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ABSTRACT 
In this study we investigated how the primary visual cortex responds to a change in the 

visual scene. In analogy to dynamical systems theory such temporal step input gives information about 
the rules governing the system. 

One way to probe the dynamics of the visual system is to first display one image, A, 
and after a while replace that with another image, B. Despite that the new image B is stationary after 
the transition, the majority of the neurons will change their activity over time. Moreover the message 
that is being encoded by this activity may also change over time despite the fact that the new stimulus 
is constant. 

Using voltage sensitive dyes and extracellular recordings this study examines the 
dynamics in the primary visual cortex in response to different types of stimulus transitions.  The 
voltage sensitive dye is thought to mainly reflect sub-threshold dendritic membrane depolarization 
whereas extracellular recordings detect action potentials from a small population of neurons. 

First we examined whether the onset of a luminance-defined square could evoke a 
correlate of feedback activity in the voltage sensitive dye signal.  We found that the temporal 
maximum of the voltage sensitive dye signal in response to the onset of the square propagated from 
area 19 to area 17, i.e. opposite to a feed-forward propagation.  This temporal maximum was reached 
at 90ms in area 19 and 100ms in area 17. The maximum propagated with a speed of 0.2-0.3mm/ms. 

The next thing we studied was whether the depolarization at 100ms in areas 17 and 18 
(90ms in higher areas) was correlated to any neuronal firing in area 17 and 18.  To examine this we 
assumed that the temporal modulation of the instantaneous firing rate for each neuron could be 
described by a sum of multiple independent (across neurons) temporal components. We found that the 
typical initial transient at 50 ms could be described by two independent components and the later peak 
at 100 ms could be described with one component. The component that peaked at 100 ms was 
correlated to the voltage sensitive dye signal. Moreover the amplitude ratio between the 100ms 
component and the 50ms components was larger for the multiunits that represent the object 
background. 

As the stimulus in papers I and II had relatively short duration, 83ms, the response to 
the stimulus offset could be superimposed on the 100 ms peak that was studied in those papers. To 
study this superposition we did a new set of experiments where we tested five different stimulus 
durations, 25, 50, 83, 133 and 250ms (paper III). Instead of an increase in the instantaneous firing rate 
and voltage sensitive dye after stimulus offset, as would be expected from a superposition of the off 
response and the existing activity, the activity decreased prior to the typical off-response for the 
shorter durations. For the shortest duration, even the on response was truncated by the stimulus offset. 

Since both stimulus onset and offset generate a response (paper III), I examined the 
response when the onset of one stimulus is simultaneous with the offset of another stimulus, i.e. an 
image transition (paper IV). In response to an image transition from image A to B it was found that 1) 
the initial transient at 50 ms encodes the difference image (B-A) more strongly than the current retinal 
image (B), 2) whereas the later peak at 100 ms and onwards encodes the current retinal image more 
strongly than the difference image. 

In summary, in response to a change of the visual scene the neuronal instantaneous 
firing rate reaches an absolute maximum at 50 ms after the scene change and a local maximum at 100 
ms. This study shows that the peaks at 50 ms and 100 ms in the instantaneous firing rate separate in an 
independent component analysis.  Those two peaks encode different retinal images despite that the 
retinal image is constant.  Both peaks can be truncated by stimulus offset.  Finally the peak at 100 ms 
coincided with a depolarization propagating from area 19 to area 17. 
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INTRODUCTION 
 
Our eyes sample light intensity and wavelength information about the 
environment. The primary focus in this thesis will be on the intensity of light 
(number of photons). 
 
The photon transport to our eyes is dictated by our surrounding in three ways.  
First, a photon can be reflected by the surface of an object.  Second, a photon 
can be absorbed by the object and transferred into heat (which is especially 
noticeable wearing a black T-shirt during a sunny day).  A third possibility is 
that the photon neither get reflected nor absorbed but rather transmitted through 
the object, i.e. coming out on the other side.  Depending on our environment 
those three principles (reflection, absorbance and transmittance) determine the 
number photons reaching our eyes. 
 

The retina 
 
The image of our surrounding is projected onto photoreceptors located in the 
retina in the back of our eyes.  An image can be formed because the 
photoreceptors are densely packed into a two dimensional array. In the 
photoreceptor, a photon gets absorbed by a pigment molecule that in turn 
triggers a chain of reactions (Lagnado and Baylor 1992). These reactions lead to 
the closure of sodium channels and to the decrease of the membrane potential of 
the photoreceptor. 
 
Neighboring photoreceptors are connected via inhibitory horizontal cells 
(Kuffler 1953; 1952).  As a result the intensity can be compared at different 
retinal positions (Duebel et al. 2006; Mangel 1991).  This could be the first step 
in detecting spatial contrasts and edges in the retinal image, such as finding the 
outline of an object or a shadow (D'Zmura and Lennie 1986; Duebel et al. 2006; 
Mangel 1991). 
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Figure 1. The cellular organization of the retina.  The photoreceptor cones will not be 
considered in this introduction.  (Modified from http://www.uco.es/organiza/departamentos/ 
publicaciones/fisiovet/Image4.gif). 
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ON and OFF cells 
 
A photoreceptor connects to either an ON or OFF bipolar cell.  Since a photo 
receptor gives the largest output when the light decreases (light turning off), an 
ON bipolar cell, in contrast to an OFF bipolar cell, inverts the input from the 
photo receptor (Kaneko 1970; Kuffler 1953).  The ON (OFF) bipolar cell 
terminates on an ON (OFF) center ganglion cell.  In contrast to the bipolar cells, 
which respond with a graded depolarization, the ganglion cells fire action 
potentials (see BOX) (Kaneko 1970; Kuffler 1953). The ON and OFF center 
ganglion cells are located in two different sub lamina (Famiglietti et al. 1977; 
Nelson et al. 1978). 
 
The range of the dendrites of the horizontal cells is limited.  Therefore the 
activity of a given ganglion cell can only be influenced by the luminance within 
a limited region of the retina.  This region is usually referred to as the receptive 
field of the ganglion cell (Ikeda and Wright 1971).  The center of this receptive 
field corresponds to the photoreceptors that are directly connected to the 
ganglion cell’s bipolar cell. The surround of this receptive field corresponds to 
the photoreceptors that are connected to the center photoreceptors via the 
horizontal cells and the amacrine cells (Zaghloul et al. 2007).  Because of this 
inhibitory surround an ON center ganglion cell will respond with the highest 
firing frequency when the luminance in its center region increases and the 
luminance in its surrounding region decreases (Kuffler 1953; Troy and Enroth-
Cugell 1993). 
 
Apart from the ON and OFF classification of ganglion cells, the ganglion cells 
can also be grouped into transient and sustained classes (Cleland et al. 1971). In 
comparison to sustained ganglion cells, the transient ganglion cells decrease 
their firing rate more rapidly after a luminance change (Figure 2A) (Cleland et 
al. 1973).  This relatively quick decrease (1000ms time constant) in the firing 
rate is thought to be the result of temporal adaptation. It is however important to 
note that there are multiple types of temporal adaptation with time constants of 
up to several minutes.  Since the retinal cells adapt to the current light level, they 
are generally not sensitive to absolute luminance.  The transient ganglion cells 
are most sensitive to temporal luminance change (relative luminance) and least 
sensitive to absolute luminance (Enroth-Cugell and Jones 1961; Enroth-Cugell 
et al. 1983; Hughes and Maffei 1966).  Furthermore the transient ganglion cells 
have larger receptive fields and are insensitive to color. 
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BOX 
A neuron is a cell with special types of outgrowths called neurites (Kandel et al. 2004).  
Being a cell it has a membrane that isolates its internal machinery from the extracellular 
space.  The membrane is especially important for a neuron because it enables the neuron 
to accumulate an intracellular charge and thereby producing a potential difference across 
the membrane (Goldman 1943). According to the capacity properties of the membrane, 
the membrane potential increase is proportional to the absolute value of the 
transmembrane current. 
 
The membrane is populated with different types of voltage sensitive ion channels and 
neurotransmitter dependent ion channels. Since there is a higher concentration of sodium 
ions outside the cell, the opening of a sodium channel would require that there is an 
outward directed electric field to stop the diffusion driven transport in the sodium channel. 
The exact membrane potential that manifests this electrical field for a particular ion is 
called the reversal potential.   
 
Ion currents are typically entering the cell in the dendrites (input neurites) of the neuron.  
This input current is mediated by ligand gated ion channels.  In contrast to voltage 
sensitive channels, ligand gated channels are activated by molecules (neurotransmitters) 
released by another neuron.  Similarly to the voltage gated channels, the input current is 
positive if the membrane potential is larger than the reversal potential of the particular 
ions that the ligand gated channels is permeable to.  Neurotransmitter mediated ion flow is 
typically referred to as synaptic current. 
 
The resulting local membrane depolarization propagates down the dendrites towards the 
axon (output neurite) via the cell body.  If the membrane potential at the beginning of the 
axon (axon hillock) is large enough, voltage sensitive sodium channels will enable 
positive sodium ions to flow into the cell thereby increasing the potential even more, 
thereby opening even more sodium channels, etc.  This positive feedback cascade is 
stopped when the sodium channel is inactivated and voltage dependence potassium 
channels enable positive potassium ions to flow out from the cell.  The resulting positive 
spike in the membrane potential is called an action potential (Hodgkin and Huxley 1952). 
 
By propagating down the axon the action potential eventually reaches the presynaptic 
terminal where it results in an opening of voltage dependent calcium channels.  Influx of 
calcium enables the release of neurotransmitters that binds to the post synaptic receptors 
thereby causing a postsynaptic current. The postsynaptic input current changes the 
postsynaptic potential that in turn may or may not be sufficient to trigger an action 
potential in the postsynaptic cell. 
 
Except for the action potential generating mechanism neurons has many types of 
intracellular feedback mechanisms. One example of an intracellular feedback is the 
outflux of potassium through calcium dependent potassium channels in response to a 
depolarization mediated increase in the intracellular calcium concentration.  As a result of 
the increasing calcium concentration, it becomes more and more difficult to generate an 
action potential. This phenomenon constitutes the basis of temporal spike adaptation 
(Storm 1990). 
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Figure 2. Temporal modulation of the instantaneous firing rate in the retina (A), 
lateral geniculate nucleus (B and C) and primary visual cortex (D) (Cleland et al. 
1971; Funke and Worgotter 1997; Kinoshita and Komatsu 2001).  The neuronal 
firing during the maximum instantaneous firing rate will be referred to as the 
initial transient.  The firing following the initial transient will be referred to as 
the post-transient. 
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The insensitivity to absolute luminance may be reasonable since it may be more 
important to detect spatial contrasts and edges in the visual scene, than it is in 
finding the overall luminance.  But in the following paragraph it is described 
how the information about the spatial contrasts and edges could be distorted as 
well.   
 
This spatial contrasts distortion can be illustrated with a transient ON center 
ganglion cell.  A transient ON center ganglion cell responds maximally if the 
luminance increases in the center and decreases in the surround.  That is the cell 
is not sensitive to the absolute luminance neither in the center nor in the 
surround. Moreover, under some circumstances the cell is insensitive to the 
relation between the absolute luminances in those two regions. To illustrate this 
one can imagine a cell that is first stimulated with a gray surround and a black 
center, and then with a gray surround and a gray center, i.e. the intensity in the 
center increases.  Despite the lack of spatial contrast in the later case the cell will 
respond since the intensity in the center increases (Burkhardt et al. 1998; 
Enroth-Cugell and Robson 1966; Kuffler 1952; Zaghloul et al. 2003).  This cell 
may respond as strong if there really is a spatial contrast, i.e. if the cell is first 
stimulated with a gray surround and a gray center, and then with a gray surround 
and a white center. Therefore the initial transient does not directly convey 
information about the spatial contrasts between the center and the surround. 
 
The sensitivity to luminance changes may only be expressed immediately after a 
change.  But what happens when there is no further change after the initial one?  
Typically the retinal ganglion cells stabilize their firing rate at a lower 
frequency.  Interestingly this sustained firing rate is more modulated by the 
absolute luminance than the transient firing rate immediately after the change in 
luminance (Burkhardt et al. 1998; Enroth-Cugell and Robson 1966; Kuffler 
1952; Zaghloul et al. 2003).  The transient/sustained property is retained all the 
way up to visual cortex, and its eventual consequences for the analysis of the 
retinal image will be described in later sections. 
 

Lateral geniculate nucleus 
 
The transient ganglion cells project to the magnocellular layers in the lateral 
geniculate nucleus (LGN) in the thalamus, whereas the sustained ganglion cells 
project to the parvocellular layers in the LGN (Guillery et al. 1980).  Similarly 
to the sustained ganglion cells the parvocellular neurons reach a sustained firing 
rate after the initial transient (Figure 2B).  The transient firing will be referred to 
as the initial transient firing and the later (sustained) firing will be referred to as 
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the post-transient firing. Note also that the initial transient is much shorter in 
time in the LGN than in the retina (Figure 2B and C, note the time scale).   
 
LGN consists of both glutamatergic relay neurons and GABAergic interneurons 
(Conley et al. 1985) (see Figure 3). Retinal ON-center ganglion cells are also 
thought to target interneurons and thereby inhibit OFF center relay cells 
(Datskovskaia et al. 2001; Hamos et al. 1987; Hamos et al. 1985; Mastronarde 
1987). Furthermore there might be a reciprocal lateral inhibition between ON 
and OFF center relay cells (Dubin and Cleland 1977). In the LGN of the ferret, 
similarly to the retina, there is a spatial segregation of ON and OFF relay cells 
(Stryker and Zahs 1983). Furthermore the neurons in each layer are 
retinotopically organized (Kaas et al. 1972).  This means that neighboring 
neurons in the LGN have neighboring photoreceptors on the retina. 
 

 
Figure 3. Connectivity to, from and within lateral geniculate nucleus (LGN). 
(Modified from http://www.scholarpedia.org/wiki/images/8/80/ 
ThalamusFigure4.gif) 
 

De-inactivation of calcium channels 
 
An interesting property is that a cell in the LGN can modulate the proportion 
between the transient and the sustained firing (Sherman 2001b). This 
modulation can be explained with intracellular low threshold calcium channels 
(Destexhe et al. 1998; Jahnsen and Llinas 1984; Zhou et al. 1997). The calcium 
channels will be inactivated if the cell is depolarized. If the calcium channels are 
inactivated the spiking of the cell will be proportional to the input from the 
retinal ganglion cell.  On the other hand, if a cell in the LGN is hyperpolarized 
such that the calcium channel becomes deinactivated, a depolarization will cause 
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a short lasting but strong increase in the firing rate (Llinas and Jahnsen 1982). 
Thus a depolarization can be amplified, if it is preceded by a hyperpolarization. 
The increase in the firing rate will be transient since the calcium channels 
become inactivated after a short delay. As a consequence a hyperpolarized cell 
will generate a more transient activity than a depolarized cell. 
 
When is this mechanism used? A cell in the LGN will be hyperpolarized if it is 
targeted by an ON center retinal ganglion cell that is stimulated with a light 
decrease in the center and/or a light increase in the surround.  The calcium 
channels will however not be de-inactivated by a quick hyperpolarization.  In 
order for the calcium channels to be completely deinactivated the 
hyperpolarization must persist for 50-100 ms (Llinas and Jahnsen 1982). 
Therefore the spatial luminance pattern of the visual stimulus must be 
temporally correlated over 50-100ms.  This requirement is fulfilled in so-called 
natural scene movies (Lesica and Stanley 2004; Lesica et al. 2006). A natural 
scene movie is typically our environment captured with a handheld video 
camera.  As a result such movies generate a relatively large amount of transient 
activity in the awake animal (Ramcharan et al. 2000). 
 
It is important to note that the transient activity can be observed in the awake 
animal. Previously the calcium channel mediated transients have only been 
thought to occur during sleep. The low threshold calcium channels are 
deinactivated during sleep since the cells are more hyperpolarized than during 
awakeness. The hyperpolarization is an indirect effect of reduced levels of 
acethylcholine. During sleep a periodic generation of transients is manifested by 
the inhibitory reticular cells in the thalamus (McCormick and Bal 1997). 
 

Primary visual cortex 
 
The relay cells in the LGN project to the visual cortex in the occipital lobe.  In 
primates this projection makes synapses in the primary visual cortex (also 
denoted as striate cortex or area 17) (Schiller and Malpeli 1978; Winfield et al. 
1982). In the cats this projection also targets secondary visual area 18 (area 18 is 
a part of the extrastriate cortex) (Bullier et al. 1984a; LeVay and Gilbert 1976). 
 

Definition 
 
The Primary visual cortex is anatomically defined by it's cytoarchitecture 
(Brodmann 1909; Bullier et al. 1984a; LeVay and Gilbert 1976; Lund 1973).  In 
comparison to the secondary visual area it can also be functionally defined by 
the relatively high metabolic activity in layer 4 (Grigonis et al. 1992; Rockland 
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1985), and by the fact that the retinotopical map is mirrored relative to the 
secondary visual area (Orban et al. 1980). Neurons at the border between area 
17 and area 18 have their receptive fields on the vertical Meridian in the visual 
field (Cowey 1964; Manger et al. 2002).  The vertical Meridian is the border 
between the left and the right visual hemifield. 
 

Intracortical short-range connectivity 
 
There is an ongoing debate regarding whether the neurons in the primary visual 
cortex form repeating microcircuits (Douglas and Martin 2004).  What is known 
is that the input from LGN preferentially targets stellate cells in layer 4 (Bullier 
and Henry 1979; Hendrickson et al. 1978; Hubel and Wiesel 1972), and 
pyramidal cells in layer 6 (Binzegger et al. 2004; Gilbert and Wiesel 1979) 
(figure 4).  Layer 4 cells in turn targets the basal dendrites of pyramidal cells in 
layer 3 (Gilbert 1983; Gilbert and Wiesel 1983b).  The pyramidal cells in layer 3 
connect to the large pyramidal cells in layer 5, which in turn make synapses with 
cells in layer 6. Layer 5 cells make feedback connections to the pyramidal cells 
in layer 3. Layer 6 cells make feedback connections to the stellate cells in layer 
4.  Cells in layer 6 also send axons to the LGN. 
 

 
Figure 4. Intracortical short-range connectivity. Area A can be primary visual 
cortex and Area B can be an area in the extrastriate cortex. P stands for 
excitatory neuron (Douglas and Martin 2004). 
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Layer 4 
 
In the cat, ferret, mink and tree shrew, the ON and OFF cells in the LGN project 
to spatially segregated ON- and OFF dominated regions in layer 4 in the primary 
visual cortex (Jin et al. 2008; Kretz et al. 1986; McConnell and LeVay 1984; 
Zahs and Stryker 1988). Generally both LGN ON and OFF cells converge to the 
same stellate cell, forming what is commonly referred to as a simple cell (Hubel 
and Wiesel 1968; 1959). More than one LGN ON cell is required to create the 
typical oblong ON region in a simple cell.  This is obviously also true for the 
OFF region.  The typical size of an ON- or OFF region is 1x4 degrees in the cat 
(Hubel and Wiesel 1959) and 1.5x6 degrees in the ferret (Usrey et al. 2003). 
 
The oblong ON- and OFF regions have the same orientation, and could together 
be used to detect spatial edges with a certain orientation (Ghosh et al. 2007). In 
the same way as an ON center ganglion cells in the retina transiently responds to 
both the appearance of a white dot in it's ON region and to the disappearance of 
a black dot in its ON region, a simple cell will not only respond to the 
appearance of a white spatial edge in it's ON region, but also to the 
disappearance of a black spatial edge in its ON region (Hubel and Wiesel 1968; 
1962; Priebe et al. 2004).  According to the same principle the disappearance of 
a white edge in the OFF region will also evoke a response. Therefore, since 
different simple cells have their ON and OFF regions at different retinal 
positions, some cells will respond to the appearance of an object and some cells 
will respond to the disappearance of the object. 
 

Layer 3 
 
Layer 4 stellate cells then project to layer 3 pyramidal cells.  Interestingly the 
pyramidal cells do not seem to be segregated in ON and OFF dominance 
domains (Chapman and Godecke 2002; Jin et al. 2008).  One reason for this 
could be that many cells in layer 3 have overlapping ON and OFF regions 
(Hubel and Wiesel 1968; 1962; Priebe et al. 2004).  A cell with this property is 
called a complex cell (Hubel and Wiesel 1968; Martinez and Alonso 2003). 
Because of the overlapping ON and OFF regions the complex cell responds 
equally well to a black edge as to a white edge. Furthermore the complex cell 
typically responds independently of the bar's position in the receptive field (but 
is nevertheless orientation selective). 
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Temporal contextual modulation 
 
In contrast to the simple cell, a given complex cell will respond transiently to 
both the appearance and disappearance of a luminance defined object (see figure 
2D) (Hubel and Wiesel 1968).  For both types of cells, however, the response to 
the disappearance of the luminance-defined object will be dependent on the 
stimulation history.  A simple form of stimulation history is the time since the 
appearance of the object.  The history can now be changed by changing the 
duration of the object, i.e. changing the temporal distance between the 
appearance and disappearance.  Interestingly the firing rate in response to the 
disappearance increases with the duration of the object (Duysens et al. 1996).  
Thus is seems that the response to the disappearance becomes less important for 
a short lasting stimulus. 
 
The mechanism underlying this duration dependency is not known. Some 
possible candidates are temporal adaptation, inactivation of calcium channels 
(like in the LGN) and changes in the postsynaptic driving force due to changes 
in the post synaptic membrane potential.  It is however interesting to note that 
the history dependence can be seen in both the retina and the LGN (Brooks and 
Huber 1971; Singer and Phillips 1974). 
 

Spatial contextual modulation 
 
Above I described how the neuronal response is modulated by one type of 
context, i.e. the temporal history within the receptive field of the neuron.  In 
addition to the temporal context within the receptive field, the neuronal response 
is also influenced by the spatial context, that is the luminance pattern outside the 
receptive field (Allman et al. 1985; Blakemore and Tobin 1972; Gilbert and 
Wiesel 1990; Knierim and van Essen 1992; Maffei and Fiorentini 1976; Nelson 
and Frost 1978).  This is typically referred to as extra receptive field contextual 
modulation (Zipser et al. 1996). 
 
An example of this is how the neuronal response to an optimally oriented bar (to 
the orientation preference of the neuron) is dependent on the orientation and 
position of an additional bar that is located outside the receptive field (Ichida et 
al. 2007; Kapadia et al. 1995; Kapadia et al. 2000).  If the additional bar has the 
same orientation but is displaced along the orientation preference axis to either 
side of the receptive field, the neuronal response increases if the receptive field 
bar is of low contrast and decreased if the receptive field bar is of high contrast 
(Ichida et al. 2007).  
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Horizontal connections 
 
What is the mechanism of orientation based extra receptive field modulation?  
Since neither the retina nor the LGN has orientation selectivity one possibility 
could be that this mechanism resides in the primary visual cortex (Hubel and 
Wiesel 1962; Nauhaus et al. 2008) but see (Ferster et al. 1996; Xu et al. 2002). 
The mechanism of extra-receptive field modulation must allow neurons with 
non-overlapping or partially overlapping receptive fields to communicate 
(Gilbert et al. 1990; Ts'o et al. 1986).  In order to connect neurons with receptive 
fields at different retinal locations, one would expect that cortical neurons not 
only receive thalamic input but also input from other cortical cells (Davis and 
Sterling 1979; Gilbert and Wiesel 1983a; McGuire et al. 1991; McGuire et al. 
1984).  Indeed a cortical cell in layer 4 receives 10 times as many synapses from 
cortical axons as from thalamic axons (Benshalom and White 1986). 
Furthermore anatomical reconstructions of the axons in layer 3 together with 
orientation preference maps suggests that pyramidal cells can make synapses 
with other pyramidal cells with similar orientation preference within a radius of 
a few mm in the primate striate cortex (Malach et al. 1993). The orientation 
preference is also evident from clustered terminals of long range axons in all 
layers (Gilbert and Wiesel 1983a).  The axon terminal distribution is however 
not as spatially confined (to the preferred orientation) as would be predicted 
from the orientation tuning of the spiking activity (Buzas et al. 1998). 
 
The next question is whether these long-range axons make synapses with other 
neurons.  Simultaneous extracellular recordings and cross correlation studies 
show that an action potential in one cell is followed by a slightly delayed action 
potential in another cell several millimeters away (Ts'o et al. 1986).  Voltage 
sensitive dye studies have shown that a small stimulus depolarizes the dendrites 
across the entire primary visual cortex (Grinvald et al. 1994; Sharon et al. 2007).  
Intracellular studies show that the sub threshold activation spreads with a 
velocity of 0.1-0.2mm/ms (Bringuier et al. 1999). The velocity and extent of the 
activation indicates that the long-range axons could make functional synapses 
with other neurons. 
 

Feedback connections 
 
The long range horizontal axons can, however, not explain all types of extra 
receptive field contextual modulation (Bullier et al. 2001).  Since the horizontal 
axons can modulate the firing of their target neurons with a relatively short 
latency (short mono synaptic connections) it is unlikely that they are responsible 
for the long latency modulation seen for figure background segmentation (Hupe 
et al. 1998); (Lamme 1995; Zipser et al. 1996).  Instead the main contribution is 
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thought to come from feedback from extrastriate areas (Lamme and Roelfsema 
2000; Lamme et al. 1998a; Roelfsema et al. 2007). 
 
Feedforward and feedback connections have been shown to have specific 
laminar origin and target lamina (Bullier et al. 1984b; Rockland and Pandya 
1979; Symonds and Rosenquist 1984). Extrastriate areas receive feedforward 
axons from pyramidal cells in layer 3 in the primary visual cortex.  The 
feedforward axons typically targets layer 4 in the extrastriate areas.  Results 
from computations in extrastriate areas can then be sent back to the primary 
visual cortex.  Feedback axons from distant extrastriate areas typically originate 
from cells in layer 5 and layer 6 (Kennedy and Bullier 1985; Kennedy et al. 
1989; Rockland et al. 1994) and target layer 1 (Rockland et al. 1994; Rockland 
and Van Hoesen 1994) (Figure 4). Feedback axons from neighbouring 
extrastriate areas typically originate from cells in layer 2, 3 and 5 (Kennedy and 
Bullier 1985; Kennedy et al. 1989; Van Essen et al. 1986) and target layer 2, 3 
and 5 (Rockland and Virga 1989). 
 
Direct evidence of feedback propagation has recently been reported (Roland et 
al. 2006; Xu et al. 2007).  Feedback propagation from the extrastriate areas over 
the primary visual cortex may be expected, since if the feedback axons originate 
from more rostral areas, the action potentials would presumably arrive in a more 
rostral area before they arrive in a more caudal area.  Since the feedback 
propagation has been demonstrated with voltage sensitive dyes, and that the 
voltage sensitive dye is thought to primarily reflect the dendritic depolarization, 
it suggests that the feedback axons generate post-synaptic excitatory activity. 
 

Encoding and analysis of the retinal image 
 
So far the most common neuron to neuron projections in the visual pathway 
have been described.  I have also presented evidence that these connections 
could be used for analyzing the retinal image. 
 

Which are the possible codes? 
  
But how is the retinal image encoded?  In principle the retinal image could be 
encoded by anything from the individual action potential to the membrane 
potential.  After the introduction of extracellular recordings the most accessible 
of these three alternatives was undoubtedly the individual action potential 
(Adrian 1928).  The action potential is interesting since it enables neurons to 
communicate. 
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Information is thought to be transmitted by the timing of individual action 
potentials (The temporal shape of the action potential presumably has a limited 
contribution to the coding of information since it is relatively constant). Which 
parameters of a spike train of action potentials do encode the retinal information 
(Heller et al. 1995)?  Some spike train code examples are 1) the number of 
action potentials within a certain temporal window (see Figure 5B), 2) if the 
temporal window is short this (1) corresponds to instantaneous firing rate (see 
Figure 5C), 3) the time between two subsequent action potentials (see Figure 
5E), 4) the temporal modulation of the instantaneous firing rate (for example the 
temporal derivative, see Figure 5D), or 5) the timing of individual action 
potentials in one neuron relative to the action potentials of another neuron (see 
Figure 5F).  

 
Figure 5. Spike train codes. A: Hypothetical spike train. B: Number of spikes in 
a time window. C: Approximation of the instantaneous firing rate by filtering 
the spike train with a 10ms Gaussian kernel. D: Temporal derivative of (C) as an 
example of temporal modulation. E: The time to the previous spike. F: Time to 
the previous spike in another neuron (see the black bars) as a measure of 
synchronicity. 
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Information measures 
 
How much information about the stimulus do different spike train codes 
encode? The information that a given code conveys about a group of stimuli can 
be quantified using information theory (Shannon 1948).  Since the information 
quantifies both linear and non-linear correlations the information measure is 
suitable for a group of uncorrelated stimuli such as Walsh patterns (Heller et al. 
1995; Richmond and Optican 1990; Tovee et al. 1993). In comparison to the 
post transient part of a spike train the initial transient has the largest information 
rate, i.e. information per second (Heller et al. 1995; Richmond and Optican 
1990; Wiener et al. 2001). This is in contrast to the idea that the initial transient 
only functions as a wake-up call and therefore conveys little stimulus 
information (Sherman 2001a). The maximum amount of information about the 
stimulus is conveyed by a combination of the temporal modulation of the 
instantaneous firing rate and the instantaneous firing rate per se (Heller et al. 
1995; Richmond and Optican 1990).  Other studies have shown that the latency 
to the first spike conveys information about the stimulus (Gawne et al. 1996; 
Heller et al. 1995). 
 

Information from temporal modulation of the instantaneous firing rate 
 
Why does the temporal modulation of the instantaneous firing rate convey 
additional information? Is it because the temporal modulation is important per 
se, i.e. used by other brain areas, or is the temporal modulation an 
epiphenomenon? If the temporal modulation of the instantaneous firing rate 
conveys additional information, this suggests that the information about the 
stimulus changes over time. One explanation of such temporal information 
change could be the sequential activation of different types of afferents (Bullier 
2001; Lamme and Roelfsema 2000; Zipser et al. 1996).  For example in primary 
visual cortex a neuron may first receive information via the feedforward 
connections about a contrast edge in its receptive field.  After that the neuron 
receives information from a neighboring neuron via the horizontal projections 
saying that there is an additional collinear edge next to it.  Finally the neuron 
may receive information via the feedback projections that the edge is part of a 
figure.  If the above is true it may mean that the temporal modulation of the 
instantaneous firing rate may not be used for the analysis of the retinal image but 
rather reflect different stages of the analysis. 
 
Although it is unsure whether the temporal modulation of the instantaneous 
firing rate is used for the analysis of the retinal image, the temporal modulation 
can be attributed to changes in the analysis of the retinal image.  In primary 
visual cortex it has been shown that the ON and OFF regions shrink over time 
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(Malone et al. 2007).  Later firing may encode figure background information 
(Lamme 1995). In the inferior temporal cortex it has been shown that neurons 
initially code for a coarse version of the stimulus and later code for a more 
detailed version (Sugase et al. 1999). 
 

Information from the spike timing  
 
Some authors have suggested that in addition to the firing rate, the latency to the 
first action potential after stimulus onset may convey information about the 
stimulus (Gawne et al. 1996).  For example both the latency to the first spike 
and the firing rate conveys information about the contrast of a stimulus. The 
latency decreases and the firing rate increases as the stimulus contrast increase 
(Albrecht et al. 2002; Muller et al. 2001).  
 
The relation between latency and firing rate can be illustrated with a single 
neuron (Nakamura 1989).  Let us assume that the neuron receives just enough 
number of simultaneous synapses inputs such that the summation of all 
postsynaptic potentials barely comes above the action potential threshold. As a 
result the action potential will be generated when the membrane potential is 
maximal.  In contrast if the neuron receives more simultaneous synaptic inputs 
the threshold may be crossed before the membrane potential has reached its 
maximum. In this case the latency to the first action potential becomes shorter. 
Moreover since the neuron has received more synaptic input it is conceivable 
that the firing rate will be higher. Thus stronger synaptic inputs may generate 
action potentials with shorter latency. 
  
On the other hand can the latency modify the firing rate (Nakamura 1998; Opara 
and Worgotter 1998; Worgotter et al. 1996)? The latency can modify the firing 
rate and this is most easily demonstrated with a simple network with two 
reciprocally connected inhibitory neurons (pyramidal neurons in layer 3 makes 
synapses with reciprocally connected inhibitory neurons).  If those two 
interneurons receive the same (excitatory) input simultaneously, the output from 
the two neurons will be identical (Figure 6A).  On the other hand if one 
inhibitory neuron receives the same inputs as the other neuron but with a shorter 
latency, it can inhibit the other neuron before that gets a chance to fire an action 
potential (Figure 6B).  In the extreme case a slightly shorter input latency to one 
neuron can silence the other neuron completely.  Thus the latency variability 
across neurons may be one way to increase the dynamic range of the firing rate 
code.   
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Figure 6. Illustration of latency controlled firing. Simultaneous action potentials 
(A) versus time shifted action potentials (B). The resulting membrane potential 
in the inhibitory neurons is shown to the right. Resulting EPSP’s (solid) and 
IPSP’s (dashed) are shown relative to the resting potential.  
 
One can however also argue that a latency difference between two neurons can 
be interpreted in another way. When the short latency neuron fires its first spike, 
the instantaneous firing rate is larger than zero in the short latency neuron and 
equal to zero in the long latency neuron.  This instantaneous firing rate 
interpretation could be equally powerful as the latency interpretation since the 
ratio between the two instantaneous firing rates is infinite. 
 
The relative timing of individual action potentials between neurons is also 
important in so-called synfire chains (Abeles 1991). A synfire chain relies on the 
principle that synchronous input to a neuron is more likely to lead to an action 
potential than synchronous input (see Figure 5F).  This synchronous firing of 
one population of neurons can lead to the synchronous firing of another 
population of neurons, and so on (Diesmann et al. 1999; Gewaltig et al. 2001). 
 
What neuronal code encodes the retinal image?  Is it the change in the 
instantaneous firing rate, the instantaneous firing rate per se, the latency to the 
first spike after stimulus onset or is it the timing of every spike?  This is an 
ongoing debate.  To get further insights one can study how specific parameters 
of the retinal image (for example spatial contrast, edges or figure/background) 
are encoded. 
 

Which code encodes different image parameters? 
 
The instantaneous firing rate of the simple and complex cells in the primary 
visual cortex is modulated by the orientation of spatial contrast edges (Hubel 
and Wiesel 1962).  Further examples are how the instantaneous firing rate is 
correlated to figure background segmentation and contour search (Lamme et al. 
1998b; Lee et al. 1998; Roelfsema et al. 2000).  In more anterior areas it has 
been shown that the instantaneous firing rate encode class and category of 
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different visual objects (Hung et al. 2005). In theoretical and computational 
studies it has been shown that the instantaneous firing rate can be used to solve 
object translational and rotational invariance (Földiak 1991; Wallis and Rolls 
1997). 
 
So although the instantaneous firing rate can be used to quantify many types of 
image analysis, are there some types of analyses for which it cannot be used?  
One of the most attended image analysis problems is the so-called binding 
problem.  The “binding” refers to that a single object is the result of the 
combination (binding) of many attributes such as color, texture, illumination, 
shape, position and motion (von der Malsburg 1995; von der Malsburg and 
Buhmann 1992). The “problem” refers to the fact that the brain can, under some 
circumstances, incorrectly bind the color from one object and the shape of 
another object (Treisman 1999; Wolfe and Cave 1999). 
 
Previously the only solution to the binding problem was thought to be in terms 
of the timing of individual action potentials (in contrast to the instantaneous 
firing rate).  It was proposed that neurons that represented different attributes 
could be bound together by eliciting simultaneous action potentials (Gray 1999; 
Malsburg 1990; Singer 1999).  Two different objects could then be separately 
encoded if one object generated simultaneous action potentials in one group of 
neurons at one time point and the other object generated simultaneous action 
potentials in another group of neurons at another time point. If two objects 
shared the same attribute, for example both objects were red, then the red neuron 
would fire two action potentials, one for each object.  This spike timing code is 
in contrast to the instantaneous firing rate code in which the exact timing of the 
action potentials is of subordinate importance. 
 
Recently other mechanisms have been shown to be able solve the binding 
problem (Riesenhuber and Poggio 1999).  Those mechanisms have been 
implemented using the instantaneous firing rate. 
 

Spike time dependent plasticity 
  
Finally the neuronal code cannot be completely discussed without mentioning 
spike timing dependent plasticity.  As the name suggests the timing of spikes 
(action potentials) is important (Markram et al. 1997). The synapse increases or 
decreases its efficacy dependent on weather the postsynaptic spike comes before 
or after the presynaptic spike. This spike time dependency does not necessarily 
mean that spike timing is a neuronal code, but rather quantifies the causality 
between the presynaptic and the postsynaptic neuron.  That is, a presynaptic 
action potential leads to the generation of a post synaptic action potential (Hebb 
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1949).  This is an important principle that is likely to be in use in any causal 
system, may it be using instantaneous firing rate or not. 
 
All in all the results of the majority of the previous studies suggests that the 
instantaneous firing rate encode different parameters of the retinal image.  
Furthermore there is no study that claims that the instantaneous firing rate is 
unnecessary for the image analysis.   
 

What image is encoded by the instantaneous firing rate? 
 
If the instantaneous firing rate is important for analyzing the retinal image, this 
raise the question what image the instantaneous firing rate encodes.  Does the 
instantaneous firing rate encode the retinal image? Information studies show that 
the instantaneous firing rate during the initial transient after the presentation of a 
new stimulus contains more stimulus related information than the post-transient 
instantaneous firing rate (Heller et al. 1995; Muller et al. 2001; Richmond et al. 
1990).  Although this suggests that the newly presented stimulus is best encoded 
during the initial transient, recent data shows that the instantaneous firing rate 
during the initial transient encodes the difference between the newly presented 
stimulus and the previous stimulus stronger than the newly presented stimulus 
alone (Eriksson and Valentiniene 2008). This discrepancy can be explained 
since the information about the previous and newly presented stimulus is equal 
during the initial transient (Eriksson and Valentiniene 2008). Furthermore, it has 
been shown that the post-transient instantaneous firing rate conveys less 
information about the newly presented stimulus.  In contrast, it has been shown 
that the newly presented stimulus becomes more accurately encoded during the 
post-transient instantaneous firing (Eriksson and Valentiniene 2008). This is also 
supported by information analysis since the information about the newly 
presented stimulus is larger than for the previous stimulus during the post-
transient (Eriksson and Valentiniene 2008). 
 
The initial encoding of the difference stimulus and later encoding of the newly 
presented stimulus is in line with the properties of the cells in the early visual 
system.  As described in the beginning of this introduction the retinal ganglion 
cells change their preference over time.  The initial firing frequency is 
dependent on the temporal change in luminance, whereas the post-transient 
firing is more dependent on the absolute luminance. 
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Functional consequences of the image encoded 
 
The analysis of the retinal image would be less straightforward if the neurons 
encode the difference image more than the current retinal image.  Edge detection 
and surface analysis has been suggested to occur during the initial transient (Lee 
et al. 1998). Therefore edges from both the previous and the current retinal 
image would be processed simultaneously.  Detection of surfaces becomes more 
difficult since primary visual cortex does not know if a given edge belongs to 
the previous or to the current retinal image.  Furthermore an edge from the 
previous retinal image may split a surface in the current retinal image. 
 
Moreover, as the initial transient in primary visual cortex generally has a larger 
firing rate than the post-transient, the initial transient could have a larger 
influence on extrastriate areas.  The propagation of the initial transient from the 
striate cortex to more anterior areas has been denoted “the feed forward sweep” 
(Lamme and Roelfsema 2000; Marzouki et al. 2007). Furthermore the initial 
transient has been shown to be able to rapidly convey stimulus information to 
the extrastriate areas (Hung et al. 2005; Serre et al. 2007). 
 
It remains to be shown whether the difference image is as strongly encoded in 
the extrastriate areas as in the striate areas, or if the encoding in the extrastriate 
areas converges to the current retinal image.  If the feedback from the 
extrastriate areas comes to the primary visual cortex during the post-transient it 
may be advantageous if the extrastriate areas encoded the current retinal image. 
This is because the feedback from the extrastriate areas would arrive in the 
striate area at the time when the striate area no longer encodes the difference 
image but rather encodes the current retinal image.  
 

Previous decoding studies 
 
Why has the discrepancy between image analysis and image decoding received 
little attention up to now?  Maybe because image analysis and coding has been 
seen as two separate sub-disciplines within visual neuroscience.  The aim in 
decoding studies has been to find the transformation that converts the spike train 
to the retinal image as accurately as possible (Bialek et al. 1991; Butts et al. 
2007; Stanley et al. 1999).  In general this transformation is dependent on the 
temporal modulation of the instantaneous firing rate.  That is the instantaneous 
firing rate is not sufficient.  The requirement of a temporal modulation may not 
seem disadvantageous but considering that the vast majority of image analysis 
has been quantified using the instantaneous firing rate (in contrast to the 
temporal modulation thereof) this fact deserves some discussion. 
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Why does one have to take the temporal modulation of the instantaneous firing 
rate into account in order to decode the retinal image?  If the temporal 
modulation of the instantaneous firing rate is important then the firing history is 
important.  The history of the instantaneous firing rate is important because the 
instantaneous firing rate sometimes only encodes the stimulus change (compare 
with the retinal transient cells described above).  Thus in order to retrieve 
information about the actual stimulus and not only the stimulus change it is 
necessary to take the firing history into account.  As will be described below the 
history can be taken into account by different types of feedback mechanisms. 
 

Benefit of encoding the difference image 
 
Why does the instantaneous firing rate during the initial transient encode the 
stimulus change?  The general opinion is that the change code is more efficient 
(Adorjan et al. 1999; Atick and Redlich 1990; Wang et al. 2003). If the stimulus 
does not change so frequently then it is more efficient to encode the stimulus 
change than to encode the actual stimulus.  Thus the stimulus change code is 
efficient in the sense that it requires relatively few action potentials. 
 
A second reason for the stimulus change code is that it could be the optimal 
input to so-called integrating networks (Muller et al. 1996; Taube et al. 1996).  
An integrating network has the ability to sustain its activity without any input. 
This is why the network is called integrating since its activity is the input 
integrated or summed over time. The activity will not change if there is no input.  
If one want such a network to go from activity A to activity B, the input should 
be B-A. That is, A is this sum of the previous input, and activity B is the 
previous input A plus the new input B-A, i.e. A+(B-A). Thus if the network 
should represent the stimulus then the input should be the stimulus change. 
 
Is there any evidence for an integrating network in the brain?  One criterion for 
an integrating network is that it can sustain its activity.  This can be done if there 
is positive feedback among the units in the network.  As described above there 
are both short range and long-range axons making excitatory synapses within 
areas and across areas.  Although most of those synapses generate relatively 
weak post-synaptic potentials only a fraction of the 1000-10000 synapses on a 
pyramidal cell would be enough to trigger an action potential (Holmgren et al. 
2003; Lundqvist et al. 2006).  Furthermore evidence of sustained activity has 
been reported from studies in the primary visual cortex and temporal visual 
cortex (Huang and Paradiso 2005; Rolls et al. 1999). 
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Attractor networks 
 
What is the benefit of having all these excitatory feedback connections? One of 
the most frequently studied and functionally interesting feedback network is the 
attractor network.  Experimental evidence of attractor dynamics has been seen in 
terms of spontaneously occurring iso-orientation maps and up states (Cossart et 
al. 2003; Kenet et al. 2003; McCormick et al. 2003).  Because of the extensive 
excitatory projections in the brain, attractor networks are frequently used to 
model different parts of the visual pathway and other brain regions (Morita and 
Suemitsu 2002; Suemitsu 2006; Zwickel et al. 2007).  It should be noted that 
even if the brain does not implement a pure attractor network the brain may in 
some functional aspects be located between a feed forward and a attractor 
network. 
 
An attractor network is interesting since it can have multiple (even continuous) 
intrinsic stable states, that is, attractors (Amit et al. 1985; Hopfield 1982; Morita 
1993; Murakami 1999). The number and location of those attractors is set by the 
strengths of the individual synapses. Unlike the integrating network in which 
any activity is stable, the activity in the attractor network will be “pulled” 
towards the closest attractor (see dashed line in figure 6) (Hopfield 1982; Morita 
1993; Yanai and Amari 1996). Then if the input is removed the activity will 
converge to the closest attractor.  One can say that the attractor network is 
“interpreting” the input given the “knowledge” that is stored in the synapses.   
 
An example of this “knowledge” is that an attractor can correspond to an image. 
In this way an attractor network can store multiple images.  If a distorted version 
of one of the attractor images is presented to the network, the “interpretation” 
corresponds to the restoration of the distorted image (Kohonen et al. 1976).  
This interpretation could be even more interesting if the knowledge is based on 
many image fragments instead of complete images.  Although only image 
fragments are stored it is quite likely that attractors will emerge from 
combinations of the image fragments.   
 
Furthermore the attractor landscape can be smoothed such that two neighboring 
attractors become one.  This smoothness can be controlled by increasing or 
decreasing the degree of local competition among the neurons, that is, there is 
no need to modify the synapses (Johansson et al. 2006).  Other interesting 
properties of attractor networks are that they can store associations and 
sequences (Morita 1996a; b; Morita and Suemitsu 2002). 
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Figure 6. Illustration of an attractor landscape. The dashed circle denotes the 
attractor basin. Four attractors are denoted as four grey points. (Modified from 
http://www.scholarpedia.org/wiki/images/thumb/5/56 /Hopfieldattractor.jpg/ 
400px-Hopfieldattractor.jpg). 
 
 
At the same time as the interpretation property is powerful it also constitutes a 
disadvantage in combination with the stimulus change code.  As described 
above the stimulus change code works if the new activity (B) is the sum of the 
previous activity (A) and the stimulus change (B-A).  On the other hand the 
activity (A) can be modified by the network itself (A+e), as is the case when the 
activity gets displaced (e) to the attractor. If we assume that an attractor network 
integrates the activity in approximately the same way as an integrating network, 
then, when the stimulus-change input arrives the new activity will be (A+e+(B-
A))=B+e. In this case the activity in the network is no longer synchronized to 
the stimulus (B).  Although admittedly speculative, one way to resynchronize 
the network activity could then be to input the new stimulus (B) at a short delay 
after the stimulus change input (B-A).  A correlate of this is that the 
instantaneous firing rate of the neurons in the primary visual cortex encodes the 
difference stimulus (B-A) up to 90 ms and the new stimulus (B) after 90 ms 
(Eriksson and Valentiniene 2008).  
 
In addition to the feed forward network’s dependency on the temporal 
dimension of the stimulus, feedback mechanisms have the ability to add a 
temporal dimension given by the network itself.  Although the strength of the 
feedback mechanisms is largely unknown, detailed models of single visual areas 
suggests that attractor dynamics could be an emergent property of such networks 
(Lundqvist et al. 2006).  One step towards quantifying the exact role of the 
feedback mechanisms is to investigate in which layers/areas and under what 
conditions different feedback mechanisms are activated. 
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INTRODUCTION SUMMARY 
 
One can imagine an image analysis system that gives a constant output for a 
constant input.  When a picture of a car is displayed to the system it reports 
“car”, and when a picture of a house replaces the car-picture, the system reports 
“house”.   
 
Evidence suggests that the input-output relation is more complicated than this in 
the visual system of our brain.  Neurons are for example not only driven by the 
current retinal image but also driven by the stimulation history.  As it is unlikely 
that the neurons will be dependent on the entire stimulation history, the 
dependency on the previous stimulation will decrease over time. Thus, even if 
the newly presented stimulus is constant, the neuronal activity will change over 
time since the history dependency decreases. 
 
Already in the retinal ganglion cells the initial transient firing rate and later post 
transient firing rate conveys different messages.  The firing rate during the initial 
transient is dependent on the temporal change of the stimulus, whereas the post 
transient firing rate mainly is influenced by the current stimulus. Also the initial 
transient after stimulus offset was dependent on previous stimulation, i.e. the 
stimulus duration. This suggests that the encoded information changes over time 
despite that the stimulus is constant.   
 
Furthermore in the visual cortex the sequential activation of different pathways, 
feedforward, lateral and feedback, may further contribute to the temporal 
modulation of the stimulus encoding.  Finally feedforward and feedback 
connections may create a reverberating network that could contribute to the 
temporal modulation. 
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METHODS 
We chose the ferret as an experimental animal for our in vivo experiments 
because as a carnivore it has a well-developed visual cortex. Moreover, the 
visual areas of interest in this study, areas 17, 18, 19 and 21, are readily 
accessible after an occipital craniotomy. 

Animal condition 
The animal was head-fixed, paralyzed and anesthetized using 1.0% Iso-Flurane.  
The typical EEG during these conditions varied between an irregular slow 
oscillation (0.5-1Hz) and a faster periodic oscillation (4 Hz). 

Stimulus 
The stimulus was either a white square on a gray background or a 16 x 16 tile 
pattern where each tile could be black, gray or white. The stimulus was 
stationary on the retina since the eye movement were eliminated with the 
paralytic. 

Electrophysiology 
Multiunit recordings were done using a single electrode (paper I-II), a matrix 
(fork) 4x4 leads (paper III) and a single 16 lead laminar shank (paper IV).  The 
single 16 lead shank is advantageous because it minimizes the cortical damage 
at the same time as it allows the simultaneous recording from all cortical layers.  
Although the voltage sensitive dye signal (see below) mostly origins from the 
superficial layers it is interesting to record from infra granular layers since for 
example the pyramidal cells in layer 5 is sensitive (maybe even more sensitive 
than pyramidal cells in layer 3) to input to their apical tuft in layer 1 (Cauller 
and Connors 1994). 

Voltage sensitive dye recordings 
The brain was stained for two hours with one of the following voltage sensitive 
dyes: RH-795 (paper I-II), RH-1691 (paper III) and RH-1838 (paper III).   
 
The voltage sensitive dye enables the study of the sub threshold membrane 
potential from a population of neurons.  Since the voltage sensitive dye signal 
has a sub milliseconds temporal resolution it enables the detection of the 
relatively quick inter-area and intra-area communications. 
  
During a recording session the brain was illuminated with a halogen lamp and 
the dye excited with a specific wavelength.  Light from the lamp was reflected 
on to the brain using a dichroic mirror that only reflects light with the 
illumination wavelength.  In contrast the mirror allows the fluorescent light from 
the voltage sensitive dye to pass through to the photodetectors.  The light 
intensity was adjusted so that the amplitude of the ongoing activity 
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approximately was 10 quantization levels of the AD-converter. This relatively 
weak light resulted in less bleaching of the voltage sensitive dye, which in turn 
allowed more repetitions and a better signal-to-noise ratio. 
 
In order to minimize brain-pulsation artefacts during the voltage sensitive dye 
recording, the ventilator was stopped for two seconds during each trial. In order 
to enable artificial ventilation the ferret was paralyzed. Furthermore, brain 
pulsations were dampened with a pressure chamber that was filled with mineral 
oil and sealed with a cover glass.  Eventual remaining heartbeat-pulsations were 
reduced by subtracting a recording from a gray screen stimulus condition.  As 
the depth of field in our macroscope was around 0.5mm, the limiting brain 
pulsations during our experiments was not orthogonal to the brain surface but 
rather movements parallel to the surface and tilting movements. 
 
Recording trials from the same stimulus condition were averaged. By doing the 
averaging it is assumed that the evoked signal remains practically unchanged 
across recording trials.  This assumption may not be entirely true.  When the 
superficial layers are illuminated the light is three times stronger in layer 1 than 
in layer 3 (Ferezou et al. 2006).  As a result the bleaching of the voltage 
sensitive dye will be quicker in layer 1 than in layer 3. Therefore the signal from 
layer 3 will contribute for a longer time, whereas the signal from layer 1 will be 
strongest initially.  Thus the signal in the initial trials may be more influenced by 
layer 1 and the signal in the later trials more influenced by the deeper layers. 
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THE AIMS OF THE THESIS 
 
To quantify the spatiotemporal dynamics of the voltage sensitive dye signals in 
area 17, 18 and 19 in response to the onset of a luminance defined square (paper 
I). 
 
To extract the independent components that best describe the variability of the 
instantaneous firing rate across neurons in the primary visual cortex (paper II). 
 
To study how the temporal modulation and amplitude of the OFF response in 
the instantaneous firing rate and the voltage sensitive dye signal depends on the 
duration of a stimulus (paper III). 
 
To decode the image that is encoded by the instantaneous firing rate in primary 
visual cortex in response to an image transition (paper IV). 
 
To measure the difference (and temporal modulation thereof) between the 
information conveyed about the previous stimulus and the current stimulus after 
an image transition (paper IV). 
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SUMMARY OF THE PAPERS 
 

Paper I 
 

Introduction 
 
Although there are evidences that the extrastriate areas modulate the activity in 
the primary visual cortex, it has not been shown how this modulatory signal 
propagates from the extrastriate areas (Bullier et al. 2001; Bullier et al. 1988; 
Galuske et al. 2002; Huang et al. 2007; Hupe et al. 2001; Hupe et al. 1998). 
Layers 2, 3 and 5 are targeted by feedback axons from neighbouring extrastriate 
areas (Rockland and Virga 1989). Feedback axons from more distant extrastriate 
areas primarily terminate in layer 1 (Rockland and Knutson 2000; Rockland and 
Pandya 1979; Rockland et al. 1994; Rockland and Van Hoesen 1994).  These 
feedback axons can target multiple visual areas (Kennedy and Bullier 1985; 
Rockland and Drash 1996; Rockland and Knutson 2000; Rockland et al. 1994; 
Rockland and Van Hoesen 1994). A feedback axon can travel in it’s destination 
layer for several millimetres (Rockland and Drash 1996; Rockland and Knutson 
2000).  These axons have synaptic bouton's along a linear array or clustered in 
discreet groups (Rockland and Drash 1996; Rockland and Knutson 2000).  Thus 
if a back projecting cell in the extrastriate areas generates an action potential it 
may sequentially depolarize dendrites as it travels along the axon on its way to 
the primary visual cortex.   
 
It has been suggested that figure background segmentation could require 
feedback from the extrastriate areas (Lamme 1995). Moreover, it was claimed 
that the figure background modulation disappeared if the animal was 
anesthetized (Lamme et al. 1998b).  This modulation was however seen in terms 
of a suprathreshold activity.  Although we are using an anesthetized animal there 
is still a possibility that our luminance defined object generates a detectable 
feedback activity since the voltage sensitive dye signal mainly reflects sub 
threshold activity (Arieli et al. 1996; Chen et al. 2006; Cohen et al. 1974; de 
Curtis et al. 1999; Grinvald et al. 1994; Petersen et al. 2003; Petersen and 
Sakmann 2001; Sharon and Grinvald 2002; Sharon et al. 2007; Shoham et al. 
1999; Slovin et al. 2002).  Furthermore feedback axons may still generate 
stimulus evoked depolarization in the striate area since cells in the extrastriate 
areas are generating stimulus evoked action potentials in the anesthetized 
animal.  To summarize, the aim of the study was to see if there was a sequential 
depolarization in the population membrane potential presumably caused by 
feedback axons. 
 



 34 

Results 
The time of the maximum voltage sensitive dye signal was calculated for each 
cortical position.  This time was shortest (around 90 ms) for area 19/21 and 
progressively longer (around 100 ms) for areas 18 and 17. The velocity of this 
propagation was estimated to be between 0.2mm/ms and 0.3mm/ms. Moreover 
the feedback propagation seemed to first target the object representation at the 
area 17/18-border, and later avoiding the object representation. 
 

Future studies 
Since the feedback wave is superimposed onto local activity, the detection and 
the quantification of the feedback wave becomes less straightforward. A 
preliminary qualitative model suggests that the target and avoid dynamics can be 
described by a linear superposition of a local lateral spreading and a planar 
feedback wave.  Thus in order to see the activity of the feedback propagation in 
isolation the local activity must somehow be eliminated.  The local activity can 
be made relatively weaker than the feedback activity by using a low contrast 
stimulus (Hupe et al. 1998). 
 
Since the voltage sensitive dye signal mainly reflects activity from the 
superficial layers it would be interesting to quantify the proportion of axons 
traveling in the superficial layers, infragranular layers and grey matter. 
 
The source of the feedback remains to be studied.  This could be done by 
interfering with different brain regions immediately before the feedback 
propagation is observed. Since it is practically intractable to remove the entire 
skull bone in order to interfere with different brain regions (pharmacology or 
cooling), one technique for doing this without having to remove the skull bone 
could be trans-cranial magnetic stimulation (TMS) (Moliadze et al. 2003). 

Paper II 

Introduction 
 
Richmond et al showed that the temporal modulation of the instantaneous firing 
rate code conveys information about the stimulus (Richmond et al. 1990). Parts 
of this temporal modulation related information was suggested to come from 
stimulus dependent latency differences (Tovee et al. 1993). Another possible 
explanation to the importance of the temporal modulation was that a later local 
maximum at 100ms in the instantaneous firing rate conveyed additional 
information about the stimulus (Heller et al. 1995).  Thus in order to explain the 
importance of the temporal modulation, the instantaneous firing rate during this 
late peak at 100ms can not be correlated to or dependent on the instantaneous 
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firing rate during the initial peak.  Therefore we wanted to see whether the 
100ms peak appeared as an independent component in an independent 
component analysis and that the independent components were not only 
different latency versions of the initial peak.  How many components should we 
extract? The temporal modulation of the instantaneous firing rate seemed to be 
the sum of three components, i.e. a saddle point in the rising phase of the initial 
transient suggested two components and a late local maxima suggested a third 
component. Furthermore, since there are three principal information flow 
directions in cortex, feedforward, lateral and feedback, we chose to extract three 
components. 
 

Results 
 
We extracted the three strongest independent components.  The components 
were independent in the sense that one component’s amplitude-variability across 
different multiunits was independent on another component’s amplitude-
variability.  The three components reached their maximum instantaneous firing 
rate at 40, 50 and 100 ms. Thus the two components seem to be two versions of 
the initial transient with different latencies.  The third component is correlated to 
the voltage sensitive dye signal and is relatively to the two first components 
more strongly for the multiunits that represents the background of the stimulus. 
 

Future studies 
 
What mechanisms are these three components related to? The first two 
components seem to be related to the feedforward activity from layer 4 to layer 
3.  Unpublished data suggest that the first component is strongest in layer 4 
whereas the second component is strongest in layer 2, 3 and 5. Although the 
third component is correlated to the time course of the voltage sensitive dye 
signal this does not prove that they are related. Preliminary results suggest that 
the third component is relatively evenly distributed across the layers, but in layer 
6 this component is the strongest. Since there is a feedback loop between LGN 
and cortical layer 6 this suggests that the late peeking component also could be a 
result of this thalamocortical loop. 
 

Paper III 

Introduction 
 
Although it is well known that the firing of a neuron can be modulated by the 
spatial context there are relatively few studies that show that it also can be 
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modulated by the temporal context, i.e. the stimulation history.  A simple form 
of stimulation history dependency is how the response to the stimulus offset 
depends on the duration of the stimulus itself. In this study we examined how 
the voltage sensitive dye signal and the multiunit activity during the OFF 
response depended on five different stimulus durations; 25, 50, 83, 133 and 250 
ms. 
 

Results 
 
The OFF response depended on the duration in the following ways. 1) the firing 
rate during the OFF response decreased with decreasing duration. 2) there was a 
dip (short lasting decrease) in the instantaneous firing rate immediately 
preceding the OFF response that increased with decreasing duration. 3) the 
latency to the peak of the instantaneous firing rate of the OFF response 
increased for shorter durations. 4) the OFF response in the voltage sensitive dye 
signal decreased with decreasing duration. 5) there was a dip in the voltage 
sensitive dye signal immediately preceding the OFF response for the two 
shortest durations, i.e. 25 and 50 ms. 6) the latency to the peak of the OFF 
response in the voltage sensitive dye signal increased for shorter durations. 7) 
the strength of results 1-6 was proportional to the amplitude in the voltage 
sensitive dye signal immediately before the stimulus offset. 
 

Future studies 
 
The OFF response depends on the duration of the stimulus.  Does the ON 
response depend on the duration of the blank period preceding the stimulus in 
the same way? 
 

Paper IV 

Introduction 
 
What image is encoded by the instantaneous firing rate in the primary visual 
cortex?  Data analysis studies show that the information about the stimulus is 
maximal during the initial transient.  The information about the stimulus decays 
after the initial transient.  This suggests that the initial transient should encode 
the stimulus more accurately than the later firing.   
 
To test this we decoded the image that was encoded by a population of neurons.  
The stimuli were a sequence of 250 ms patterns. The decoding required the 
estimation of the neuronal stimulus code.  This was done by recording the 
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population firing rate in response to different stimulus patterns.  The assumption 
for doing so was that the population firing rate would encode the stimulus, if the 
stimulus was preceded by a neutral gray screen.  More specifically the code was 
extracted from the instantaneous firing rate at time T after the blank to pattern 
transition. The code extracted from time T was then used to decode the pattern 
at all time points after a pattern to pattern transition. 
 

Results 
 
Up to 90 ms after the presentation of a new pattern the neurons encoded the 
difference between the new pattern and the previous pattern more than the new 
pattern.  After 90 ms the neurons encoded the current pattern more than the 
difference pattern.  The decoded pattern was largely independent on the 
parameter T described above.  
 
Since the decoding was based on the number of spikes in a relatively narrow 
time window (10ms), the average correlation between the decoded pattern and 
the stimulus patterns was relatively low (0.12).  By using a larger time window 
(125ms) we achieved a higher correlation (0.3).  Since the correlation is 
relatively low it would be interesting to know the upper bound of the correlation.  
The upper bound can be estimated from ideal stimulus conditions.  Such an ideal 
stimulus condition is when a stimulus is preceded by a gray screen.  This kind of 
stimulus condition is frequently used when studying stimulus related 
information.  A second way to maximize the correlation is to do the decoding on 
the same data from which the code is extracted.  Using both these strategies we 
got a correlation of 0.21. Since the correlation to the difference pattern, 0.17, 
was close to the correlation upper bound, we concluded that the difference 
pattern was the major component encoded by the neurons 50 ms after a pattern 
transition. 
 
Although the analysis was based on a population of neurons, the initial 
difference pattern encoding and later new pattern encoding was quallitatively 
explained by the temporal receptive fields of individual multiunits.  Moreover 
the results were verified using information analysis for each multiunit. 
 

Future studies 
 
There are a number of possible future studies such as: 1) Vary the pattern 
duration, 2) Introduce temporal gaps between the patterns, 3) Use natural 
pictures instead of patterns, 4) Estimate the code more accurately (This can be 
done by estimating the nonlinear mapping between the population firing rate and 



 38 

the stimulus using a neural network trained with error back propagation), 5) 
Create a stimulus transition from pattern A to B where only the difference 
pattern has a horizontal edge (see figure 1D in paper IV).  In response to such a 
transition a simple (or a complex) cell that prefer horizontal edges may fire 
action potentials despite the lack of spatial horizontal edges. 
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MAIN CONCLUSIONS 
 
The simplest way to probe the dynamics of a system is to perturb it with a 
temporal step input.  In this thesis the brain of the ferret was perturbed with a 
switch from visual stimulus A to B and the resulting dynamics was recorded in 
visual cortex.  
 
The major findings of this thesis are: 
a) The temporal maximum of the voltage sensitive dye signal in response to the 
onset of a luminance defined square propagated from area 19 to area 17.  This 
temporal maximum occurred at around 100 ms and propagated with a speed of 
0.2-0.3mm/ms. 
 
b) We found that the typical initial transient at 50 ms could be described by two 
independent components and the later peak at 100 ms could be described with 
one component. The component that peaked at 100 ms was correlated to the 
voltage sensitive dye signal. Moreover the amplitude ratio between the 100ms 
component and the 50ms components was larger for the multiunits that 
represented the object background. 
 
c) The population firing rate and voltage sensitive dye signal after the offset of a 
stimulus was non-linearly dependent on the duration of the stimulus.  For short 
durations there was a strong decrease in firing rate and the voltage sensitive dye 
signal prior to the typical OFF-response. 
 
d) The image that is encoded by the instantaneous firing rate changes over time 
even if the retinal image is constant.  In response to an image transition it was 
found that 1) the initial transient at 50 ms encoded the difference image 
(between the current and the previous retinal image) more strongly then the 
current retinal image, 2) whereas the later peak at 100 ms and onwards encoded 
the current retinal image stronger than the difference image. 
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