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2. Introduction

2.1. General principles concerning multisensory information processing and integration

Encoding, decoding and interpreting information about biologically significant
events are the brain's most important functions and they require a huge neural circuitry.
These functions have been important driving forces in evolution and have led to the
development of the specialized sensory organs, each of which is connected to more
specialized brain regions.

Researchers and science philosophers have been impressed for more thousands of
years by how the individual senses are capable of working together and enhance
biologically meaningful events. However, they had no idea how this was accomplished.

The advantages of having multiple senses include the usefulness of each senses
under different circumstances, thus, the different senses together are able to increase the
likelihood of detecting and identifying objects or events of interest. Even more advantage
arises from the fact that different brain structures are capable of combining sources of
information. In this case the integrated product reveals more data about the external event
and does so better and faster than would be predicted from the sum of its individual
components. This synergy or interaction among the function of the senses is described by
the term "multisensory integration".

Multisensory integration can be evaluated by considering the effectiveness of a
cross-modal stimulus combination, related to that of its component stimuli, for eliciting
some kind of response from the neuron or the organism. For example, the probability of a
response to an event or an object that has both visual and somatosensory components is
compared with that for the visual and somatosensory stimulus alone. At the level of the
single neuron multisensory integration is defined as the statistically significant difference
between the number of impulses evoked by a cross-modal stimulus combination and the
number evoked by the most effective of these stimuli individually [1].

Thus, multisensory integration can result in either enhancement or depression of the
neuronal response. Sensory stimuli compete for the attention, therefore the consequence of
multisensory enhancement or depression is an increased or decreased possibility of
detecting and initiating a response to the source of the information. The magnitude of

multisensory integration can vary widely according to different types of neurons and even



for the same neuron when stimulated with different cross-modal stimulus combinations.
The largest multisensory enhancements are due to superadditive combinations of cross-
modal stimulus combinations and the smallest ones are due to subadditive combinations
(cross modal inhibitions). Multisensory integration can also shorten the response onset
latency time between encoding of the sensory information and forming of the motor
command and it can also speed the sensory processing itself [1].

The advantages and benefits of multisensory integration for orienting behavior have
received a huge amount of attention and provided a lot of information about the underlying
neural mechanisms of multisensory integration in different structures of the brain,
especially the midbrain and the cerebral cortex of cats and monkeys. However, we know
much less about the physiological processes underlying higher-order multisensory

functions, such as perceptual binding.

2.2. Multisensory information processing and integration in the midbrain of the cat and the

monkey

The most important midbrain structure involved in multisensory information
processing and integration in the brain of cats and monkeys is the superior colliculus (SC).
The SC is a multilayered structure of the mammalian midbrain, which plays an important
role in visually guided behavior and is involved in the orienting response of the head and
the eyes toward the object of interest of any modality [2-4]. The superficial layers of the
SC (SCs) receive direct retinal input [5;6] and also afferentation from the primary visual
cortex [7-9]. They project upon the dorsal lateral geniculate nucleus (LGNd), the lateral
posterior pulvinar complex (LP-Pul) and the pretectum [10;11]. The intermediate and deep
layers (SCi) receive input from the association cortical areas, i.e. the anterior ectosylvian
cortex (AES cortex) and the posteromedial lateral suprasylvian area (PMLS), from the
somatosensory and auditory cortex [7], and from the substantia nigra (SN), the
pedunculopontine tegmental nucleus and the cerebellum [11]. The superficial layers
project to the medial LP-Pul of the visual thalamus, while the intermediate and deep layers
also send axons to the suprageniculate nucleus (Sg) of the posterior thalamus. [11-13]. As
concerning the physiological differences, the SCs layers (the stratum griseum superficiale
and stratum opticum) have exclusively visual properties, while the deeper layers (the layers

under the stratum opticum) are multisensory, processing auditory and somatosensory



information as well [14]. The layers of the SCs seem to play a role in the central processing
of visual information, e.g. visual attention, motion perception and orientation behavior
[15;16]. The SCi layers are regarded as important structures for the control of saccadic eye
movements [3] and in cross-modal integration [14]. Descending excitatory inputs from the
AES and lateral suprasylvian (LS) cortices are essential for multisensory integration in the
SCi neurons. Besides being a crucial part of the oculomotor system, the SCi layers are
involved in the control of head movements [17;18] and goal-directed arm movements

[19:20].

2.3. Multisensory information processing and integration in the cerebral cortex of the cat

and the monkey

In the feline cerebral cortex the association cortical areas along the anterior
ectosylvian sulcus (AES) and the lateral suprasylvian sulcus (LS) have been described as
multisensory areas, where inputs from several sensory modalities converge [21]. The AES
is situated at the junction between the frontal, the parietal and the temporal cortices. It is
composed of distinct somatosensory (SIV, the fourth somatosensory area [22]), visual
(AEV, the anterior ectosylvian visual area [23;24]) and auditory (FAES, the auditory field
of the AES [25]) regions. Near the borders of these unimodal regions those neurons are
located which respond to more than one sensory modality stimulus. The LS is an area of
the parietal cortex important in visual information processing [26].

Multisensory neurons in the feline SCi receive descending projections from the
AES and LS cortices [21;27-33]. These projections are essential for the multisensory
information processing and integration ability of the neurons in the SCi. In the absence of
these descending cortical inputs to the SCi, some SCi neurons can remain multisensory,
due to their other inputs. However, the ability to integrate these inputs is lost when the
descending cortical projections are missing, i.e. the neurons lose their multisensory
integration ability [29;30].

In addition to the cerebral cortex of the cat, neurophysiological and functional-
imaging studies have identified many multisensory cortical regions in non-human
primates. These regions include in monkeys the lateral intraparietal area (LIP, visually and
auditory sensitive neurons [34]), the parietal reach region in the medial intraparietal area

(MIP, visually, auditory and somatosensory sensitive neurons [35;36]), the ventral



intraparietal area (VIP, visually, auditory, somatosensory and vestibular sensitive neurons
[37]), which are all parts of the posterior parietal cortex (PPC). The ventrolateral prefrontal
cortex (VLPFC, auditovisual congruence, vocalization [38;39]) and the superior temporal
sulcus (STS, vocalization, auditovisual congruence [40]) have also been identified as

multisensory cortical areas.

2.4. Multisensory information processing and integration in the human brain

Most studies of multisensory information processing and integration in the human
cortex have been carried out by neuroimaging and evoked-potential examinations [41].
Local field potential (LFP) studies have revealed multisensory integration in some regions
of the auditory cortex [42].

Earlier human neuroimaging studies suggested that the STS is specifically
responsible for integrating auditory and visual speech signals [43]. During these studies,
the blood-oxygen-level-dependent (BOLD) signal increased for congruent pairings of
audible speech and lip movements and decreased for incongruent pairings [43].

Functional imaging studies have described several multisensory regions in the
human cortex. Trisensory (visually, auditory and somatosensory sensitive) neurons have
been found in the superior prefrontal cortex, the premotor cortex and also the parietal
cortex. Visually and auditory sensitive neurons are located in the cortical areas along the
posterior part of the STS. Visually and somatosensory sensitive neurons have been
revealed in the inferior prefrontal cortex and also in the parietal cortex [44].

The observations that many areas that were previously classified as unisensory
contain multisensory neurons are also supported by anatomical studies showing

connections between unisensory cortices [45-49].

2.5. Sensory information processing in the ascending tectofugal system

The ascending tectofugal sensory-motor system of the feline brain has been in the
focus of attention of our research group for the past few decades. This system derives from
the SCi and projects to the Sg nucleus of the extrageniculate thalamus. From this central
nucleus fibers reach both association cortical areas, such as the AEV and also the basal
ganglia, especially the caudate nucleus (CN) and the SN. This thesis summarizes our

research results obtained from the SCi and the basal ganglia.



Despite numerous studies focusing on the visual receptive field organization and
properties of the SC neurons ([50-52]; for earlier literature, see [53-55]), very little
information is available concerning the responsiveness of the SCi neurons to extended
visual stimuli, such as sinewave drifting gratings. The sinusoidally modulated gratings are
regarded as elementary components of the visual scene in the sense that any two-
dimensional visual object can be represented by an appropriate combination of these
gratings [56;57]. None of the published studies has yielded a detailed description of the
spatio-temporal frequency characteristics of the SCi layers, the layers serving as the origin
of the ascending tectofugal sensory-motor system that transmits multisensory information

to the basal ganglia of the amniotic brain [58].

2.6. Subcortical loops through the basal ganglia

Anatomical evidence suggests that many subcortical structures having the capacity
to guide movements also have connections with the basal ganglia, besides the cortical
connections. These subcortical connections are best conceived of as a series of parallel, at
least partially closed, loops. In addition to its sensorimotor connections, the SC is one of
the principal targets of both major output nuclei of the basal ganglia (the internal globus
pallidus and the SN pars reticulata — SNr) [59-63]. These connections are considered to be
the principal routes whereby information processing within the basal ganglia influences
brainstem motor mechanisms, particularly in the context of oculomotor control [64]. It is
significant that ascending projections from the SC specifically target regions of the
thalamus that provide the major thalamic input to the two principal input structures of the
basal ganglia (the striatum and the subthalamic nucleus) [65-67]. This arrangement
suggests that the SC is an important afferent source of both sensory and motor information,
in addition to a principal recipient of basal ganglia output. In this particular case, the input—
output relationships are best characterized as several possibly independent, but

overlapping, closed-looped systems [68].

2.6.1. The superficial layer—extrageniculate visual thalamic loop
The major ascending output of the exclusively visual SCs layers is directed to the
extrageniculate visual thalamus (the LP-Pul) [10;69;70]. In addition to its connections with

the extrastriate visual cortex [71;72], this thalamic region also projects extensively to the
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lateral aspects of the body and tail of the CN and dorsolateral putamen [66;70;73]. The
relay in the lateral posterior thalamus provides a route by which subcortical visual input
can be made directly available to the striatum. In the next link of the loop, the ‘direct’
striatonigral projection topography ensures that visual information associated with input
from the lateral posterior thalamus would be directed preferentially to the lateral aspects of
the SNr and to the SN pars lateralis (SNI) [68]. It is within these nigral regions that signals
related to visual orienting are most frequently encountered [74], and from which the final
return link of the visual loop back to the superficial layers (and possibly to the deeper

collicular layers) originates [61].

2.6.2. The deep layer—intralaminar and posterior thalamic loops

Ascending projections from the SCi terminate mainly in regions of the thalamus
that give rise to significant afferent projections to the basal ganglia input nuclei. According
to one approach these thalamic nuclei are the caudal intralaminar complex (centromedian
and parafascicular nuclei) and the rostral intralaminar thalamic group (central lateral,
paracentral and central medial nuclei) [75;76]. However, based on the results of other
research groups and also our own laboratory, projections from the SCi also terminate in the
posterior extrageniculate thalamus, mostly in the Sg [70;77]. Given that both the caudal
and rostral intralaminar thalamic nuclei, as well as the Sg provide topographically ordered
projections to all functional territories within the striatum [65;78], the colliculo-thalamo-
basal ganglia-collicular projections involving these subregions of the intralaminar and
posterior thalamus could represent components of functionally independent parallel loops.

Thus, in summary, there appear to be at least two, presumably closed subcortical
looped systems through the basal ganglia arising from, and returning to, the SC [68].

Since the SC is connected to the basal ganglia through several pathways, and the
SCi is strongly involved in processing multisensory information and multisensory
integration, the main purpose of our experiments was to record and analyze the
multisensory information processing and multisensory integration ability of the CN and the

SN.
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3. Aims of the study

The aims of our study were to examine and evaluate the role of the ascending

tectofugal system and the connected basal ganglia in multisensory information processing,

and thus, to provide further data regarding the function of this complex system in the

neurological processes of the mammalian brain. The concrete aims of our experiments

were the following:

to compare the spatio-temporal spectral response properties in different
structures of the ascending tectofugal system,;

to describe the sensory receptive field properties of neurons in the CN and the
SN;

to examine if there are any multisensory neurons within the basal ganglia;

to check the modality distribution among the sensory neurons in the basal
ganglia;

to find out if there is parallel processing of the different sensory modalities or
multisensory integration in the ascending tectofugal system;

to investigate the multisensory cross-modal interactions within the basal

ganglia.
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4. Materials and methods

4.1. Animal preparation and surgery

Our experiments were performed on five to seven adult cats per experiment of
either sex weighing between 2.8 and 3.5 kg. All experimental procedures were carried out
so as to minimize the number and suffering of the animals involved and followed the
European Communities Council Directive of 24 November 1986 (86 609 EEC) and the
National Institute of Health guidelines for the care and use of animals for experimental
procedures. The experimental protocol had been accepted and approved by the Ethical
Committee for Animal Research of Albert Szent-Gyorgyi Medical and Pharmaceutical
Center at the University of Szeged. The animals were initially anesthetized with ketamine
hydrochloride (30 mg/kg i.m., Calypsol). A subcutaneous injection of 0.2 ml 0.1% atropine
sulfate was administered preoperatively, to reduce salivation and bronchial secretion. The
trachea and the femoral vein were cannulated and the animal was placed in a stereotaxic
head holder. In case of the experiments concerning the multisensory information
processing the animal’s head was fixed to a vertical metal bar with the aid of acrylate and
the ear-bars were removed. All wounds and pressure points were routinely infiltrated with
local anesthetic (procaine hydrochloride, 1%). During the surgical procedure, the
anesthesia was continued with halothane (1.6%, Fluothane) in air. The animal was initially
immobilized with gallamine triethiodide (20 mg/kg, Flaxedyl). During recording sessions,
a liquid containing gallamine triethiodide (8 mg/kg/h), glucose (10 mg/kg/h) and dextran
(50 mg/kg/h) in Ringer lactate solution was infused at a rate of 4 ml/h. Atropine sulfate (1—
2 drops, 0.1%) and phenylephrine hydrochloride (1-2 drops, 10%) were administered
locally to dilate the pupils and block accommodation and to retract the nictitating
membranes, respectively. The eye contralateral to the recording site was equipped with a
+2.0 diopter contact lens. The ipsilateral eye was covered during the visual stimulation and
recordings. Throughout the experiments, anesthesia was maintained with a gaseous
mixture of air and halothane (0.8-1.0%). The depth of anesthesia was monitored by
continuous reading of the end-tidal halothane values and by repeated checks of the

electroencephalogram and electrocardiogram. There was continuous high-amplitude, low-
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frequency electroencephalogram activity with sleep spindles and we also checked
repeatedly whether any interventions or a forceful pressing of the forepaws could induce
desynchronization. The minimum alveolar anesthetic concentration (MAC) values
calculated from the end-tidal halothane readings always lay in the range given by
Villeneuve and Casanova [79]. The end-tidal halothane concentration, the MAC values and
the peak expired CO, concentrations were monitored with a capnometer. The peak expired
CO; concentration was kept within the range of 3.8-4.2% by adjusting the respiratory rate
or volume. The heart rate and O, saturation in the capillary blood were monitored by
electrocardiography and pulse oxymetry. The body temperature of the animal was
maintained at around 37°C via a warm-water heating blanket with automatic control. The
skull was opened with a dental drill to allow a vertical approach to the appropriate brain
structures. The dura mater was removed and the cortical surface was covered with a 4%
solution of 38°C agar dissolved in Ringer’s solution. The retinal landmarks and major
retinal blood vessels were projected routinely onto a tangent screen, twice a day, using a
fiber optic light source [80]. The area centralis was plotted by reference to the optic disc

(14.6° medially and 6.5° below the center of the optic disc) [81].

4.2. Recording

Extracellular single-cell recordings were performed in the SCi, the CN and the SN
with tungsten microelectrodes (A-M Systems, Inc., USA) with an impedance of 2-4 MQ.
Vertical penetrations were performed within Horsley-Clarke coordinates anterior 1 to 4,
lateral 2 to 6 in the stereotaxic depths from 11 to 15 in case of the SCi, while, to record CN
and SN single units the positions of the recording sites were between the Horsley-Clarke
co-ordinates anterior 12—16; lateral 4-6.5 at the stereotaxic depths between 12 and 19 mm,
and anterior 3—6; lateral 46 at the stereotaxic depths between 4 and 7 mm, respectively.
The microelectrodes were advanced with a microstepper. Action potentials were
conventionally amplified, displayed on an oscilloscope and transformed through a
loudspeaker. The extents of the visual receptive fields were estimated subjectively by

listening to the responses of the single units to the movements of a hand-held lamp.
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4.3. Spatio-temporal visual stimulation

In case of the spatio-temporal visual stimulation of the SCi neurons, 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 in 30 deg. The
mean luminance of the screen was 23 cd/m’. For studies of the spatiotemporal
characteristics of the cells, high-contrast (96%), drifting sinewave gratings were used. The
sinusoidal gratings were moved along four different axes in eight different directions (0-
315 deg at 45 deg increments) to find the optimal moving direction of each unit. The
optimal direction of each unit was further used to describe its spatial and temporal
characteristics. The tested spatial frequencies ranged from 0.025 to 0.95 cycle/deg (c/deg)
and the temporal frequencies from 0.07 to 33.13 cycles/s (Hz). Stimuli were presented in a
pseudo-random sequence in a series consisting of eight spatiotemporal frequency
combinations of moving gratings. Each spatiotemporal frequency combination was

presented at least 12 times. The interstimulus interval was consistently 1 s.

4.4, Visual, auditory, somatosensory and multisensory stimulation

In case of investigating the multisensory information processing abilities of the
neurons in the CN and the SN, we applied visual, auditory, somatosensory and
multisensory stimulations. For visual stimulation, light spots of 1° to 10° in diameter were
generated by a projector device equipped with an adjustable slit-lamp diaphragm. The
stimuli were moved with a computer-controlled moving mirror system and were projected
across the tangent screen (52 cm in front of the animal) in the optimal moving direction
and at an optimal velocity (30-120°/s) for each unit. The duration of the stimulus
movement was 1 s. The auditory stimulation applied to investigate the extents of the
auditory receptive fields was white noise. The sound intensity was constantly 60 dB. The
duration of the auditory stimulation was 1 s. We estimated the extents of the binaural
auditory receptive fields in the horizontal plane. Computer-controlled loudspeakers were
placed throughout the whole 360° azimuth of the horizontal plane and the neuronal

responses to all stimulus locations were recorded in 45° steps. The width of the auditory
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receptive field of a neuron was determined by the locations of stimuli that induced
significant responses. Somatosensory stimulation was achieved with the motion of a
computer-controlled pen driver whose tip was attached to nylon fibers. The surface area of
the stimulator was 1 cm”. The stimulator provided light mechanical stimulation of different
parts over the whole skin of the animal. The duration of a somatosensory stimulation was
also 1 s. The computer-controlled stimuli were presented in a pseudo-random order, either
separately (visual or auditory or somatosensory) or simultaneously in bimodal (visual-
auditory, visual-somatosensory or auditory-somatosensory) or trimodal (visual-auditory-
somatosensory) combinations. Whenever a single unit was found that was visually or
auditory or somatosensory sensitive, at least 10 trials were run in each condition. The

interstimulus interval was consistently 1 s.

4.5. Data analysis and examination of the multisensory integration

Individual action potentials were distinguished with the help of a spike-separator
system (SPS-8701, Australia). The number and temporal distribution of the action
potentials recorded during stimulation were stored as peristimulus time histograms
(PSTHSs, 10 ms bin) and analyzed off-line. Every statistical analysis mentioned in the thesis
has been carried out by the Statistica® software. The duration of the prestimulus time
(during which the background activity of the neuron was recorded to a stationary stimulus)
was 1000 ms, similarly to the peristimulus time (during which a moving stimulus was
shown). The net discharge rate, calculated as the difference between the mean firing rates
of the cell obtained during stimulus movement and the background activity corresponding
to the mean activity during the 200 ms preceding the movement in the prestimulus period,
was used to characterize the response amplitude of the SCi, CN and SN neurons.

A multisensory cross—modal interaction was considered to exist when the difference
between the net firing rate of the most effective single modality and the bimodal or
trimodal peristimulus firing rate proved to be significant by the analysis of variance
(ANOVA, p<0.05; [82]). To quantify the strengths of the facilitatory interactions, the
percentage enhancements were calculated via the formula coined by Meredith and Stein
[14]:

Percentage enhancement = 100 X (CM - SMyax)/SMpax.
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To quantify the strengths of the inhibitory interactions and enable comparisons with the
percentage enhancement, we introduced the formula:

Percentage inhibition = 100 X (SMyax - CM)/CM.

In both formulaec CM is the mean number of net impulses evoked by the bimodal
stimulus and SM,,,,x is the mean number of net impulses evoked by the most effective
single-modality stimulus. In case of the latter formula, an inhibition percentage equal to
100% does not mean complete abolition of the unimodal response; thus, the inhibition
percentage values derived from this formula can be higher than 100%. An inhibition
percentage equal to 100% means a 50% decrease in the unimodal activity, while an
inhibition percentage equal to 200% means a decrease in the unimodal activity to one-third

during multisensory stimulation.

4.6. Histological control

At the end of the experiments, the animals were deeply anaesthetized with sodium
pentobarbital (200 mg/kg i.v.) and transcardially perfused with 4% paraformaldehyde
solution. The brains were removed, cut into coronal sections of 50 pm and stained with
Neutral Red. Electrolytic lesions marked the locations of successful electrode penetrations.
The recorded sensory neurons were located in the SCi, the dorsolateral aspect of the CN

and in the SNr.
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5. Results

5.1. Comparison of the spatio-temporal spectral response profiles in the ascending

tectofugal system

We compared the spatio-temporal spectral receptive field properties of the SCs, the
SCi, the Sg and the CN using a one-way ANOVA analysis. The paired comparison of the
individual structures was performed by Tukey post-hoc analysis.

The mean optimal spatial frequency was 0.10+0.01 c/deg (N=72 range: 0.03-0.47
c/deg) in the SCs, 0.06+£0.02 c/deg (N=99, range: 0.025-0.3 c/deg) in the SCi, 0.05+0.04
c/deg (N=105, range: 0.025-0.24 c/deg) in the Sg and 0.05+£0.03 c/deg (N=89, range:
0.025-0.18 c/deg) in the CN. The summarized statistical analysis of the investigated
structures revealed a significant difference among the optimal spatial frequencies of the
investigated structures (p<0.001, F, 374=16.376). The post-hoc analysis showed that the
mean optimal spatial frequency measured in the SCs was significantly higher than that of
the SCi (p<0.001), the Sg (p<<0.001) and the CN (p<0.001). In contrast to this, we found no
significant difference (p>0.05) among the optimal spatial frequencies in the SCi, the Sg
and the CN (Fig. 1A).

The mean spatial frequency bandwidth of the neurons having spatial band-pass
characteristics (in case of these neurons, there was an attenuation of the response to at least
half the height of the maximum when stimulated with lower or higher spatial frequencies
than the optimal) was 1.84+0.15 octaves (N=35, range: 0.39-3.60 octaves) in the SCs,
1.06+0.56 octaves (N=24, range: 0.1-2.18 octaves) in the SCi, 1.07+0.69 octaves (N=41,
range: 0.11-2.81 octaves) in the Sg and 1.31+0.76 octaves (N=15, range: 0.37-3.0 octaves)
in the CN. Similarly to the optimal spatial frequency the summarized statistical analysis of
the spatial frequency bandwidths revealed a significant difference among the investigated
structures (p<0.001, Fu, 236=6.317). The post-hoc analysis showed that the spatial
frequency bandwidth of the band-pass neurons in the SCs was significantly higher than
that of the SCi (p=0.004), the Sg (p<0.001) and the CN (p=0.006). We found no significant
difference (p>0.05) among the spatial frequency bandwidths of the SCi, the Sg and the CN
(Fig. 1B).
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The mean optimal temporal frequency was 6.84+0.71 c¢/s (N=62, range: 0.74-26.41 c/s)
in case of the SCs, 9.06+5.49 c¢/s (N=99, range: 1.71-31.93 c¢/s) in the SCi, 8.53+4.43 c¢/s
(N=105, range: 0.07-26.41 ¢/s) in the Sg and 10.6+4.8 c/s (N=89, range: 4.6-27.6 c/s) in
the CN. The summarized statistical analysis of the investigated structures revealed a
significant difference among the optimal temporal frequencies of the investigated
structures (p=0.04, F(3, 314=2.807). The post-hoc analysis showed that the mean optimal
temporal frequency in the SCs was significantly lower than that of the SCi (p=0.023), the
Sg (p=0.012) and the CN (p=0.038). In contrast we found no significant difference
(p>0.05) among the optimal temporal frequencies in the SCi, the Sg and the CN (Fig. 1C).

The mean temporal frequency bandwidth of the neurons having temporal band-pass
characteristics (in case of these neurons, there was an attenuation of the response to at least
half the height of the maximum when stimulated with lower or higher temporal frequencies
than the optimal) was 2.38+0.22 octaves (N=42, range: 0.40-5.90 octaves) in the SCs,
2.32+0.97 octaves (N=48, range 0.25-4.29 octaves) in the SCi, 1.66+1.37 octaves (N=73,
range: 0.03—7.91 octaves) in the Sg and 1.38+1.0 octaves (N=55, range: 0.09-5.36 octaves)
in the CN. Similarly to the optimal temporal frequency, the summarized statistical analysis
of the temporal frequency bandwidths revealed a significant difference among the
investigated structures (p<0.001, F4, 307=13.797). The post-hoc analysis showed that the
temporal frequency tuning bandwidth of the neurons in the SCs and the SCi was not
significantly different, but the temporal frequency bandwidths of both the SCs and the SCi
neurons were significantly higher than that of the neurons in the Sg (p<0.001 in case of the
SCs and p<0.001 in case of the SCi) and the CN (p=0.023 in case of the SCs and p=0.03 in
case of the SCi). We found no significant difference (p>0.05) between the temporal
frequency bandwidths of the Sg and the CN (Fig. 1D).
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Figure 1. Comparison of the spatial and temporal frequency tuning properties in the
ascending tectofugal system. A: Comparison of the mean optimal spatial frequencies. B:
Comparison of the spatial frequency bandwidths. C: Comparison of the mean optimal temporal
frequencies. D: Comparison of the temporal frequency bandwidths. Stars denote significant
differences between the analyzed structures.

5.2. Visual, auditory and somatosensory receptive field properties of neurons in the basal

ganglia

Altogether 302 single neurons in the CN and 480 single neurons in the SNr were
recorded; 111 of these CN units and 124 of the nigral neurons exhibited excitatory
responses to visual and/or auditory and/or somatosensory stimulation. We analyzed the
responses of a total of 77 CN and 75 SNr excitatory responsive single neurons to separate
visual, auditory or somatosensory stimulus presentations and after that, to multisensory

stimulation in detail.
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The unimodal neurons reacted only to visual or auditory or somatosensory
stimulation. From the recorded CN neurons 46 showed visual sensitivity. Most of the
recorded units were located between the Horsley-Clark co-ordinates anterior 12—13 and
lateral 4-6.5, although some visual units were recorded at anterior 14 and 15, too. Visually
responsive units were confined to the dorsolateral part of the CN. We could not detect
visually responsive CN units in its more anterior part (anterior 16 and 17).

From the recorded SNr neurons, 49 were found to be visually responsive.
Histological control of the recording tracks revealed that all the 49 units were located in
the SNr. The visually responsive neurons were located between Horsley-Clark co-ordinates
anterior 3—6 and lateral 3—6. We could not record excitatory visual activity in any other
part of the SN. We determined the location and size of the receptive fields of the neurons
with the help of a hand-held lamp, by listening to the amplified neuronal electrical
responses to visual stimulation through a loudspeaker. Similarly to earlier findings, our
subjective estimation of the extents of the visual receptive fields demonstrated that the
visual receptive fields were extremely large: they covered a major part of the contralateral
hemifield and extended deep into the ipsilateral hemifield, yielding a receptive field that
overlapped almost totally with the visual field of the contralateral eye [83]. No signs of
retinotopy were observed.

We found 40 neurons in the CN and 50 neurons in the SNr that responded to
somatosensory stimulation. The extents of the somatosensory receptive fields were large.
They seemed to cover the whole contralateral and ipsilateral body surface and the whiskers
of the animal. We could not detect somatotopic organization within the CN and the SNr.

Only a small proportion of the neurons displayed auditory sensitivity (26 neurons in
the CN and 24 neurons in the SNr, respectively). The auditory neurons in the CN and the
SNr were consistently binaural and possessed extremely large receptive fields. Single
auditory neurons processed auditory information from the whole 360° azimuth of the

horizontal plane.

5.3. Multisensory response properties of neurons in the basal ganglia

The bimodal neurons were responsive to two different sensory modalities. We
found visual-auditory, visual-somatosensory and auditory-somatosensory neurons in the

basal ganglia. The trimodal neurons responded significantly to all three sensory modalities
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tested. Fifty (65%) of the sensory CN neurons exhibited a unimodal character, reacting to
only one investigated modality, while a smaller proportion (27, 35%) of them were
multisensory, reacting to two or three different sensory modalities (7 visual-auditory, 9%;
9 visual-somatosensory, 12%; 3 auditory-somatosensory, 4% and 8 trimodal neurons,
10%). A majority of the sensory neurons recorded in the CN responded to visual or
somatosensory stimulation. Similarly to the unimodal units, the sensory receptive fields of
the multisensory CN neurons were extremely large, covering the whole of the
approachable sensory field, i.e. a single trimodal CN neuron could process sensory
information from the whole visual field of the contralateral eye, from the loudspeakers
located throughout the whole 360° azimuth and from the whole body surface of the animal
(Fig. 2A).

Thirty-eight (51%) of the 75 SNr units exhibited a unimodal character while the
remaining 37 (49%) units were multisensory (5 visual-auditory, 7%; 16 visual-
somatosensory, 21%; 5 auditory-somatosensory, 7%; 11 trimodal neurons, 14%). Similarly
as for the unimodal SNr units, the receptive fields of the multisensory nigral neurons were

extremely large (Fig. 2B).

Figure 2. Responses of (A) one trimodal caudate neuron and (B) one trimodal nigral neuron
to visual (left side), auditory (middle) and somatosensory (right side) stimulation. The shaded
areas below indicate the extents of the receptive fields and the sites of stimulation. The peristimulus
time histograms show the single-unit activities before and during (indicated by thick black lines)
stimulation. The black lines represent the duration of the stimulation of 1 s.
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5.3.1. Multisensory integration in the basal ganglia

The multisensory integration abilities of the 77 CN and 75 SNr sensory single-
neurons were analyzed in detail. To exclude the differences in multisensory integration of
single-neurons related to spatial variations, we attempted to make consistent use of the

same stimulation sites throughout the whole study.

5.3.2. Significant facilitatory and inhibitory interactions in the caudate nucleus and the

substantia nigra

We found that 36 of the 77 investigated CN neurons (47%) and 41 of the 75 SNr
neurons (55%) exhibited significant multisensory cross-modal interactions.

We analyzed altogether 36 interactions between the CN units and 39 interactions
between the SNr neurons. The large majority of the interactions in both structures were
multisensory response enhancements (26/36, 72% in the CN and 28/39, 72% in the SNr)
and approximately one quarter of them were multisensory response depressions (10/36,
28% in the CN and 11/39, 28% in the SNr). We found significant facilitatory and
inhibitory interactions in both structures in each multisensory stimulus combination tested
(multisensory interactions in case of 2/36 [6%] visual-auditory, 8/36 [22%] visual-
somatosensory, 6/36 [17%] auditory-somatosensory and 20/36 [55%] trimodal CN
neurons; and in case of 2/39 [5%] visual-auditory, 16/39 [41%] visual-somatosensory, 2/39
[5%] auditory-somatosensory and 19/39 [49%] trimodal SNr neurons) (Fig. 3 and 4).
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Figure 3. Multisensory response enhancement (A) and depression (B) in a caudate nucleus
neuron. A: The left PSTH demonstrates the neuronal response to visual (V), the middle one to
somatosensory (S) and the right one to combined visual-somatosensory (V + S) stimulation. The p-
value above each PSTH denotes the significance level of the response. Each PSTH shows the
single-unit activities before and during (indicated by thick black lines) stimulation. The thick black
lines indicate a stimulation interval of 1000 ms. The calibration denotes the firing rates (sp/sec).
Note that the converging inputs from the different sensory modalities produced dramatic changes in
the activity of this unit. The columns on the right side of the figure are proportionate to the mean
net firing rate of this unit to visual (V), somatosensory (S) and bimodal (V + S) stimulation. The
error bars denote standard deviations. The response of this unit to multisensory stimulation is
notably stronger than the sum of the unimodal responses indicated by the broken line. B: The left
PSTH demonstrates the neuronal response to auditory (A), the middle one to somatosensory (S)
and the right one to combined auditory-somatosensory (A + S) stimulation. The conventions are the
same as for part A. Note that the converging inputs from the different sensory modalities produced
a dramatic decrease in the activity of this unit. The columns on the right side of the figure are
proportionate to the mean net firing rate of this unit to auditory (A), somatosensory (S) and
bimodal (A + S) stimulation.



24

A B

N
o
N
o

percentage enhancement=400% percentage inhibition=150%

-
o
-
o

mean net firing rate (sp/sec)
mean net firing rate (sp/sec)

0

sp/sec V.S s sp/sec VoA VA
507 p=009 p=0.04 p=0.01 507 p=002 p=0.92 p=0.04
40 40
30 30
20 20
0 — 0 —

\' S V+S Vv A V+A

Figure 4. Multisensory response enhancement (A) and depression (B) in a substantia nigra
neuron. A: The left PSTH demonstrates the neuronal response to visual (V), the middle one to
somatosensory (S) and the right one to combined visual-somatosensory (V + S) stimulation. The
conventions are the same as on Fig. 3. Both unimodal stimulus presentations elicited slight
responses, but the converging inputs from the different sensory modalities produced dramatic
changes in the activity of this unit. B: The left PSTH demonstrates the neuronal response to visual
(V), the middle one to auditory (A) and the right one to combined visual-auditory (V + A)
stimulation. The conventions are as for Fig. 3. This unit elicited a vigorous response to unimodal
visual stimulation, but was only very weakly responsive to auditory stimulation, while the almost
ineffective auditory stimulus combined with the visual one produced a dramatic decrease in the
neuronal activity.

5.3.3. Magnitude of the multisensory interactions in the caudate nucleus and the substantia

nigra

We found slightly stronger facilitatory and inhibitory multisensory interactions in
the CN than in the SNr. Despite this, there was no significant difference (Mann-Whitney
U-test, p=0.15) between the strengths of the facilitatory interactions in the CN
(median=148%, N=26, range 44-625%) and the SNr (median=115%, N=28, range 40—
574%). Similarly, there was no significant difference (Mann-Whitney U-test, p=0.22)
between the strengths of the inhibitory interactions in the CN (median=161%, N=10, range
37-688%) and the SNr (median=126%, N=11, range 41-391%). Comparison of the
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strengths of the overall inhibitory and excitatory interactions between the CN
(median=140%, N=36, range: 37-688%) and the SNr (median=116%, N=39, range 40—
574%) demonstrated no significant difference (Mann-Whitney U-test, p=0.21) (Fig. 5).
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5.3.4. Subadditive, additive and superadditive multisensory interactions in the caudate

nucleus and the substantia nigra

Stanford et al. (2005) [84] introduced a different way to quantify multisensory
interactions in the SC. They reported subadditive, additive and superadditive response
enhancement effects as concerns the relation of multisensory discharge rates to the
magnitude of the unimodal responses. The classification was a subadditive interaction
when the multisensory response was shown by a t-test to be significantly lower than the
sum of the two different unimodal responses, an additive interaction when the bimodal
response was not different from the sum of the unimodal responses, and a superadditive
interaction when the multisensory response was significantly higher than the sum of the

unimodal responses. We also analyzed the interactions in the CN and the SNr in a similar
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way. Ten of the 26 (38%) facilitatory interactions found in the CN and 15 of the 28 (54%)
in the SNr were superadditive (t-test, p<0.05). However, the remaining 16 (62%)
facilitatory interactions in the CN and 13 (46%) in the SNr were additive (t-test, p>0.05).
In contrast, the above-mentioned ten (100%) multisensory response depressions in the CN
and 11 (100%) in the SNr were consistently subadditive, the multisensory net discharge

rate being significantly lower than the sum of the net unimodal responses (t-test, p<0.05).

5.3.5. Inverse effectiveness principle in the caudate nucleus and the substantia nigra

In both the CN and the SNr, we investigated the correlation between the
magnitudes of the best unimodal responses and the magnitudes of the response
enhancements (percentage enhancements; [14]). The inverse effectiveness principle was
observed in both structures, i.e. the cells with the weakest net unimodal responses
exhibited the strongest enhancement effects. There was a strong significant negative
correlation between the strengths of the best unimodal net responses and the percentage
enhancements in the CN (N=26, r=-0.52, p<0.01) and also in the SNr (N=28, =-0.39,
p<0.01).

5.4. Sensory modality distribution in the basal ganglia

5.4.1. A majority of the caudate nucleus and substantia nigra units seem to be unimodal in

the separate single modality tests

The classification based only on the significant responses of the CN and SNr
neurons to the separate sensory modalities demonstrated that a majority of the CN (50/77,
65%) and SNr (38/75, 51%) neurons seemed to be unimodal, reacting to a statistically
significant extent to only one of the investigated modalities, and only a smaller proportion
of the units exhibited a multisensory character (27/77, 35% in the CN and 37/75, 49% in
the SNr), reacting to a statistically significant extent to two or three different sensory

modalities (Table 1 and 2).
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Modality A B
Unimodal 50 (65%) 25 (32%)
Visual 22 (29%) 10 (13%)
Auditory 8 (10%) 4 (5%)
Somatosensory 20 (26%) 11 (14%)
Multisensory 27 (35%) 52 (68%)
Visual-auditory 7 (9%) 9 (12%)
Visual-somatosensory 9 (12%) 14 (18%)
Auditory-somatosensory 3 (4%) 10 (13%)
Trimodal 8 (10%) 19 (25%)
Altogether 77 (100%) 77 (100%0)

Table 1. Modality distribution of sensory neurons in the caudate nucleus. A: Modality
distribution of the CN neurons in separate sensory modality tests without multisensory stimulus
combinations. B: Modality distribution of the CN neurons when multisensory combinations and
multisensory interactions were also analyzed. Note the much higher number of multisensory units
when multisensory integration was also analyzed. Thus, the separate sensory modality tests without
the analysis of multisensory responses may strongly underrepresent the number of multisensory
units in the CN.

Modality A B
Unimodal 38 (51%) 15 (20%)
Visual 17 (23%) 5 (7%)
Auditory 3 (4%) 0 (0%)
Somatosensory 18 (24%) 10 (13%)
Multisensory 37 (49%) 60 (80%0)
Visual-auditory 5 (7%) 6 (8%)
Visual-somatosensory 16 (21%) 19 (25%)
Auditory-somatosensory 5(7%) 5 (7%)
Trimodal 11 (14%) 30 (40%0)
Altogether 75 (100%) 75 (100%0)

Table 2. Modality distribution of sensory neurons in the substantia nigra. A: Modality
distribution of the SNr neurons in separate sensory modality tests without multisensory stimulus
combinations. B: Modality distribution of the SNr neurons when multisensory combinations and
multisensory interactions were also analyzed. Note the much higher number of multisensory units
when multisensory integration was also tested. Thus, the separate sensory modality tests without
the analysis of multisensory responses may strongly underestimate the number of multisensory
units in the SNr.
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5.4.2. Is unimodal clearly unimodal? Or is it after all multisensory in some cases?

In order to analyze the multisensory information-processing abilities of the same 77
CN and 75 SNr neurons, we also recorded the neuronal responses of these units to
multisensory stimulus combinations. We found that 36 of the 77 investigated CN neurons
(47%) and 41 of the 75 SNr neurons (55%) exhibited significant multisensory cross-modal
interactions. Surprisingly, only 11 of these 36 CN and 18 of these 41 SNr integrative cells
had been defined as multisensory in the separate single modality tests, i.e. these units
responded to a statistically significant extent to at least two different sensory modalities
presented alone. In contrast, a larger proportion of the integrative CN and SNr units
responded in a separate modality test to only one sensory modality, and thus these units
were classified as unimodal on the basis of the results of the separate single modality tests.
Twenty-five of the 36 integrative CN cells (12 visual, 3 auditory and 10 somatosensory)
and 23 of the 41 integrative SNr units (12 visual, 3 auditory and 8 somatosensory) with a
significant cross-modal interaction had responded to a statistically significant extent only
to individual auditory or visual or somatosensory stimulation, but the originally ineffective
modality or modalities were able to induce multisensory interactions. Ten of the 25 CN
units that were classified earlier as unimodal displayed a significant multisensory
interaction with only one ineffective modality presented together with the effective
stimulus, i.e. these units seemed to be bimodal. The other 15 units must be classified as
trimodal, because 10 of these cells exhibited interactions with both ineffective modalities
or exhibited facilitatory interactions only on trimodal stimulus presentation. Similarly, 8 of
the 23 SNr units classified earlier as unimodal demonstrated an interaction with only one
ineffective modality, while the other 15 neurons were trimodal in the sense that 11 cells
revealed interactions with both ineffective modalities and 4 units displayed facilitatory
interactions only on trimodal stimulus presentation. Thus, despite the consistent results of
the neuronal responses to separate sensory stimulations, these 25 CN and 23 SNr units
seem to be multisensory. We define a neuron as multisensory either when it reacts to two
or three different sensory modalities to a statistically significant extent (Fig. 6A and 7A),
or when it reacts to only one sensory modality to a significant extent, but at least one of the
ineffective modalities induced a multisensory cross-modal interaction (Fig. 6B and 7B).

Thus, a majority of the investigated CN (52/77, 68%) and SNr (60/75, 80%) units proved



to be of a multisensory character, and only a smaller proportion of them (25/77, 32% in the
CN, and 15/75, 20% in the SNr) were classified as absolutely unimodal (Table 1 and 2).
We compared the modality distribution in the CN and the SNr and we found that there’s a
significant difference between the modality distributions in the two structures (Pearson

Chi-square test: x> =16.95; df=6; p<0.01).
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Figure 6. Multisensory responses of two caudate nucleus neurons. A: Responses of a
multisensory CN neuron that responded significantly to both visual and somatosensory stimulation
in the separate single modality tests. The left PSTH demonstrates the neuronal response to visual
(V), the middle one to auditory (A) and the right one to somatosensory (S) stimulation. B:
Responses of a multisensory CN neuron that responded significantly to only somatosensory
stimulation in the separate single modality tests, but the ineffective auditory stimulus presented
simultaneously with the somatosensory stimulus induced a significant multisensory response
enhancement. The left PSTH demonstrates the neuronal response to visual (V), the second one to
auditory (A), the third one to somatosensory (S) and the right one to combined auditory-
somatosensory (A+S) stimulation. The p value above each PSTH denotes the significance level of a
response. Each PSTH shows the single-unit activities before and during (indicated by thick black
lines) stimulation. The thick black lines indicate a stimulation interval of 1000 ms. The calibration
denotes the firing rates (sp/sec).
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Figure 7. Multisensory responses of two substantia nigra neurons. A: Responses of a
multisensory SNr neuron that responded significantly to both visual and somatosensory stimulation
in the separate single modality tests. The left PSTH demonstrates the neuronal response to visual
(V), the middle one to auditory (A) and the right one to somatosensory (S) stimulation. B:
Responses of a multisensory SNr neuron that responded significantly to only visual stimulation in
the separate single modality tests, but the ineffective auditory stimulus presented simultaneously
with the visual stimulus induced a significant multisensory response depression. The left PSTH
demonstrates the neuronal response to visual (V), the second one to auditory (A), the third one to
somatosensory (S) and the right one to combined visual-auditory (V+A) stimulation. The
conventions are the same as on Fig. 6.
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6. Discussion

6.1. Spatio-temporal spectral response profiles in the ascending tectofugal system

6.1.1. Spatial frequency characteristics of different structures in the ascending tectofugal

system

A large number of earlier studies focused on the description of the responsiveness
of the visual neurons in the SC, the Sg and the CN merely to simple geometric forms, i.e.
moving light spots and bars. These studies were therefore inappropriate to determine the
responsiveness of these neurons to extended visual stimuli. Accordingly, our aim was to
describe the spectral, spatio-temporal filter properties of the visually responsive neurons in
the SCi, the Sg and the CN, and to suggest their role in the control of visuomotor actions.

The neurons located in the SCs responded optimally to very low spatial frequencies
and displayed low spatial resolution [85]. Similar properties have been observed in the
SCi. These findings indicate that the neurons in both the superficial and the intermediate
SC layers act as good spatial filters in the low spatial frequency domain. The spatial
frequency properties found in the SC resemble the functional properties of the W- and Y-
type neurons in the LGNd [86-88], the Sg and the CN of the feline brain. Moreover, the
lateral suprasylvian cortices: the PMLS [89;90], the anteromedial lateral suprasylvian area
(AMLS; [91]), the AES cortex [92] and the neurons in area 21b (A21b) [93] also prefer
very low spatial frequencies. However, the mean optimal spatial frequency and spatial
resolution of the recorded SCi, Sg and CN neurons were much lower than those of the X-
type neurons in the LGN [86;88], area 17 (A17), in which X input predominates [94-96],
and the neurons in area 21a (A21a) [97;98].

The band-pass SCs neurons are moderately tuned to spatial frequencies [85], while
the neurons in the intermediate layers show very narrow spatial frequency tuning. The
mean spatial frequency tuning width of the superficial band-pass collicular neurons is
comparable to those of the cortical visual areas A17, A18, A19, A2la and A21b, the
PMLS and the LP-Pul of the thalamus [90;93;96;98-100], but much higher than those of
the AES cortex [92], the Sg and the CN. In contrast, the mean tuning width found in the
SCi is comparable to those of the AES cortex [92], the Sg and the CN, structures that
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receive a tectal source of visual information from the intermediate and deep collicular
layers.

We performed a concrete comparison of the mean optimal spatial frequency and the
spatial frequency bandwidth values of the SCs, the SCi, the Sg and the CN, and we found
that the neurons located in the SCs preferred significantly higher mean optimal spatial
frequency and possessed broader spatial frequency tuning than the visually responsive
neurons found in the SCi, the Sg and the CN. However, we could not find any significant
difference between the mean optimal spatial frequency and spatial frequency bandwidth

values in the SCi, the Sg and the CN.

6.1.2. Temporal frequency characteristics of different structures in the ascending

tectofugal system

In connection with the temporal frequency properties of the neurons in the SCi, we
found that the mean optimal temporal frequency and the temporal resolution of these cells
were high, with a significant difference between the mean optimal temporal frequency and
temporal resolution of the neurons in the SCs and the SCi. Thus, the neurons in the SCi
preferred even higher temporal frequencies than those observed in the SCs. However, the
mean optimal temporal frequency found in the SCi layers is comparable to those in the Sg,
the CN, the AEV [92], the PMLS [90;101] and the AMLS [91], but higher than those in
other visual cortical areas [93;98;102;103]. These results may suggest that the SCi is an
important source of visual information in the high temporal frequency domain, relayed via
the Sg of the posterior visual thalamus to the CN and to the cortical neurons in the LS areas
and the AEV, structures, which take part in motion analysis [10;13;92;104;105].

The neurons in both the SCs and SCi layers are moderately tuned to temporal
frequencies. We did not detect any significant difference between the temporal frequency
tuning widths in the SCs and the SCi. The mean temporal tuning width of the collicular
neurons is comparable to those in visual cortical areas A17 and A18 [96], the PMLS
[90;101] and the LP-Pul of the thalamus [106], but lower than those in A19 [103], A2la
[97;98], A21b [93] and higher than those in the AES cortex [92], the Sg and the CN.

When comparing the mean optimal temporal frequency and the temporal frequency

bandwidth values of the neurons in the SCs, the SCi, the Sg and the CN, we could only
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detect a statistically significant difference between the mean optimal temporal frequency in
the SCs and the SCi layer neurons. In case of the temporal frequency tuning bandwidth,

neurons in the SC differed significantly from those located in the Sg and the CN.

6.2. Multisensory response properties and multisensory integration in the basal ganglia

In the next set of our experiments our goal was to find new data concerning the
multimodal representation of the environment in the basal ganglia of the mammalian brain.
We recorded single-cell responses to visual, auditory, somatosensory and multisensory
stimulation in the SNr and the CN, and found that multisensory stimulation elicited
significantly different responses in the neurons than did the individual sensory
components.

A majority of the recorded sensory neurons in the CN and the SNr were
multisensory. A similarly high number of multisensory units (> 50%) were found in the
SC, but the number of multisensory units described in the AEV (approximately 20%) is
much lower [14;107-109].

Similarly to earlier findings in the CN, the majority of the investigated multisensory
CN and SNr neurons displayed a significant multisensory cross-modal interaction [110].
Approximately three quarters of the interactions found in the SNr and the CN involved a
cross-modal multisensory response enhancement, while the remaining quarter produced a
multisensory response depression. Both facilitatory and inhibitory interactions were
observed in each stimulus combinations. The magnitudes of the response enhancements
and depressions varied widely among the CN and the SNr cells. The level was generally
under 200%, although there were CN and SNr neurons that exhibited extremely strong
multisensory effects, with enhancements up to 688% and 574%, respectively. The
magnitudes of the multisensory indices calculated in the CN and the SNr were in the same
range as those in the SC, but higher than those in the AES cortex [107;111]. Additionally,
the investigated CN and SNr cells displayed different levels of the strength of the response.
Similarly, as described earlier in the SC, both in the SNr and in the CN there was an
inverse relationship between the response enhancement that the stimuli produced in
combination and the effectiveness when they were presented alone [14]. Hence, the pairing

of the least effective or ineffective unimodal stimuli induced a much larger multisensory
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effect in the basal ganglia neurons than did the pairing of highly effective unimodal
stimuli. This suggests that multisensory interactions in the basal ganglia improve the
successful detection of environmental stimuli even when the unimodal sensory components
presented alone have no significant meaning for the animal. Stanford et al. [84] have
described a new classification of multisensory interactions in the feline SC. In contrast
with the earlier commonly used facilitatory and inhibitory interactions, the multisensory
effects were classified as subadditive, additive or superadditive. The interactions found in
the CN and in the SNr that were either significantly facilitatory or significantly inhibitory
in the classical approach of Meredith and Stein [14] were recalculated according to the new
classification. All the facilitatory interactions in the basal ganglia proved to be either
additive or superadditive, but never subadditive, while the inhibitory interactions were
consistently subadditive.

In the SC, a multisensory response enhancement was often found when the visual
and auditory stimuli originated from the same spatial position, while a multisensory
response depression was mainly detected when the spatial disparity of the simultaneously
presented auditory and visual stimuli was large [14;108;112]. In contrast with these
findings in the SC, the neurons in the CN and the SNr often displayed a multisensory
response depression to sensory stimuli originating from the same spatial position. In the
SC, the strongest multisensory response enhancement was detected when the stimulus
intensity used was not optimal, i.e. a weak auditory and/or visual stimulus [14]. In contrast
with this, the CN and SNr neurons often revealed an extremely intensive multisensory

enhancement when the optimal stimulus parameters were applied.

6.2.1. Modality distribution in the basal ganglia

The statistical analysis of the neuronal responses to separately presented visual or
auditory or somatosensory stimulation suggested that a majority of the sensory units in the
CN and the SNr were unimodal, in the sense that they responded to a statistically
significant extent to only one of the individual sensory modalities tested. Similar results
were found in the AES cortex and the SC, where a large majority of the units were likewise
responsive to only one sensory modality in separate modality tests [14;82;113-115], the

neuronal responses to multisensory stimulus complexes demonstrated that a significant
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proportion of these units exhibited strong multisensory cross-modal interactions. We argue
that any single neuron that exhibits a significant cross-modal response enhancement or
depression must be classified as multisensory, despite responding to only one modality
stimulation during the single modality tests [14]. Thus, analyses of the neuronal
responsiveness to separate visual, auditory or somatosensory stimulation without any
combination of the modalities may have strongly underrepresented the number of

multisensory neurons in the basal ganglia [83;110;116;117].

The similar type of interactions revealed in the basal ganglia supports the notion
concerning ascending multisensory tectofugal pathways to the CN and to the SNr [116].
The caudate body may receive its multisensory afferentation predominantly from the
tectum and the AES cortex via the Sg nuclear complex of the thalamus [68;70;73;118].
The excitatory multisensory inputs of the SNr may originate from the CN [68;119] or from
the tectum through direct [120] or indirect pathways [63;121-123] (Fig. 8). Accordingly,
we assume that the CN and the SNr, as particular parts of a subcortical multisensory loop
within the ascending tectofugal system, exert a critical function in multisensory
integration. The multisensory integration in the CN and the SNr can presumably facilitate
the processing of complex sensory stimuli as concerns the sensory feedback of motor

actions controlled by the basal ganglia.

/\
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(Sg) >-— CN

|
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Striate cortex

Figure 8. Subcortical multisensory
loop in the ascending tectofugal
system. Black arrows demonstrate
the potential connections between the
structures  creating the  tectal

extrageniculate multisensory system.
A loop is clearly seen between the
SC, the posterior thalamus, the CN
and the SNr.
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7. Conclusions

Our results demonstrated that different structures (i.e. the SCs, the SCi, the Sg and
the CN) in the ascending tectofugal system possess very similar spatio-temporal visual
receptive field properties. Despite these similarities, we discerned significant differences in
the mean optimal spatial and temporal frequencies and the spatial and temporal frequency
tuning bandwidths between the pooled data on the SCs and the SCi layers, the Sg and the
CN. The preference for low spatial frequencies combined with high temporal frequencies
suggests that the neurons in both the SCs and the SCi, the Sg and the CN can detect large
contours moving at high velocities well, but are unable to distinguish small details of the
figures. These structures could possess a visuomotor function, such as organizing the
complex, sensory-guided oculomotor and skeletomotor responses during the self-motion of
the animal.

Moreover the CN and the SNr are capable of processing and integrating
multisensory information. Multisensory information processing may result in a more
accurate detection of the relevant sensory events in the complex multisensory environment.
Accordingly, complex multisensory stimuli may possess effects or carry meanings that
their individual components alone do not have. We suggest that the multisensory CN and
SNr neurons may play a prominent role in sensorimotor integration and consequently allow
the basal ganglia to participate in the adjustment of motor behavior in response to the
environmental challenges.

Our results provide new information concerning the functioning of a subcortical
multisensory loop, involving the SC, the CN and the SNr, within the ascending tectofugal
system. Since a huge percent of multisensory information reaching the basal ganglia
originates from the SC, we assume that these structures function together in the complex

sensorimotor integration processes of the feline brain.
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8. Summary

Electrophysiological recordings of single units in the SCi, the CN and the SNr were
carried out extracellularly via tungsten microelectrodes in halothane-anesthetized,
immobilized, artificially ventilated adult cats. Neuronal activities were recorded and
correlated with the movement of the light stimulus and the auditory, the somatosensory,
the bimodal and the trimodal stimuli by a computer and stored for further analysis as
PSTHs. The net firing rate was calculated as the difference between the firing rates during
the prestimulus and peristimulus intervals. The net firing rate was defined as a response
when a t-test revealed a significant (p<<0.05) difference between the two values.

In the first step of our analysis we compared the spatio-temporal frequency tuning
properties of the SCs, the SCi, the Sg and the CN by one-way ANOVA analysis and Tukey
post-hoc test. The summarized statistical analysis of the investigated structures revealed a
significant difference among the optimal spatial frequencies of the investigated structures
(p<0.001, Fg, 374=16.376). The post-hoc analysis showed that the mean optimal spatial
frequency measured in the SCs was significantly higher than that of the SCi (p<0.001), the
Sg (p<0.001) and the CN (p<0.001). In contrast to this, we found no significant difference
(p>0.05) among the optimal spatial frequencies of the SCi, the Sg and the CN.

Similarly to the optimal spatial frequency values the summarized statistical analysis
of the spatial frequency bandwidths revealed a significant difference among the
investigated structures (p<0.001, F, 236=6.317). The post-hoc analysis showed that the
spatial frequency bandwidth of the band-pass neurons in the SCs was significantly higher
than that of the SCi (p=0.004), the Sg (p<0.001) and the CN (p=0.006). We found no
significant difference (p>0.05) among the spatial frequency bandwidths of the SCi, the Sg
and the CN.

The summarized statistical analysis of the investigated structures also revealed a
significant difference among the optimal temporal frequencies of the investigated
structures (p=0.04, F3, 314=2.807). The post-hoc analysis showed that the mean optimal
temporal frequency in the SCs was significantly lower than that of the SCi (p=0.023), the
Sg (p=0.012) and the CN (p=0.038). In contrast we found no significant difference
(p>0.05) among the optimal temporal frequencies of the SCi, the Sg and the CN.
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Finally, similarly to the optimal temporal frequency, the summarized statistical
analysis of the temporal frequency bandwidths revealed a significant difference among the
investigated structures (p<0.001, F4, 307=13.797). The post-hoc analysis showed that the
temporal frequency tuning bandwidth of the neurons in the SCs and the SCi was not
significantly different, but the temporal frequency bandwidths of both the SCs and the SCi
neurons were significantly higher than that of the neurons in the Sg (p<0.001 in case of the
SCs and p<0.001 in case of the SCi) and the CN (p=0.023 in case of the SCs and p=0.03 in
case of the SCi). We found no significant difference (p>0.05) between the temporal
frequency bandwidths of the Sg and the CN.

In the next set of our experiments our aim was to record the neuronal responses of
the CN and SNr neurons to visual, auditory, somatosensory, bimodal and trimodal
stimulations, thus, to reveal the multisensory information processing ability of the neurons
in the basal ganglia. Afterwards we also investigated if these neurons were capable of
integrating multisensory information deriving from different sources.

Altogether 302 single neurons in the CN and 480 single neurons in the SNr were
recorded; 111 of these CN units and 124 of the nigral neurons exhibited excitatory
responses to visual and/or auditory and/or somatosensory stimulation. The sensory
properties of 77 CN and 75 SNr neurons were analyzed in detail.

We recorded unimodal as well as bimodal and trimodal neurons in both the CN and
the SNr. A majority of the sensory neurons recorded in the CN and the SNr responded to
visual or somatosensory stimulation. Only a relatively small proportion of the neurons
displayed auditory sensitivity. The visual as well as the somatosensory and auditory
receptive fields of the recorded neurons proved to be extremely large.

Fifty (65%) of the sensory CN neurons exhibited a unimodal character, reacting to
only one investigated modality, while a smaller proportion (27, 35%) of them were
multisensory, reacting to two or three different sensory modalities (7 visual-auditory, 9%;
9 visual-somatosensory, 12%; 3 auditory-somatosensory, 4% and 8 trimodal neurons,
10%). Similarly to the unimodal units, the sensory receptive fields of the multisensory CN
neurons were extremely large, covering the whole of the approachable sensory field, i.e. a

single trimodal CN neuron could process sensory information from the whole visual field
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of the right eye, from the loudspeakers located throughout the whole 360° azimuth and
from the whole body surface of the animal.

Thirty-eight (51%) of the 75 SNr units exhibited a unimodal character while the
remaining 37 (49%) units were multisensory (5 visual-auditory, 7%; 16 visual-
somatosensory, 21%; 5 auditory-somatosensory, 7%; 11 trimodal neurons, 14%). Similarly
as for the unimodal SNr units, the receptive fields of the multisensory nigral neurons were
extremely large.

We defined a neuron as multisensory either when it reacted to two or three different
sensory modalities to a statistically significant extent, or when it reacted to only one
sensory modality to a significant extent, but at least one of the ineffective modalities
induced a multisensory cross—modal interaction. We found that 36 of the 77 investigated
CN neurons (47%) and 41 of the 75 SNr neurons (55%) exhibited significant multisensory
cross-modal interactions. Taking this definition into consideration we can say that the
majority of the investigated sensory neurons in the CN and the SNr are actually
multisensory.

We analyzed altogether 36 interactions between the CN units and 39 interactions
between the SNr neurons. The large majority of the interactions in both structures were
multisensory response enhancements and approximately one quarter of them were
multisensory response depressions. We found significant facilitatory and inhibitory
interactions in both structures in each multisensory stimulus combination tested.

According to our results we can suggest that the subcortical multisensory loop,
involving the SC, the CN and the SNr, within the ascending tectofugal system of the feline
brain provides the multisensory information processing background needed for the

complex integrative sensorimotor functions exhibited mainly by the basal ganglia.
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