration for monkey S.  
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Figure S11 | Laminar profile of cortical oscillations for different task conditions. (A-C) Laminar 
profile of cortical oscillations if the figure fell in the neurons’ RF. (A) Laminar profile of the LFP (mV) 
relative to the alpha troughs in a window from 150-300ms after stimulus onset, averaged across 24 
penetrations. Negative potentials are shown in blue, positive potentials in red. (B) Average laminar 
profile of the CSD (mA/m3) relative to LFP troughs in layer 4 for the alpha rhythm. Current sinks are 
shown in red, sources in blue. (C) MUA aligned to the LFP troughs in layer 4. Red colors show MUA 
that is higher than the average and blue colors MUA lower than the average. (D-F) Same analysis as 
in A-C, but now the data was aligned to the troughs of the gamma rhythm (55-65Hz) in layer 4. (G-L) 
Same analysis as in A-F but for the catch trials in a late 300ms time window (400-700ms after 
stimulus onset). 

 

 

 

 

Figure S12 | Laminar profile of CSD-MUA coherence and phase for the figure condition. (A) 
Laminar profile of coherence between the layer-specific CSD and the MUA averaged across all 
layers, for the alpha band. There were four peaks in the coherence and the small circles show the 
phase of the CSD relative to the MUA. (B) Laminar profile of the CSD-MUA coherence in the gamma 
frequency range. 
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Figure S13 | Phase differences of the CSD and MUA in the different layers relative to the LFP in 
layer 4. (A) We used the LFP in layer 4 as reference signal and computed the phase of the CSD in the 
different layers for the alpha (green line) and gamma rhythm (yellow line). (B) Phase of the MUA in 
the different layers relative to the LFP in layer 4 for alpha and gamma activity. Shaded areas show 
s.e.m. (n=24 penetrations). 

 

 

 

 

Figure S14 | Coherence of the CSD between sites on the laminar probe with a distance of 200µm in 
the figure (red trace) and background condition (blue trace) during the modulation period, and the 
pre-stimulus period (black trace). Shaded areas show s.e.m. in all plots (n=493 recording sites).  
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Figure S15 | Multivariate Granger causality of the CSD between the different layers in V1. Red 
lines indicate Granger causality in the upward direction (towards the pia), blue lines in the 
downward direction (towards the white matter). Shaded areas show s.e.m. (n=24 penetrations).  

 

 

  



 Chapter 4  

158 

 

Figure S16 | Laminar profile of cortical oscillations in the curve tracing task. (A) Laminar profile of 
the LFP (mV) relative to the alpha troughs, in a window from 200-750ms after stimulus onset with 
the RF on the distractor curve, averaged across 16 penetrations. Negative potentials are shown in 
blue, positive potentials in red. (B) Average laminar profile of the CSD (mA/m3) relative to LFP 
troughs in layer 4 for the alpha rhythm. Current sinks are shown in red, sources in blue. (C) MUA 
aligned to the LFP troughs in layer 4. Red colors show MUA that is higher than the average and blue 
colors MUA lower than the average. (D-F) Same analysis as in A-C, but now the data was aligned to 
the troughs of the gamma rhythm (55-65Hz) in layer 4.  
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Figure S17 | RFs of recording sites in V1 (white squares) and V4 (color plots) in the three monkeys. 
Black line indicates region beyond which the V4 response falls below 50% of the maximum.  
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Figure S18 | Coherence between the (monopolar) LFP in V4 and the MUA in V1 in a window from 
150-350 ms after stimulus onset when the neurons’ receptive fields fell on the figure (red trace) or 
on the background (blue trace). 
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Figure S19 | Spread of pharmacological substances. (A) Drugs were injected through a fluid line. 
The yellow arrow indicates the approximate location of the fluid line exit. (B) An example recording 
where CNQX was injected at the boundary between layer 4c and layer 5 to measure the diffusion of 
the drug. The bars indicate the change in the average MUA response evoked by the appearance of 
the visual stimulus at each recording site (between 0-200ms after stimulus onset in normalized 
units) after injection of the drug. It can be seen that the drug diffuses from the injection site with a 
slight preference to spread towards the superficial sites, back along the shaft of the electrode. The 
maximum extent of the drug effect is ~1.5mm. The colors of the bars represent the different cortical 
layers, deep in blue, layer 4 in grey and superficial in red. 
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Figure S20 | Neuronal activity in single trials of the texture segregation task and the effect of 
subtracting the evoked potential. (A) LFP responses in successive trials of an example recording 
session without subtraction of the mean LFP response. Trials of the figure condition are shown in 
red and trials of the ground condition in blue. (B) LFP in the same trials after subtraction of the 
evoked potential. Grey area highlights the analysis window for frequency analysis (150-350ms after 
stimulus onset). (C,D) The average LFP power spectrum across all penetrations before (C) and after 
subtraction of the evoked potential (D). (E,F) The average LFP-MUA coherence spectrum across all 
penetrations before (E) and after subtraction of the LFP evoked potential (F). Red, figure condition; 
blue, ground condition. Shaded areas show s.e.m. (n=493 recording sites).  
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ABSTRACT 

Working memory refers to the ability to store and manipulate information over short 

periods of time. Persistent firing of neurons encoding the memorized information in the 

absence of sensory stimulation is generally regarded as the neural substrate of working 

memory. The underlying neural mechanisms of this internally sustained activity are not 

yet well established. One hypothesis holds that NMDA receptors (NMDA-Rs) are essential 

due to their slow decay times and unique voltage-dependent gating property. An 

alternative view holds that both NMDA and AMPA receptors (AMPA-R's) contribute to 

sustained activity, but whereas NMDA-Rs contribute in a multiplicative manner AMPA-R's 

contribute in an additive manner.  

In this study we compared the contribution of AMPA-Rs and NMDA-Rs to persistent firing 

in the dorsolateral prefrontal cortex (dlPFC) of macaque monkeys performing a working 

memory task. We ejected small amounts of glutamatergic antagonists to prevent the 

complete abolishment of task-related activity, enabling us to differentiate contributions of 

the receptors during the different stages of the task. We found that both AMPA-Rs and 

NMDA-Rs contributed to internally sustained persistent activity. AMPA-R contributed 

equally to spontaneous and task-related activity, while NMDA-Rs showed a larger 

contribution to the visual response and sustained activity compared to spontaneous 

activity. Furthermore, the contribution of NMDA receptors to task-related activity of visual 

cells was comparable to its contribution to task-related activity of delay cells. Our results 

provide new insights into the contribution of AMPA-Rs and NMDA-Rs to spiking activity 

during working memory. 
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INTRODUCTION 

Working memory refers to the ability to store and manipulate information over short 

periods of time on the order of seconds1. As this ability is one of the most crucial elements 

of cognition in daily life and is affected in disorders such as schizophrenia2 and Alzheimer’s 

disease3, understanding the neural basis of working memory would be of great medical and 

social significance.  

The content of working memory can either be retrieved from long-term storage or 

extracted from sensory information. Although working memory has been observed in the 

tactile4 and the auditory5 domain, most studies investigating working memory focused on 

the visual modality. These studies showed that, dependent on the brain region, the content 

of working memory can be based on individual stimulus features like motion6 or color7, 

integrated objects8 or the location of the stimulus9-12.  

A common task to probe spatial working memory is the oculomotor delayed-response 

(ODR) task (Figure 1A), in which subjects are required to keep a cued location in working 

memory in order to make a correct saccade to that location at the end of the trial. Several 

studies9,10,13-15 found that that the firing of a subset of neurons in the dorsolateral prefrontal 

cortex (dlPFC) of the macaque monkey represents a spatially specific memory trace for a to 

be remembered location; these so called ‘delay cells’ are activated by a visual cue that is 

presented in their receptive field (RF), but also remain active when the visual cue is 

extinguished and the location of the visual cue has to be maintained in memory. Other cells 

in the dlPFC are only active during the cue period and return to baseline during the delay 

period, these are called 'visual cells'. 

Although the absence or presence of this memory trace predicts whether the monkey 

remembers the location of the visual cue at the end of the trial and therefore shows that 

internally sustained neural firing is the neuronal substrate for working memory, which 

neural mechanisms underlie this activity is still not known. Several mechanisms however 

have been proposed. It has been argued for instance that this sustained firing involves 

reverberatory excitation between neurons within a cortical area16,17 or reciprocal excitatory 

loops between cortical areas15,18-20. Other proposals involve intrinsic dynamics of single 

neurons, in which specific membrane conductances underlie the sustained activity that is 
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observed during working memory related processes. Among others, acetylcholine 

receptors21-23, dopamine receptors24, noradrenaline receptors25,26 and NMDA-Rs27,28 have 

been proposed over the years as possible candidates. Modeling work has indicated that for a 

population of neurons to maintain persistently active over time, the synaptic connections 

between excitatory neurons need to have a slower decay time constant compared to the 

inhibitory connections27,29. As NMDA receptors (NMDA-Rs) have slow kinetics and 

contain a voltage-dependent magnesium block that is relieved by a fast AMPA receptor 

(AMPA-R) controlled depolarization of the cell30, the idea that working memory relies 

crucially on NMDA-Rs has gained more popularity. The slow decay time of NMDA-Rs can 

produce a stable and robust working memory network, while the voltage dependent 

property of these receptors gate persistent activity by an initial transient input.  

Recently, Wang et al.31 tested whether NMDA-Rs are critically important for persistent 

firing by the activity from delay cells in the macaque dlPFC during the ODR task. They 

found that an NMDA-R antagonist almost completely abolishes task-related firing in delay 

cells. AMPA-R antagonists also decreased persistent activity, but weaker than NMDA-R 

antagonists and mainly so during the later phase of the delay period. However, it is 

conceivable that the high antagonist dosages that were used occluded any differential 

dependence of activity on glutamate receptors in the different task epochs. In accordance 

with this view, Wang et al. 31 also used AMPA-R blocker dosages with less impact on 

neuronal firing rate and these experiments revealed a more specific effect that was most 

pronounced during the late phase of the delay activity. Similarly, differential effects of the 

AMPA-R and the NMDA-R have been observed in a previous study, in which was shown 

that that AMPA-Rs contribute more strongly to feedforward processing while NMDA-Rs 

contribute more strongly to feedback processing in primary visual cortex (V1) of the 

macaque monkey32. 

In contrast to these proposals that AMPA-Rs and NMDA-Rs have specific effects on 

different types of activity like sustained firing in the dlPFC and feedforward and feedback 

processing in V1, other studies described general and non-specific effects of AMPA-Rs and 

NMDA-Rs on spiking activity. AMPA-Rs for instance have been shown to contribute 

additively to spiking activity33, although other studies in primary sensory areas have found 

that the initial visual response was more sensitive to CNQX34,35. On the other hand, NMDA-
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Rs have been shown to contribute multiplicatively to spiking activity33. Based on these 

studies, a general and additive contribution of AMPA-Rs to spiking activity is expected to 

be relatively independent on the intensity of the input drive, thereby showing a strong 

contribution of AMPA-Rs to baseline firing and task-related firing throughout the whole 

period of the task. A general and multiplicative contribution of NMDA-Rs to spiking 

activity would predict a relatively small contribution of NMDA-Rs during spontaneous 

baseline firing compared to the initial visual response and later sustained firing. In the 

present study we aimed to directly compare the contribution of AMPA-Rs and NMDA-Rs 

to spontaneous activity, visually driven activity and persistent activity. We used 

microiontophoresis to block NMDA-Rs and AMPA-Rs and used low ejection currents that 

decrease activity without completely abolishing task-related activity, enabling us to 

differentiate contributions of NMDA-Rs and AMPA-Rs during the different stages of the 

task. Furthermore, we also tested whether NMDA-R's were selectively involved in sustained 

activity by comparing the effect of NMDA antagonists on delay cells versus visual cells. 
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RESULTS 

We trained two monkeys on the ODR task (Figure 1A), and we used a probe36 (Figure 1B) 

which allowed us to combine reliable recording of single unit activity (Figure 1C) with 

iontophoresis in the dlPFC. 

 

Figure 1 | Experimental paradigm. (A) ODR task, the monkey kept fixation for as long as the red 
fixation point was visible and made a saccade to the location where the cue had been presented. (B) 
Example of the three barrel glass electrode, (the scale bar indicates 100um). (C) Example single unit 
recorded in the block of trials before drug delivery (black), during drug delivery (red) and in the 
recovery period (gray). 
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Contribution of NMDA-Rs during the ODR task 

At the time we started collecting the data, performance for both monkeys in the ODR task 

was high (99.9% for monkey B, 98% for monkey J) (Figure 2). To elucidate the contribution 

of NMDA-Rs, we iontophoretically administered the NMDA-R antagonist APV in two 

monkeys (B and J). Three blocks of ~80 trials were recorded; a recording block of ~80 trials 

without drug delivery by maintaining the holding current (from now on called pre-drug 

recordings), a recording block of ~80 trials where the drugs was administered by applying 

the ejection current (from now on called during-drug recordings) and finally a recording 

block of ~80 trials without drug delivery, again by maintaining the holding current (from 

now on called recovery recordings). The local application of APV did not have consistent 

effects on accuracy. Although APV decreased the accuracy of monkey B to 99.4% (p < 

0.005; t test, n=33), accuracy increased only slightly to 99.5% during the recovery block (not 

significantly different from the APV block; p > 0.4, n=23) (Figure 2A). APV did not 

influence the accuracy of monkey J. It was 98% in the pre-drug epoch, 97,9% during APV 

administration and 97,6% in the recovery block (all p> 0.4; t test, n=23) (Figure 2B).  

 

Figure 2 | Behavior ODR task during APV administration. Accuracy in the ODR task, in the block of 
trials before APV delivery (black bar), during APV delivery (red bar), and in the recovery period (grey 
bar), for (A) monkey B and (B) monkey J. 
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To investigate the role of NMDA-Rs in persistent firing, we recorded the activity of single 

neurons in the dlPFC during the ODR task. Only well isolated SU’s that exhibited spatial 

selectivity were selected for further recording. We recorded activity from a total of 56 

neurons (33 and 23 in monkeys B and J, respectively) that were held long enough to 

compare activity before drug application to that during APV administration. We lost the 

isolation of ten neurons (6 in monkey B and 4 in J) after drug application before the 

recovery block but we were able to record data for the other 47 neurons data during the 

recovery block. Most of the neurons (28 out of 33 for monkey B and 17 out of 23 for 

monkey J) exhibited persistent firing during the memory period. 

Typical example recordings for both monkeys are illustrated in Figure 3A,B, and the 

population response is shown in Figure 3C,D. The neurons showed elevated firing during 

the full duration of the trial when the visual cue was presented at the preferred location of 

their RF, while showing a suppression of spiking activity in response to the presentation of 

the visual cue at the anti-preferred location of their RF (Figure 3C,D). In both monkeys, 

baseline activity before visual cue onset was suppressed during the recording block when 

APV was administered compared to pre-drug recordings (p = < 10-6; t test, n = 66 for 

monkey B, p < 0.01; t test, n = 46 for monkey J) (Figure 3C,D). Administration of APV 

suppressed spiking activity during the full duration of the trial when the visual cue was 

presented at the preferred location in both monkeys (p < 10-5; t test, n = 33 for monkey B, p 

< 0.01; t test, n = 23 for monkey J) (Figure 3C,D). In both monkeys the suppression was 

much larger at the preferred location than at the anti-preferred location, and in monkey J 

this suppression for cue presentation at the anti-preferred location was even absent. 

Blocking the NMDA-Rs therefore weakened the spatial tuning of the cells by reducing the 

difference in spiking activity between cue presentation at the preferred location versus the 

anti-preferred location. To measure the spatial tuning we computed d’, which measures of 

the reliability of the response in single trials. Calculating the d’ for each cell shows that the 

spatial tuning was weaker for most cells in both monkeys (Figure 3E,F) after blocking 

NMDA-Rs. In monkey B, APV caused a decrease in d’ from an average of 1.66 to a value of 

1.20 (p < 10-4; t test, n = 33) and from 1.75 to 1.37 in monkey J (p < 10-3; t test, n = 23). 
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Figure 3 | Effect of APV on spiking activity during ODR task. Example units (A,B) and population 
response (C,D), illustrating the effect of APV on the ODR task for (A,C) monkey B (N=34) and (B,D) 
monkey J (N=23). The preferred location (continuous lines) and anti-preferred location (dashed 
lines), before (black lines) and during APV delivery (red lines). (E,F) Abscissa, d’ before APV delivery; 
ordinate, d' during APV delivery for (E) monkey B and (F) monkey J. Every data point represents a 
single unit. 

Spiking activity slowly restored to normal levels when drug administration was stopped. 

Although not complete, all the cells showed a recovery response that returned in the 

direction of pre-drug recordings, both for baseline spiking activity before visual cue onset 

(p < 10-5; t test, n = 54 for monkey B, p < 10-3; t test, n = 38 for monkey J) as well as for 

spiking activity for the remainder of the trial when the visual cue was presented at the 

preferred (p < 0.05; t test, n = 27 for monkey B, p < 0.05; t test, n = 19 for monkey J) or at 

the anti-preferred location (p < 0.05; t test, n = 27 for monkey B, p < 0.05; t test, n = 19 for 

monkey J) (Figure S2).  

To investigate whether NMDA-Rs contributed differentially to spiking activity during 

different periods of the ODR task, we plotted the absolute difference between spiking 

activity before and during the administration of APV (Figures 4). For both monkeys the 

influence on the firing rate was higher during the task-related activity than during the 

spontaneous activity (p < 10-4; t test, n = 33 for monkey B, p < 10-3; t test, n = 23 for monkey 

J). This drug effect was similar during the visually driven period and period of persistent 

activity. This suggests that NMDA-Rs are not selectively involved in maintaining sustained 

activity, but have a general multiplicative effect on spiking activity. This is interpretation is 

further supported by an analysis of cells that exhibited a visually response but no delay 

activity (Figure 5), which also showed a suppression of firing during the administration of 

APV in both monkeys (p < 0.05; t test, n = 6 for monkey B and p < 0.05; t test, n = 6 for 

monkey J). 
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Figure 4 | Effect of APV on spiking activity during ODR task. Absolute difference of spiking activity 
during the ODR task during APV delivery minus before APV delivery for the preffered location (green 
line) and anti-preferred location (red line), for (A) monkey B and (B) monkey J. 
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Figure 5 | Effect of APV on spiking activity of visual cells during ODR task. (A,B) Population 
response of the effect of APV on the ODR task for (A) monkey B (N=7) and (B) monkey J (N=7). The 
preferred location (continuous lines) and anti-preferred location (dashed lines), before (black lines) 
and during APV delivery (red lines). (C,D) Abscissa, d’ before APV delivery; ordinate, d' during APV 
delivery for monkey B (C) and monkey J (D). Every data point represents an individual visual cell.  
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Contribution of AMPA-Rs during the ODR task 

To investigate the role of AMPA-Rs in persistent firing we iontophoretically administered 

the AMPA-R antagonist CNQX in monkeys E and monkey J. As in the APV experiment, 

the monkey’s accuracy before drug application was high (99.2% for monkey J, 96% for 

monkey E), and CNQX did not influence accuracy (both monkeys, p > 0.7) (Figure 6).  

 

Figure 6 | Behavior in the ODR task during CNQX administration. Accuracy in the ODR task, in the 
block of trials before CNQX delivery (black bar), during APV delivery (red bar), and in the recovery 
period (grey bar), for (A) monkey J and (B) monkey E. 

 

We recorded a total of 48 neurons with CNQX application (27 in monkey J and 21 in 

monkey E), and more than half of them exhibited sustained firing during the memory 

period (15 out of 27 for monkey J and 14 out of 21 for monkey E). Of these neurons 29 were 

kept long enough to examine activity in the recovery, after drug application. Typical 

example recordings are illustrated in Figure 7A,B, and the population response is shown in 

Figure 7C,D. In both monkeys, baseline spiking activity before visual cue onset was 

suppressed during the CNQX administration compared to pre-drug recordings (p < 10-5; t 

test, n = 54 for monkey J; p < 0.05; t test, n = 28 for monkey E) (Figure 7C,D). For both 

monkeys, administration of CNQX suppressed spiking activity during the full duration of 

the trial when the visual cue was presented at the preferred location (p < 10-3; t test, n = 27 



 Chapter 5  

180 

for monkey J, p < 10-3; t test, n = 14 for monkey E ). When the visual cue was presented at 

the anti-preferred location there was a significant reduction of activity in Monkey J (p < 10-

3; t test, n = 27) but not for Monkey E (p > 0.05; t test, n = 14) (Figure 7C,D). To examine 

the influence of CNQX on the tuning, we calculated d’s. In monkey J CNQX caused a 

decrease in d’ from an average of 0.81 to a value of 0.7 (p < 10-3; t test, n = 27) whereas for 

monkey E the decrease in d’ was from 0.99 to 0.64 (p < 0.05; t test, n = 14) (Figure 6E,F).  
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Figure 7 | Effect of CNQX on spiking activity during ODR task. Example units (A,B) and population 
response (C,D) illustrating the effect of CNQX on neuronal activity during the ODR task for (A,C) 
monkey J (N=27) and (B,D) monkey E (N=14). The preferred location (continuous lines) and anti-
preferred location (dashed lines), before (black lines) and during APV delivery (red lines). (E,F) 
Abscissa, d’ before CNQX delivery; ordinate, d' during CNQX delivery for monkey J (E) and monkey E 
(F). Every data point represents an individual unit. 
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Although spiking activity was still observed during recovery blocks, it did not restore to 

normal levels when administration of CNQX was stopped. For some SU’s (9 out of 19 for 

monkey J, 4 out of 14 for monkey E) the spiking activity did not even return in the direction 

of the response before the administration of CNQX. As the waveforms of the residual 

spiking activity of the isolated SU’s were very similar during the recovery recordings 

compared to the pre-drug and during-drug recordings, this absence of restoration to 

normal levels of spiking activity was not due to effects that can be ascribed to the stability of 

the SU recordings. Instead, as several studies have shown that activity does not go back to 

pre-drug levels after the administration of CNQX32,37. This lack of recovery of spiking 

activity was most likely the result of the long-lasting effects of blocking AMPA-Rs after 

CNQX administration. 

To investigate the contribution of AMPA-Rs during different periods of the ODR task, we 

again plotted the absolute difference between spiking activity before and during the 

administration of CNQX (Figures 8). While for monkey J the contribution of AMPA-Rs to 

spiking activity increased progressively during the trial (Figure 8A), this was not that 

evident for monkey E (Figure 8B).  

 

Figure 8 | Effect of CNQX on spiking activity during ODR task. Absolute difference in spiking activity 
during the ODR task of during CNQX versus before CNQX delivery for the preferred location (green 
line) and the anti-preferred location (red line), for (A) monkey J and (B) monkey E. 
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DISCUSSION 

In this study we investigated the neural mechanisms underlying persistent firing by 

determining to which degree this sustained firing is dependent on different glutamate 

receptors. By iontophoretically blocking AMPA- and NMDA receptors we compared the 

specific contribution of these receptors to activity in the dlPFC during the ODR task. We 

used very small ejection currents and applied the drugs for only short periods of time to 

perturb activity without blocking it to obtain a sensitive measure of the role of the different 

receptors. 

Although our results show that blocking glutamatergic receptors can have substantial 

effects on the spiking activity, our study did not find any consistent effects in the behavior 

of the monkeys (Figures 2, 6), similar to previous studies using iontophoretic drug 

application24,31. This is expected as the spatial spread of iontophoretically applied drugs is 

very limited38,39, thereby affecting only a small population of neurons.  

We found that both the AMPA-R and the NMDA-R contribute to task-related firing during 

the ODR task. The effects of AMPA-Rs we observed were more of an additive nature, the 

contribution of the AMPA-R to spiking activity was relatively independent of the level of 

firing (Figure 7C,D) . Blocking AMPA-Rs showed a strong decrease in spontaneous 

baseline firing, which was comparable to the strong decrease in task-related firing 

throughout the whole period of the ODR task. In contrast to the additive effects of the 

AMPA-Rs, the effects of the NMDA-Rs were of a multiplicative nature, NMDA-Rs 

contributed more strongly to firing rates of activated neurons and less to the firing rate of 

neurons not already activated (Figure 3C,D). 

Due to the different effects of the AMPA-R and the NMDA-R on the contribution of 

spiking activity these glutametergic receptors also have different effects on the spatial 

tuning of the cell. AMPA-Rs contributed to the strong response when the visual cue was 

presented at the preferred location and also to the weaker response when the visual cue was 

presented at the anti-preferred location. Blocking AMPA-Rs therefore reduced the 

difference in activity between preferred and anti-preferred location only slightly. In other 

words, the spatial tuning remained relatively similar (Figure 7E,F). Blocking NMDA-Rs 
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had a stronger impact on the spatial tuning given their multiplicative effect. Blockade of the 

NMDA-Rs reduced the activity elicited at the preferred location much more than the 

response elicited at the anti-preferred location. As a result, the spatial tuning for most of the 

recorded cells was strongly reduced (Figure 3E,F). 

Although our results show that AMPA-Rs and NMDA-Rs contribute differentially to task-

related spiking activity during the ODR task, they do not make a convincing case for a 

specific and critical role of NMDA-Rs in persistent firing. Previous studies proposed that 

persistent activity is realized by the voltage-dependent gating property of the NMDA-R, 

producing a positive feedback loop between membrane depolarization and excitatory 

inward currents which is able to outlast transient input31. While blocking NMDA-Rs during 

the ODR task does reduce task-related spiking activity, several observations in our study 

show that this reduction is not specific to persistent activity. First, both AMPA-Rs and 

NMDA-Rs contributed to task-related spiking activity, and the contribution of AMPA-Rs 

to persistent activity (Figure 7C,D) was at least as strong as that of NMDA-Rs (Figure 

3C,D). Second, the contribution of NMDA-Rs to the initial visual response was comparable 

to the contribution to persistent activity during the delay period (Figure 3C,D). Third, the 

reduction in task-related spiking activity as well as the weakened spatial tuning after 

blocking NMDA-Rs also occurred for the visual cells without persistent activity (Figure 5). 

Our results therefore revealed a general contribution of NMDA-Rs to spiking activity, 

which is similar for the visual response and persistent activity that increases with the 

neuronal firing rate. Such a multiplicative contribution of NMDA-Rs is comparable to 

results from previous studies on the contributions of NMDA-Rs on spiking activity in the 

cat visual cortex33. Similarly, the contribution to activity of AMPA-R that depended less on 

the tuning of neurons is in line with previous studies in the cat visual cortex33,40.  

At first sight, our conclusions may seem to be incompatible with the results of Wang et al.41, 

who found that that persistent firing is critically dependent on NMDA-Rs whereas AMPA-

Rs contribute to sustain network activity by permitting NMDA-R contributions to delay-

cell firing. One difference between studies was the choice of antagonists. We used the 

competitive NMDA-R antagonist APV, whereas Wang et al. used MK801, which is non-

competitive, and the selective NR2B NMDA subunit antagonist Ro25-6981. Furthermore, 

we used CNQX to block AMPRA-Rs, whereas Wang et al. used NBQX in addition to 
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CNQX. However, we believe that the most important difference between studies is in the 

dosage of the drugs. Specifically, Wang et al. almost completely abolished delay activity with 

NMDA antagonists. By using smaller dosages, we were able to reveal that the NMDA-R 

blockers have a multiplicative effect in all phases of the task. Wang et al. found that the 

effects of NMDA-R antagonists on delay activity were stronger than the effects of AMPA-R 

antagonists, but it is conceivable that this difference is also due to a dosage effect. Wang et 

al. might also have seen a more complete suppression with higher dosages of the AMPA-R 

blockers. Taken together, the results suggest that the multiplicative contribution of NMDA-

Rs to spiking activity occurs irrespective of whether activity is spontaneous, stimulus 

driven, or related to working memory.  

Our findings therefore support the view that AMPA and NMDA receptors contribute to 

persistent firing. But they are not the only ones. Blocking dopamine receptor D1 (DRD1) 

for instance revealed an ‘inverted-U’ dose-response relationship, too little or too much 

DRD1-R activity reduces persistent firing24. Furthermore, a2A-adrenoceptors25,26 and 

cholinergic muscarinic receptors21-23 also impact on persistent firing, in part by acting on 

non-selective cation permeable transient receptor potential channels (TRPC)42 and 

hyperpolarization activated cyclic nucleotide-gated potassium channels26,43. Thus, many 

receptors contribute to persistent firing, which implies that one must be careful attributing 

persistent firing to one specific receptor.  

Another important question is how persistent activity is maintained. Maintenance could 

involve reverberatory excitation between neurons within a cortical area16,17 or reciprocal 

excitatory loops between cortical areas15,18-20. In the first scenario, internally sustained 

persistent firing is generated by reciprocal excitation between pyramidal neurons with 

similar spatial properties. In the second scenario, the internally sustained persistent firing is 

maintained by reciprocal excitatory loops between cortical areas or by loops through 

subcortical structures, including the basal ganglia. Internally sustained persistent firing is 

also observed in other brain areas, notably the posterior parietal cortex44,45, medial superior 

temporal cortex6 and the inferotemporal cortex46-48. Furthermore, a study by Chafee and 

Goldman-Rakic19 combined local cooling of either parietal and prefrontal cortex and 

recording in the other area during a working memory task. They showed that inactivation 
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of one of these areas could both increase and decrease the activity of individual neurons in 

the other region, without a clear effect on behavior.  

Our results therefore are in line with a general contribution of AMPA-Rs and a general and 

more specific multiplicative contribution of NMDA-Rs on spiking activity during the ODR 

task. This is a relevant finding, both for models on the neural mechanisms during working 

memory and for clinical application. As our results rule out that internally sustained 

persistent firing is specifically dependent on NMDA-Rs, future research is required to 

elucidate the mechanisms that underlie working memory. Importantly, these mechanisms 

are not mutually exclusive and scenarios in which both the intrinsic dynamics of single 

neurons, as well as reverberatory excitation between neurons within or between cortical 

areas are important, remain likely.  
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METHODS 

Surgical procedures 

All procedures complied with the NIH Guide for Care and Use of Laboratory Animals 

(National Institutes of Health, Bethesda, Maryland) and were approved by the institutional 

animal care and use committee of the Royal Netherlands Academy of Arts and Sciences. 

We recorded neural activity from three adult macaque monkeys (Macaca Mulatta: monkeys 

B, J and E). During surgeries general anesthesia was induced with ketamine (15mg/kg 

injected intramuscularly) and maintained after intubation by ventilation with a mixture of 

70% N2O and 30% O2, supplemented with 0.8% isoflurane, fentanyl (0.005mg/kg 

intravenously) and midazolam (0.5mg/kg/h intravenously). In a first surgery, the monkeys 

were implanted with a head post for head stabilization. The monkeys were then trained on 

the ODR task until they could reliably perform the task. In a second surgery we performed a 

craniotomy (centered on stereotaxic coordinates: 21mm anterior, and 17mm lateral) and 

implanted a titanium chamber (Crist Instruments) for electrophysiological recordings and 

iontophoretical administration of APV and CNQX. After implantation the location of the 

arcuate and principal sulci relative to the recording chamber were determined using 

ultrasound imaging, and FEF was located by using electrical microstimulation (Figure 1C). 

 

Behavioral task 

Monkeys B, J and E were first trained on the ODR task10 (Figure 1A). A fixation point (a 

red circle of 0.3o diameter) was presented on a grey background and the monkey started the 

trial by directing gaze to a 1.5degree diameter fixation window centered on the fixation 

point (0.1 degree diameter red dot). After 300ms of fixation a visual cue (white circle of 2 

degree diameter) was presented at either the preferred or the anti-preferred location. After 

150ms the visual cue was extinguished but the monkey had to maintain fixation for another 

1000ms before the fixation point was extinguished, which indicated to the monkey that he 

was required to make a memory guided eye-movement into a target-window (4 degrees 

diameter) that was centered on the location of the previous visual cue. Correct responses 

were rewarded with apple juice. Trials in which the animal broke fixation before the 
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fixation point was extinguished were aborted, and stimulus conditions were presented in a 

pseudorandom order.  

All stimuli were generated using in-house software (Tracker) and were presented on a CRT 

monitor with a resolution of 1024x768 pixels and refresh rate of 85Hz, which was viewed 

from a distance of 40cm. Eye movements were recorded with a video eye-tracker (Thomas 

recordings) with a sampling rate of 350Hz. 

 

Electrophysiology and iontophoresis 

We recorded single units with tungsten-in-glass electrodes fused with two side barrels36 

(Figure 1D) that were used for iontophoretic drug administration by applying a small 

electric current to a tungsten wire that was inserted in these side barrels. The impedances of 

the measuring electrodes ranged from 400 kOhm to 2 MOhm (median ~1 MOhm) and the 

impedance of the ejection barrels from 15 to 150 MOhm (median ~20 MOhm). 

The signal from the recording electrode was recorded with Tucker Davis Technology 

(TDT) equipment using a high-impedance headstage (RA16AC) and a preamplifier 

(RA16SD) with a hardware high-pass filter of 2.2Hz, a low-pass filter of 7.5 kHz (-3dB 

point) and sampled with a rate of 24.4kHz. Spikes were initially determined by setting a 

voltage threshold. If necessary, spike sorting was done offline using waveclus software49. 

For iontophoresis, we dissolved the NMDA-R antagonist 2-amino-5-phosphonovalerate 

(APV) (Sigma-Aldrich) and the AMPAR antagonist 6-cyano7-nitroquinoxaline-2,3-dione 

(CNQX) (Sigma-Aldrich) at 0.02 M in triple-distilled water (pH ~8.0). APV and CNQX are 

negatively charged, and we retained them in the glass-pipettes by delivering a positive 

potential (+15nA for APV and +20nA for CNQX) and ejected them by delivering a negative 

potential. The ejection currents were set to the amount needed for a noticeable difference in 

the spiking activity recorded while the monkey performed the ODR task. For APV, ejection 

currents ranged from -2nA to -7nA for monkey B and from -5nA to -15nA for monkey J. 

For CNQX, ejection currents ranged from -10nA to -20nA in both monkeys (J and E).  
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RF mapping 

RF’s were measured using the same ODR task that was used during the recordings. First the 

preferred and anti-preferred direction was determined using 8 locations at 8 degrees 

eccentricity. The eccentricity was subsequently mapped in 4 degree steps for the preferred 

and anti-preferred direction only. Most of the RF’s of the recorded single unit’s (SU’s) were 

at 18 degrees eccentricity for monkey B, at 13 degrees eccentricity for monkey J and at 18 

degrees eccentricity for monkey E. 

 
Data acquisition 

As determined by ultrasound imaging, SU activity was recorded anterior to the arcuate 

sulcus (Figure S1). A blunt guide tube, made to tightly fit around the probe, was rigidly 

attached to a microdrive for mechanical stability (Narishige group). We pre-dimpled the 

dura with the guide tube and electrode (~1mm), penetrated the dura with the electrode, and 

pulled back the guide tube and electrode to un-dimple the dura. The electrode was left to 

settle for about 20 minutes. The probe was then very carefully advanced until a SU was 

encountered. After stabilizing the recording of the spiking activity of the SU, the RF 

properties of the SU were determined using the ODR task. Only isolated SU’s that showed 

spatial selectivity were selected for further recording, and most neurons that we recorded 

from (45 out of 57 for the APV dataset, 32 out of 51 for the CNQX dataset) showed 

sustained firing during the memory period. For most SU’s (47 out of 57 for the two APV 

datasets, 29 out of 48 for the two CNQX datasets), three blocks of ~80 trials were recorded; 

a recording block of ~80 trials without drug delivery by maintaining the holding current 

(from now on called pre-drug recordings), a recording block of ~80 trials where the drugs 

was administered by applying the ejection current (from now on called during-drug 

recordings) and finally a recording block of ~80 trials without drug delivery, again by 

maintaining the holding current (from now on called recovery recordings). During-drug 

recordings were started once an effect was noticeable in the spiking activity, usually 3 to 4 

minutes after the ejection current was applied and the drugs were applied continuously 

throughout the recording period. Recovery recordings were started once the effect of drug 

delivery faded, usually 5-10 minutes after the holding current was re-maintained after drug 

delivery. The waveforms of the recorded spiking activity during one example recording are 
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shown in Figure 1E. For a small fraction of the recordings (10 out of 57 for the two APV 

datasets, 13 out of 48 for the two CNQX datasets) the SU was lost during the waiting period 

after drug delivery and no recovery recording could be performed.  

 
Data analyses  

All spike data was binned in 10ms windows. The ODR task was divided into two epochs; 

spontaneous activity and task-related activity. The spontaneous epoch lasted from 300ms 

before stimulus onset up to stimulus onset and the task-related epoch lasted from stimulus 

onset up to saccade onset. 

To quantify the spatial tuning for each cell individually, the d’ for task-related activity was 

calculated by (mean preferred location - mean anti-preferred location) / sqrt(0.5*(std 

preferred location)²+(std anti-preferred location)²). 

 
Statistical analyses  

For statistical comparisons to test whether the drugs changed spiking activity during 

spontaneous and task-related activity, two-sided t-tests were used to compare spiking 

activity between pre-drug, during drug and recovery recordings. Results were only reported 

if significant p-values were less than 0.05 for both monkeys individually and when averaged 

across monkeys. 
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SUPPLEMENTARY INFORMATION 

 

Supplementary Figures 
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Supplementary Figure 1 | Location of recording chamber. Coronal (A) and sagittal (B) ultrasound 
images of the recording chamber of monkey B. White arrows point to the arcuate sulcus, white 
arrowheads point to the principal sulcus. (C) Schematic drawing indicating the location of the 
different slices relative to the arcuate sulcus (white line) and principal sulcus (grey line). White scale 
bars, 10mm. 

 

 

 

Supplementary Figure 2 | Population ODR Task APV with recovery. The effect of APV on population 
response of the ODR and recovery for (A) monkey B (N=34) and (B) monkey J (N=23). The preferred 
location (continuous lines) and anti-preferred location (dashed lines), before (black lines) and during 
APV delivery (red lines). Grey lines illustrate activity in the recovery episode. 
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In the introduction of this thesis we described the neural mechanisms underlying our 

remarkable visual perception. How feedforward processing creates new response properties 

at every cortical level, culminating in the highly selective neurons in IT, for example to 

faces. At the same time, feedback connections are crucial in selective attention and working 

memory, enabling us to dynamically select and maintain information that is behaviorally 

relevant for us. While the neural mechanisms of feedforward processing are relatively well 

understood1-5, the mechanisms of feedback remain largely unclear. In this thesis we 

therefore sought to investigate the function and mechanisms of feedback processing in 

monkey visual cortex. 

 

Figure 1 | Illustration showing the different layers in V1 that are targeted by feedforward and 
feedback connections. Feedforward input from the LGN arrives in layer 4C and to a lesser degree in 
layer 6 and 4A, while feedback from V2 arrives in layer 1-3 and 5. Some pyramidal cells within V1 are 
also indicated, note that layer 5 cells are able to receive feedback on both their basal and apical 
dendritic trees. (Adapted from ref. 7.) 

 

 

Feedforward and feedback processing have notoriously been hard to disentangle because 

both streams are generally activated together. However, the two processing streams are still 
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segregated at the level of cortical layers, this particularly well established for V1. 

Feedforward input from the thalamus to V1 arrives very specifically in layer 4C and to a 

lesser extent in layer 6 and layer 4A6, while feedback from higher visual areas arrives in the 

very superficial layers and layer 5 (Figure 1)7,8. This laminar profile provides a way to 

distinguish feedforward from feedback influences by recording neural activity 

simultaneously in the different layers of the cortex.  

 

Chapter 2  

First of all, we used laminar recordings to measure activity separately for all the layers in the 

primary visual cortex (V1) of monkeys performing the figure-ground task. This task has 

been suggested to rely on feedback from higher visual areas to V1, enhancing the firing rate 

at the figure location relative to background locations9-12. As expected, the figure and 

ground stimuli evoked a characteristic feedforward profile, with an early current sink in 

layer 4C at the same time as the peak in spiking activity.  

In contrast, the figure-ground modulation showed sustained current sinks in layers 1-3 and 

5 (Figure 2A), closely matching the layers that are targeted by feedback in V1. Furthermore, 

the change in spiking activity caused by figure-ground modulation was strongest in the 

superficial and deep layers, and weaker in layer 4C (Figure 2B). This indicates that the 

figure-ground task generates sustained feedback input from higher visual areas to area V1, 

potentially enhancing the activity of neurons at the figure location. 
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Figure 2 | Laminar profile of feedback in figure-ground modulation and alpha oscillations. (A,B) 
Stimulus-evoked responses of the (A) CSD  and (B) MUA for the figure relative to the background 
condition. Current sinks (putatively reflecting excitatory synaptic input) are shown in red, current 
sources are shown in blue. (C,D) Average laminar profile of the (C) CSD and (D) MUA relative to LFP 
troughs in layer 5 for the alpha rhythm (8-12Hz).  

 
Chapter 3 

Next, we used laminar recordings while monkeys performed the curve-tracing task, 

allowing us to study the role of feedback in selective attention and working memory. We 

found a consistent working memory trace in both synaptic and spiking activity in V1. This 

trace could be disrupted by a mask but returned afterwards. Furthermore, we again found 

characteristic signatures of feedback for both selective attention and working memory, with 

current sinks in the superficial layers and layer 5, at the same time as in increase in spiking 
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activity which was strongest in the superficial and deep layers. This provides evidence that 

feedback to V1 is involved in the selection of objects that are behaviorally relevant and the 

maintenance of that information when the stimulus is no longer present. 

 
Chapter 4 

We went on to analyze the rhythmic activity that is induced by the figure-ground and the 

curve-tracing tasks, finding very similar effects for both tasks. The gamma rhythm was 

enhanced at the task-relevant location and positively correlated with spiking activity at a 

trial-by-trial basis. In contrast, the alpha rhythm was suppressed at the task-relevant 

location, enhanced at task-irrelevant locations and negatively correlated with spiking 

activity. This indicates that the gamma rhythm corresponds to increased activity while the 

alpha rhythm could represent active inhibition at task-irrelevant locations, confirming 

previous studies13-15. 

We next investigated the laminar profile of the alpha and gamma rhythm in V1. The 

gamma waves showed a characteristic feedforward profile, with an initial sink in layer 4C at 

the same time with an increase in spiking activity which spread across the cortical column. 

In contrast, the alpha waves showed a feedback profile with initial current sinks in the very 

superficial layers and layer 5 (Figure 2C). These sinks were aligned to an increase in spiking 

activity as well, which was strongest in the deep and superficial layers (Figure 2D). The 

sinks and the increase in spiking activity were not sustained as in the figure-ground 

modulation (Figure 2A,B), but were followed by a phase of suppression with sources in the 

superficial layers and layer 5 and a decrease in spiking activity. This indicates that the 

gamma rhythm propagated in the feedforward direction while the alpha rhythm propagated 

in the feedback direction through V1. 

Further experiments using pharmacological intervention, electrical microstimulation and 

directionality measures between V1 and V4 confirmed that the gamma rhythm propagated 

in the feedforward direction while the alpha rhythm propagated in the feedback direction 

through monkey visual cortex. 
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Chapter 5 

Finally, we investigated the neural mechanisms of the source of feedback by recording in 

the prefrontal cortex of monkeys performing selective attention and working memory tasks. 

We showed a center-surround organization of sustained activity for both of these tasks, 

with an enhancement of activity at task-relevant and a suppression of activity at task-

irrelevant locations. By combining iontophoresis with single-unit recordings, we found that 

NMDA and AMPA receptors both contribute to the maintenance of task-relevant 

information in the prefrontal cortex during selective attention and working memory. 

 

Two modes of feedback 

Taken together, we found two signatures of feedback, one which was sustained and 

enhanced on task relevant locations (Chapter 2 & 3; Figure 2A,B), the other which was 

synchronized in the alpha range and enhanced on task irrelevant locations (Chapter 4; 

Figure 2C,D). Feedback is supported by excitatory neurons and the main effect is therefore 

generally thought to be excitatory16,17, corresponding well with the sustained feedback 

profile that we found on task relevant locations. However, the alpha rhythm is enhanced at 

task irrelevant locations and was found to be negatively correlated with firing rates 

(Chapter 4).  

A way to unify these seemingly contradicting results is by proposing a model in which 

feedback itself has a center-surround organization, with a sustained enhancing influence at 

the center and rhythmic inhibitory influence in the surround (Figure 3). In this model, the 

gamma rhythm is generated in V1 by feedforward input from the LGN18, although see 19. (For 

simplicity the feedforward input to V1 is shown as unaffected by feedback, although 

attentional effects in the lateral geniculate nucleus (LGN) have been found as well20,21.) The 

sustained feedback in the center enhances the gamma activity in V1, while the feedback in 

the surround entrains the activity in the alpha rhythm, corresponding to a phasic 

suppression of activity at the troughs of the alpha rhythm. It is still an open question 

whether the level of activity at the peaks of the alpha rhythm in the surround is higher or 

the same as the activity in the center. 
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Figure 3 | Model of feedforward and feedback processing. The gamma rhythm arrives in V1 by 
feedforward input. Feedback input has a center-surround organization with sustained feedback at 
the center and an alpha synchronized feedback in the surround. The sustained feedback enhances 
the feedforward input to V1 while the alpha synchronized feedback potentially suppresses activity. 
The suppression in the surround is more pronounced at the troughs than at the peaks of the alpha 
cycle.  

 
Center-surround organization of feedback 

Studies in monkeys have previously found a center-surround organization in the effects of 

cortical feedback on early visual areas. A seminal study used electrical microstimulation in 

frontal eye field (FEF)22, a higher cortical area which has been shown to provide direct 

feedback connections to early visual areas23. They found modulation of activity in visual 

area V4 with a center-surround organization: receptive fields that were at the focus of the 

stimulation showed enhancement of their activity while neighboring receptive fields 

showed suppression of activity.  
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A recent study in mouse visual cortex by the lab of Yang Dan investigated the effect of 

cortical feedback with the use of new optical and genetic tools24. They found an area in 

mouse prefrontal cortex which provided strong feedback to V1. Stimulating this area or the 

axons coming from this area, generated an activation pattern with a center-surround 

organization in V1. They went on to expose the cortical circuit in V1 that was underlying 

this organization, and found that the surround suppression was caused indirectly by the 

activation of a specific type of inhibitory neurons in V1, called somatostatin cells. 

Indirect evidence for the organization of feedback can be found by investigating the spatial 

profile of selective attention. Schall et al. specifically studied the spatial profile of attention 

in monkey FEF25, they found an enhancement at the focus of attention and a suppression 

that was strongest close to this focus, leveling off towards the far surround. Studies using 

fMRI and MEG have found similar so-called 'Mexican-hat' profiles of attention in visual 

areas, with a circle of enhancement at the center and a ring of inhibition around it that 

often remains suppressive into the far surround26-29.  

Both direct and indirect evidence therefore indicate that the effects of feedback on early 

visual areas has a center-surround organization. This could be related to the proposed 

model that feedback itself has a center-surround organization as well. The surround 

inhibition that is found within higher cortical areas like FEF could spread via feedback 

connections to lower visual areas, synchronizing the surround in the alpha range. The 

center-surround effect could then be locally enhanced at every level of the visual hierarchy, 

by the center-surround mechanism as described by Yang Dan.  

 
Cortical mechanisms of the alpha rhythm 

The cortical mechanisms of the gamma rhythm have been quite well established30-32, 

indicating a crucial role of local loops between pyramidal cells and parvalbumin 

interneurons. In contrast, it is much less clear how the alpha rhythm is generated, nor how 

alpha could be related to surround suppression. 

Based on the work of Yang Dan, it is conceivable that somatostatin cells are crucial for the 

generation of the alpha rhythm. For example, alpha could be generated by an interaction of 

cortical feedback and somatostatin cells, in a similar way as loops between pyramidal cells 
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and parvalbumin interneurons have been shown to underlie the gamma rhythm30-32.  Some 

modeling work has implicated a neuron with the slow-inhibitory characteristics of 

somatostatin cells in the generation of low frequency oscillations33,34, but no direct evidence 

has yet been found to support this. Arguing against this, a recent study in anesthetized 

mouse visual cortex showed that direct stimulation of somatostatin cells actually suppress 

low frequency oscillations and enhance high frequency activity35. To directly test whether 

somatostatin cells are involved in the alpha rhythm, it would be necessary to investigate it's 

temporal dynamics as has been extensively done for parvalbumin cells30,31. 

There are also other possible mechanisms that could be involved in the alpha rhythm. Work 

from the lab of Scanziani has shown that activating pyramidal cells in layer 6 of mouse 

visual cortex suppresses neuronal activity in the rest of the column36, via fast spiking 

inhibitory neurons in the deep layers that project to all other layers in the column37. This is 

in line with earlier work in monkey visual cortex, implicating layer 6 in receptive field 

surround inhibition38. It could be that a subpopulation of layer 6 cells is driving the 

suppression of activity that we see during the alpha cycle, however, we saw a suppression of 

activity across layers, including layer 6 (Figure 2D). Moreover, a study in monkey V4 by 

Vinck et al. showed that fast-spiking cells (putative interneurons) fired at the same phase of 

the alpha cycle as regular cells, although they probably mostly recorded in the superficial 

layers39. 

A recent study by the group of Fellin has selectively activated pyramidal cells in layer 5 of 

mouse visual cortex40. Similar to the work of the lab of Scanziani, they found that this 

strongly modulated neurons across the cortical column, but instead by enhancing their 

activity. This is in line with work by the group of Larkum in mice which showed that 

coincident input to the apical and basal dendrites of layer 5 neurons is a powerful 

mechanism that can modulate the activity of neurons across layers41,42. This would match 

well with the feedback profile that we found with current sinks in layer 1-2 and 5 at the 

same time as the increase of spiking activity (Figure 2C,D).  

The work by Larkum indicated that coincident input to the layer 5 cells can cause the cells 

to be in two different states, either a sustained or a bursting mode42. The finding that layer 5 

cells can be in a bursting mode is related to a rich literature on low frequency oscillations in 

cortical slices, indicating intrinsic properties of layer 5 pyramidal cells in the generation of 
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these oscillations43-46. Moreover, the study by the group of Fellin also found that ongoing 

low frequency activity can be modulated by activating and inactivating layer 5 cells in vivo40. 

As the deep layers provide the dominant source of feedback in the cortex47, layer 5 cells 

could determine the two modes of feedback by being in a state of either sustained or low 

frequency activity. This would imply that the alpha rhythm involves a phase of after-

hyperpolarization, the troughs during the alpha cycle would simply represent the lack of 

excitatory feedback instead of a phase of active inhibition. 

 
Bursting activity and the pulvinar 

It could be said that bursting activity is unrelated to the alpha rhythm because it is not a 

stable oscillation and the main frequency component of bursts is generally lower than 10Hz. 

However, a recent paper by Harris et al. showed that bursting activity at a single cell level 

corresponds to oscillations around 10Hz at the population level48.  

Bursting activity and the alpha rhythm measured in cats and dogs was originally thought to 

be dependent on the LGN49,50, which would contradict our finding that the alpha rhythm 

propagates in the feedback direction. However, work by Sherman has shown that bursting 

activity in monkeys is dramatically stronger in the pulvinar than in the LGN51, and V1 only 

receives input from the pulvinar in the layers which are targeted by cortical feedback, the 

very superficial layers and deep layers52,53. Moreover, the pulvinar in turn receives strong 

input from cortical layer 5 cells53.  

This link to the pulvinar is particularly interesting because it has been implicated both in 

the generation of the alpha rhythm54,55 and in selective attention55,56. Whereas our results 

highlight the involvement of cortical feedback in the generation of the alpha rhythm, these 

previous studies suggest an additional role for the pulvinar, or a loop between the cortex 

and the pulvinar. 

The well studied phenomenon of bursting activity could thereby be related to the alpha 

oscillatory activity that we observed, which would also be in line with recent work in 

monkey V4 showing that bursting activity is lower at attended location57. Our work would 

suggest that this effect could partly be due to an enhancement of bursting activity at 

distractor locations.  
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Functional role of cortical rhythms 

The reviewed literature suggests that the cortical mechanisms of the alpha rhythm are still 

debated. A loop between interneurons and excitatory cells could be involved, but the 

intrinsic properties of deep layer pyramidal cells might be sufficient as well. Moreover, our 

work indicated cortical feedback connections, while previous literature also suggests a role 

for the pulvinar. Although this is an important issue to solve, an independent question is 

whether the alpha rhythm is actively involved in the suppression of task irrelevant 

information or whether it is an epiphenomenon of the underlying cortical mechanisms. 

Deep layer cells could just happen to get synchronized around 10Hz for example, without 

any functional relation to information processing. Although the gamma rhythm has 

received much more attention, it's functional significance is also still lively debated58-64. The 

question whether cortical rhythms have a functional role in visual cognition will most likely 

be very hard to settle. 

 
Conclusions  

Taken together, in this thesis we revealed an important neural component of the source of 

feedback in prefrontal cortex. Furthermore, we found two signatures of feedback in V1: one 

in the stimulus-evoked responses of task-relevant versus task-irrelevant locations, and the 

other in the alpha rhythm which was found to be enhanced at task-irrelevant locations. This 

suggests that selective attention not only corresponds to a center-surround organization in 

prefrontal cortex but also in feedback itself, with a sustained or tonic mode of processing at 

the focus of attention and an alpha synchronized mode in the attentional surround. 

Until recently, it has been hard to study the role of projections in the cortex because most 

neuroscientific techniques only record activity within individual areas. The CSD is powerful 

in separating feedforward from feedback input, but it remains an indirect measure. Recent 

technical developments like multi-photon imaging and optogenetics65,66 have the potential 

to directly investigate the role of feedforward and recurrent connections, and it's 

relationship to cortical rhythms. It will therefore be highly exciting to discover how the 

functional connectivity within and between brain areas gives rise to our exquisite visual 

perception, and what the role of cortical rhythms in this will turn out to be. 



 Chapter 6  

208 

References 

1.      Hubel,D.H. & Wiesel,T.N. Ferrier lecture. Functional architecture of macaque monkey visual 
cortex. Proc. R. Soc. Lond B Biol. Sci. 198, 1-59 (1977). 

2.      Van Essen,D.C., Anderson,C.H., & Felleman,D.J. Information processing in the primate visual 
system: an integrated systems perspective. Science 255, 419-423 (1992). 

3.      Kobatake,E. & Tanaka,K. Neuronal selectivities to complex object features in the ventral visual 
pathway of the macaque cerebral cortex. J. Neurophysiol. 71, 856-867 (1994). 

4.      Riesenhuber,M. & Poggio,T. Hierarchical models of object recognition in cortex. Nature Neurosci. 
2, 1019-1025 (1999). 

5.      Roelfsema,P.R. Cortical algorithms for perceptual grouping. Annu. Rev. Neurosci. 29, 203-227 
(2006). 

6.      Lund,J.S. Anatomical organization of macaque monkey striate visual cortex. Annu. Rev. Neurosci. 
11, 253-288 (1988). 

7.      Rockland,K.S. & Virga,A. Terminal arbors of individual "feedback" axons projecting from area V2 to 
V1 in the macaque monkey: a study using immunohistochemistry of anterogradely transported 
Phaseolus vulgaris-leucoagglutinin. J. Comp. Neurol. 285, 54-72 (1989). 

8.      Anderson,J.C. & Martin,K.A. The synaptic connections between cortical areas V1 and V2 in 
macaque monkey. J. Neurosci. 29, 11283-11293 (2009). 

9.      Lamme,V.A., Zipser,K., & Spekreijse,H. Figure-ground activity in primary visual cortex is 
suppressed by anesthesia. Proc. Natl. Acad. Sci. U. S. A 95, 3263-3268 (1998). 

10.      Lamme,V.A.F., Supèr,H., & Spekreijse,H. Feedforward, horizontal, and feedback processing in the 
visual cortex. Curr. Opin. Neurobiol. 8, 529-535 (1998). 

11.      Hupe,J.M. et al. Cortical feedback improves discrimination between figure and background by V1, 
V2 and V3 neurons. Nature 394, 784-787 (1998). 

12.      Poort,J. et al. The role of attention in figure-ground segregation in areas V1 and V4 of the visual 
cortex. Neuron 75, 143-156 (2012). 

13.      Klimesch,W., Sauseng,P., & Hanslmayr,S. EEG alpha oscillations: the inhibition-timing hypothesis. 
Brain Res. Rev. 53, 63-88 (2007). 

14.      Jensen,O. & Mazaheri,A. Shaping functional architecture by oscillatory alpha activity: gating by 
inhibition. Front Hum. Neurosci. 4, 186 (2010). 

15.      Bonnefond,M. & Jensen,O. Alpha oscillations serve to protect working memory maintenance 
against anticipated distracters. Curr. Biol. 22, 1969-1974 (2012). 

16.      Johnson,R.R. & Burkhalter,A. Microcircuitry of forward and feedback connections within rat visual 
cortex. J. Comp Neurol. 368, 383-398 (1996). 

17.      Shao,Z. & Burkhalter,A. Different balance of excitation and inhibition in forward and feedback 
circuits of rat visual cortex. J. Neurosci. 15, 7353-7365 (1996). 



  Discussion and conclusions   

209 

18.      Castelo-Branco,M., Neuenschwander,S., & Singer,W. Synchronization of visual responses between 
the cortex, lateral geniculate nucleus, and retina in the anesthetized cat. J. Neurosci. 18, 6395-
6410 (1998). 

19.      Bastos,A.M., Briggs,F., Alitto,H.J., Mangun,G.R., & Usrey,W.M. Simultaneous recordings from the 
primary visual cortex and lateral geniculate nucleus reveal rhythmic interactions and a cortical 
source for gamma-band oscillations. J. Neurosci. 34, 7639-7644 (2014). 

20.      O'Connor,D.H., Fukui,M.M., Pinsk,M.A., & Kastner,S. Attention modulates responses in the human 
lateral geniculate nucleus. Nat. Neurosci. 5, 1203-1209 (2002). 

21.      McAlonan,K., Cavanaugh,J., & Wurtz,R.H. Guarding the gateway to cortex with attention in visual 
thalamus. Nature 456, 391-394 (2008). 

22.      Moore,T. & Armstrong,K.M. Selective gating of visual signals by microstimulation of frontal cortex. 
Nature 421, 370-373 (2003). 

23.      Markov,N.T. et al. Weight consistency specifies regularities of macaque cortical networks. Cereb. 
Cortex 21, 1254-1272 (2011). 

24.      Zhang,S. et al. Selective attention. Long-range and local circuits for top-down modulation of visual 
cortex processing. Science 345, 660-665 (2014). 

25.      Schall,J.D., Sato,T.R., Thompson,K.G., Vaughn,A.A., & Juan,C.H. Effects of search efficiency on 
surround suppression during visual selection in frontal eye field. J. Neurophysiol. 91, 2765-2769 
(2004). 

26.      Kastner,S. & Pinsk,M.A. Visual attention as a multilevel selection process. Cogn Affect. Behav. 
Neurosci. 4, 483-500 (2004). 

27.      Muller,N.G. & Kleinschmidt,A. The attentional 'spotlight's' penumbra: center-surround modulation 
in striate cortex. Neuroreport 15, 977-980 (2004). 

28.      Slotnick,S.D., Schwarzbach,J., & Yantis,S. Attentional inhibition of visual processing in human 
striate and extrastriate cortex. Neuroimage. 19, 1602-1611 (2003). 

29.      Hopf,J.M. et al. Direct neurophysiological evidence for spatial suppression surrounding the focus 
of attention in vision. Proc. Natl. Acad. Sci. U. S. A 103, 1053-1058 (2006). 

30.      Cardin,J.A. et al. Driving fast-spiking cells induces gamma rhythm and controls sensory responses. 
Nature 459, 663-667 (2009). 

31.      Sohal,V.S., Zhang,F., Yizhar,O., & Deisseroth,K. Parvalbumin neurons and gamma rhythms enhance 
cortical circuit performance. Nature 459, 698-702 (2009). 

32.      Tiesinga,P. & Sejnowski,T.J. Cortical enlightenment: are attentional gamma oscillations driven by 
ING or PING? Neuron 63, 727-732 (2009). 

33.      Vierling-Claassen,D., Cardin,J.A., Moore,C.I., & Jones,S.R. Computational modeling of distinct 
neocortical oscillations driven by cell-type selective optogenetic drive: separable resonant circuits 
controlled by low-threshold spiking and fast-spiking interneurons. Front Hum. Neurosci. 4, 198 
(2010). 



 Chapter 6  

210 

34.      Lee,J.H., Whittington,M.A., & Kopell,N.J. Top-down beta rhythms support selective attention via 
interlaminar interaction: a model. PLoS. Comput. Biol. 9, e1003164 (2013). 

35.      Chen,N., Sugihara,H., & Sur,M. An acetylcholine-activated microcircuit drives temporal dynamics 
of cortical activity. Nat. Neurosci. 18, 892-902 (2015). 

36.      Olsen,S.R., Bortone,D.S., Adesnik,H., & Scanziani,M. Gain control by layer six in cortical circuits of 
vision. Nature 483, 47-52 (2012). 

37.      Bortone,D.S., Olsen,S.R., & Scanziani,M. Translaminar inhibitory cells recruited by layer 6 
corticothalamic neurons suppress visual cortex. Neuron 82, 474-485 (2014). 

38.      Bolz,J. & Gilbert,C.D. Generation of end-inhibition in the visual cortex via interlaminar 
connections. Nature 320, 362-365 (1986). 

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

40.      Beltramo,R. et al. Layer-specific excitatory circuits differentially control recurrent network 
dynamics in the neocortex. Nat. Neurosci. 16, 227-234 (2013). 

41.      Larkum,M.E., Senn,W., & Luscher,H.R. Top-down dendritic input increases the gain of layer 5 
pyramidal neurons. Cereb. Cortex 14, 1059-1070 (2004). 

42.      Larkum,M. A cellular mechanism for cortical associations: an organizing principle for the cerebral 
cortex. Trends Neurosci. 36, 141-151 (2013). 

43.      Silva,L.R., Amitai,Y., & Connors,B.W. Intrinsic oscillations of neocortex generated by layer 5 
pyramidal neurons. Science 251, 432-435 (1991). 

44.      Sanchez-Vives,M.V. & McCormick,D.A. Cellular and network mechanisms of rhythmic recurrent 
activity in neocortex. Nat. Neurosci. 3, 1027-1034 (2000). 

45.      Ulrich,D. Dendritic resonance in rat neocortical pyramidal cells. J. Neurophysiol. 87, 2753-2759 
(2002). 

46.      Le Bon-Jego,M. & Yuste,R. Persistently active, pacemaker-like neurons in neocortex. Front 
Neurosci. 1, 123-129 (2007). 

47.      Rockland,K.S. & Pandya,D.N. Laminar origins and terminations of cortical connections of the 
occipital lobe in the rhesus monkey. Brain Res. 179, 3-20 (1979). 

48.      Luczak,A., Bartho,P., & Harris,K.D. Gating of sensory input by spontaneous cortical activity. J. 
Neurosci. 33, 1684-1695 (2013). 

49.      Lopes da Silva,F.H., van Lierop,T.H.M.T., Schrijer,C.F., & Storm,v.L. Organization of thalamic and 
cortical alpha rhythms: spectra and coherences. Electroencephalogr. Clin. Neurophysiol. 35, 627-
639 (1973). 

50.      Lorincz,M.L., Kekesi,K.A., Juhasz,G., Crunelli,V., & Hughes,S.W. Temporal framing of thalamic 
relay-mode firing by phasic inhibition during the alpha rhythm. Neuron 63, 683-696 (2009). 



  Discussion and conclusions   

211 

51.      Ramcharan,E.J., Gnadt,J.W., & Sherman,S.M. Higher-order thalamic relays burst more than first-
order relays. Proc. Natl. Acad. Sci. U. S. A 102, 12236-12241 (2005). 

52.      Benevento,L.A. & Rezak,M. Extrageniculate projections to layers VI and I of striate cortex (area 17) 
in the rhesus monkey (Macaca mulatta). Brain Res. 96, 51-55 (1975). 

53.      Ogren,M.P. & Hendrickson,A.E. The distribution of pulvinar terminals in visual areas 17 and 18 of 
the monkey. Brain Res. 137, 343-350 (1977). 

54.      Lopes da Silva,F.H., Vos,J.E., Mooibroek,J., & van Rotterdam,A. Relative contribution of 
intracortical and thalamo-cortical processes in the generation of alpha rhythms, revealed by 
partial coherence analysis. Electroencephalogr. Clin. Neurophysiol. 50, 449-456 (1980). 

55.      Saalmann,Y.B., Pinsk,M.A., Wang,L., Li,X., & Kastner,S. The pulvinar regulates information 
transmission between cortical areas based on attention demands. Science 337, 753-756 (2012). 

56.      Robinson,D.L. & Petersen,S.E. The pulvinar and visual salience. Trends Neurosci. 15, 127-132 
(1992). 

57.      Anderson,E.B., Mitchell,J.F., & Reynolds,J.H. Attention-dependent reductions in burstiness and 
action-potential height in macaque area V4. Nat. Neurosci. 16, 1125-1131 (2013). 

58.      Ray,S. & Maunsell,J.H. Differences in gamma frequencies across visual cortex restrict their 
possible use in computation. Neuron 67, 885-896 (2010). 

59.      Brunet,N., Vinck,M., Bosman,C.A., Singer,W., & Fries,P. Gamma or no gamma, that is the question. 
Trends Cogn Sci. 18, 507-509 (2014). 

60.      Siegle,J.H., Pritchett,D.L., & Moore,C.I. Gamma-range synchronization of fast-spiking interneurons 
can enhance detection of tactile stimuli. Nat. Neurosci. 17, 1371-1379 (2014). 

61.      Hermes,D., Miller,K.J., Wandell,B.A., & Winawer,J. Stimulus Dependence of Gamma Oscillations in 
Human Visual Cortex. Cereb. Cortex 25, 2951-2959 (2015). 

62.      Hermes,D., Miller,K.J., Wandell,B.A., & Winawer,J. Gamma oscillations in visual cortex: the 
stimulus matters. Trends Cogn Sci. 19, 57-58 (2015). 

63.      Ray,S. & Maunsell,J.H. Do gamma oscillations play a role in cerebral cortex? Trends Cogn Sci. 19, 
78-85 (2015). 

64.      Bastos,A.M., Vezoli,J., & Fries,P. Communication through coherence with inter-areal delays. Curr. 
Opin. Neurobiol. 31, 173-180 (2015). 

65.      Denk,W., Strickler,J.H., & Webb,W.W. Two-photon laser scanning fluorescence microscopy. 
Science 248, 73-76 (1990). 

66.      Boyden,E.S., Zhang,F., Bamberg,E., Nagel,G., & Deisseroth,K. Millisecond-timescale, genetically 
targeted optical control of neural activity. Nat. Neurosci. 8, 1263-1268 (2005). 

 

 

 



 

 

 

 



 

 

      Appendix |  Summary 

     Acknowledgement 

 

 

  



 

 

 



 

215 

Summary 

One of the great questions in science is how our visual perception of the world is generated 

by our brain. It is known that visual information from our eyes travel in a feedforward 

direction through a hierarchy of areas in the cortex, transforming the visual information 

from simple line-like features in the first visual area (V1) to more complex features like 

faces in higher visual areas. However, there is an equally strong stream in the opposite 

direction, and the function and mechanisms of this feedback stream is less well understood. 

In this thesis we sought to investigate feedforward versus feedback processing in the visual 

cortex of monkeys performing cognitive tasks. 

By recording simultaneously in the different layers of V1 we found a characteristic 

signature of both the feedforward and the feedback flow of activity. We showed that the 

feedback input to V1 was enhanced at locations corresponding to task relevant elements of 

a stimulus, enhancing the activity of neurons at those locations. Moreover, the feedback 

input and the activity in V1 remained enhanced when the stimulus disappeared. This 

suggests that even the earliest visual area is involved in the selection of task relevant 

information, as well as in the maintenance of that information when the stimulus is absent. 

The visual cortex also generates rhythmic activity at both a low and a high frequency. We 

found that the low frequency or 'alpha' rhythm travelled selectively in the feedback 

direction, while the high frequency or gamma rhythm travelled in the feedforward direction 

through the visual cortex. This finding can now also be used to distinguish these two 

processing streams in the visual cortex, for example with EEG and MEG in humans.  

Finally, we recorded activity of individual neurons in an area in the brain that is thought to 

provide the source of feedback in the cortex, the dorsolateral prefrontal cortex (dlPFC). By 

using local application of drugs, we showed that both slow (NMDA) and fast (AMPA) 

receptors contribute to the encoding of task relevant information in the dlPFC. 
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Persbericht 

Van kijken naar zien: hoe de hersenen onze waarneming filteren 

Elke ochtend als je wakker wordt, open je je ogen en zie je de wereld, in al zijn vormen en 

kleuren. Eén van de belangrijke vragen in de wetenschap is hoe deze ervaring wordt 

gecreëerd door ons brein.  

Visuele informatie komt binnen in je ogen en wordt verzonden naar het eerste visuele 

gebied (V1) achter in je hoofd. Vervolgens stroomt het naar visuele hersengebieden meer 

vooraan in je hoofd. De hersencellen in opeenvolgende gebieden verwerken steeds 

complexere elementen van de visuele wereld, van kleine lijntjes in V1, naar gezichten of 

auto's in hogere visuele gebieden.  

Naast deze zogenoemde 'feedforward' stroom van informatieverwerking is er ook een 

'feedback' stroom die in omgekeerde richting loopt. Hoewel die feedback stroom van 

activiteit ongeveer even sterk is als de feedforward stroom, is het nog onduidelijk wat de rol 

van deze omgekeerde stroom in de hersenen is. Het wordt gedacht dat feedback belangrijk 

is voor visuele aandacht, bijvoorbeeld het lezen van een woord in deze zin.  

Onderzoek toont aan dat visuele aandacht beschadigd is in ziektes als schizofrenie, autisme 

en ADHD, maar ook in ouderdom. Dit impliceert dat bij deze mensen feedback 

verbindingen specifiek zijn aangetast.  

Om de neuronale mechanismen van feedforward en feedback verbindingen beter te 

begrijpen hebben we apen getrained in het uitvoeren van visuele aandacht taakjes, 

soortgelijk aan de taakjes waarvan bekend is dat ze minder goed kunnen worden uitgevoerd 

door mensen met neurologische aandoeningen als schizofrenie en ADHD. De apen keken 

daarbij naar een computerscherm waarop een plaatje werd getoond met relevante en 

irrelevante informatie. Ze werden beloond als ze een oogbeweging maakten naar het 

relevante gedeelte van het plaatje. Door tegelijkertijd de activiteit te meten met electrodes 

die in de hersenen waren geplaatst, konden we zowel de feedforward als de feedback stroom 

meten tijdens het uitvoeren van cognitieve taakjes.  
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We vonden dat de achterwaartse stroom inderdaad continu versterkt was in gebieden in de 

hersenen waar relevante elementen van een plaatje worden verwerkt. Achterwaartse 

stromen zorgen er dus voor dat je bijvoorbeeld een woord dat je wilt lezen beter kan zien.  

De stromen in ons hoofd kunnen ook in golven bewegen in plaats van continu verhoogd of 

verlaagd zijn. We vonden dat snelle golven van activiteit in de voorwaartse richting 

stromen, terwijl langzame golven in de achterwaartse richting stromen. Ook vonden we dat 

de langzame golven sterker waren in hersengebieden waar irrelevante elementen van een 

plaatje worden verwerkt. Achterwaartse stromen, die in langzame golven bewegen, zorgen 

er daarom misschien voor dat de irrelevante woorden rondom het woord dat je wilt lezen 

worden onderdrukt. Onze hersenen filteren dus wat we zien door belangrijke gedeeltes te 

verterken en onbelangrijke gedeeltes te onderdrukken.  

Dit onderzoek geeft een unieke manier om te begrijpen hoe de tegenovergestelde stromen 

in de hersenen ervoor zorgen dat we ons kunnen focussen op informatie die belangrijk voor 

ons is, en wat er in onze hersenen mogelijk mis gaat als dat niet meer goed lukt. 
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