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2 Introduction

From a philosophical point of view, it might be said that the most important function of the
brain is to serve as the physical structure underlying the mind. From a biological point of view,
though, the most important function is to generate behavioural patterns that promote the welfare of
an animal. Even single-cell organisms may be capable of extracting information from the
environment and acting in response to it. (Gehring, 2005) However, sophisticated control of
behaviour on the basis of complex sensory input requires the information-integrating capabilities of
a centralized brain, which is carried out by the cooperation of billions of neurons. Despite rapid
scientific progress, much about how brain works remains a mystery. The operations of individual
neurons and synapses are now understood in a considerable detail, but the way they cooperate in
ensembles of thousands or millions has been very difficult to decipher. Methods of observation such
as EEG recording and functional brain imaging tell us that brain operations are highly organized,
but these methods do not have the resolution to reveal the activity of individual neurons. From a
biological perspective, the function of a brain is to generate behaviours that promote the survival of
an animal. (Carew, 2000) To do this, it extracts relevant information from the environment via the
sensory organs to refine actions. Sensory signals may stimulate an immediate response; they may
modulate an ongoing pattern of activity as in the effect of light-dark cycles on an organism's sleep-
wake behaviour; or their information content may be stored for future use. The brain manages its
complex task by orchestrating functional subsystems, which can be categorized in a number of

ways: anatomically, chemically, and functionally.

2.1 Theoretical relation between sensory input and motor output

Generally speaking the task of the nervous system is to convert sensory information which
reflects both important and irrelevant features of the environment into appropriate motor responses
considering previous experience, and the actual conditions as well. The main quest for the neural
sciences is obvious: decode the algorithm with which our brain transforms the input signals into
output actions. One of the most effective tools in our hands is measuring the response
characteristics of single neurons and/or groups of neurons responding to a specific stimulus in
different structures along the individual information processing pathways. By comparing the

similarity (common information content) of responses in adjacent stages, one can build a theoretical



model which reflects the properties of the investigated subsystem. With the help of these artificial
models the behaviour of the system becomes more or less predictable. However, the complexity of
the neural network and its compact structure will presumably keep the secret of the mind buried for

a long time (if not forever).

2.2 Introduction to the ascending tectofugal visual system

The tectal sensorimotor function is a phylogenetically old capacity of vertebrates. Its
relatively simple structure and connectional system as well as the possibility that it can be studied
even in cold-blooded species made it available for theoretical studies concerning stimulus-response
characteristics of the brain. While the descending projections of the tectum were widely analysed
much less is known about the ascending tectofugal systems. As in 1958 Freygang introduced the
extracellular recording technique, the registration of single unit activity in the forebrain became
easier and more effective. Neurophysiologists during the second half of the 20" century made a
great effort to bind different brain regions to different stimulus modalities by investigating into their
responsivity in different species. This systematic work led to the discovery of several multimodal
sensory area of the feline brain (e.g.: Loe and Benevento, 1969). The visual responsivity of the
anterior ectosylvian visual area (AEV) along the banks of the anterior ectosylvian sulcus (AES) was
discovered at the beginning of 1980s (Muckle et al., 1982; Olson and Graybiel, 1983, 1987). After
tracking neuronal connections of this structure, the concept of an ascending tectofugal visual system
in the mammalian brain emerged. The existence of separate geniculate and extrageniculate visual
systems has been proven by both morphological and physiological studies. The latter receives
visual input through the superior colliculus (SC), which, beside the dorsal lateral geniculate nucleus
(LGNA), receives direct innervation from the retina. Anatomical connections in the extrageniculate
tectofugal visual system were extensively studied; numerous areas were discovered, which play a
role in sensory information processing beside motor output control. However, the physiological role

of the connections and the mechanism of information processing are still largely unclear.



2.2.1 Anatomical connections within the ascending tectofugal visual system

The two major destinations of the projection of retinal ganglion cells are the thalamic LGNd
and the SC in the mesencephalic tectum. The importance of the latter connection is supported by the
fact that in lower vertebrates the optic tectum is the major visual processing centre. However, in
some mammalian lines, such as carnivores and primates, an enormous expansion of neocortical
processing centres has taken place and in these species the thalamocortical system has become the
major target of the retinofugal projection. (Brecht, 1996) Still, from a functional point of view, the
visual system of these species can be divided into three discrete, yet partially overlapping

subsystems, namely the geniculo-striate, the tectal visual, and the oculomotor systems. (Fig 1.)

Oculomotor
centres

Contra- _ _
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Figure 1.: Connections of the geniculo-striate, tectal, and oculomotor circuitry.
Connections within the tectal visual system are marked with red arrows, while the oculomotor circuitry is denoted with
green. Retinal inputs and relevant parts of the geniculo-striate system are indicated with blue arrows.
Abbreviations: SCs, Sci, SCd: superior colliculus superficial, intermediate and deep layers respectively; SNr: substantia
nigra pars reticulata; PPT: pedunculopontin-tegmental nucleus; STN: subthalamic nucleus; Sg: suprageniculate nucleus;
LGN: lateral geniculate nucleus; Pul: pulvinar; LP: lateral-posterior nucleus of the thalamus; CN: caudate nucleus; FEF:
frontal eye field; /VA: insular visual area; AEV: anterior ectosylvian visual area; LS: lateral suprasylvian area;
Al7: area 17.

The tectal visual system forms a complex circuitry involving basal ganglia formerly known as

motor centres, as well as cortical structures in the parietal region. It fundamentally differs from the
geniculo-striate system in the sense, that while the LGNd relays the retinal input towards the
primary visual cortex without any noteworthy modification, the axons of retinorecipient neurons in

the superior layer of the SC massively converge as they reach the intermediate and deep output



layers (Isa and Saito, 2001), causing a fundamental modification in the size of the receptive fields,
Following this integration the information may reach the suprageniculate nucleus (Sg) of the
posterior thalamus via several pathways (Katoh and Benedek, 2003; Hoshino et al., 2004). Axons
originating from the intermediate layers of the SC (SCi) and the deep layers of the SC (SCd) project
directly toward the thalamus, and indirectly by terminating on neurons located in the reticular part
of the substantia nigra (SNr), which in turn projects toward the Sg. It should also be noted that the
dorsolateral caudal part of the caudate nucleus (NC) is also strongly connected to this system. That
the visual information travelling toward the AEV (through the Sg) is tectal in origin was confirmed
by morphological experiments. However, the distinction between the striate and extrastriate (tectal)
visual systems is not obvious. Even the AEV, a region formerly regarded as the only cortical area
which receives visual information totally bypassing the LGNd, seems to receive input of geniculate
origin from area 17, via the posteromedial lateral suprasylvian (PMLS) and posterolateral lateral
suprasylvian (PLLS) areas (Grant and Shipp, 1991; Norita et al., 1986; Rosenquist, 1985) The main
integrative and distributive centre of the tectal visual pathway may be the Sg, since it receives
afferentation and sends efferent fibres from almost every visually responsive structure belonging to
this system.

Another centre which receives afferent axons from diverse structures, and thus may serve as
an integrator, is the substantia nigra pars reticularis (SNr). Anatomical studies indicate two sets of
neural circuits that could transmit visual information from the retina to the substantia nigra (SN).
First, visual information might reach this structure through a cortico-striatal route (Saint-Cyr et al.,
1990; Norita et al., 1991). Second, the visually active SNr neurons might receive their visual input
through direct and indirect tectonigral pathways (Tokuno et al., 1994; Comoli et al., 2003). Comoli
et al. (2003) postulated that neurons in both the SN and the ventral tegmental area receive direct
tectal inputs. The SC is known to send out efferent projections that terminate in the
pedunculopontine nucleus (Redgrave et al., 1987) and in the subthalamic nucleus (Tokuno et al.,
1994). Both make direct contacts with neurons in the SN (Lokwan et al., 1999). The basal ganglia
circuits that include the subthalamic nucleus could be another source of visual information toward
the SN (Jiang et al., 2003). Jiang et al. (2003) raised the idea that this input from the subthalamic
nucleus might be of an excitatory nature. Further, the SC sends strong visual efferents to the Sg of
the posterior thalamus (Katoh et al., 1995a,b), which in turn provides visual information to the CN

(Harting et al., 2001a,b), thereby forming a tecto-thalamo-striatal route. Although the SN receives



predominantly inhibitory inputs from the striatum, an excitatory striatonigral pathway (Rodriguez et
al., 2000) may also transmit visual information to the nigral neurons.

The complexity of the network that exists between the above mentioned visually responsive
nuclei suggests that the structure itself does not resolve the function of the visual system, but on the
contrary: it serves as an underlying universal infrastructure, where the dynamic processing along the
numerous different cross talking parallel channels determine together the effect generated by a
specific stimulus. This concept explains the functional dependence of the whole system on its

previous dynamic state, and supports the role of physiological functional investigations.

2.2.2 Visual response properties of the tectal visual system

There are three aspects of neuronal activity which play a role in information coding and
transmission. The current stage of technical development in neuroscience led to the propagation of
the reductionist techniques. During neurophysiologic studies usually the frequency code is
analyzed; the temporal distribution of the action potentials of a single cell can be characterized from
a few different points of view. One can describe the change in the firing rate triggered by some
external event, or may average the activity over repetitive trials to eliminate non-stimulus-locked
distortions. The analyses of distribution of interspike intervals, or burst activities are also preferred
methods. Single unit activity measurements by themselves are inadequate tools to properly describe
the gross, generalized properties of a neuronal population; although it is often impossible to
measure direct correlation between the consecutive stages of a processing pathway due to technical
difficulties (which otherwise might be an optimal way to track the transformation of data).

Those following the holistic approach record and analyze the gross activity of a certain
population of neurons. Since traditional electroencephalography is not able to explore deep brain
structures in connection with the tectal visual system, usually local field potentials (LFP) recorded
through microelectrodes are utilized to obtain information about the population code within a
certain volume of tissue. Unfortunately, the analytical tools for LFPs are limited and it is difficult to
interpret the results. Moreover, even the estimates of the size of the registered region are disparate,
ranging from hundreds of microns to a few millimetres. Despite its weaknesses, the LFP is
increasingly used in neuroscience (for an overview see Katzner et al., 2009). In our opinion holism
and reductionism has to be regarded as complementary viewpoints. Both are needed to give a

proper account of a given system.



2.2.2.1 Physiological issues of information flow between structures - latency

introduction

The third aspect of neuronal information transmission in addition to the frequency and
population codes is the timing of the activity, which is known as the latency (temporal) code.
Estimation of the neuronal response onset latency may provide important data concerning the
direction of information flow within the central nervous system (Berson, 1987; Dreher and Sefton,
1979). Despite the fact that the response onset latency comprises a source of information other than
the well-discussed properties of neuronal responses, i.e. the neuronal firing frequency, response
duration and stimulus threshold, only a small proportion of neuronal recordings are generally
analyzed from this aspect, presumably because of the weakness of automated latency estimation
methods. In the automation of the estimation of latency a basic problem is to extract a signal from
the spontaneous activity, which is determined by environmental and physiological noise. Poisson
spike-train analysis is currently the most frequently applied method of latency estimation (Legéndy
and Salcman, 1985). The neuronal response onset is calculated by averaging the time positions of a
number of arbitrarily chosen bursts in the given trials. The cumulative sum technique (CUSUM)
was the first method in which the latency of neuronal responses was calculated via the analysis of
peristimulus time-histograms (PSTH) (Ellaway, 1978). The value of this method lies in the
detection of change in the mean level of the activity. Since the change in the mean may happen to
be small relative to the variation in the individual values, an arbitrary threshold level (usually 1, 2 or
3 standard deviations (SD) above the mean of the spontaneous activity condition) is often chosen to
quantify the start-point of the increment in the cumulative sum curve (Ouellette and Casanova,
2006). The CUSUM technique has the weakness that it is not possible to determine precisely which
temporal component of the response should be analyzed. Accordingly, Falzett et al. (1985)
introduced a combination of the CUSUM technique with a second-order difference (SOD) function.
It is important to note that averaging methods are effective in reducing noise; however, they may
lead to false conclusions, especially in the case of recordings with high intertrial variability. First,
this method ignores the existing noise in neuronal signal transmission, thus reducing the limit of
detectability of stimuli. According to Lennie’s concept (1981) averaging of responses on multiple
repeated presentations of a chosen stimulus is an artificial technique since brain has no equivalent
method. Perception of single occurrence may significantly vary during later perceptions in a

continuously repeated stimulus train, and even more from an artificial averaged response. This



concept appears in practice in the case of neurons where the latency variability is high from trial to
trial. In these cases averaging may cause the loss of important information (e.g.: the latency
variability) or, just on the contrary, produces a well defined latency that never exists in vivo.
Despite the numerous methods proposed, none of them can be applied reassuringly as a
universal latency estimation method. Indeed, the estimation of the neuronal response onset latency
of structures with high spontaneous activity and weak responsiveness (like the SNr and the CN) is

not possible using the above mentioned methods.

2.2.2.2 A general overview of the physiological properties of single-cell activity in the

ascending tectofugal visual system

The physiological experiments on the tectal visual system were carried out mainly on
anesthetized cats by extracellular single-cell recordings. This visual system differs characteristically
from the geniculo-striate one in the following properties: Fibres between structures show heavy
convergence, which results in the rapid stage-by-stage enlargement of receptive fields, and loss of
their retinotopic organization (Mucke et al., 1982; Benedek et al., 1988; Hicks et al., 1988a,b). The
receptive field properties of neurons and responsiveness for visual stimuli are roughly identical in
all parts of this system (except the SC), thus it is possible to give a general description about the
whole system irrespectively of the region in question (Benedek et al., 1996, 1986; Hicks et al.,
1988; Stein & Meredith, 1993). A striking feature of these structures is that they show an
overwhelming sensitivity to object motion, while they are less responsive to stationary contrast
differences and shapes. Despite of the large receptive fields of these neurons (they cover nearly the
whole visual field of the contralateral eye) they prefer small stimuli moving with high velocities in
a particular direction (Benedek et al., 1996; Hicks et al. 1988a,b.). Frequency decomposition of
preferred stimuli shows that the spatial and temporal frequency preferences of the tectal system are
clearly different from those in the geniculo-striate one. The neurons in the ascending tectofugal
system responded optimally to gratings of low spatial frequencies and exhibited low spatial
resolution and fine spatial frequency tuning. On the other hand, these neurons preferred high
temporal frequencies, and exhibited high temporal resolution and fine temporal frequency tuning.
The spatial and temporal visual properties of these structures enable them to serve as spatiotemporal
filters in the low spatial and high temporal frequency domain. Another interesting aspect of the

tecto-thalamo-cortical system is its sensitivity for multiple sensory modalities, which gives
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additional support to the theory that it is involved in the control of sensory guided eye movements
(Hikosaka and Wurtz, 1983). Increasing amount of evidence suggests that its exact role might be
the adjustment of the motor behaviour to the changes of the environment (Mucke et al., 1982; Wang

et al., 1998).

2.2.3 Sensory-motor integration along the visual system: visual perception and

related saccadic responses

The conscious brain is continuously bombarded by an enormous amount of information
reflecting the whole environment. To selectively handle the relevant events, an effective filtering is
required to reduce the mass of incoming data. In visual perception, a first-step filtering happens due
to the anatomical heterogeneity of the retina. Since the photoreceptor density (and thus the
resolution) is higher with orders of magnitude in the fovea than on the periphery, those objects
which are projected onto the fovea are extremely overrepresented in the received information mass.
The adjustment of this filter is carried out by orienting the eyes in order to track the most salient
objects in space. This process is called foveation, which is maintained by six independent control
systems. Although the fovea develops only at the primate stage of mammalian development, the
orientation of attention is similar in carnivores too. In the future we’ll refer to this process as
foveation. Saccadic eye movements shift the fovea rapidly to a visual target in the periphery.
Smooth pursuit movements keep the image of a moving target on the fovea. Vergence movements,
vestibulo-ocular movements, and optokinetic movements help holding images in focus during
dislocations. The sixth system, the fixation system helps holding the eyes in a constant position by
an active suppression of the aforementioned systems. The main structures involved in controlling
saccades and pursuit eye movements are the frontal eye field (Br. 8), the CN, SC, SNr, and the
oculomotor centres. This means that many components of the oculomotor system, as a member of
the tectal visual system, contribute in visual sensory information processing.

The role of the SN in visually-guided saccades was extensively studied by Hikosaka and
Wurtz (1983), who described the activity of GABAergic neurons in the SNr in the saccades of
behaving monkeys, reporting that these units responded with an inhibitory response to stationary
visual stimuli. Their work established the saccade-initiation theory (Wurtz and Hikosaka, 1986),
which assumes that suspension of the tonic inhibitory GABAergic activity of the SNr over the SC

might be an initiative permissive step toward a consequent saccadic eye movement. These findings
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were later extended by the observation of the increased activity of the GABAergic SNr cells in
response to visual stimulation (Magarifios-Ascone et al., 1994; Handel and Glimcher, 1999) and of
the responsiveness of the SNr to moving visual stimuli (Schwarz et al., 1984; Nagy et al., 2005a,b,
2006). The more vigorous responses to moving stimuli are not surprising, since the drifting of an
object in space is a more natural stimulus than the appearance or disappearance of a static spot. To
drive the gaze and hence the attention toward the unexpected movement, and keep it focused, a
motion-dependent forecasting of the trajectory of the object is needed, with resultant elimination of

the deficit caused by the latency in eye positioning.

3 Aims of the study

The aim of our experiments was to investigate the information flow in the ascending
tectofugal visual system, in order to achieve a better understanding of its functional role in motion

analysis, and in visuomotor processes. Our specific aims were as follows:

1. To record activity from visually active neurons in the structures of the ascending tectofugal
system (SC, Sg, AES cortex and CN). .

2. To describe the visual responsiveness of neurons in the SNr to moving visual stimuli

3. To develop a reliable automated latency estimation technique, and to validate it on a large
dataset

4. To analyze the way of information flow in specific bidirectional pathways, with the help of
latency estimation, temporal modulation analysis and receptive field study

5. To develop a hypothesis on the role of the ascending tectofugal system in oculomotor

control.
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4 Materials and Methods

4.1 Animal preparation and surgery

The experiments were carried out on 10 adult cats of either sex weighing from 2.5 to 4.0 kgs.
All procedures were carried out in a way that allowed us to minimize the number of the animals,
and strictly followed the European Communities Council Directive of 24 November 1986 (86/609
ECC) and the National Institutes of Health Guidelines for the Care and Use of Animals for
Experimental Procedures. The experimental protocol had been accepted by the Ethics Committee
for Animal Research at the Albert Szent-Gyorgyi Medical and Pharmaceutical Center of the
University of Szeged.

The anaesthesia was initiated with ketamine hydrochloride (30 mg kg, im.). After
cannulation of the femoral vein and the trachea, the animals were placed in a stereotaxic
headholder. The wound edges and pressure points were treated regularly with procaine
hydrochloride (1%). The anaesthesia was continued with halothane (1.6% during surgery and 1.0%
during recordings, the MAC level of halothane being held between 1 and 0.5). The depth of
anaesthesia was monitored by regular inspection of the pupil size, and by the examination of
electrocorticogram and electrocardiogram recordings. The animals were immobilized with
gallamine triethiodide (Flaxedyl, 20 mg kg, i.v.). During the experiment, a solution containing
gallamine (8 mg (kg h)™"), glucose (10 mg (kg h)") and dextran (50 mg (kg h)') in Ringer’s
solution was infused continuously at a rate of 3 ml (kg h)™'. Atropine (0.1%, 0.2 ml, s.c.) and
ceftriaxone (Rocephin, 40 mg (kg day) ', i.m.) were administered regularly. The end-tidal CO, level
and the rectal temperature were monitored continuously and kept constant at 3.8-4.2% and 37-38

°C, respectively.

4.2 Recording and stimulation

Electrophysiological single-cell recordings were performed extracellularly with parylene-
insulated tungsten microelectrodes (AM System Inc., 2 MQ). Vertical penetrations were performed
in the SN between Horsley-Clark coordinates anterior 4-7, lateral 4-6 at a stereotaxic depth between
4 and 7. The GABAergic SNr neurons were selected on the basis of the duration of their action
potentials and their spontaneous firing rate (Ungless et al., 2004). Further recordings were carried

out from the NC (Horsley-Clark coordinates: A:12-16, L:4-6.5, D:12-19), from the AEV (Horsley-
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Clark coordinates: A:11-14, L:12-14, D:13-19) and from the Sg of the posterior thalamus Horsley-
Clark coordinates: A:4.5-6.5, L:4-7, D:10-13. Individual action potentials were selected either with
the help of a data acquisition system (SciWorks Datawave system) or with a spike-separator system
(SPS-8701; Australia). The number and temporal distribution of the action potentials recorded
during visual stimulations were stored for off-line analysis (sampling rate: 20 kHz) and were
visualized as PSTHs.

In order to estimate the response characteristics of GABAergic SNr neurons we chose a very
simple stimulus for visual stimulation, which provides a high contrast ratio, and whose parameters
are easy to quantify: moving contrast spots were projected onto a tangent screen (LCD projector,
refresh rate 100 Hz; resolution 1.280x720 pixel; contrast ratio: 1.300:1; response time: 8 ms)
centred on the area centralis and positioned at a distance of 57.3 cm from the eye of the animal. The
extents of the visual receptive fields of the neurons were estimated subjectively by listening to the
neuronal responses to the movements of a light spot generated by a hand-held lamp. The stimulated
area covered almost the whole visual field of the contralateral eye. The diameter of the contrast spot
was 1° or 5°. A standard stimulus set of 80 stimulus parameter combinations was used to test the
visual responsiveness of the single neurons; we moved each contrast spot to eight different
directions of the projected space (0-315° in 45° increments), with 5 different velocities (5, 20, 40,
80 and 160°/s). For each recorded neuron, each stimulus combination was presented at least 10
times. In each trial the prestimulus time of recording (without visual stimulation) was 1000 ms, as
was the peristimulus time (a moving visual stimulus was shown).

For response modulation analysis, an 18-inch computer monitor (refresh rate, 85 Hz) was
placed 42.9 cm in front of the animal. The diameter of the stimulation screen was 22.5 cm, and the
cat therefore saw it under 30° (if the stimulus diameter on a tangent screen is 22.5 cm and the
distance between the eye and the centre point of the screen is 42.9 cm the viewing angle of the
stimulus is 30 degrees). The mean luminance of the screen was 23 cd/m’. In order to investigate the
spatiotemporal characteristics of the neurons, high-contrast (96%) drifting sinusoidal gratings were
used. The sinewave gratings were moved along four different axes in eight different directions (0—
315° at 45° increments) to find the preferred (optimal) direction of movement for each unit. This
optimal direction of was further used to describe the spatial and temporal response characteristics of
the neuron. The tested spatial frequencies ranged from 0.025 to 0.4 cyclesdegree (¢°) and the
temporal frequencies from 0.07 to 37.24 cycles’s (Hz).
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4.3 Analysis of recorded data

4.3.1 Estimation of visual receptive fields

The extent of the visual receptive field was determined subjectively by listening the neuronal
activity to moving a light spot generated by a handheld lamp. To qualitatively assess the
responsiveness within the receptive fields we divided the receptive fields into several subparts (12-
20 parts), and projected systematically the preferred stimulus of each neuron over these subparts. At
each stimulus site the net firing rate was calculated to quantify the responsiveness as a difference

between the peri- and prestimulus activity.

4.3.2 Latency estimation of neuronal responses

The method presented here was specifically developed for the analysis of neuronal activity
stored in PSTHs (Eordegh et al., 2005). The original temporal resolution of the recorded data was 1
ms, which was converted to a 5 ms bin width for faster processing. Each PSTH consisted of a
prestimulus interval and a peristimulus interval. The prestimulus interval contains the genuine
spontaneous activity of a neuron, while the peristimulus interval contains both the spontaneous
activity and the responses of a neuron to the stimulation. The duration of the spontaneous activity in

the peristimulus interval defines the onset latency of the neuronal response.

4.3.2.1 Response onset allocation via the t test

The first element of this computational method is a double sliding-window technique with
repetitive application of t test of dependent samples. A computer program slides two virtual time
windows with specific width along the frequency histogram of the activity. The first window called
the reference window, slides through the peristimulus histogram in 1 bin steps (5 ms in our
analysis), and that portion is selected that represents the maximum frequency (or the minimum
frequency if an inhibitory response is investigated) of the peristimulus interval, using a simple sum
function (Fig. 2a). The content of this window is declared to be the ‘pure response’ and is applied
later as a reference in the t test. The importance of the accurate definition of the length of this
reference window is understandable, since too narrow a window may not compensate for the
frequency variability inside the response, while too broad a window may include pure spontaneous

activity in addition to the responses.
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Figure 2.: Estimation of neuronal response onset
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A second window, called the sample window, slides from the beginning of the prestimulus period
(pure spontaneous activity) to the position of the reference window in 1 bin steps. For each 1 bin
step, a paired t test is carried out between the spike rate of the reference and the sample windows,
and the level of significance (p value) calculated from the t value is stored and plotted on a graph.
This method calculates the similarity between a reference window containing a pure neuronal
response and a moving sample window, which at the beginning of the evaluation contains only pure
spontaneous activity; later it contains both spontaneous and stimulated activity; and finally only
pure stimulated activity is present. Initially, when no response occurred inside the sample window,
the similarity is minimal (the significance level is low). Afterwards, the sampling window slides
into the response period, finally reaching total equivalence (significance level 1) as the two
windows overlap each other. A curve is fitted to the p values, in a theoretical case this being a
sigmoid curve (Fig. 2b). The time interval between the start of the stimulation and the first point of

the ascending segment of this curve provides the response onset latency.
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4.3.2.2 Estimation of the onset of elevation

When a response occurs, the significance curve mentioned above no longer fits to one straight
line, but consists of several linear segments, each with a different slope. Each segment of the curve
produced by the sliding-window function describes a different period of the neuronal activity, and
the slope of each segment gives an estimate of the change in the neuronal discharge rate during that
segment according to the fixed reference window. In Fig. 2b, the first segment represents pure
spontaneous activity, while the second component represents the time segment when the sample
window slides onto the response period and contains spontaneous activity and also neuronal
responses. Finally, the third segment represents the stage when the sample window clearly overlaps
the response. The slope of the second segment is steeper than that of the first, indicating a ‘positive
conformity change’ between the two window contents. The elevation of the significance curve is
indifferent as far as the direction of the neuronal discharge rate change is concerned, thus our
method can be used to estimate the onset latency of both excitatory and inhibitory neuronal
responses. To estimate the latency quantitatively, a second order difference function (SOD) is
calculated from the sliding-window function to determine the first point of the elevating segment of
the significance curve. The aim of this function is to locate breaks and discontinuities between
linear segments. Eqn. (1) is used to produce such a function according to Falzett et al. (1985):

SOD) = | X = X)) | - |(Kgrny — X)) (1

where X = the significance level; ¢ = the actual time component of the function; and n = A4z, an
arbitrary time offset. SODyy) is computed for each point on the significance curve (Fig. 2c).
A zero value of this difference function means that no change occurs in the steepness of the
observed curve in the vicinity of moment Xj. The peaks in the SOD curve furnish estimates of the
positions of maximal slope change, and thus define the endpoints of each linear segment. The
latency of the response can be calculated by subtracting the time of the stimulus onset from the
minimum in SODy.

In order to eliminate sporadic disturbances in measurement (estimation imprecision in the
case of a single n value), the method calculates the response onset latencies as a median of 25
measurements per registration, using 25 selected different parameter combinations that provided the
most accurate latencies for our data sample (4 different window widths from 150 to 300 ms, and the

corresponding highest possible » values of SOD; Fig. 7a).
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For the cell shown in Fig. 2, the maximum possible » offset of SOD function (30 bins) was
applied (which is equal to half of the t test window width (300 ms, 60 bins) as otherwise the SOD
function may run out of the range of the t test results), because this value produced a relatively
smooth SOD with well-defined peaks., The analysis began with the 31* point of the significance
curve (¢ = 31; n = 30), and the difference between the 30 locations neighbouring points and the
original point was computed ( SODg1y =|(X1) — X31))| - |(Xws1y — X31)| )- The next point of the
significance curve to the right of point 31 was then selected and the process was repeated until the

entire difference curve had been generated.

4.3.2.3 Validation of the double sliding-window technique; comparison of effectiveness

to other methods

Subjective visual latency estimation was performed independently by three experienced
neurophysiologists (G.B., A.N. and A.B.). The mean of the three quantified latencies was regarded
as the as gold standard during the comparison, and estimation error (EE) was calculated for each

latency by different techniques applying the following equation:
EE=L -L,| 2)

where L, is the onset latency acquired by the automated latency estimation method used, and L; is

the visually quantified gold standard value.

The EE results did not indicate a normal distribution according to the Lilliefors test (» < 0.01), and
the Wilcoxon test for correlated samples was therefore used to compare the EE results of the

different calculation methods.

4.3.3 Analysis of temporal frequency modulation of responses - an alternative way to

map the hierarchical organization of the tectal visual system

A majority of the CN and AEV neurons exhibited a modulated response to the drifting
gratings. For technical reasons and in order to obtain data that could be compared with the findings
of our previous studies in the Sg (Paroczy et al., 2006), the SC; (Waleszczyk et al., 2007) and the
AEV (Nagy et al., 2003a), we consistently centred the stimulation monitor on the area centralis and
stimulated a large central part (with a diameter of 30°) of the receptive fields. The relative

modulation index (MI) was calculated as the ratio of the amplitude of the response component at
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the fundamental (i.e. the stimulus) temporal frequency (f;) and the net response of the cell (fo)
(Movshon et al., 1978):

MI = fi/fo 3)
MI was calculated only for the modulated responses with a clear peak in the spectrogram at
frequency f;. We regarded a spectrogram value at frequency f; as a peak when it exceeded the mean
amplitude along all of the frequencies in the spectrogram by at least one standard deviation (SD).
We applied the procedure of finding peaks to spectrograms averaged over 12 responses to a

stimulus with given parameters MI = f; /f;
4.3.4 Analysis of stimulus preference of SNr

4.3.4.1 Estimation of response strength

The data were analyzed with the MATLAB® software (The Mathworks Inc). Since the
responses of the SNr neurons to visual stimuli in the anesthetized cats were usually weaker than
those of other visually responsive structures in the extrageniculo-extrastriate visual system, and
since in some cases we found consecutive increases and decreases in their activity, the commonly
used t-test between the pre- and peristimulus periods was not fit to describe the responsiveness
correctly. To obtain a parameter which reliably estimates the effect of the applied stimulus over the
activity of a neuron on the basis of a relatively low number of recorded trials (due to the numerous
conditions), we tested the responses in overlapping narrow time windows with the help of the
Kolmogorov-Smirnov (KS) test (Fig. 3). While all of the prestimulus periods during the whole
recording of a neuron contained the spontaneous activity, we handled them as a common dataset of
the spontaneous activity. Neurons with inhomogeneous spontanecous activity (bursting, fluctuations,
etc.) were excluded from the analysis. Two hundred sequences of 200 ms were randomly selected
from this dataset, and the firing rates of each 200-ms-long segment were calculated. In the second
step, the firing rates in each stimulus combination were estimated separately. The firing rate of each
100-ms-long sequence (with 50% overlap) within the peristimulus period was compared with the
previously created dataset (which represented the spontaneous activity) by using the KS test. Those
100-ms-long sequences of the peristimulus time were defined as responses for which the KS test
revealed a significant difference from the spontaneous activity. To quantify the strength of a
response, we summed the net firing rates (the difference of the stimulated firing rate and the

spontaneous firing rate) during the significant sequences of the peristimulus intervals.



19

Figure 3.: Analysis of the visual
responsivity of SNr neurons.
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The KS test combined with the calculation of net firing rates proved to be an effective tool for
estimation of the strength of a response, because it eliminates the disturbances caused by non-
consequent burst-like activities among trials, and also gives a reliable quantification of the strength.
We tested our estimation method on numerous negative control recordings, and also on earlier well-

characterized neuronal data.
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4.3.4.2 Objective classification of response types via artificial neuronal networks

To visualize the stimulus preference of each neuron, two-dimensional colour-coded maps
were constructed, where the axes represent the independent stimulus parameters, and the colour
scale denotes the responses to the different parameter combinations (Fig. 10). After visual
inspection of the response characteristics, we classified the SNr neurons into 8 different tuning
types (for details, see the Results section). To classify the recorded neurons into the hypothesized
classes, we used an artificial neural network containing 40 joints as an input layer and 10 joints as
an output layer (representing the 10 different hypothesized classes), together with 3 hidden layers,
each with 400 neurons. The output layer was adjusted to have a log-sigmoid transfer function, and
thus the response value of each output component was in the range between 0 and 1. Resilient back-
propagation as a self-learning algorithm was embedded in the system, and this method therefore
gives the possibility for a properly trained network to recognize correctly inputs they have never
seen before. To train the network, we generated artificial response characteristics (40-100 of each
tuning type) and presented them to the network over several hundred epochs until the recognition
error limit criterion (mean squared error < 10~) was met. After the training session, the real data for
each recorded SNr neuron were presented, and the network provided 10 values representing the
probability of fit into the 10 different types of tuning characteristics. The schematic build-up of this

artificial neural network is outlined in Fig. 4.
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Figure 4.: Scheme of the artificial neural network used for response profile classification.

The figure demonstrates the input dataset containing the response map of a recorded neuron, the layers of the artificial
neural network, and the response characteristic profile produced by the network. The colour coding and the
conventions are the same as in Figs. 10 and 11. For a detailed explanation of the tuning of artificial neural layers, see
the text.



21

For each automated classification result, we calculated the confidence value as:
vo=1-22, @)
b
where V. is the calculated confidence value, while p; and p, denote the probability of the first and
second most probable class type, respectively. We accepted a result as well-classified if the

probability of the primary class was > 0.5 and its confidence value was also > 0.5.

4.4 Histological control of recording sites

At the end of the experiments, the animals were overanesthetized with pentobarbital (200 mg
kg™, i.v.) and transcardially perfused with 4% paraformaldehyde solution. The brains were removed
and sliced into coronal sections of 50 pm. The sections were stained with Neutral Red. The
positions of the recorded neurons were identified on the basis of the electrode tracks, and their
depths recorded during the experiment were related to the surface of the investigated structure. The
position of the uppermost neuron of the given structure (as distinguished from the surrounding
structures by considering firing rate) was defined as the dorsal surface of the structure. This was

later verified on the basis of the stereotaxic brain atlas of the feline brain.
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5 Results

5.1 Visual receptive field properties and coding of spatial visual information

The borders of the receptive fields in each investigated structure were approximated
subjectively by listening to the neuronal responses evoked by movements. The extent of visual
receptive fields in the Sg, the AEV, the CN and in the SNr were similar: they were extremely large
compared to the common receptive field sizes in the geniculo-striate visual system, consistently
larger than 1.8 steradian (6000 degreez). We found that these receptive fields covered a major part
of the contralateral hemifield and extended deep into the ipsilateral one, yielding a field that
overlapped almost totally the visual field of the contralateral eye (Nagy et al., 2003b, 2005a,b). The
receptive fields consistently included the area centralis. No signs of retinotopical organization were
observed within either of these structures. The absence of classical topographical organization
suggests an alternative coding of spatial visual information in the above mentioned structures.
Spatial sensitivity investigation within the Sg, the AEV and the CN demonstrated that the single-
cells exhibited different responses to visual stimulation deriving from different parts of their large
receptive field. This means that these neurons could code the position of the visual stimulus in their
discharge rate. Thus they can serve as panoramic localizers. Moreover, the maximum
responsiveness within the visual receptive fields of the AEV, the Sg and the CN neurons varied
extensively in the neurons recorded. Some of the units exhibited a preference for a particular
stimulus site, while other units were most responsive to other locations. The maximally sensitive
sites of the CN neurons, similarly to those of the Sg and the AEV were distributed over the whole
visual filed of the investigated eye. Thus, in contrast to the geniculo-striate pathway where the area
centralis is overrepresented, there is no such a distinguished part of the visual field in the ascending
tectofugal visual system (Fig. 5). We suggest that there should be a distributed population code of
spatial visual information in the ascending tectofugal system where populations of maximally active

neurons can accurately code the position of the visual stimuli.
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Figure 5.: Position of the site of maximum responsivity in the receptive fields of 32 AEV single-units (a), 35 Sg
single-units (b) and 228 CN neurons (¢) determined by the highest firing rate in the respective window. On part a and b
every single-unit is represented by an 8°x8° grey window representing the motion of the stimulus and a vector line
between the area centralis and the centre of the “window” from where the highest activity was elicited. On part ¢ the
distribution of maximal responsive sites are colour coded, and the numbers of single-units preferring each specific
location are marked within each stimulated rectangle. Vertical and horizontal meridians are presented as thick lines,
with scaling given in degrees.
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Figure 6.: Application of the double sliding-window technique.

Calculation of the visual onset response latencies of excitatory neuronal responses in the anterior ectosylvian visual area
(a), the caudate nucleus (b) and the superior colliculus (c¢), and an inhibitory response in the substantia nigra pars
reticulata (d). Each part contains the summed neuronal activity in the form of PSTHs (uppermost part), the trial-by-trial
activity in raster form (each row visualizes one trial, where each small dash means one neuronal excitation; middle part)
and the two calculated curves (lower part), the significance (gray) and the SOD curve (black). The arrows show the
minimum point of the SOD curve that depicts the neuronal response onsets. The conventions are the same as in Fig. 2.
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5.2 Effectiveness and validity of the double sliding-window technique

A total of 681 extracellular single-unit recordings (PSTHs) were analyzed using the double
sliding-window technique. All these PSTHs were selected from our earlier recordings following
two criteria: the PSTH was to demonstrate a significant neuronal response to visual stimulation, and
it had to be possible to estimate the response onset latency by subjective visual estimation.
Latencies were calculated for each neuronal response subjectively by visual evaluation and by using
the double sliding-window technique with 135 different parameters (10 different window widths,
from 10 to 100 bins, and the possible corresponding n values in the SOD function, from 2 to 50;

a '*  Fig. 7a). Figure 6 depicts the characteristics
< " of three different excitatory (Fig. 6a-c) and

one inhibitory (Fig. 6d) neuronal response,

with their corresponding significance levels

Estimation error (ms)
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The difference between the subjectively determined latency and the latency estimated by using
the double sliding-window technique was defined as the estimation error (EE) of a measurement. If the
n value was higher than a limit (10-12) and the window width was in an appropriate range (30-60 bins)
there was not a significant difference between the computed EEs (Fig. 7a). Further, calculation of the
median of the acquired onset latencies by using the highest mathematically possible n values with
different window widths furnishes higher internal stability, this smoothing leading to the most accurate
onset latencies. The use of the median instead of the mean to estimate the central tendency is more
accurate in this case, since sporadic disturbances in a dataset (estimation inaccuracy for a single n value)
distort the final latencies less. The mean of the medians of the EEs when the double sliding-window

technique was used was 35.98 ms (N = 681; SD: £58.48 ms).

5.2.1 Response onset latency estimation with other automated methods

The visual response onset latencies of the same 681 neuronal recordings (PSTH) were also
estimated by using Poisson spike-train analysis, the CUSUM method and the extension described
by Falzett et al. (1985). In some cases, Poisson spike-train analysis estimated the response onset
before the onset of the stimulus. We excluded these data from our comparison (none of the other
methods could provide ‘negative’ latencies for technical reasons). The mean EE of the Poisson
spike-train analysis was 154.41 ms (N = 576; SD: £141.81 ms; Fig. 7d).

In CUSUM analysis, 1, 2 or 3 SDs above the mean spontaneous activity is usually used as the
threshold level for this process (Ouellette and Casanova, 2006; Butler et al., 1992). We found that
this method tested with 1-3 SDs thresholds consistently underestimated the latencies. We therefore
tested our dataset with 15 different SD parameters (the threshold was varied in the interval 1-15
SDs). The most accurate latencies and therefore the smallest EE could be calculated by using 9 SDs
as threshold. Below and above this threshold, the EEs were higher (Fig. 7b, 7d). The mean EE with
the most accurate (9 SDs) threshold was 85.26 ms (N = 681; SD: +£120.11 ms).

The method of Falzett et al. combined the advantages of the CUSUM process with the same
SOD function as used in our double sliding-window technique. Figure 7c illustrates the mean EEs
on the use of different n values of the SODs. Similarly, like the double sliding-window technique,
the method of Falzett et al. provides the most accurate response onset latencies when high n values
are used (n > 22; Fig. 7¢, 7d). The median calculation of the acquired onset latencies using different
high n values (n = 22-30) provided the most accurate values. The mean of the medians of the EEs

by the method of Falzett et al. was 62.87 ms (N = 681; SD: £99.98 ms).
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5.2.2 Comparison of the confidence of the double sliding-window technique with
Poisson spike-train analysis, the CUSUM procedure and the method of Falzett et

al.

Since the EE datasets did not reveal a normal distribution, we used the Wilcoxon test for the
correlated samples to compare the effectiveness of the double sliding-window technique with that
of Poisson spike-train analysis, the CUSUM procedure and the method of Falzett et al. The
distributions of the EEs observed when the four investigated techniques were used are presented in
Figure 7d. The double sliding-window technique appears to be the most accurate automated latency
estimation method in the sense that the EE provided by this technique (mean: 35.98 ms; N = 681;
SD: +58.48 ms) was significantly smaller (in all cases p < 0.01) than those resulting from Poisson
spike-train analysis (mean: 154.41 ms; N = 576; SD: #£141.81 ms), the CUSUM procedure (mean:
85.26 ms; N = 681; SD: £120.11 ms) and the advanced method of Falzett et al. (mean: 62.87 ms;
N =681; SD: £99.98 ms).

5.3 Latencies of visual responses along the extrageniculo-extrastriate pathway

To decide whether the cortico-thalamic or the tecto-thalamo-cortical route has the dominant role in
the transmission of visual information to the Sg and the AEV, we compared the visual response
latencies of 35 Sg and 32 AEV neurons. Response latency values were calculated with the help of
the new double sliding-window technique. The shortest latency in both the Sg and the AEV was
similar (35 ms). Statistically, however, the latencies of the responses measured for the AEV units
were longer than those for the Sg units. The mean response latency of the Sg neurons (calculated at
their maximally responsive sites) was 59.4 ms (N= 35; range: 35-130 ms; S.D.: £ 26.28 ms). The
mean latency of the AEV units was 81.7 ms (N= 32; range: 35-185 ms; S.D.: £42.48 ms).

The distribution of the latencies in the AEV did not reveal normal distribution, presumably
reflecting the fact that there is no homogeneous population of units producing this response, and the
cortical afferents of these neurons may substantially modify their responsivity by mean of both
timing and frequency. Comparison of the cortical and thalamic latencies by the Kruskal-Wallis test
revealed that the visual response latencies of the investigated Sg neurons were significantly shorter

than the visual response latencies of the AEV neurons (p = 0.011).
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5.4 Temporal frequency modulation of responses in different structures

Of 89 CN cells the responses of 64 (72%) were considered to be modulated by the applied
temporal frequency of the sinusoidal gratings (see Methods, Fig 8a), with clear peaks in the
spectrograms at the fundamental frequency fl derived from the Fourier transforms of the PSTHs
(Fig. 8b). MI was calculated for the maximal responses (to the optimal stimulus) of each neuron
that displayed a modulated response. The mean MI was 1.12 (N = 64, SD: £0.79, range: 0.38-5.1).
Twenty-eight CN cells were strongly modulated, with MI > 1.0. Figure 8c represents a CN neuron

with non-modulated responses.
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Figure 8.: Examples of modulated responses.

(a) Responses of a CN neuron to six different spatial frequencies (temporal frequency was constant at 5.66 Hz).
(b) Responses of the same CN neuron to six different temporal frequencies (spatial frequency was constant at
0.025 ¢/°). Corresponding spatial or temporal frequencies of the sinusoidally modulated drifting gratings are
shown under the PSTHs. The ordinate denotes the discharge rate (spikes per bin). The thick black lines under the
PSTHs indicate the duration of the stimulation. Averaged spectrograms for CN neurons responding with
modulated (¢) or unmodulated (d) activity and for a typical modulated AEV neuron (e) are calculated with
Fourier transformation. The modulation indices are presented in boxes above the spectrograms. The solid
horizontal line denotes the mean amplitude of the spectrogram, and the dashed line is one standard deviation
(1SD) above the mean. The vertical line indicates the temporal frequency of the stimulus.
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A similar proportion of neurons was found to have modulated responses in the AEV. The mean MI
was 1.25 (N = 28, SD = +0.99, range 0.55-3.94). In contrast to this the non-modulated AEV
neurons exhibited a mean MI of 0.37 (N = 13, SD: +0.13, range: 0.1-0.49). Figure 8d represents the

activity of a modulated AEV neuron in the form of a derived Fourier spectrum.

5.5 Directional and velocity sensitivity of neurons in the SNr

5.5.1 Visual responsiveness of the SNr neurons

The visual responses of altogether 312 SNr neurons were analyzed. The recorded units were
GABAergic SNr cells with monophasic spikes with waveform lengths of < 1 ms (Grace and
Bunney, 1983; Ungless et al., 2004). The spontaneous activity of these neurons was high, with a
mean of 27 spikes/s (SD: £13 spikes/s, range: 17-76 spikes/s).

The majority of the visually active neurons responded optimally to high velocities (>40°/s),
but poorly to stationary visual stimulation. There were no particular directions that were preferred
by a majority of the SNr neurons. The spontaneous neuronal activity and velocity preference
displayed a weak negative correlation. Single units with higher spontaneous firing rate preferred
lower stimulus velocities (R = -0.12, p = 0.025). We found no such correlation concerning the
direction sensitivity.

Stimulus conditions evoking the greatest change in neuronal activity were regarded as the
preferred conditions of the neurons. There were 132 units with dominantly excitatory responses (an
increase in their firing rate during stimulation). Their average firing rate in response to the preferred
conditions was 34 spikes/s (SD: £17 spikes/s, range: 19-84 spikes/s), that is, a 21.1% average
increase relative to the spontaneous activity. For the 180 neurons with dominantly inhibitory
responses (a decrease in their firing rate during stimulation), the mean firing rate in response to the
preferred conditions was 21 spikes/s (SD: =11 spikes/s, range: 5-68 spikes/s), that is, 18.5% less
than the mean spontaneous activity. Comparison of the spontaneous activity of the cells with the
visual responses observed under the preferred conditions revealed significant differences for both

the excitatory (p<0.01) and the inhibitory (p<0.01) SNr neurons (Wilcoxon rank-sum test).
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5.5.2 Velocity and direction tuning of the SNr visual responses

The major finding of this study is that a population of the visual SNr neurons was not
exclusively inhibitory or excitatory in nature, but could elicit either excitatory (increased activity) or
inhibitory (decreased activity) visual responses, depending on the stimulus parameters. These SNr
cells were uniform in the sense that they were able to respond with a definite increase in activity,
but only under certain stimulus conditions. Moreover, even if applying the same stimulus, both

excitatory and inhibitory neuronal responses could be observed (Fig. 9).
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Figure 9.: Visual responses of a SNr neuron.

The 5x8 peristimulus time-histogram (PSTH) represents the responses of a SNr GABAergic neuron during the
corresponding stimuli, with the same conventions as in Fig. 3. A significant increase in firing rate in a specific period in
response to a given stimulus condition is indicated by a red bar, and a significant decrease by a blue bar. The direction
and velocity of the movements of the applied stimuli are shown on the common abscissa and ordinate, respectively.

These response characteristics were utilized to generate a direction/velocity map for each cell.
Based upon these maps the neurons were classified into 8 categories (Fig. 10) with the help of an
artificial neural network (see Methods). The majority of the neurons (61%, N = 190), referred to as

simple cells, exhibited a simple stimulus preference, that is, they displayed significant changes in
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activity in response to well-defined stimulus combinations. These cells revealed narrow directional

and velocity tuning. Eighty-one of these simple neurons responded predominantly with excitation,

i.e. with an increase in activity, while 109 underwent a definite inhibition, i.e. a decrease in activity

during visual stimulation (Fig. 10a,b).
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Figure 10.: Examples of visual response
tuning maps.

Each preference map
responsiveness of a SNr GABAergic cell with a
specific type of preference. The abscissa denotes

stimulus shows the

the 8 different directions of stimulus movement
and the ordinate the different velocities. The
strength of the response to each specific
stimulus parameter combination is colour-
coded; inhibitory responses where the firing
frequency is decreased during stimulation are in
blue, and excitatory responses (increase in firing
rate) in red. The intensities of the colours are
proportional to the strength of the responses. For
better visibility, the colour codes of the
preference maps are normalized and smoothed
via a bicubic spline technique. The neuronal
responses to the applied visual stimuli were
classified into 4x2 distinct classes: (a, b) simple
excitatory and inhibitory, (¢, d) direction-
sensitive excitatory and inhibitory, (e, f)
velocity-sensitive excitatory and inhibitory and
(g, h) concentric neurons. For further details
concerning the preference classes, see text.

of recorded SNr

Fifty-seven the

neurons, referred to as direction-

sensitive neurons, responded to stimuli

moving in a particular direction.

Seventeen of them exhibited an increase in activity in response to the preferred stimulus, and 40

cells a decrease. No correlation was found between the directions evoking excitation and those

evoking inhibition. All directions occurred with the same frequency (Fig. 10c,d).

No orientation sensitive neurons were found in the SNr that preferred both of the opposing

pairs of directions of movements.
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Twenty of the recorded units were observed to be velocity-sensitive. These neurons responded
to stimuli moving at a certain velocity, irrespective of their direction. Seven (2%) of the responses
were excitatory and 13 (4%) inhibitory (Fig. 10e,f). The distribution of the preferred velocities was
not characteristic; all velocities occurred with the same frequency.

The remaining 45 neurons, referred to as concentric neurons, exhibited complex response
characteristics. Twenty-eight cells responded to a particular stimulus condition with an increase in
activity, and to all the neighbouring conditions (both velocity and direction) with a definite
decrease. In other words, these neurons exhibited a simple response surrounded by an inhibitory
domain. Seventeen cells revealed an inverse characteristic: they responded to a certain stimulus
condition with a decrease in activity and to the neighbouring conditions with a definite increase
(Fig. 10g,h).

The neurons described above were distributed randomly in the SNr. No spatial clustering of
the neuronal stimulus preference types was observed. Similarly, we did not find any correlation

between the location of the cells and their velocity or direction preference.

5.5.3 Stimulus size modulation of the responses of the SNr neurons

To address the question of how the size of the stimulus affects the response characteristics of
the SNr neurons, light spots of 1° or 5° in diameter were used to elicit visual responses from 139
neurons. Most of the cells exhibited the same visual response tuning, irrespectively of the size of
the stimulus; only the strength of the excitatory responses decreased and the strength of the
inhibitory responses increased when the 5° stimulus was applied. In response to stimulation with the
5° light spot, there was a mean decrease of 18% in the excitatory response and a mean increase of
40% in the inhibitory response. The excitatory response to the 1° spot was significantly stronger
than that to the 5° spot (Mann-Whitney test, p<0.01). In contrast, the inhibitory response was
significantly stronger (p<0.01) to the 5° spot than to the 1° spot. It is noteworthy that the sum of the
response strengths remained the same for each cell, irrespectively of the stimulus size. Only the
ratio of the excitatory and inhibitory responses changed. With the use of the smaller spot as visual
stimulus, 57% excitatory and 43% inhibitory responses were observed within the overall neuron
population, while with the larger spot as stimulus, 41% of the total neuronal responses were

excitatory and 59% inhibitory.
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6 Discussion

6.1 Comparing the double sliding-window technique with other latency

estimation methods

Our novel method, the double sliding-window technique, allows a rapid, reproducible,
accurate and automated estimation of the neuronal response onset latency. The double sliding-
window technique yields more accurate latency data than Poisson spike-train analysis (Legéndy and
Salcman, 1985), the CUSUM procedure (Ellaway, 1978) or the method of Falzett et al. (1985) as
signified by the fact that the EEs of the latencies calculated by the double sliding-window technique
are significantly smaller than those of these most commonly used methods. Furthermore, the double
sliding-window technique seems to make it possible to determine the latency of both excitatory and
inhibitory neuronal responses since it detects conformity changes between two datasets regardless
of the direction of change.

Poisson distribution (Legéndy and Salcman, 1985) expresses the probability of a number of
rare events occurring in a fixed period of time if these events occur with a known average rate, and
are independent of the time since the last event. The weakness of Poisson spike-train analysis, i.e.
the overestimation of the response latency, may occur for several reasons. The neuronal excitations
in a spike train are not independent of each other, and if the spontaneous activity of a single unit is
relatively high, and thus the estimated parameter A of the method is higher than a particular limit,
the Poisson spike-train analysis may not work properly. Poisson spike-train analysis is suitable only
for the calculation of onset latencies of neurons with low or no spontaneous activity. However, a
noteworthy population of neurons has high spontaneous activity, and for these, Poisson spike-train
analysis returns inaccurate latencies.

As for the CUSUM method (Ellaway, 1978), it appears that the most commonly used 1 or 2
SDs above the main spontancous discharge rate chosen as threshold level is not sufficient to
calculate the response onset latency. The mean + 9 SD threshold level allows an estimation of the
most accurate onset latencies whereas the mean + 2 SD threshold level results in an underestimation
of the response onset latencies. However, even if we choose a statistically extremely high 9 SD
threshold level, the CUSUM method is still a poorly reliable technique. In the modification of the
CUSUM procedure (method of Falzett et al., 1985) the most sensitive problem is the choice of the
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appropriate n value for the SOD. A 100 ms binwidth and n = 3-5 were chosen in the original
publication of Falzett et al. as producing the most reliable onset latencies. In our analysis we used 5
ms binwidth, and found that n = 22-30 is the most appropriate parameter with which to calculate the
response onset latencies in the method of Falzett et al. Thus it seems that the correct level of n has
to be chosen for the binwidth. Despite the arbitrarily chosen n value, the method of Falzett et al. still
appears to be the most reliable of the three techniques discussed above for numerous neuronal
response characteristics.

In order to exclude the subjective, arbitrary selection of the parameters, the n value of the
SOD and the window width, the double sliding-window technique calculates the latencies by using
a series of constant parameters, and the median of the latencies estimated using 25 constant
parameter combinations (see Results) defines the response onset latency of a single neuron.

The double sliding-window method therefore offers an alternative to subjective visual
estimation, Poisson spike-train analysis, the CUSUM procedure and the method of Falzett et al. for
estimation of the response onset latency. The solidity and reproducibility of the double sliding-
window method makes it appropriate to be used in the daily, routine analysis of neuronal response

onset latencies.

6.2 Direction of information flow in the tectal visual system - Morphological

and functional correlates

The function of the thalamus in the mammalian brain is based on the existence of two types of
relays (Sherman and Guillery, 1998, 2002). Thalamic first-order relays receive their driving
afferents from ascending pathways and transmit messages to the cortex that the cortex has not
received before. Higher-order relays bring driver messages to the thalamus from the cortex for
transmission from one cortical area to another. This duality stresses the importance of the cortico-
thalamic and the thalamo-cortical pathways. The distinction between the two types of relays,
however, is not always unequivocal. There are thalamic nuclei that receive drive from both the
cortex and lower centres. The best-known nuclei of this kind are the pulvinar and the lateral
posterior nuclei, which receive driving afferents from the visual cortex, and there is an additional
tectal input to them (Casanova et al., 2001; Merabet et al., 1998). Similarly, Sommer and Wurtz
(2004) described that the medial dorsal nucleus of the thalamus, that innervates the frontal eye field,

receives drive from both the cortex and the intermediate and deep layers of the SC, but its main
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drive arrives from the tectal region. These thalamic nuclei process messages that have already
reached the cortex and have been processed in at least one cortical area, and at the same time they
serve the role of first-order relays receiving signals from the ascending pathways. A similar
ambiguity seems to characterize the role of the Sg and its connections with the cortex along the
AES. The Sg receives heavy afferentation both from the intermediate and deep layers of the SC
(Katoh and Benedek, 1995) and from the visual associative cortex along the AES (Hicks et al.,
1986). Thus, it could serve either as a higher-order relay nucleus or as a simple first-order relay of
tectal information. Our data suggest that the visual information flows bidirectionally between the Sg
and the AES cortex. However, further investigations are necessary to clarify whether the thalamo-

cortical and corticothalamic axons are drivers or modulators.

6.2.1 The gain of latency estimation in visual experiments

The results of our latency studies provide data on the sequence of volleys of excitation
between the cortex and the thalamus. We found that there was no difference between the shortest
latency values of the thalamic and the cortical units. Both structures responded to visual motion
with a minimum latency of 35 ms. The mean response latency of the Sg units, however, is
significantly shorter than the mean latency of the AEV neurons. These results might suggest that
both the thalamo-cortical and the cortico-thalamic route are active between the extrageniculate
visual thalamus and the visual associative cortex. There are thalamic nuclei that receive drive from
both the cortex and lower centres. Beside the pulvinar, the lateral posterior and the medial dorsal
nuclei, the Sg also receives driving afferents from the extrastriate visual cortex, and there is an
additional tectal input to them. Thus, the Sg could serve either as a higher-order relay nucleus or as
a simple first-order relay of tectal information. However, the statistically shorter latencies in the Sg

might indicate that the visual information flows predominantly from the Sg to the AEV.

6.2.2 Panoramic localizers

The size of the receptive fields in the AEV described by Olson and Graybiel (1987) and later
by Scannel et al. (1996) were considerably smaller than that described by us. This discrepancy
could originate from the different types of anaesthesia used or in the obvious difficulties in
describing these huge receptive fields. Both Olson and Graybiel (1987) and Scannell et al. (1996)

concentrated on finding the locations of the most intense areas, while we attempted to find the
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border between the responsive and absolutely non-responsive areas and sought the locations of the
regions of maximum sensitivity. The majority of the Sg and the AEV units in our experiments
proved to be selective for the stimulus location; they exhibited significantly different responses to
stimuli from different spatial locations. These indicate that as it has been described earlier for the
AES units (Benedek et al., 2004), the Sg units have similar abilities to serve as panoramic localizers
(Middlebrooks et al., 1994, 1998). The regions of maximal sensitivity within the investigated part
of the visual field are widely distributed for both the AEV (Benedek et al., 2004) and the Sg
neurons. These observations point to the possible existence of a distributed population code of
visual information in both the Sg and the AEV (Benedek et al., 2004), based on panoramic localizer
neurons (Middlebrooks et al., 1994, 1998, 2002). Similarly to the Sg and the AEV neurons the CN
neurons also possessed spatial selectivity within their huge receptive field. We provide evidence of
the distributed population code of spatial visual information in the CN where the single visual
neurons have also panoramic localizing ability. It is important to note, that by the investigation of
the distribution of maximally preferred stimulus sites among neuronal populations (based on the
analysis of large number of neuronal recordings) we found that these locations showed a nearly
uniform spatial distribution, opposing to the receptive field location distributions along the
geniculo-striate visual system, where a massive area centralis/foveal overrepresentation exists. This
latter observation emphasizes the functional difference between the two systems: While the main
function of the geniculo-striate system is to detect the smooth details and colour of objects which
can be considered as static properties, the tectal visual system is responsible for motion and novelty
detection in which case the object may appear more likely at the periphery of the visual field than
focused on the area centralis. The loss of central overrepresentation occurs at early stage of

processing, which explains the similar distributed population code in the AEV, the Sg and the CN.

6.2.3 Temporal modulation of responses along the tectal visual system

It is an interesting phenomenon that the drifting gratings strongly modulated the responses of
the majority of the CN neurons. AEV neurons also exhibit strong temporal frequency modulated
discharges. To decide whether cortex modulates the responses of the CN or vice versa, one might
look for the source of this modulation. While the SC and Sg neurons responded to drifting gratings
with a weakly modulated or unmodulated increase in activity (Paroczy et al., 2006; Waleszczyk et

al., 2007), and the primary visual cortex sends efferents through the PMLS toward the AES cortex,
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we assume that this latter structure may be the origin of the modulation in the CN, and thus the
cortico-caudate direction of information flow does exist, and it has functional consequences. This
result is somewhat confusing, since there is no direct anatomical evidence for a cortico-caudate
connection; the indirect connection exists through the Sg, which structure does not elicit modulated
responses to visual stimulation.

We argue that the Sg, CN and AEV neurons are good candidates for tasks involved in the
perception of motion and probably in the perception of changes in the visual environment during
self-motion (Morrone et al., 1986; Brosseau-Lachaine et al., 2001), with their extremely large
receptive fields (Nagy et al., 2003b), their preferences for low spatial frequencies, and their fine
spatial and temporal tuning. It has been reported in human psychophysical investigations that all
motion detectors are apparently finely tuned to temporal and spatial frequencies (Anderson and
Burr, 1985; Burr and Ross, 1986; Burr et al., 1986). These properties suggest that Sg, CN and AEV
play an important role in detecting movements of the visual environment relative to the body, and

participate in the adjustment of motor behaviour to environmental challenges.

6.3 The role of the SN in saccade initiation and novelty detection, intra-nigral

connections

We highlight here the modulatory effect of moving visual stimuli as regards the presence of
excitatory and inhibitory responses of the SNr neurons in anesthetized, immobilized cats. This is a
suitable model for investigation of the visual information-processing function of the SN without the
numerous direct and indirect non-sensory influencing factors (e.g. reward prediction,
unexpectedness and motor processes) present during behavioural paradigms (Sato and Hikosaka,
2002; Dommett et al., 2005; Hikosaka, 2007). Below, we speculate on the role of this dualistic
behaviour of the SNr, and propose a sequence of information coding with which the SNr may
control the visuomotor functions of the SC.

On the basis of their neurotransmitters, the cells of the SNr can be classified mainly into
dopaminergic (DAergic) and GABAergic classes. Within this structure there are also a relatively
small number of non-DAergic-non-GABAergic cells, whose transmitters have not yet been
clarified. Ficalora and Mize (1989) demonstrated that the nigrotectal tract consists of the axons of
GABAergic neurons. We selected the GABAergic cells from the neuronal population during

recording by considering two properties: GABAergic cells have narrow spike forms (~1 ms) in
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extracellular recordings, and can therefore be reliably differentiated from DAergic cells producing
broad spikes of over 2 ms, which are usually coupled into spike doublets or triplets (Grace and
Bunney, 1983; Ungless, 2004); additionally, GABAergic cells have indirectly been shown to be
fast-firing type Il cells, in contrast to the slow-firing type I DAergic cells (Guyenet and Aghajanian,
1978). Earlier studies suggested that the GABAergic SNr neurons responded to visual stimuli with
strong inhibition, while a smaller proportion increased its firing rate (Handel and Glimcher, 1999;
Basso and Wurtz, 2002; Comoli et al., 2003). The most noteworthy finding of our study is that the
SNr GABAergic neurons can elicit either excitation or inhibition, depending on the stimulus
conditions applied. Accordingly, we propose a classification of SNr neurons based on their visual
response tuning characteristics. As for the localization of cells with different characteristics in the
SNr, we did not detect any clustering or correlation between their position, direction or velocity
preference, which supports the notion that this structure does not involve any topographical
organization: neither direct retinotopy nor any other more complex type.

A shift of attention toward novel stimuli in the surrounding space requires an analysis of the
movement parameters of the object by the saccade control system. With the functional support of
the novelty detector dopaminergic SN pars compacta units (Martin and Waszczak, 1994, 1996; Rice
et al., 1997; Radnikow and Misgeld, 1998; Comoli et al., 2003; Dommett et al., 2005; Redgrave and
Gurney, 2006), the SNr has the ability to command the saccadic functions appropriately. The fact
that we found an equally represented preference for every stimulus direction and velocity
combination suggests that despite the absence of a topographical organization in the SNr, there may
be some special functional organization there. The Wurtz group (Hikosaka and Wurtz, 1986; Basso
and Wurtz, 2002) postulated the existence of a higher-order topographical organization between the
visual stimulus site and the centre of the receptive fields. This kind of coding sequence may be
insufficient for accurate control of the smooth gating of saccades. We suggest that each SNr neuron
might be connected to its corresponding SC cell in such a way that it can activate or block the
saccade that is specifically related to it (Mcllwain, 1990). The SC, on the other hand, receives a
retinotopically highly-ordered input both from the retina (Graybiel, 1975; Ogawa and Takahashi,
1981; Beckstead and Frankfurter, 1983) and from the cortical visual areas (Mcllwain, 1977; Berson
and Mcllwain, 1983; Berson, 1987). These two projections presumably overlap on the SC neurons,
and this furnishes a special retinotopic organization of the SC neurons, which ordering also meets

the aims of saccade generation (Mcllwain, 1990). The simple SNr cells may activate or inhibit the
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specific saccade that would drive the attention toward the position where the stimulus is predicted
to be at the moment the saccade is carried out. The functional relation between the SNr and SC in
pursuit eye movements and saccade generation is known, but the code behind the information
transmission remains controversial. Both of the competing theories about the meaning of population
activity code in the SC (Van Gisbergen et al., 1987; Lee et al., 1988; Van Opstal and Van
Gisbergen, 1989) suggest that the activity of each of the ensembles determines a vector of eye
movement with a definite amplitude and direction, which means that the SC expresses an integrated
signal, taking into account both the actual eye position and gait (Mcllwain, 1990), and the required
future position. This output signal (which is a dynamic sum of the ‘mini-vectors’ represented by the
single units of the active population) is suitable for direct driving of the oculomotor centres
(Anderson et al., 1998). The vectorial response profiles of both the build-up and burst cells assume
two sources: one is a feedback signal reflecting the actual eye position while the other informs
about the position of the point of interest. These might be either integrated within the SC, or, it also
seems possible that an external structure serves as an integrative centre, and the SC therefore
receives dynamic vector-based input signals instead of static descriptive ones. The latter is
supported by the fact that both of the above-mentioned SC cell types receive common inputs from
the SNr (Liu and Basso, 2008), though it is likely that both mechanisms play a role in the final
saccade commands. Li et al. (2006) concluded that the mutual inhibition among the populations of
neurons will shape the sum gross response profile of the SC as a dynamic balance between
inhibitions and exhibitions. The inhibitory-type nigrotectal pathway helps to sharpen this response
map either by disinhibiting SC units via the decreased firing rate of inhibitory nigral neurons or by
inhibiting them by increasing the GABAergic influence. That the functional role of the SNr signal
is at least partially to modify saccade direction was verified recently by Liu and Basso (2008). They
found that electrical activation of the GABAergic SNr cells profoundly modified the amplitude and
direction of saccades in behaving paradigms, and the stimulation influenced both cell types in the
SC. We speculate here that the various direction- and velocity-dependent integrative responses of
the SNr cells may dynamically form the response profile of the SC intermediate and deep layers
through vector-based commands, further integration taking place with the aid of the intracollicular
visual retinotopic inputs (Ozen et al., 2000).

The direction- and velocity-sensitive neurons may reflect a higher level of organization. They

may receive multiple inputs from different simple cells and thereby they integrate their preference
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maps. This would also explain the existence of concentric preference maps, where the response to a
simple condition is surrounded by inverse responses. In an attempt to find evidence in support of
this theory, we compared the stimulus preference maps of the neurons by applying different
stimulus sizes. We hypothesized that, if the position of a novel stimulus is ambiguous (the brain
having difficulties in defining an exact location to focus on), the saccade can not be defined as
obvious either. As a consequence, the SN is expected to elicit more intensive inhibition in response
to a larger stimulus, which should allow more saccades, each with a slightly different property. This
hypothesis was supported by the observation that increase of the stimulus size was accompanied by
an increase in the proportion of inhibitory responses (which disinhibits the SC for saccadic
information). On the other hand, increase of the stimulus size also resulted in a strong decrease in
the excitatory responses, while the amount of total responses remained at the same level.

To summarize, we provide a model of how visual information may modulate the activity of
the SNr neurons. The spatio-temporally represented visual information may determine the
sensorimotor integrative function of the SNr. We suggest that the SNr could control the activity of
the SC through nigrotectal connections, and could enhance or inhibit the reflexive initiation of

complex and accurate saccades.
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7 Summary

Extracellular single-cell recordings were carried out via tungsten microelectrodes at different
stages of the ascending tectofugal visual system in anesthetized, paralyzed, artificially respirated
adult cats. We analyzed the correlation between the morphologically verified network and the
functional relationship of the investigated structures. To determine the way of information flow and
coding algorithm between the groups of neurons we made an attempt to analyze their response
properties from different aspects by applying visual stimuli. Two specific parts of the tectal visual
system was investigated in detail:

1. the pathways between the Sg of the posterior thalamus, the CN and the visual cortical area
along the AES,

2. the nigrotectal pathway, which projects saccade initiative information from the SNr toward
the SCi and SCd.

To investigate the direction of the information flow between the Sg and the AEV, we
measured the response onset latencies of neurons within both structures during standardized visual
stimulation. In order to enhance the quality and objectivity of the onset latency estimation, we
developed a novel method, the so-called ‘double sliding-window’ technique, which combines the
advantages of mathematical methods with the reliability of standard statistical ones. This method is
based on a repetitive series of statistical probes between two virtual time windows. The layout of
the significance curve reveals the starting points of changes in neuronal activity in the form of
break-points between linear segments. A second-order difference function is applied to determine
the position of maximum slope change, which corresponds to the onset of the response. To validate
our novel method, we have tested the reliability of the automatically estimated latencies on a large
number of neuronal recordings. We found that the results returned by this method are in good
agreement with the subjectively obvious latencies acquired by visual inspection. In comparison with
Poisson spike-train analysis, the cumulative sum technique and the method of Falzett et al., this
‘double sliding-window’ technique seems to be a more accurate automated procedure to calculate
the response onset latency of a broad range of neuronal response characteristics. The mean visual
response latency of the Sg units was found to be significantly shorter than the mean latency of the

AEV neurons, but there was no difference between the shortest latency values of the thalamic and
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the cortical single-units. This suggests that the visual information flows predominantly from the Sg
to the AEV, though the cortico-thalamic route is also active.

The lack of retinotopical organization within the Sg, AEV and the CN suggest the possibility
of an alternative neuronal code of spatial visual information in these structures. The majority of the
AEV, Sg and CN units can provide information via their discharge rate at the site of the visual
stimulus within their large receptive fields. This suggests that they may serve as panoramic
localizers. The sites of maximum responsivity of the CN, AEV and Sg neurons are distributed over
the whole investigated part of the visual field. Our results provided evidence on the distributed
population code of spatial visual information based on panoramic CN, Sg and AEV neurons. It is
noteworthy that the spatial locations of maximum sensitivity in the AEV, Sg, and CN neurons had
uniform distributions, with a homogenous representation of the area centralis and the peripheral
visual field in contrast to the members of the geniculo-striate system, where the fovea is strongly
overrepresented. This homogenous spatial sensitivity helps the detection of peripheral events. An
additional functional similarity between the AEV and the NC is that both of them contain neuronal
subpopulations in which moving sinusoidal grating stimuli elicit temporally strongly modulated
responses. The source and the pathway which transmits this modulation between the AEV and NC
have not yet been discovered, however, the absence of modulated responses in the Sg and in the SC
suggests a cortical origin of temporal modulation in the CN.

The striking similarities in visual response properties of different structures along the tectal
visual system suggest that the transmitted information about the visual environment is rather stable.
Since many of these structures play a key role in the motor feedback actions as members of the
basal ganglia circuitry, it seems that the visually perceived changes in the environment have a
massive impact on the ongoing motoric patterns. This may help to adjust the motor behaviour to
environmental challenges including oculomotor processes such as novelty detection, and foveation.

The orientation of spatial attention via saccades is controlled by the nigrotectal tract, which
enhances the ability to respond to novel stimuli. However, the algorithm whereby the substantia
nigra pars reticularis (SNr) translates the visual input to saccade-driving information is still
unknown. We recorded the responses of 312 SNr neurons to moving visual stimuli. Depending on
the size, velocity and direction of the visual signal, SNr units responded by either increasing or
decreasing their firing rate. Using artificial neuronal networks, visual SNr neurons could be

classified into distinct groups. Some of the units showed a clear preference for one specific
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combination of direction and velocity (simple neurons), while other SNr neurons were sensitive to
the direction (direction tuned neurons) or the velocity (velocity tuned neurons) of the movement.
Furthermore, we could record visually active SNr neurons that exhibited a narrow
inhibitory/excitatory domain in the velocity/direction dimension with an opposing surround
(concentric neurons). According to our results, the spatio-temporally represented visual information
may determine the discharge pattern of the SNr. We suggest that the SNr utilizes the spatio-
temporal properties of the visual information to generate vector-based commands. In this way, the
SNr might control the activity of the SC through nigrotectal connections and enhance or inhibit the

reflexive initiation of complex and accurate saccades.
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