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1 Introduction

The caudate nucleus (CN), which is the main input structure of the basal ganglia, is one of the
most researched structures in neuroscience. Electrophysiological studies of the CN in the last
50 years have confirmed its central role in the regulation of motor processes as well as
cognitive processes such as goal-directed action, memory functions, learning methods, sleep,
emotion and language (Elliott et al., 2003; McGaugh, 2004; Villablanca, 2004; Aron et al.,
2005; Seger and Cincotta, 2005; Crinion et al., 2006; Kaufmann et al., 2006; Newberg et al.,
2006; Obeso et al., 2008; Grahn et al., 2009; Kumar et al., 2009; White, 2009; Hannan et al.,
2010; Villablanca, 2010; Ishizu and Zeki, 2011).

Furthermore, the basal ganglia are strongly involved in sensorimotor functions (Zhou et al.,
2002; Schmitzer-Torbert and Redish, 2004; Barnes et al., 2005; Hikosaka et al., 2006; Tang et
al., 2007; Kimchi and Laubach, 2009; Kubota et al., 2009; Yin et al., 2009; Thorn et al.,
2010). It is also assumed that for the eliciting of the normal motor behavior, sensory input to
the basal ganglia is essential. Thus, it follows logically that visual information is represented
in the CN.

The origin of this visual input has not yet been fully clarified. The corticostriatal pathways
send sensory information to the CN (Webster, 1965; Hollander et al., 1979; Norita et al.,
1991). At the same time, evidence is accumulating in support of the role of extrageniculate
pathways of tectal origin in the sensorimotor integration processes of the basal ganglia (Nagy
et al., 2003; Nagy et al., 2008; Hoshino et al., 2009). The dorsolateral part of the caudate body
in the cat can receive its visual afferentation from the tectum via the suprageniculate nucleus
of the thalamus (Harting et al., 2001; Nagy et al., 2003; Rokszin et al., 2011).

1.1 Visual information processing in the caudate nucleus

Sedgwick and Williams (1967) were the first who suggested the existence of visual sensitivity
in the feline CN. From the 1980s to the present, a number of studies have been carried out to
clarify the role of CN in visual information processing. It is known that CN neurons are
sensitive to various modalities of visual stimulation, i.e. both static and dynamic visual

components are represented here (Pouderoux and Freton, 1979; Rolls et al., 1983; Strecker et



al., 1985; Hikosaka et al., 1989; Kolomiets, 1993; Brown et al., 1995; Chudler et al., 1995;
Nagy et al., 2003; Nagy et al., 2008; Gombkoto et al., 2011; Rokszin et al., 2011; Vicente et
al., 2012). Thus the CN seems to belong to those brain structures that have the capacity to

sample and evaluate a wide variety of changes in the visual environment.

Beside the characterization of classical visual receptive field properties of the CN neurons
(Pouderoux and Freton, 1979; Nagy et al., 2003), their responsiveness to extended visual
stimuli was also investigated (Nagy et al., 2008; Nagy et al., 2010). By the application of
drifting grating stimulation, it was possible to determine specific response characteristics of
the CN neurons. They were strongly sensitive to very low spatial, intermediate to very high
temporal frequencies, and exhibited narrow temporal and spatial frequency tuning. Neurons
with these spatio-temporal visual response properties have all the capacities to perceive optic
flow and 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; Nagy et al., 2008). From this emerges the question whether
an optic flow stimulus can directly activate the CN neurons and what neuronal responses it

elicits.

1.2 Neuronal groups of the caudate nucleus

Since the 1960s, neurons of the NC were classified in two big groups based on their firing
patterns: phasically active neurons (PANs) and tonically active neurons (TANs) (Albe-
Fessard et al., 1960; Connor, 1970; Feltz and Albe-Fessard, 1972; Anderson and Yoshida,
1977; Wilson and Groves, 1981; Kimura et al., 1984; Alexander and DelLong, 1985; Kimura,
1986). Wilson and Groves (1981) observed that one type of cell in the striatum is often silent
for seconds, but fires in brief episodes. These cells are commonly called PANs. This group
may correspond to the medium spiny projection neurons of the striatum. The other cell type,
which was named tonically active, shows variable discharge rates, and they do not show long,
discharge-free periods. This group may correspond to the cholinergic interneurons of the CN.
In the middle of the 1990s, new evidence came to light on a third distinct subtype of striatal
neurons, the GABAergic interneurons that could be further divided in different

subpopulations on the basis of their neurochemical properties. The different subpopulations



are characterized by their parvalbumin (PV), calretinin (CR), somatostatin (SOM),
neuropeptide Y (NPY), and nitric oxide synthase (NOS) content (Vincent and Johansson,
1983; Chesselet and Graybiel, 1986; Cowan et al., 1990; Kita et al., 1990; Bennett and
Bolam, 1993; Kawaguchi, 1993; Kubota and Kawaguchi, 1993, 1994; Kawaguchi et al.,
1995). Altogether, CN interneurons can be classified based on their morphology,
neurochemistry and physiology at least in one cholinergic and at least three distinct subtypes
of GABAergic types.

1.2.1 Medium spiny projection neurons

The large majority of the striatal neurons (77-97% in different mammalian species) belong to
the group of GABAergic medium spiny projection neurons (MSN). Striatal projection
neurons comprise up to 97% of the rodent striatum but this proportion is significantly lower in
higher vertebrates, especially in primates (Kemp and Powell, 1971; Graveland et al., 1985;
Wise et al., 1996; Luk and Sadikot, 2001; Rymar et al., 2004; Yarom and Cohen, 2011). In
awake animals, MSNs are activated in brief episodes, which are separated from each other by
longer periods of quiescence (Schultz and Romo, 1988; Kimura et al., 1990). Medium-sized
spiny projection neurons were characterized low or very low spontaneous activity (<10 Hz),
mostly under 2 Hz (Apicella, 2002; Lau and Glimcher, 2007). In the light of morphological
and electrophysiological studies, which were performed in the last 25 years, it is widely
accepted that the electrophysiologically classified PANs are same to the anatomical classified
MSNs (Wilson et al., 1990; Wilson, 1993; Apicella, 2002; Mallet et al., 2005; Berke, 2008;
Deffains et al., 2010; Inokawa et al., 2010; Adler et al., 2013). The remaining small minority
of the CN neurons are cholinergic and GABAergic interneurons (Kawaguchi, 1993;
Kawaguchi et al., 1995; Wu and Parent, 2000; Zhou et al., 2002; Tepper and Bolam, 2004;
Ibanez-Sandoval et al., 2010; Tepper et al., 2010).

1.2.2 GABAergic interneurons

There are at least three subtypes of GABAergic interneurons in the neostriatum, which can be
classified based on their neurochemical properties. One group expresses the peptides

somatostatin and neuropeptide Y (NPY), as well as the enzymes NADPH diaphorase and



nitric oxide synthase. The other two groups express the calcium binding proteins parvalbumin
or calretinin (Kawaguchi et al., 1995). The GABAergic interneurons add up to about 2-3% of
the neostriatal cells in rodents and to 23% of CN neurons in primates (Graveland et al., 1985;
Rymar et al., 2004; Tepper and Bolam, 2004; Tepper et al., 2010).

1.2.2.1 Parvalbumin-containing interneurons

Parvalbumin-immunoreactive striatal neurons were first reported by Gerfen et al. (1985), who
demonstrated the existence of medium-sized, aspiny interneurons. This is the only striatal
neuron group which is characterized by gap junctions (Humphries et al., 2010; Tepper et al.,
2010). On the basis of their electrophysiological properties, these neurons seem to correspond
to the neurophysiologically characterized high firing neurons (HFN, (Kita et al., 1990; Chang
and Kita, 1992; Kawaguchi, 1993; Koos and Tepper, 1999; Berke, 2008; Tepper et al., 2010;
Fino and Venance, 2011; Do et al., 2012; English et al., 2012; Isomura et al., 2013). They
comprise roughly 1-20% of the striatal neurons (Luk and Sadikot, 2001). These neurons are
characterized by high spontaneous discharge rates, typically 10-30 Hz in behaving animals
(Plenz and Kitai, 1998; Berke, 2008).

1.2.2.2 Neuropeptide Y, nitric oxide synthase and somatostatin-containing

interneurons

The second neostriatal GABAergic interneuron group can be characterized by the absence of
parvalbumin, but at the same time the presence of NPY, somatostatin, nitric oxide synthase
and NADPH diaphorase (Vincent and Johansson, 1983; Smith and Parent, 1986). These
neurons comprise 0.8% of the neostriatal cells in rats (Rymar et al., 2004). These cells can be
characterized electrophysiologically by low threshold calcium spikes and a prolonged
calcium-dependent plateau potential. They have therefore been termed persistent and low-
threshold spike (PLTS) neurons (Kawaguchi, 1993; Kawaguchi et al., 1995). Recently
Ibanez-Sandoval et al. (2011) suggested that there are two electrophysiologically,
morphologically, and neurochemically distinct subtypes of NPY interneurons, one of which

had not been previously described. English and his colleagues (2012) demonstrated the
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existence of a group of neuropeptide Y-expressing interneurons in the neostriatum, the NPY
neurogliaform cells (NPY-NGF interneurons), which can be both morphologically and
electrophysiologically separated from the NPY-expressing plateau depolarization—low
threshold spike (NPY-PLTS) interneurons.

1.2.2.3 Calretinin-containing interneurons

The third GABAergic interneuron group of the CN can be characterized by the co-localization
of a calcium binding protein, calretinin. These neurons add up to 0.5% of the neostriatal
neurons in rats (Rymar et al., 2004). Our knowledge about these interneurons is limited.
Morphological observations in immunostained material were made, but the
electrophysiological properties have not been studied. It is also known that in primates,
including humans, the proportion of CR positive neurons is much greater than in rodents (Wu
and Parent, 2000; Tepper and Bolam, 2004; Tepper et al., 2010).

1.2.2.4 Striatal tyrosine hydroxylase immunpositive interneurons

Dubach et al. (1987) were the first to describe tyrosine hydroxylase (TH) immunoreactive
neurons in the CN of three normal monkeys. The vast majority of these neurons was actually
outside of the borders of the CN and putamen, and were located in the white matter ventral to
the striatal neuropil. The neurons which were actually within the striatum, were restricted to a
narrow band in the dorsomedial periphery of the CN. Subsequently, several studies from
different laboratories confirmed the existence of neurons that could be immunostained with
different monoclonal or polyclonal antibodies directed against for tyrosine hydroxylase in
mice, rats, monkeys and humans. Recently Tepper et al. (2010) could visualize striatal
tyrosine hydroxylase positive neurons in brain slices by using genetically modified mice.
Whole cell patch clamp recording and biocytin labeling allowed the study of the
electrophysiological and anatomical properties of striatal TH positive neurons. Four distinct

groups have been described so far (Ibanez-Sandoval et al., 2010).
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1.2.2.5 Cholecystokinin and vasoactive intestinal polypeptide immunpositive

interneurons

Beside the already mentioned CN neuronal groups a small number of vasoactive intestinal
polypeptide (VIP) immunpositive spiny neurons were described in the striatum of the rat
(Takagi et al., 1984; Theriault and Landis, 1987; Hokfelt et al., 1988). Furthermore
cholecystokinin (CCK) immunpositive neurons were found in the feline CN (Adams and
Fisher, 1990). In contrast with the sparsely distributed VIP neurons, which can be found in all
areas of the striatum (Theriault and Landis, 1987) the information about the very small
population of CCK immunpositive neurons is not satisfactory in the sense that there were
reported only in cats but these finding can not be confirmed in rodents and primates (Gilles et
al., 1983; Schiffmann et al., 1989; Adams and Fisher, 1990). Preliminary single cell RT-PCR
analysis of a small number of TH interneurons suggest that some of these neurons may
express CCK and/or VIP implying a possible overlap among these types of interneurons.
Genetic reporting and/or targeting methods as well as gene expression assays will be essential

to clarify the existence and possible roles these neurons in the striatum (Tepper et al., 2010).

1.2.3 Cholinergic interneurons

Cholinergic interneurons were first identified as giant interneurons by Koelliker (1896).
Nowadays, the long-known and researched large aspiny interneurons, which release
acetylcholine, are generally agreed to correspond to the tonically active neurons in the
striatum (Bolam et al., 1984; Kimura et al., 1984; Wilson et al., 1990; Aosaki et al., 1994,
Kawaguchi et al., 1995; Bennett and Wilson, 1999; Apicella, 2002; Tepper and Bolam, 2004;
Tepper et al., 2004; Mallet et al., 2005; Pisani et al., 2007; Berke, 2008; Inokawa et al., 2010;
Berke, 2011; Schulz et al., 2011; Yarom and Cohen, 2011; Beatty et al., 2012). Although
these cells are only 1-3% (~10% in primates (Fino and Venance, 2011), ~2% in cats (Phelps
et al., 1985)) of all striatal neurons, they can show different endogenous firing patterns
(regular, irregular and bursting), which can modulate the information processing in the
striatum (Bennett and Wilson, 1999; Goldberg and Reynolds, 2011). The spontaneous
discharge rate of the cholinergic CN interneurons is between 3-10 Hz in primates (Bolam et
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al., 1984; Aosaki et al., 1994; Goldberg and Reynolds, 2011; Adler et al., 2013; Schulz and
Reynolds, 2013).

In summary, the conclusion can be drawn that there is strong overlap between the anatomical
and electrophysiological clustering of the CN neurons. PANs overlap strongly with the
medium spiny projection neurons, HFNs overlap with parvalbumin immunpositive
GABAEergic interneurons and the TANs seem to comprise the same cluster as the cholinergic
interneurons. Being a research group traditionally working with feline models, it was natural
that the fact that the question as to whether a similar classification is possible in the feline

brain has not been investigated before, could not escape our attention.

1.3 Evolution of the behaving feline research models

The domestic cat is a classical mammalian model organism in visual neurophysiology and
neuroanatomy. Several high-impact discoveries have been based on the feline model, of
which the most well-known may be those of the Nobel laureates Hubel and Wiesel (1961,
1962). In the last few decades, animal research has seen a clear tendency toward the use of
awake, behaving animals, instead of the previously used anesthetized, paralyzed models.

Behaving feline models have gone through several stages of development. Since the
beginning of the second half of the 20™ century, mostly anesthetized, paralyzed cats were
used in the investigation of the primary visual (striate) cortex, but in the first years some
experiments were performed with behaving, unrestrained cats, too (Hubel, 1959; Griffith and
Horn, 1963). Later, behaving cats were placed in a restraining box and they could put out
their head through a small hole. The cats were in this position during the experiments. The
head- and eye- movements were not controlled (Berkley, 1970; Blake et al., 1974; Franklin et
al., 1975). Strecker et al. (1985) used freely moving cats, which were placed in a sound-
attenuated behavioral chamber, however, also without eye control. Stryker and Blakemore
(1972) took a step further, fixated the body and head of the cat with a canvas bag on a
platform, and the eye movements were under video surveillance. For some time, scleral
magnetic search coils developed for primates were utilized (Robinson, 1963; Fuchs and

Robinson, 1966; Judge et al., 1980), but later they were adapted to cats (Pigarev and
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Rodionova, 1998; Populin and Yin, 1998, 2002; Huxlin and Pasternak, 2004; Tollin et al.,
2005; Pigarev and Levichkina, 2011). Nowadays, behaving animal models are often used in
primate visual experiments, but they have rarely been utilized in cats, due to technical
difficulties. Only a few research groups can perform visual experiments with behaving cats.
The animals have to learn the behavioral visual fixation task. In order to exclude the effects of
eye movements, they have to maintain fixation during the electrophysiological recordings and
the eye position of the animal has to be controlled continuously (Robinson, 1963; Fuchs and
Robinson, 1966; Judge et al., 1980). Pigarev and his colleagues investigated the visual
cortical areas (Pigarev and Rodionova, 1998; Pigarev and Levichkina, 2011). Populin and Yin
performed mainly auditory and auditory-visual experiments in the superior and inferior
colliculi (Populin and Yin, 1998, 2002; Tollin et al., 2005). Huxlin and Pasternak (2004)
investigated the training-induced recovery of visual motion perception after extrastriate
cortical damage in adult cats. In each case, the head of the animal was fixed and its body was
put either in a box or on a trolley, which could move along a 3-m long railway.

In our laboratory we investigate the sensory properties of the basal ganglia and the connected
ascending tectofugal visual system. We have hitherto performed our experiments on
anaesthetized and paralyzed cats (Nagy et al., 2006; Nagy et al., 2008; Gombkoto et al.,
2013). One of the main goals of my thesis work was to introduce a feline model that could be
suitable for chronic visual and multisensory electrophysiological recordings in the awake,
behaving cat.
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2 Aims of the study

The specific aims of the research work serving as the basis of the present thesis were the

following:

1. To establish a new, behaving, head-restrained and eye movement- controlled feline
model for chronic visual experiments.

2. To classify the CN neurons in the feline brain according to their electrophysiological
properties.

3. To describe the visual response characteristics of the CN neurons to static and
dynamic visual stimuli.

4. To compare the response characteristics of the CN neurons.

The thesis undertakes to describe the results of the work aimed at reaching these ends.
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3 Materials and Methods

Experiments were performed on two adult domestic cats (2.6 kg and 3.25 kg). All
experimental procedures were carried out to minimize the number and the discomfort of the
animals involved, and followed the European Communities Council Directive of 24
November 1986 (86 609 EEC) and the National Institutes of Health guidelines for the care
and use of animals for experimental procedures. The experimental protocol has been accepted
and approved by the Ethics Committee for Animal Research of the University of Szeged
(No: 1-74-24/2012).

3.1 Animal preparation and surgery

The animals were initially anesthetized with ketamine hydrochloride (Calypsol (Gedeon
Richter®), 30 mg/kg i.m). To reduce salivation and bronchial secretion, a subcutaneous
injection of 0.2 ml 0.1% atropine sulphate was administered preoperatively. A cannula was
inserted in the femoral vein and after intubation of the trachea the animals were placed in a
stereotaxic headholder. All wounds and pressure points were treated regularly with local
anesthetic (1%, procaine hydrochloride). Throughout the surgery, the anesthesia was
maintained with 1.5% halothane in a 2:1 mixture of N,O and oxygen. The depth of anesthesia
was monitored by continuously checking the end-tidal halothane concentration and heart rate
(electrocardiogram). The minimum alveolar anesthetic concentration (MAC) values
calculated from the end-tidal halothane readings were kept in the range recommended by
Villeneuve and Casanova (2003). The end-tidal halothane concentration, MAC values and the
peak expired CO, concentrations were monitored with a capnometer (CapnomacUIltima,
Datex-Ohmeda, ICN). The O, saturation of the capillary blood was monitored by pulse
oxymetry. The peak expired CO, concentration was kept within the range 3.8-4.2% by
adjustment of the respiratory rate or volume. The body temperature of the animal was
maintained at 37°C by a computer-controlled, warm-water heating blanket. Craniotomy was
performed with a dental drill to allow a vertical approach to the target structures. The dura
mater was preserved, and the skull hole was covered with a 4% solution of 38°C agar
dissolved in Ringer’s solution. Then a reclosable plastic recording chamber (internal

diameter: 22.5 mm) was mounted on the skull. Following this, the eight electrodes were
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implanted in the brain with the help of an adjustable microdrive system (a modified Harper-
McGinty microdrive for the first animal, see McKown and Schadt (2006), and a modified
Korshunov microdrive for the second animal (Averkin et al., 2009)). The implanted chamber
and microdriver system allowed a stable recording background for two years in the first and
second cat. In order to monitor the eye movements of the animals, a scleral search coil was
implanted into one eye. Although this method was originally developed for primates
(Robinson, 1963; Fuchs and Robinson, 1966; Judge et al., 1980), it was later adapted to cats,
too (Pigarev and Rodionova, 1998; Populin and Yin, 1998, 2002; Huxlin and Pasternak, 2004;
Tollin et al., 2005; Pigarev and Levichkina, 2011). Additionally, a stainless steel headholder
was cemented to the skull for head fixation purposes. All surgical procedures were carried out
under aseptic conditions. Before the surgical procedure, a preventive dose of antibiotic was
given (1000 mg ceftriaxon, i.m., Rocephin 500 mg (Roche®)). The first five postoperative
days 50 mg/kg antibiotic was provided intramuscularly. Nalbuphin and non-steroidal anti-
inflammatory drugs were administered until the seventh postoperative day.

3.2 Behavioral training of the animals

The experimental animals were selected with distinguished care, in a one-year process, during
which the animals were adapted to the laboratory environment and their temper was also
observed. It was only after this selection and training process that the insertion of the
recording electrodes took place. Water deprivation was not used. Cooperative behavior and
adaptation to the laboratory environment was formed by a feeding routine. Independently of
behavioral training or recording, the animals received food only in the laboratory (150-
250 gram/day). During the weekends, the animals had access to food in their cage ad libitum,
without any weight control. Once the cat got accustomed to the laboratory environment, it
was carefully clothed into the canvas harness. This harness leaves the head, tail and legs free.
Initially, the cat spent only a few minutes in the harness, which was extended to two hours. It
was also during this period that we gradually shifted to pulpy food provided through a plastic
tube. The next step in training, which is a novelty of our model, was the suspension of the
animal. Cats, by nature, like to lie in a hammock; therefore, it is relatively easy to get them
accustomed to the canvas harness in a suspended position. In this specific case, it was done as

follows: first, we lifted the animal manually only a few centimeters from the floor in the
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canvas harness, while it was being fed. When the animal got used to being suspended this
way, it was gradually introduced to the experimental stand (Figure 1). The experimental stand
is a cubical structure with each side open, in which the suspension harness is fastened at two
points in by a rope pulley block. Before the implantation of the electrodes, it took
approximately three months to adapt the cat to these circumstances. In the following step, the
head of the suspended cat was fixed to the stereotaxic frame by the implanted steel headholder
with two stainless steel bars (see Figure 1B). In this paradigm, the stereotaxic device is placed
within an electromagnetic field, which is generated by metal coils, installed into the wall of
the stand. Once in the stereotaxic device, the animals were fed only with pulpy food (now as
reward for successful trials, see below) through a plastic tube, dosed by a computer-driven

hydraulic pump installed outside the magnetic field.

Figure 1. Schematic drawing of the experimental setup. Figure 1A: the suspended cat in
the canvas harness in the experimental stand. The head of the suspended cat is restrained in
the stereotaxic frame. The cat is inside an electromagnetic field, generated by metal coils,
installed in the four walls of the stand. Above (outside the magnetic field) is a hydraulic

pump, which doses the food reward. Figure 1B: the schematic drawing of the head of the cat
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with the accessories for chronic recordings. The head of the cat is restrained via the implanted
steel headholder (d) with two stainless steel bars, which are attached to the stereotaxic frame.
The recording chamber with adjustable microdrive, which moves the eight recording wire-
electrodes (e) and the recording cable with preamplifier (c) are placed behind the headholder.
On the other side of the headholder, the adapter of the eye movements recording cable (a) can
be seen. The cat receives the food reward through a plastic tube (b).

That is, in our model, the cats have to tolerate a canvas bag around their body, being in a
suspended position, head restraint and also a scleral search coil. The suspended position is a
further novelty as compared to earlier feline models. It must be added that we experimented
with the lying position too, but the animals either tolerated this poorly for longer periods, or
simply fell asleep. We found the suspended position superior both in terms of its tolerability

for the animals and handling.

3.3 Behavioral paradigm and visual stimulation

Having established the physical circumstances, the animals had to be taught the behavioral
paradigm. A standard 17- inch CRT monitor (at 100 Hz refresh rate) was placed in front of
the animal, at a distance of 57 cm. The initial part of behavioral training concentrates on
fixation. The fixation point is projected on the centre of the CRT monitor within an
acceptance window of changeable size. The size of the fixation point is constant, 0.8° in
diameter. If the cat holds fixation for a pre-set duration within the acceptance window, it
receives food reward. During the fixation training, the fixation time was gradually increased
from 100 ms to 1500 ms. Square fixation windows were used. The size of the initial fixation
window was +10° for both cats. During the training period, it was reduced to +2.5° in +2.5°
steps, which took two months. The £2.5° was the final size of the fixation window in case of
both cats. After the fixation training, either random dots (static) or optic flow (dynamic)
stimuli were applied, while the animal maintained fixation. The size of the dots was 0.1° in
diameter and their speed increased 0 to 7%sec toward the periphery. Summarized, if the
animal started the task (put practically its eye within the fixation acceptance window and held

there until 500 ms) visual stimulation was performed. Firstly random dots (stationary visual
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stimulus) and then optic flow (dynamic visual stimulus) stimuli were applied. The size of the
whole stimulus screen was 40.5° by 30.5°.

A trial consisted of the following stages (Figure 2):

1. Fixation phase: a central green fixation point appears on the center. The cat has to see the
fixation point and has to hold its eye within the given fixation acceptance window up to
500 ms.

2. Stationary visual stimulation phase: if the fixation is held up to 500 ms static random dots
(4000 dots) appeared in the visual field (random dots pattern) for 200-500 ms.

3. Dynamic visual stimulation phase: after 200-500 ms stationary stimulation, the static dots
started moving together radially building an optic flow stimulus. The duration of the optic
flow stimulus was 1000 ms. The dots moved either toward the periphery of the screen (center
out optic flow) or toward the center of the screen (center in optic flow).

4. Reward phase (500 ms post stimulation): after successful completion of a trial, the animal
got some drops of pulpy food reward.

The recordings took place in a dark laboratory room (background luminance: 0.5 cd/m?). The
luminance of the stimulus was 5 cd/m® (Mavolux 5032C, GOSSEN Foto- und
Lichtmesstechnik GmbH). The computer-controlled trials (either with center out or center on
optic flow) were presented in a random order. In each recording the cat had to perform at least
30 correct trials to center out and also to center in optic flow stimuli.

To exclude the influence of eye movements on neuronal activity, the trial was aborted
immediately if the animal broke fixation. In such cases, no reward was given either. The
intertrial interval was between 4000 and 10000 ms. Recording sessions began when the cats
reached a stable 80% efficiency at the task.
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Figure 2.
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the fixation within a given fixation acceptance window up to 500 ms (fixation phase). After
500 ms fixation, static random dots appeared (0 ms represents the appearance of it) on the
monitor for 200-500 ms (stationary visual stimulation phase). After this period the static dots
started moving radially together either in ‘center in’ or ‘center out’ direction and built in this
way flow field (optic flow) with a duration of 1000 ms (dynamic visual stimulation phase). As
can be seen on the figure the animal had to hold the fixation during the whole static and
dynamic stimulation phase of paradigm. If a trial was completed the animal get some drops of

mashed cat food (reward phase).

Both the aforementioned training phases and the recordings took place in a dark laboratory
room. Sessions (either training or recording) lasted 1-2 hours a day, four to five times a week.
The weight of the animals was checked regularly and was kept at least 90% of the initial
value.

At the end of the experiments, the first animal was deeply anesthetized with pentobarbital
(200 mg/kg i.v.) and perfused transcardially with 4% paraformaldehyde solution. The brain
was removed and cut into coronal sections of 40 um, and the sections were stained with DAPI
(4',6-diamidino-2-phenylindole, Sigma-Aldrich Co., USA). Recording sites were localized on

the basis of the marks of the electrode penetrations.
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3.4 Recording and data analysis

Extracellular multielectrode recordings were made with eight implanted parylene isolated
platinum-iridium wire-electrodes (diameter: 25 pm) from the first cat and with eight
implanted formvare insulated Nickel-Chrome wire-electrodes (diameter: 50 um) from the CN
of the second cat. The implantation of the electrodes was made according to the Horsley-
Clarke system (anterior 12-14 mm, lateral 4.5-6.5 mm at stereotaxic depths between 9 and
13.5 mm).

Amplified neuronal activities were band-pass filtered (300 to 5000 Hz) in order to analyze
single cell and multiunit activity. The raw data were first processed by NeuroScope,
NDManager, Klustakwik and then broken down into single unit signals by the use of Klusters
(Harris et al., 2000; Hazan et al., 2006) under manual control. The Klustakwik extracted
spikes from the filtered data automatically adjusted amplitude thresholding, and clustered
based on the automatically calculated characteristic parameters of the extracted spike
waveforms (peak and trough amplitude and timing, 1st and 2nd principal components). We
used the same parameters for all signals to avoid manipulation of the manually adjusted
amplitude thresholding. The quality of the sorted units was tested by analyzing
autocorrelograms and overlays of spike waveforms.

The neuronal firing rates during different epochs of the behavioral paradigm (fixation,
stationary, dynamic and reward periods) were compared to the background activity (average
firing rate of the last 3000 ms period of the intertrial interval from each trial, during which the
animal saw a black screen) using the Mann-Whitney rank-sum test. In the dynamic period we
investigated the neuronal responses during the total lenght of the dynamic visual stimulus
(1000 ms). Similarly, the comparison between the discharge rate of the single neurons in
response to center in and center out optic flow stimuli was performed using the Mann-
Whitney test. We also calculated the net firing rate of each unit by substracting the
spontaneous activity from the whole firing of the neurons. The gross and net firing rates of
different CN neuron subpopulations (PAN, HFN and TFN) in different epochs of the

paradigm were compared by one-way analysis of variance (ANOVA). All statistical analyses

were performed in Matlab® (MathWorks Inc., Natick, MA).
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Eye movements were recorded via a search coil system (DNI Instruments, Newark, DE, USA)

with a sampling rate of 250 Hz, and these were also processed by Matlab®. The experiment
was controlled by a custom-made software, including eye movement-recording, stimulus
presentation, reward delivery and data collection via National Instruments DAQ®. The stimuli

were generated by the Psychophysics Toolbox of Matlab®.

3.5 Classification of the CN neurons

Although the description of the electrophysiological properties of the CN started in the early
1960s the turning point in the electrophysiological clustering of the CN units was only in the
middle of 2000s (Schmitzer-Torbert and Redish, 2004; Barnes et al., 2005; Schmitzer-Torbert
et al., 2005). Schmitzer-Torbert provided the detalied electrophysiological analysis of the
rodent striatum. To separate phasically and non-phasically active neurons and to distinguish
the FFNs from the TFNSs, the proportion of long interspike-intervals to all spike intervals was
introduced (ProplSlsxsec). Post-spike suppression® was also calculated. Based on these
properties, the striatal neurons were separated into three categories: PFNs, TFNs, and HFNSs.
The classifications of PFNs and HFNs were highly stable, 98.9% for PFNs and 95.3% for
HFNs (Schmitzer-Torbert and Redish, 2004; Schmitzer-Torbert et al., 2005). Barnes et al.
(2005) have classified the recorded rodent striatal cells putative projection neurons, putative
fast-firing neurons and putative tonically-firing neurons. For each unit two autocorrelograms
(with £100 msec and with £1 sec windows), an interspike interval (ISI) plot and average
firing rates were calculated. Putative projection neurons were characterized by the occurrence
of long (> 2 sec) ISls in addition to phasic activity with short ISIs, putative fast-firing neurons
by their high average firing rates and a lack of ISIs > 1 sec, and putative tonically-firing
neurons by wide central valleys in the autocorrelograms and spiking at 2-10 Hz. Later, several
studies on rodents and primates applied the above categorization criteria (Schmitzer-Torbert
and Redish, 2008; Kubota et al., 2009; Gage et al., 2010; Thorn et al., 2010; Barnes et al.,
2011; Stalnaker et al., 2012). However, such electrophysiological characterization of the CN

units in the feline brain is still missing. We have therefore intended to classify and, if it is

1Post-spike suppression: It was calculated for each cell by measuring the length of time that a cell’s
firing rate was suppressed following an action potential.
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possible, to clusterize the neurons of the feline CN in the light of their electrophysiological
properties in different functional groups.
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4 Results

4.1 The new behaving, head-restrained and eye movement-controlled feline model

As part of the work providing the basis of this study, we developed a new chronic feline
model, which is suitable for electrophysiological recordings from visual brain structures. The
most noteworthy features of the extended recording time (minimum two hours per day, and
several years in total), the continuous eye control, and the use of head restraint, which makes
this model ideal also for classic visual electrophysiological experiments.

In order to exclude the effect of eye movements on the recordings of neuronal activities, the
head-restrained cats had to be able to maintain their fixation. In the pilot study of the new
model, the animals could be trained to fixate quite accurately (within a 2.5 degree fixation
acceptance window), even during dynamic visual stimulation.

A continuous control of eye movements was an essential part of our experiments. By the eye-
tracker method, it became possible to follow and exactly reconstruct (visualize) the eye
movements of the animals. This also enabled us to detect failed fixation, which was a

rejection criterion (Figure 3).
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Figure 3. Eye movements of the cat during the visual fixation paradigm. Top (A,B):

successful fixation, bottom (C,D): failed fixation. 3A,C: horizontal eye positions. 3B,D:

vertical eye positions (assuming a +2.5° acceptance window). The bold black line shows the

mean of eye movements, and the dotted lines denote standard deviations. Time is marked on

the abscissa, and the ordinates show the horizontal (X) or the vertical (Y) positions of the eye.

The vertical black lines indicate the phase limits: fixation period (-500 to 0 ms), random static
dot stimulation (0 to 200 ms), optic flow (200 to 1200 ms) and reward (1200 to 1700 ms).

Failed fixation is indicated by a sudden and marked increase of SD in the horizontal (C), but

not in the vertical (D) plane.
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4.2 Classification of the CN neurons

In the applied behavioral visual fixation paradigm (see Materials and Methods) altogether 346
neurons were recorded from the dorsolateral part of the CN.

The CN units were classified by their spontaneous discharge rate, ISI plot, proplSls;sc and the
shape of the autocorrelogram at different time resolutions (100ms, 1000 ms). It is known from
rat and primate studies that spontaneous activity, proplSlsec and the shape of the
autocorrelogram at different time resolutions (100 ms, 1000 ms) can be used to classify the
CN neurons (Schmitzer-Torbert and Redish, 2004; Barnes et al., 2005). We estimated the
spontaneous discharge rate of each neuron in the last 3000 ms period of the intertrial intervals.
The above mentioned electrophysiological parameters of each recorded CN unit were
calculated. Based on the above mentioned properties the recorded neurons were divided in
three groups: phasically active (n=221), high-firing (n=88) and tonically active (n=28)
neurons.

PANs are characterized by peaky autocorrelogram and ISI values over 2 seconds. The
proplSlsasec Was usually higher than 0.5, and the spontaneous discharge rate was low, in most
cases under 3 spikes/sec. The HFNs have autocorrelograms with a blunt peak, the proplSisasec
is lower than 0.5, and the spontaneous discharge rate is higher than 5 spikes/sec. Finally,
TANS are characterized by a deep gap in the autocorrelogram, the proplSls,sc is lower than
0.5, and the spontaneous discharge rate is between 2 and 12 spikes/sec (Figure 4).
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Figure 4. Autocorrelograms of
the CN neurons. Neurons were
classified on the basis of the
shape of their autocorrelograms
(at 100 ms and 1000 ms time
resolutions), proplSls,s. and the
background discharge rate in
three big groups (PAN, HFN,
TAN).
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Because of the very low spontaneous discharge rate (below 1 spike/second), we excluded 135

phasically active putative projection CN neurons from the analysis. Further nine CN neurons

were excluded from the analysis as we were unable to classify them in any of the above

mentioned three major groups.

4.3 Visual responses of the neuronal subtypes in the CN

The responsive CN neurons showed mainly increased firing rate, while in some cases

decreased activity was also found. Significant changes in the activity of the CN neurons were

recorded not only during stationary and dynamic visual stimulation. In line with earlier results

(Schultz, 1998), reward-related neuronal responses were also recorded shortly before and

during the reward period after the correct completion of the task. Table 1 summarizes the

responsiveness of the different CN neuron clusters.
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Stationary Optic flow Stimulus off Reward

center out center in
Phasically active neuron
increased activity 26 17 16 1 27
decreased activity 24 2 6 0 6

High-firing neuron
increased activity 18 16 20 7 30
decreased activity 18 9 8 1 0

Tonically-firing neuron

increased activity 11 3 5 0 6
decreased activity 2 1 1 1 0

Table 1. denotes the number of responsive CN neurons in the different phases of the

applied visual fixation paradigm.

In the following, the stimulus-related response characteristics of the functional clusters are

described.

4.3.1 Response characteristics of the PANs

After the exclusion of the neurons which showed spontaneous activity lower than 1 spike/s,
86 phasically active neurons were analyzed during the fixation paradigm. The mean
spontaneous discharge rate was 2.93 spikes/sec (SD: +2.18 spikes/sec). Overall, the visual
responses of the PANs were moderate or weak (Table 2). During stationary visual stimulation
50 neurons showed significant change in their activity. In 26 cases this meant a significant
increase, and in 24 cases a significant decrease was seen. Figures 5A and B show the

responses of a PAN CN neuron to stationary visual stimulation.
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Twenty-nine neurons showed activity change during dynamic visual stimulation. During the
‘center out’ optic flow 17 of them and during ‘center in’ optic flow 16 of them showed
increased activity. On the other hand, 8 of the PANs showed decreased responses to optic
flow. Figure 6A and B show the peristimulus time histograms (PSTHSs) of one representative

example of the decreased activity.
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Figure 5. Response characteristics of CN neurons to stationary visual stimulation. Each
panel of the figure contains a PSTH (top) and a raster plot (bottom) to represent the activity of
a neuron. Panels A and B show the activity of a PAN, panels C and D show the firing pattern
of a HFN. A and C show the gross activities, B and D show the net activity change after the
subtraction of the background activity. The vertical black lines denote the boundaries between
the different phases of the paradigm: fixation phase (-500 to 0 ms), static visual stimulation (0
to 200 ms), dynamic visual stimulation (200 to 1200 ms), reward phase (1200 to 1700 ms).
Note the phasic response of the PAN to static stimulation (A,B). The activity pattern of the

presented HFN (C,D) is more complex: increased activity can be observed not only to random
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dot patterns, but also to optic flow and during the reward phase. The abscissa denotes time in
milliseconds. Along the ordinate, the following values are shown (from the bottom to the top):
the number of successful trials, the average discharge rate (spikes/sec) and a calibration value
(spikes/sec) to help magnitude approximation along the plot. Zero marks the 0 spikes/sec
reference line (no activity). The continuous grey curve is a smoothed curve of the activity, and
the dashed grey lines indicate £2 SD of the average discharge rate in the whole recording.

In the reward phase, 27 neurons showed significantly increased activity and six of them
decreased their discharge rate. The question arises whether this activity is purely reward-
related and/or related to the offset of the stimulus. In order to check this, we analyzed the
aborted trials too, where the animal had broken the fixation. In this case the stimulus
disappeared immediately and the animal got no reward. While the animal has broken the
fixation the appearing eye movements could also elicited changes in the neuronal activity. In
order to exclude the effects of eye movement- related activity in this case, the correlation
between the interspike intervals and the normalized amplitude of the eye movements recorded
during the experiment was computed. Figure 7D denotes the result of the linear regression
analysis. This clearly shows the lack of connection (p®: 0.02, p>0.05) and in this way the
absence of eye movement- related activity. Whether the change in activity is reward-related
can be told by a simple examination of the PSTHSs in relation to the offset of the stimulus: if
the response is reward-related, no peak in the PSTH can be observed. If there is a peak in
these histograms, the activity is likely to be related to the stimulus offset. Figure 7 denotes the
activity of a PAN, which responded with increased discharges to the offset of the stimulus.
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Figure 6. Decreased responses to optic flow stimulation. Panels A and B show the activity
of a PAN, while panels C and D show the firing pattern of a HFN (top: PSTH, bottom: raster
plot). The activity decrement during optic flow stimulation is notable. The conventions are the

same as on Figure 5.
4.3.2 Response characteristics of the HFNs

In the paradigm 88 high-firing neurons were analyzed. The mean spontaneous discharge rate
was 14.45 spikes/sec (SD: £6.81 spikes/sec). During the stationary phase of the paradigm 18
neurons increased and 18 neurons decreased their activity significantly (Figure 5 C,D).
Thirty-seven high-firing CN neurons responded to the optic flow stimulus. During the ‘center
out’ optic flow stimulation, 16 neurons increased their activity, and during ‘center in’ 20 of
them responded the same way. The visual responses of this group are much clearer and
stronger than those of the PAN and TANs (Table 2). Figure 8 shows the responses of two
HFNs to optic flow.
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Figure 7. Stimulation-related response of a PAN. The PSTHs in panels A and B show the
activity of the neuron in response to stimulation. A: response to center-out optic flow.
B: response to center-in optic flow. The response to random dot patterns (A, B) and to center-
out optic flow (A) is readily observable, but there is no remarkable response to center-in
stimulation (B). The conventions are the same as in Figure 5. In order to decide whether the
increased activity at the beginning of the reward phase is purely reward-related or related to
stimulus offset, the aborted trials (where the cat had broken the fixation during visual
stimulation and therefore got no reward) were also analyzed (C). Panel C is aligned to the
time of the breaking of the fixation, which corresponded to the offset of the stimulus because
the trial was immediately aborted upon fixation breaking. Note the PSTH peak, which
indicates responsiveness to the offset of the stimulus. Furthermore, in order to control for the
effects of saccadic activity, the correlation between the interspike intervals and the normalized

amplitude of the eye movements recorded during the experiment was computed (D). The
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linear regression analysis clearly shows the lack of connection (p% 0.02, p>0.05). This means
the activity is of no saccadic origin.

During the reward phase of the paradigm, 30 neurons increased their activity and none of the
high-firing neurons decreased their activity (Fig. 5 C, D and Fig. 9). The analysis of the
responses to the disappearance of the stimulus revealed that 8 of the analyzed HFNs were
active during the offset of the stimulus. Similarly to the PAN, which was sensitive to the
offset of the stimulus the HFNs with offset-related responses showed no eye movement

connected activity.
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Figure 8. Increased responses to optic flow stimulation. In each panel of the figure, PSTHs
(top) and raster plots (bottom) are presented to graphically represent the activity of the
neuron. Panels A and B denote the activity of a HFN with a clear phasic response to the onset

of the optic flow. Panels C and D show the responses of another HFN to static as well as to
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optic flow stimulation. Note the strong responses of these units to optic flow stimulation. The

conventions are the same as on Figure 5.

4.3.3 Response characteristics of the TANs

Beside the PANs and HFNs a low number of CN neurons (28) were classified in the TAN
group. The mean spontaneous discharge rate was 5.24 spikes/sec (SD: +2.37 spikes/sec).
During static visual stimulation 11 neurons showed significantly increased, and 2 of them
decreased activity. Seven of them responded with increased discharges to optic flow stimulus
(3 to ‘center out’ and 5 ‘center in’ stimulus). The visual responses of the TANs were
moderate or weak (Table 2). During the reward phase of the paradigm 6 neurons posessed
increased activity. The offset of the stimulus modified the activity of one TAN. Similarly to
the PAN and the HFNs, which were sensitive to the offset of the stimulus the TAN with
offset-related response showed no eye movement connected activity.

4.3.4 Sensitivity to the direction of the optic flow

Altogether 74 (30 PANs, 36 HFNs and 8 TAN) of the 346 analyzed CN neurons showed
significant activity change upon optic flow stimulation. In the majority of the analyzed
neurons this change was not direction-dependent. Direction-dependent activity change was
observed in twenty neurons (9 PAN, 8 HFN, 3 TAN). About half of the selective neurons (11
neurons) responded stronger to center-in stimulus while the second half of them (9 neurons)
responded stronger to the center out optic flow. Figure 9 shows the PSTHSs of a direction

sensitive HFN.
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Figure 9. Selective responses to the direction of the optic flow. This figure demonstrates
the activity of a HFN. Panels A (gross activity) and C (net activity) show the activities in
response to center-out optic flow. Panels B (gross activity) and D (net activity) show the
activities in response to center-in optic flow. Note that this neuron exhibits increased activity
to center-out optic flow but no response to center-in optic flow. In other words, the neuron is
selectively sensitive to the center-out direction. A strong reward-related activity can also be

observed. The conventions are the same as in Figure 5.

At the population level there was no significant difference between the proportion of direction
preferences within PANs, HFNs and TANs (y-square test; y°(2)=1.001, df=2, level of
significance: 0.05). Thus the PANSs, the HFNs and the TANs of the CN could code the

direction of the optic flow to approximately the same extent.
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4.3.5 Activity of neuron groups during different phases of the behavioral paradigm

Similarly to other studies (Plenz and Kitai, 1998; Berke et al., 2004), we found that the
background activity of the HFNs was significantly higher (p<0.001) than that of the PANs
and the TANs (Table 2). To exclude the effect of the background activities, we subtracted
these from the gross activities and so calculated the net firing rates. For the further analyses,
the absolute values of the net discharge rates were applied. Table 2 provides information
about the net discharge rates of the PANs, HFNs and TANs by phase (i.e. static, dynamic,
reward). A one-way ANOVA indicated significant variance (p<0.01). The subsequent post-
hoc analysis (Tukey's HSD) revealed that the HFNs were both the most sensitive and
exhibited the most vigorous responses throughout all the phases of the fixation paradigm. In
summary, the activity of the HFNs differed significantly from the activity of both PANs and
TANSs, while the activities of the latter two did not differ significantly.
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Phasically active neuron

N  Mean Median SD Min Max
Background activity [86| 2.93 2.34 2.18 | 0.97 8.88
Stationary

increased activity  [26| 1.91 0.72 3.34 | 0.23 16.51

decreased activity 24| 0.55 0.44 0.52 | 0.06 1.43
Optic flow-center out

increased activity |17 0.94 0.87 0.48 | 0.38 1.92

decreased activity 2 0.37 0.37 0.13 | 0.28 0.46
Optic flow-center in

increased activity |16| 1.34 1.04 0.90 | 041 3.60

decreased activity 6 0.88 0.88 0.33 | 0.50 1.32

Reward
increased activity 27| 3.11 2.14 2.65 | 0.53 10.09
decreased activity 6 0.38 0.18 0.47 | 0.12 1.32
High-firing neuron
N  Mean Median SD Min Max
Background activity [88| 14.45 12.85 6.81 | 4.67 37.91
Stationary

increased activity  {18| 8.51 7.92 451 | 1.80 19.52

decreased activity |18| 3.18 1.88 3.75 | 0.45 15.91
Optic flow-center out

increased activity |16| 5.34 4.47 3.80 | 0.99 14.48

decreased activity 9 1.13 1.12 0.57 | 0.29 1.77
Optic flow-center in

increased activity {20| 4.56 3.51 3.63 | 0.30 12.84

decreased activity 8 0.79 0.85 038 | 0.24 1.33

Reward
increased activity {30 9.57 7.06 7.05 | 1.82 32.65
decreased activity 0 - - - - -
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Tonically-firing neuron
N  Mean Median SD Min Max

Background activity [28| 5.24 5.81 237 | 1.26 10.11
Stationary

increased activity  |11| 1.69 1.20 1.49 | 0.43 4.83

decreased activity 2 0.23 0.23 0.23 | 0.06 0.39

Optic flow-center out
increased activity 3 1.24 1.36 0.23 | 0.98 1.38
decreased activity 1 0.21 - - - -

Optic flow-center in
increased activity 5 0.97 0.98 059 | 0.32 1.85
decreased activity 1 0.81 - - - -

Reward
increased activity 6 2.89 1.86 3.79 | 0.24 9.91

decreased activity 0 - - - - -

Table 2. The net discharge rates (spikes/sec) of the PANs, HFNs and TANs by the
different phases of the applied paradigm. Increased activities are given as net values after
the subtraction of the background activity from the gross activity. Decreased activities are

given as absolute values.
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5 Discussion

During the work leading to this thesis we managed to provide a detailed description of the
visual response profile of different CN neurons in the brain of behaving cats, after having
classified them according to their electrophysiological characteristics. To our knowledge,
such observations have not been made before. Not less important is the fact that these
observations have been made on a feline model developed in our laboratory.

In the last few decades, behaving animal models have gradually gathered ground in
neurophysiology, due to their advantages over anesthetized, paralyzed models. Behaving
animals can be relatively easily used after brief behavioral training for several experimental
purposes, but this is unfortunately not the case in visual and multisensory electrophysiological
research. In visual electrophysiology, the investigated structures often exhibit visuomotor
activity (e.g. saccades). This makes a continuous monitoring of eye movements indispensable.
To minimize the influence of eye movements on the neuronal activities, the animal had to
maintain fixation during the whole length of trials. In this way the eye movement- related
components of the activity can be excluded. During the analysis of neuronal responses, which
were correlated to stimulus offset (see in Results) the aborted trials were also analyzed where
the animal has broken the fixation. In these cases because of the lack of fixation the effects of
eye movements on the neuronal activities were also investigated. The correlation between the
interspike intervals and the normalized amplitude of the eye movements recorded during the
experiment revealed no eye movement- correlated activity among the CN neurons, which
were sensitive to the offset of the visual stimuli.

In a recent study we gave a detailed description a new feline model for chronic visual
electrophysiological recordings (Nagypal et al., 2014). This model yielded a relatively long
recording time per day throughout several years from the same animal, with continuous eye
movement control and stable head position. This model was also the basis of the present
study.

Turning now to the discussion of the results, the most important achievement of this study
may be the electrophysiological categorization of neurons in the feline CN. Similarly to
earlier findings in rodents and primates (Schmitzer-Torbert and Redish, 2004; Schmitzer-
Torbert and Redish, 2008; Kubota et al., 2009; Gage et al., 2010; Thorn et al., 2010; Barnes et
al., 2011; Stalnaker et al., 2012) PANs, TANs and HFNs were found. The validity and
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applicability of this classification is signified by the fact that over 97% of the recorded CN
units fell into one of the three major categories, and it was only 3% that did not fit any of
them. Earlier studies suggested a strong correspondence between the three biggest anatomical
(medium spiny, cholinergic and parvalbumin immunpositive GABAergic interneurons) and
electrophysiological (PAN, TAN, HFN) groups of the CN neurons. A growing body of
evidence suggests that PAN neurons correspond to the medium spiny projection neurons,
HFNs to the parvalbumin immunpositive GABAergic interneurons and the TFNs to the
cholinergic interneurons (Wilson et al., 1990; Kawaguchi, 1993; Wilson, 1993; Kawaguchi et
al., 1995; Apicella, 2002; Mallet et al., 2005; Berke, 2008; Tepper et al., 2010). As for the
uncategorizable neurons (three percent in this study), these can belong to one of the numerous
interneuron types of the caudate nucleus, such as the neuropeptide Y-, nitric oxide synthase-
and somatostatin- containing (Vincent et al., 1983; Smith and Parent, 1986), calretinin
immunpositive (Rymar et al., 2004), tyrosine hydroxylase immunpositive (Dubach et al.,
1987; Tepper et al., 2010), cholecystokinin immunpositive (Adams and Fisher, 1990) and
vasoactive intestinal polypeptide immunpositive (Takagi et al., 1984; Theriault and Landis,
1987; Hokfelt et al., 1988) interneurons - with no claim to being exhaustive. The low
prevalence of these interneurons in the feline brain is in line with earlier findings in rodents
and primates where the prevalence of each group of these interneurons is under 1%.

A further finding that fits with earlier studies in other species is that the majority of the CN
units in the feline brain appear to be PAN (64% of the investigated units in this study). In
other species 77-97% of the striatal projection neurons belong to this most probably
GABAEergic cluster. Striatal projection neurons comprise up to 97% of the rodent striatum,
while this proportion is significantly lower in higher vertebrates, especially in primates
(Kemp and Powell, 1971; Graveland et al., 1985; Wise et al., 1996; Luk and Sadikot, 2001,
Rymar et al., 2004; Yarom and Cohen, 2011). It must be noted that PANSs are often difficult to
detect because of their extremely low background activity (Apicella, 2002; Lau and Glimcher,
2007), which means that the sixty-four percent finding may be an underestimation due to
undersampling, which, in turn, can also have an effect on the estimations of the two other
groups.

As for the two other major groups, our results suggest that they are much less prevalent than
PAN (HFN 25% and TAN 8%). This is also in line with the results of earlier rodent and

primate studies. The parvalbumin immunpositive GABAergic interneurons comprise roughly
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1-20% of the striatal neurons of rats and primates (Luk and Sadikot, 2001), while the
cholinergic group adds up to only about 10 percent of the CN neurons (up to 10% in primates
(Fino and Venance, 2011), an 2% in cats (Phelps et al., 1985)).

Beyond the electrophysiological classification of the neurons in the feline CN, we also
determined the visual response characteristics of the neurons belonging to the three major
classes. The applied dynamic stimulus was quite new in this context, as hitherto optic flow
has not been applied to investigate CN neurons. In our earlier studies we demonstrated that
the CN neurons are strongly sensitive to very low spatial and high temporal frequency
sinewave gratings and exhibit narrow temporal and spatial frequency tuning (Nagy et al.,
2008, 2010). It has been hypothesized for some time that neurons with such spatio-temporal
visual response characteristics could have a role in the processing of optic flow (Morrone et
al., 1986; Brosseau-Lachaine et al., 2001). In the present study we revisited this hypothesis
and provided the first piece of direct evidence on the processing of optic flow in the feline
CN.

After the categorization of the CN units based on their electrophysiological properties, it was
possible to investigate their visual response characteristics by group. Our results demonstrate
that both the static and the dynamic components of the visual information are represented in
the CN. The PANs and TANs were more sensitive to static than to dynamic visual
stimulation, that is, they responded to the random dot patterns, but not to the optic flow. On
the other hand, HFNs were almost equally sensitive to both static and dynamic stimulation
(i.e. approximately the same proportion of these neurons responded to random dot pattern and
to optic flow stimulation). The stimulus offset modulated the activity of a significant
proportion of HFNs, which was not observed with PANs and TANSs. This suggests that the
PANs and TANSs are primarily sensitive to static, continuous, unchanging visual stimuli. As
mentioned before, the response characteristics of the HFNs are different: these neurons seem
to be equally responsive to both static and dynamic stimulation (including stimulus offset).
Furthermore, the net activity changes of the HFNs were significantly stronger than what was
observed in PANs and TANSs, regardless of the actual phase of the behavioral paradigm.
These suggest that HFNs are the most sensitive units in the CN to visual stimuli.

We have also investigated whether the direction of the optic flow (center-in or center-out) is
reflected in the activity of the CN neurons. The majority of the CN units showed no such

sensitivity. About half of the direction sensitive units responded stronger to center in stimuli



42

and the second half of them were more sensitive to center out flow field. The sensitivity of the
CN neurons to optic flow gives further support to the hypothesis that the CN neurons
participate in motion perception, most probably in the perception of changes in the visual
environment during self-motion (Morrone et al., 1986; Brosseau-Lachaine et al., 2001; Nagy
et al., 2008).

In summary, we consider the following as the most important achievements of this study:
First, we managed to utilize our head-restrained, eye movement-controlled behaving feline
model (Nagypal et al., 2014) in a visual electrophysiological study aimed at the analysis and
classification of CN neurons in terms of their visual responsiveness.

Second, we described that different CN neuronal groups (PAN, TAN, HFN) are differently
sensitive to static and dynamic visual stimulation. PAN and TAN neurons are primarily
sensitive to static stimuli, while HFNs are primarily sensitive to changes in the visual
environment of the animal. By this we also showed that visually sensitive neurons in the
feline CN can be classified similarly to what had previously been found in other species.
Third, we managed to demonstrate optic flow processing in the feline CN, which emphasizes
the role of this structure in the detection and processing of visual information related to

motion.
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6 Summary

Beside its motor functions, the caudate nucleus (CN), the main input structure of the basal
ganglia, is also sensitive to various sensory modalities. The goal of our work was to
investigate the effects of visual stimulation on the CN by using a behaving, head-restrained,
eye movement-controlled feline model developed recently for this purpose in our laboratory.
Extracellular multielectrode recordings were made from the CN in a visual fixation paradigm
applying static and dynamic stimuli. The recorded neurons were classified in three groups
according to their electrophysiological properties: phasically active (PAN), tonically active
(TAN) and high-firing (HFN) neurons. The visual response characteristics were investigated
according to this classification. The PAN and TAN neurons were sensitive primarily to static
stimuli, while the HFN neurons responded primarily to changes in the visual environment i.e.
to optic flow and the offset of the stimuli. The HFNs were the most sensitive to visual
stimulation; their responses were stronger than those of the PANs and TANs. The majority of
the recorded units were insensitive to the direction of the optic flow, regardless of group, but a
small number of direction-sensitive neurons were also found. These demonstrate that both the
static and the dynamic components of the visual information are represented in the CN.
Furthermore, these results provide the first piece of evidence on optic flow processing in the
CN, which, in more general terms, indicates the possible role of this structure in dynamic

visual information processing.
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® A new model for chronic visual electrophysiological recordings in behaving cat.
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® Rigorous control to avoid the confounding effects of eye movements.

® Stable recording for over two years.
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Background: Anesthetized, paralyzed domestic cats are often used as model organisms in visual neu-
rophysiology. However, in the last few decades, behaving animal models have gathered ground in
neurophysiology, due to their advantages over anesthetized, paralyzed models.

New Method: In the present study a new, behaving, awake feline model is described, which is suitable for
chronic visual electrophysiological recordings. Two trained, head- fixed cats were suspended in a canvas
harness in a specially designed stand. The animals had been trained to fixate the center of a monitor
during static and dynamic visual stimulation. Eye movements were monitored with implanted scleral
coil in a magnetic field. Cell-level activity was recorded with eight electrodes implanted in the caudate
nucleus.

Results: Our two trained cats could maintain accurate fixation, even during optic flow stimulation, in an
acceptance window of £2.5° and £1.5°, respectively. The model has yielded accurate recordings for over
two years.

Comparison with Existing Method(s): To our knowledge, this is the first awake, behaving feline model with
rigorous eye movement control for chronic, cell-level visual electrophysiological recordings, which has
actually proven to work during a longer period.

Conclusions: The new model is optimal for chronic visual electrophysiological recordings in the awake,
behaving domestic cat.
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1. Introduction

The domestic cat is a classical mammalian model organism in
visual neurophysiology and neuroanatomy. Several high-impact
discoveries have been based on the feline model, of which the most
well-known may be those of the Nobel laureates Hubel and Wiesel
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(1961, 1962). In the last few decades, animal research has seen a
clear tendency toward the use of awake, behaving animals, instead
of the previously used anesthetized, paralyzed models.

In visual electrophysiology the anesthetized, paralyzed feline
model was optimal for the analysis of visual receptive field proper-
ties of single neurons, as the confounding effect of eye movements
was eliminated by the paralysis. However, the exclusion of the
effects of the eye movements in awake, behaving experiments is not
less necessary, as several visually active structures (e.g. the supe-
rior colliculus or the basal ganglia) show saccadic responses too
(Hikosaka et al., 2000; Munoz and Fecteau, 2002). This necessitates
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a continuous monitoring of eye movements. For this purpose,
implantation of scleral magnetic search coils was introduced
(Fuchs and Robinson, 1966; Judge et al., 1980; Robinson, 1963).
The model was developed for primate models, but it was success-
fully adapted to cats too. Awake, behaving animal models have two
major advantages over anaesthetized ones: first, significantly fewer
animals are required. Second, this way, the modulatory effects of
anesthetics can be excluded. Such a modulatory effect was clearly
demonstrated in the superior colliculus, a multisensory midbrain
structure of the mammalian brain, where the large enhanced mul-
tisensory responses, which were described in anesthetized animals
(Stein, 1998), could never be recorded from awake, behaving cats
(Populin and Yin, 2002). Furthermore, different anesthetics have
different effects on the visual sensitivity of the brain, which under-
mines the comparability of the results (Villeneuve and Casanova,
2003). Behaving animal models are often used in primate experi-
ments, but they have rarely been utilized in cats, due to technical
difficulties. In visual electrophysiology, only a few research groups
are known that have performed visual experiments on eye-
movement controlled, behaving cats. Pigarev and his colleagues
investigated the visual cortical areas (Pigarev and Levichkina, 2011;
Pigarev and Rodionova, 1998). Populin and Yin performed mainly
auditory and auditory-visual experiments on the superior and
inferior colliculi (Populin and Yin, 1998, 2002; Tollin et al., 2005).
Huxlin and Pasternak (2004) investigated the training-induced
recovery of visual motion perception after extrastriate cortical
damage in adult cats. In each case, the head of the animal was fixed
and its body was put either in a box or on a trolley, which could
move along a 3-m long railway or in a canvas bag on a platform.

In our laboratory we investigate the sensory properties of the
basal ganglia and the connected ascending tectofugal visual system.
We have hitherto performed our experiments on anaesthetized and
paralyzed cats (Gombkoto et al., 2013; Nagy et al., 2006, 2008).
Our main goal was to introduce a feline model, which would be
suitable for chronic visual and multisensory electrophysiological
recordings in the awake, behaving cat. Here we present the entire
experimental setup and demonstrate how eye-movements were
monitored and controlled for. The applicability of the new model is
demonstrated through recordings of neuronal responses from the
caudate nucleus.

2. Materials and methods

Experiments were performed on one male (3.5kg) and one
female (2.5 kg) adult domestic cats. All experimental procedures
were carried out to minimize the number and the discomfort of the
animals involved, and followed the European Communities Coun-
cil Directive of 24 November 1986 (86 609 EEC) and the National
Institutes of Health guidelines for the care and use of animals for
experimental procedures. The experimental protocol was accepted
and approved by the Ethics Committee for Animal Research of the
University of Szeged.

2.1. Animal preparation and surgery

The animals were initially anesthetized with ketamine
hydrochloride (Calypsol (Gedeon Richter®), 30 mg/kg i.m). To
reduce salivation and bronchial secretion, a subcutaneous injection
of 0.2 ml 0.1% atropine sulphate was administered preoperatively.
A cannula was inserted in the femoral vein and after intubation of
the trachea the animals were placed in a stereotaxic headholder.
All wounds and pressure points were treated regularly with local
anesthetic (1%, procaine hydrochloride). Throughout the surgery,
the anesthesia was maintained with 1.5% halothane in a 2:1 mix-
ture of N,O and oxygen. The depth of anesthesia was monitored

by continuously checking the end-tidal halothane concentration
and heart rate (electrocardiogram). The minimum alveolar anes-
thetic concentration (MAC) values calculated from the end-tidal
halothane readings were kept in the range recommended by
Villeneuve and Casanova (2003). The end-tidal halothane concen-
tration, MAC values and the peak expired CO, concentrations were
monitored with a capnometer (Capnomac Ultima, Datex-Ohmeda,
ICN). The O, saturation of the capillary blood was monitored by
pulse oxymetry. The peak expired CO, concentration was kept
within the range 3.8-4.2% by adjustment of the respiratory rate
or volume. The body temperature of the animal was maintained
at 37°C by a computer-controlled, warm-water heating blanket.
Craniotomy was performed with a dental drill to allow a vertical
approach to the target structures. The dura mater was preserved,
and the skull hole was covered with a 4% solution of 38°C agar
dissolved in Ringer’s solution. Then a reclosable plastic recording
chamber (20 mm in diameter) was installed on the skull. Following
this, the eight electrodes were implanted in the brain with the help
of an adjustable microdrive system (a modified Harper-McGinty
microdrive for the first animal, see McKown and Schadt (2006),
and a modified Korshunov microdrive for the second animal, see
Korshunov (1995)). The implanted chamber and microdriver sys-
tem allowed a stable recording background for long-time (at least
two years in the first cat). In order to monitor the eye movements
of the animals, a scleral search coil was implanted into the eye.
Although this method was originally developed for primates (Fuchs
and Robinson, 1966; Judge et al., 1980; Robinson, 1963), it was
later adapted to cats, too (Huxlin and Pasternak, 2004; Pigarev
and Levichkina, 2011; Pigarev and Rodionova, 1998; Populin and
Yin, 1998, 2002; Tollin et al., 2005). Additionally, a stainless steel
headholder was cemented to the skull for head fixation purposes.
Surgical procedures were carried out under aseptic conditions.
Before the surgical procedure, a preventive dose of antibiotic was
given (1000 mg ceftriaxon, i.m., Rocephin 500 mg (Roche®)). The
first five postoperative days 50 mg/kg antibiotic was provided
intramuscularly. Nalbuphin and non-steroidal anti-inflammatory
drugs were administered until the seventh postoperative day.

2.2. Behavioral training of the animals

The experimental animals were selected with distinguished
care, in a one-year process, during which the animals were adapted
to the laboratory environment and their temper was also observed.
It was only after this selection and training process that the inser-
tion of the recording electrodes took place. Water deprivation was
not used. Cooperative behavior and adaptation to the laboratory
environment was formed by a feeding routine. Independently of
behavioral training or recording, the animals received food only in
the laboratory (150-250 g/day). During the weekends, the animals
had access to food in their cage ad libitum, without any weight con-
trol. Once the cat got accustomed to the laboratory environment, it
was carefully clothed into the canvas harness. This harness leaves
the head, tail and legs free. Initially, the cat spent only a few min-
utes in the harness, which was extended to two hours. It was also
during this period that we gradually shifted to pulpy food provided
trough a plastic tube. The next step in training, which is a novelty of
our model, was the suspension of the animal. Cats, by nature, like to
lie in a hammock; therefore, it is relatively easy to get them accus-
tomed to the canvas harness in a suspended position. In this specific
case, it was done as follows: First, we lifted the animal manually
only a few centimeters from the floor in the canvas harness, while
it was being fed. When the animal got used to being suspended this
way, it was gradually introduced to the experimental stand (Fig. 1).
The experimental stand is a cubical structure with each side open,
in which the suspension harness is fastened at two points in by
a rope pulley block. Before the implantation of the electrodes, it
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Fig. 1. Schematic drawing of the experimental setup. (A) the suspended cat in the canvas harness in the experimental stand. The head of the suspended cat is restrained
in the stereotaxic frame. The cat is inside an electromagnetic field, generated by metal coils, installed in the four walls of the stand. Above (outside the magnetic field) is a
hydraulic pump, which doses the food reward. (B) The schematic drawing of the head of the cat with the accessories for chronic recordings. The head of the cat is restrained
via the implanted steel headholder (d) with two stainless steel bars, which are attached to the stereotaxic frame. The recording chamber with adjustable microdrive, which
moves the eight recording wire-electrodes (e) and the recording cable with preamplifier (c) are placed behind the headholder. On the other side of the headholder, the
adapter of the eye movements recording cable (a) can be seen. The cat receives the food reward through a plastic tube (b).

took approximately three months to adapt the cat to these circum-
stances. In the following step, the head of the suspended cat was
fixed to the stereotaxic frame by the implanted steel headholder
with two stainless steel bars (see Fig. 1B). In this paradigm, the
stereotaxic device is placed within an electromagnetic field, which
is generated by metal coils, installed into the wall of the stand. Once
in the stereotaxic device, the animals were fed only with pulpy food
(now as reward for successful trials, see below) through a plastic
tube, dosed by a computer-driven hydraulic pump installed outside
the magnetic field.

Having established the physical circumstances, the animals had
to be taught the behavioral paradigm. A standard 17- inch CRT
monitor (at 80 Hz refresh rate) was placed in front of the animal,
at a distance of 57 cm. The initial part of behavioral training con-
centrates on fixation. The fixation point is projected on the center
of the CRT monitor within an acceptance window of changeable
size. The size of the fixation point is constant, 0.8° in diameter.
If the cat holds fixation for a pre-set duration within the accep-
tance window, it receives food reward. During the fixation training,
the fixation time was gradually increased from 100 ms to 1500 ms.
Square fixation windows were used. The size of the initial fixation
window was +10° for both cats. During the training period, it was
reduced to £2.5° in £2.5° steps, which took two months. This was
the final size of the fixation window in the case of the first cat,
but with the second animal we could further reduce the window
to +1.5° by three extra weeks of fixation training. After the fix-
ation training, either random dot kinematogram (static) or optic
flow (dynamic) stimuli were applied, while the animal maintained
fixation. The size of the dots was 0.1° in diameter and their speed
increased 0-7°/s toward the periphery. A trial consisted of the fol-
lowing stages: the cat first fixated on a central green fixation point
(“Fixation”). During fixation, static random dots appeared in the
visual field (“Random stationary dots”) for 200 ms. After 200 ms,
the static dots started moving radially as an optic flow for 1000 ms
(“Optic flow”). A trial was considered successful if the cat managed

to fixate during all phases of the trial. After each successful trial,
the animal received reward. To minimize the influence of eye move-
ments on neuronal activity, the trial was aborted immediately if the
animal broke fixation. In such cases, no reward was given either.
The intertrial interval was between 5000 and 10000 ms. Recording
sessions began when the cats reached a stable 80% efficiency at the
task.

Both the aforementioned training phases and the recordings
took place in a dark laboratory room. Sessions (either training or
recording) lasted 1-2 h a day, four to five times a week. The weight
of the animals was checked regularly and was kept at least 90% of
the initial value. The survival time of the implanted and trained cat
appears to be long. In the first cat, the recordings have been going
on for 2.5 years, while in the second cat, recordings began 3 months
ago.

2.3. Recording and data analysis

Extracellular multielectrode recordings were made with eight
implanted nichrome or platinum-iridium wire-electrodes (25 pm
and 20 pm respectively, in formal insulation) in the caudate
nucleus (CN). The implantation of the electrodes was made accord-
ing to the Horsley-Clarke system (anterior 12-14 mm, lateral
5-6.5 mm at stereotaxic depths between 9 and 13.5 mm). Ampli-
fied neuronal activities were recorded without online filtering, at
20kHz sampling rate. The signals were band-pass filtered offline
(300-3000Hz) to analyze multiunit activity in detail. Multiunit
activity recorded by each electrode was first processed by Neuro-
Scope, NDManager, KlustaKwik and then broken down into single
unit signals by the use of Klusters (Harris et al., 2000; Hazan
et al., 2006) under manual control. All statistical analyses were per-
formed in Matlab® (MathWorks Inc., Natick, MA). Low frequency
activities under 300 Hz (local field potentials) were also investi-
gated.
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Fig. 2. Eye movement control during the experiments. (A) shows successful fixation as described in Section 2. (B) depicts failed fixation. During all phases of the task the
cat was to maintain the fixation on a stationary fixation point, which was centered to the middle of the CRT monitor (0°, 0°). The black squares denote the fixation acceptance
window (+1.5°). Each black dot and each gray cross shows a particular position of the eye during recording. Abscissa and ordinate denote the horizontal and vertical positions

of the eye in degrees, respectively.

Eye movements were recorded via a search coil system
(DNI Instruments, Newark, DE, USA) with a sampling rate of
1000 Hz, and these were also processed by Matlab®. The exper-
iment was controlled by a custom-made software, including eye
movement-recording, stimulus presentation, reward delivery and
data collection via National Instruments DAQ®. The stimuli were
generated by the Psychophysics Toolbox of Matlab®.

3. Results

In the present study we suggest a new chronic animal model,
which is suitable for electrophysiological recordings from visual
brain structures. The most straightforward points of the model are
the daily at least two hours recording time, the several years recor-
ding period, the continuous eye control and the restrained head of
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the suspended animal during the experiments, which makes this
model ideal for classic visual electrophysiological experiments.

3.1. Control of eye movements

In order to exclude the effect of eye movements on the recor-
dings of neuronal activities the head restrained, cats had to be able
to maintain their fixation. The final result of the training is that
the head restrained, suspended animals can fixate quite accurately
(within a +2.5° fixation acceptance window for the first cat, and
within a 4-1.5° fixation acceptance window for the second cat), even
during dynamic visual stimulation (Fig. 2).

A continuous control of eye movements was an essential part of
our experiments. By the eye-tracker method (as described above),
it became possible to follow and exactly reconstruct (visualize) the
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Fig. 3. Eye movements of the cat during the visual fixation paradigm. Top (A) and (B): successful fixation, bottom (C) and (D): failed fixation. (A) and (C) horizontal eye
positions. (B) and (D) vertical eye positions (assuming a £2.5° acceptance window). The bold black line shows the mean of eye movements, and the dotted lines denote
standard deviations. Time is marked on the abscissa, and the ordinates show the horizontal (X) or the vertical (Y) positions of the eye. The vertical black lines separate the
different epochs of the paradigm: fixation period (—500 to 0 ms), random static dot stimulation (0 to 200 ms), optic flow (200 to 1200 ms) and reward (1200 to 1700 ms).
Fixation failure is demonstrated by the strong and suddenly increasing of the standard deviation in the horizontal plane (C) but not in the vertical one (D).
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Fig. 4. Visual electrophysiological recordings. (A) shows the band pass filtered (from 300 Hz to 3000 Hz) neuronal activities from the eight electrodes implanted in the
caudate nucleus. This recording was performed 433 days after the implantation of the wire-electrodes. The black points above the raw signals denote spikes (single cell
activity). The abscissa denotes the time and the ordinate shows the amplitude of the electric signal. (B) depicts the peristimulus time histogram (top) and the raster plot
(bottom) of the activity of a particular neuron, the spikes of which are marked on the right uppermost plot of (A). The vertical black lines separate the different epochs of the
paradigm. Fixation period (—500 to 0 ms), random static dot stimulation (0 to 200 ms), optic flow (200 to 1200 ms) and reward (1200 to 1700 ms). The cat had to maintain
fixation from the appearance of the fixation point (—500 ms) until the disappearance of the optic flow stimulation (1200 ms). Note the decreased activity during random
static dots visual stimulation, and then the increased activity upon successful task completion (reward activity). The abscissa denotes time in milliseconds. The ordinate
beside the raster plot denotes the number of the successful trials, while the ordinate beside the peristimulus time histogram shows the activity of the neuron (spikes/s, Hz).
The continuous gray line is a smoothed curve of the activity, and the dashed gray lines show the +2 SD of the average discharge rate.
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eye movements of the animals. This also enabled us to detect failed
fixation, in which cases the trial was rejected (Fig. 3).

3.2. Chronic visual electrophysiological recordings

Local field potentials and band pass filtered (300 Hz to 3000 Hz)
neuronal activities from the CN to static as well as to dynamic visual
stimulation were recorded and analyzed (Fig. 4).

4. Discussion

In the last few decades, behaving animal models have gradu-
ally gathered ground in neurophysiology, due to their advantages
over anesthetized, paralyzed models. Behaving animals can be
relatively easily used after brief behavioral training for several
experimental purposes, but this is unfortunately not the case in
visual and multisensory electrophysiological research. In sensory
visual electrophysiology, the investigated structures often exhibit
also visuomotor activity (e.g. saccades). This makes a continuous
monitoring of eye movements indispensable. Furthermore, to min-
imize the visuomotor modulation of the recordings, teaching of the
animal to fixate accurately is also essential. This is a relatively easy
task for primates but requires a lengthy training in non- primate
mammals.

Behaving feline models have gone through several stages of
development. Since the beginning of the second half of the 20th
century, mostly anesthetized, paralyzed cats were used in the
investigation of the primary visual (striate) cortex, but in the first
years some experiments were performed with behaving, unre-
strained cats, too (Griffith and Horn, 1963; Hubel, 1959). In the
next experiments, behaving cats were placed in a restraining box
and they could put out their head through a small hole. The cats
were in this position during the experiments. The head- and eye-
movements were not controlled (Berkley, 1970; Blake et al., 1974;
Franklin et al., 1975). Strecker et al. (1985) used freely moving
cats, which were placed in a sound-attenuated behavioral chamber,
however, also without eye control. Stryker and Blakemore (1972)
took a step further, fixated the body and head of the cat with a
canvas bag on a platform, and the eye movements were put under
video surveillance. For some time, the scleral magnetic search coils
developed for primates were utilized (Fuchs and Robinson, 1966;
Judge et al., 1980; Robinson, 1963), but later they were adapted to
cats (Huxlin and Pasternak, 2004; Pigarev and Levichkina, 2011;
Pigarev and Rodionova, 1998; Populin and Yin, 1998, 2002; Tollin
et al.,, 2005).

In the present study we give a detailed description a new
feline model for chronic visual electrophysiology recordings. Our
model apparently yields at least two hours recording time per day
throughout several years from the same animal, with continuous
eye movement control and stable head position. The head was
restrained in some earlier used feline models, too (Hubel, 1959;
Huxlin and Pasternak, 2004; Pigarev and Levichkina, 2011; Pigarev
and Rodionova, 1998; Populin and Yin, 1998, 2002; Tollin et al.,
2005), and some form of eye movement control was also present in
other studies (e.g. Stryker and Blakemore, 1972), but to our knowl-
edge we have been the first to utilize this whole range of methods
at the same time. That is, in our model, the cats have to tolerate a
canvas bag around their body, being in a suspended position, head
restraint and also a scleral search coil. The suspended position is
a further novelty as compared to earlier feline models where the
cat was placed either in a box/on a trolley (Pigarev and Levichkina,
2011; Pigarev and Rodionova, 1998) or in a canvas bag on a plat-
form (Huxlin and Pasternak, 2004; Populin and Yin, 1998, 2002;
Tollin et al., 2005). It must be added that we experimented with
the lying position too, but the animals either tolerated this poorly

for longer periods, or simply fell asleep. We found the suspended
position superior both in terms of its tolerability for the animals
and handling.

Our fixation training method also proved to be successful. At
the end of the training sessions, our first cat was able to keep
fixation in a +2.5°, square acceptance window, while the second
one performed even better (+1.5°). This means a more rigorous
control of eye movements, and possibly more accurate recordings
than in some previous studies. Populin and Yin (1998, 2002) £7.5°
and £5° square fixation acceptance windows for auditory, and
for visual stimulation, respectively. Pigarev and Rodionova (1998)
and Pigarev and Levichkina (2011) used a comparable, 4+-2° square
acceptance window. It is true that Huxlin and Pasternak (2004)
used a smaller, round fixation acceptance window of a diameter
of 1.5°, but gave mainly the summarized and subjective account
of the neuronal activities and not recorded the activity of the sin-
gle cells from trial to trial. Our acceptance window was +2.5° in
the case of the first cat and +1.5° in the case of the second cat.
During these rigorous conditions the cats were able to hold the fix-
ation in these small windows even during the optic flow dynamic
visual stimulation. Optimal fixation, laborious behavioral training
and the eight implanted wire-electrodes therefore made it possi-
ble to record visually evoked signals from the awake feline brain.
Recordings in the two cats have been going on for over two years
now, and stable signals of good quality are recorded. Thus we pro-
pose that the demonstrated model is an optimal behaving model
for chronic, cell-level visual electrophysiological recordings.
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Abstract

Beside its motor functions, the caudate nucleus (CN), the main input structure of the basal
ganglia, is also sensitive to various sensory modalities. The goal of the present study was to
investigate the effects of visual stimulation on the CN by using a behaving, head-restrained,
eye movement-controlled feline model developed recently for this purpose. Extracellular
multielectrode recordings were made from the CN of two cats in a visual fixation paradigm
applying static and dynamic stimuli. The recorded neurons were classified in three groups
according to their electrophysiological properties: phasically active (PAN), tonically active
(TAN) and high-firing (HFN) neurons. The response characteristics were investigated
according to this classification. The PAN and TAN neurons were sensitive primarily to static
stimuli, while the HFN neurons responded primarily to changes in the visual environment
i.e. to optic flow and the offset of the stimuli. The HFNs were the most sensitive to visual
stimulation; their responses were stronger than those of the PANs and TANs. The majority
of the recorded units were insensitive to the direction of the optic flow, regardless of group,
but a small number of direction-sensitive neurons were also found. Our results demonstrate
that both the static and the dynamic components of the visual information are represented
in the CN. Furthermore, these results provide the first piece of evidence on optic flow pro-
cessing in the CN, which, in more general terms, indicates the possible role of this structure
in dynamic visual information processing.

Introduction

The basal ganglia, which are components of cortical and subcortical loops in the mammalian
brain [1] are strongly involved in sensorimotor functions. It is assumed that for the eliciting of
the normal motor behavior in response to sensory information from the environment the basal
ganglia are essential. Thus it comes as no surprise that the CN neurons are sensitive to various
modalities of visual stimulation [2-9]. Beside the characterization of classical visual receptive
field properties of the CN neurons [5, 10] their responsiveness to extended visual stimuli was
also investigated [11, 12]. They were markedly sensitive to very low spatial and high temporal
frequencies and exhibited narrow temporal and spatial frequency tuning. These characteristics
suggest that these neurons can be involved in the processing of dynamic visual information
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[12-14]. An especially relevant dynamic aspect of the incoming visual information is the
apparent motion of the environment during self-motions, that is, optic flow. Logical as this
question might be, so far it has not been investigated if it is possible to activate CN neurons
directly by an optic flow stimulus, while a positive answer could throw new light on the CN as
an important structure of dynamic visual processing during self-motion. For that reason, the
first question we ask in this study is whether such a direct activation is possible.

Neuroanatomical studies revealed several distinct neuron groups in the CN. Of these,
medium spiny neurons, GABAergic interneurons and cholinergic interneurons are the most
often observed [15]. Similarly, electrophysiological studies in rodents and primates described
three large groups based on the recorded neurons' electrophysiological properties: phasically
active (PAN), high-firing (HFN) and tonically-firing (TFN) neurons [16-20]. It is known from
these studies that there is a strong correspondence between the anatomical and electrophysio-
logical clusters. PANs correspond to the medium spiny projection neurons, HFNs to the
GABAergic interneurons and the TFNs to the cholinergic interneurons [21-28]. The second
question raised by the present study is whether the same or a similar classification is possible in
the feline brain.

To answer the questions raised above, we used behaving, head-restrained eye movement-
controlled cats trained for chronic visual electrophysiological recordings [29] in a behavioral
paradigm. We categorized the neurons of the feline CN according their electrophysiological
properties in different functional clusters and analyzed their responsiveness to static as well
optic flow visual stimuli.

Materials and Methods

Experiments were carried out on two adult feline domestic cats (2.6 kg and 3.25 kg). Cats were
trained for the applied visual fixation task. All experimental procedures were carried out to
minimize the number and the discomfort of the animals involved and followed the European
Communities Council Directive of 24 November 1986 (86 609 EEC) and the National Insti-
tutes of Health guidelines for the care and use of animals for experimental procedures. The
experimental protocol was accepted and approved by the Ethics Committee for Animal
Research of the University of Szeged (No: 1-74-24/2012).

Animal Preparation and Surgery

The animals were initially anesthetized with ketamine hydrochloride (Calypsol (Gedeon
Richter™), 30 mg/kg i.m). To reduce salivation and bronchial secretion, a subcutaneous injec-
tion of 0.2 ml 0.1% atropine sulphate was administered preoperatively. A cannula was inserted
in the femoral vein and after intubation of the trachea the animals were placed in a stereotaxic
headholder. All wounds and pressure points were treated regularly with local anesthetic (1%,
procaine hydrochloride). Throughout the surgery the anesthesia was maintained with 1.5%
halothane in a 2:1 mixture of N,O and oxygen. The depth of anesthesia during the surgery was
monitored by continuously checking the end-tidal halothane concentration and heart rate
(electrocardiogram). The end-tidal halothane concentration, MAC values and the peak expired
CO, concentrations were monitored with a capnometer (CapnomacUItima, Datex-Ohmeda,
ICN). The O, saturation of the capillary blood was monitored by pulse oxymetry. The mini-
mum alveolar anesthetic concentration (MAC) values calculated from the end-tidal halothane
readings were kept in the range recommended by Villeneuve and Casanova [30]. The peak
expired CO, concentration was kept within the range 3.8-4.2% by adjusting the respiratory
rate or volume. The body temperature of the animal was maintained at 37°C by a computer-
controlled, warm-water heating blanket. Craniotomy was performed with a dental drill to
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allow a vertical approach to the target structures. The dura mater was preserved, and the skull
hole was covered with a 4% solution of 37°C agar dissolved in Ringer’s solution. Then a reclos-
able plastic recording chamber (Ultem 1000, internal diameter = 22.5mm) was mounted on the
skull. Following this, the eight electrodes were implanted in the brain with the help of an
adjustable microdrive system (a modified Harper-McGinty microdrive for the first animal (see
McKown and Schadyt, [31]) and a modified Korshunov microdrive for the second animal [32]).
In order to control the eye movements, a scleral search coil was implanted into the right eye
[33]. To restrain the head of the animal during the experiments, a stainless steel headholder
was cemented on the skull. All surgical procedures were carried out under aseptic conditions.
Before the surgical procedure, antibiotic prophylaxis was applied (1000 mg ceftriaxon, i.m.,
Rocephin 500 mg (Roche™)). The first five postoperative days, 50 mg/kg i.m. antibiotic was
provided. Nalbuphin and non-steroidal anti-inflammatory drugs were administered until the
seventh postoperative day.

Brief Description of the Behavioral Training of the Animals

When the cat got accustomed to the laboratory environment, it was carefully clothed into a
canvas harness. First, we lifted the animal manually only a few centimeters from the floor.
When the clothed animal got used to being suspended, it was gradually introduced to the
experimental stand. The experimental stand is a cubical structure with each side open, in
which the suspension harness is fastened at two points in by a rope pulley block. The head of
the suspended cat was fixed to the stereotaxic frame by the implanted steel headholder with
two stainless steel bars. The stereotaxic frame was placed within an electromagnetic field,
which is generated by metal coils, installed into the wall of the stand. The animal was trained to
perform fixation during recordings of neuronal activities to different kind of visual stimulation.
If a trial of the task was completed without the breaking the fixation the animal received
mashed food reward through a plastic tube, dosed by a computer-driven hydraulic pump
installed outside the magnetic field. The behavioral training and later the recording sessions
lasted approximately 2 hours per a day, four to five times during a week. The weight of the ani-
mals was checked regularly and was kept at least 90% of the initial value. The detailed descrip-
tion of the implantation and the behavioral training of the animal can be found in our recent
methodological paper [29].

Behavioral Paradigm and Visual Stimulation

For visual stimulation and the projection of the fixation point a standard 17- inch CRT moni-
tor (refresh rate: 100 Hz) was placed in front of the animal, at a distance of 57 cm. During the
recordings the effect of the eye movements on the neuronal activity has to be controlled for, so
the cats were trained to perform visual fixation during the visual stimulation. For this, a fixa-
tion point was projected on the center of the CRT monitor. The size of the fixation point was
0.8° in diameter. The animal had to look at the fixation point and keep its gaze within a square
fixation acceptance window during the trials of the visual fixation task. The size of the accep-
tance window was 5°. The stimulation task was initiated by the animal, by keeping fixation in
the acceptance window for 500 ms. Two sorts of stimuli were applied: first a static random dot
pattern, which was followed by an optic flow stimulus. The size of the stimulation screen was
40.5 ° by 30.5 °. The size of each dot in both the static and the dynamic stimulus was 0.1° in
diameter. The speed of dot movement in the optic flow increased from 0 to 7°/sec toward the
periphery of the stimulation screen. The stimuli were generated using a custom made script
prepared in the Psychtoolbox of Matlab®.
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Fig 1. Schematic representation of the phases of the behavioral paradigm. At the beginning of the trial
the cat has to direct its gaze to a green fixation point projected in the center of a CRT monitor (refresh rate
100 Hz). Then, the animal has to maintain fixation within an acceptance window for 500 ms (fixation phase). If
the fixation phase is successfully accomplished, a static random dot pattern appears (at 0 ms), and it remains
on the screen for 200500 ms (static stimulation phase). After this, the dots of same static pattern start to
move coherently in a radial center-in or center-out direction (optic flow, dynamic stimulation phase, 1000 ms).
As can be seen in the figure, the animal has to hold fixation throughout the stimulation phases. If it manages
to do so, the trial is accepted, and the animal is rewarded with a few drops of mashed cat food (reward phase,
500 ms).

doi:10.1371/journal.pone.0142526.g001

Fig 1 is a schematic representation of a single trial of the applied behavioral visual fixation
paradigm. To minimize the influence of eye movements on the neuronal activity, the animal
had to hold fixation during the trials. A trial was immediately aborted if the animal broke fixa-
tion, and in this case no reward was given. Any single trial consisted of the following phases:

1. Fixation phase: a green fixation point appeared in the center of the stimulation screen. In
this phase the cat had to direct its gaze to the fixation point and keep fixation in a pre-deter-
mined fixation window (see above) for 500 ms. The accomplishment of this initiated the
next phase.

2. Static stimulation phase (200-500 ms): immediately after the successful completion of the
fixation phase, a static random dot pattern appeared in the visual field.

3. Dynamic stimulation phase (1000 ms): the dots of the static pattern began to move radially
(optic flow). The dots moved either toward the periphery of the screen (center-out optic
flow) or toward the center of the screen (center-in optic flow).

4. Reward phase (500 ms post stimulation) and intertrial interval (4000-10000 ms): If the cat
managed to maintain fixation throughout all the stimulation phases of a single trial, a few
drops of pulpy food reward was given and we considered the trial as a correct one. This
phase was longer, so that the cat could eat the reward without muscle activity interfering
with the recordings of the next trial. The actual recordings started when the cats reached a
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stable 80% efficiency in fixation maintenance in the training sessions. The recordings took
place in a dark laboratory room (background luminance: 0.5 cd/m?). The luminance of the
stimulus was 5 cd/m? (Mavolux 5032C, GOSSEN Foto- und Lichtmesstechnik GmbH, Ger-
many). The computer-controlled trials (either with center-out or center-in optic flow) were
presented in a random order. A recording session was considered successful (and the data
included in the analysis) if the cat performed at least 30 correct trials to center-out and also
to center-in optic flow stimuli.

Recording and Data Analysis

Extracellular multielectrode recordings were carried out with eight implanted parylene isolated
platinum-iridium wire-electrodes (diameter: 25 pm) from the first cat and with eight implanted
formvar insulated Nickel-Chrome wire-electrodes (diameter: 50 um) from the CN of the
second cat. The position of the guiding tube (diameter = 0.65 mm), which contained the
wire-electrodes during implantation, was anterior 13 and lateral 5.5 mm according to the Hors-
ley-Clarke coordinates. The position of the single wire-electrodes ranged between anterior
12.5-14 mm, lateral 4.5-6 mm at stereotaxic depths between 9 and 13.5 mm. At the end of the
experiments, the first animal was deeply anesthetized with pentobarbital (200 mg/kg i.v.) and
perfused transcardially with 4% paraformaldehyde solution. The brain was removed and cut
into coronal sections of 40 um, and the sections were stained with DAPI (4',6-diamidino-
2-phenylindole, Sigma-Aldrich Co., USA). Recording sites were localized on the basis of the
marks of the electrode penetrations.

Amplified neuronal activities were band-pass filtered (300 to 5000 Hz). The raw data were
first processed by NeuroScope, NDManager, KlustaKwik and then broken down into single
unit signals by the use of Klusters [34, 35] under manual control.

We intended to classify the CN neurons in functional groups by their electrophysiological
properties. It is known from rat and primate studies that spontaneous activity, the proportion
of the summed values over 2 seconds divided by the total session time in the interspike inter-
vals (propISI. ,.c), and the shape of the autocorrelogram at different time resolutions (100ms,
1000 ms) can be used to classify the CN neurons in different groups [16, 18]. The above men-
tioned electrophysiological parameters were calculated for each recorded CN unit. The sponta-
neous discharge rate of each neuron was calculated based on the last 3000 ms period of the
intertrial intervals. In this way, the recorded neurons could be classified in three groups (Fig 2):
PANs are characterized by peaky autocorrelogram and ISI values over 2 seconds. The propl-
SI. »sec Was usually higher than 0.5, and the spontaneous discharge rate was low, in most cases
under 3 spikes/sec. The HFNs have autocorrelograms with a blunt peak, the propISI. ».. is
lower than 0.5, and the spontaneous discharge rate is higher than 5 spikes/sec. Finally, TANs
are characterized by a deep gap in the autocorrelogram, the propISI. ,.. is lower than 0.5, and
the spontaneous discharge rate is between 2 and 12 spikes/sec.

Firing rates during the different phases of the behavioral paradigm (static, dynamic, reward)
were compared to the background activity, which was measured in the last 3000 ms period of
the intertrial interval, with the Mann-Whitney rank-sum test. We considered the neuronal
activity as response if the stimulated activity in a particular phase or phases of the paradigm
was significantly different (p<0.05) from the background activity. Similarly, the comparison
between discharge rate of each optic-flow sensitive single neuron in response to center-in and
center-out optic flow stimuli was performed using Mann-Whitney test. The neuron was con-
sidered to be direction sensitive if the difference between the responses to center-in and center-
out stimulation was significant (p<0.05). We also calculated the net firing rate of each unit by
subtracting their background activity from the summed firing of the neurons. The background
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Fig 2. Autocorrelograms of the CN neurons. Neurons were classified on the basis of the shape of their autocorrelograms (at 100 ms and 1000 ms time
resolutions), proplSl.sec and the background discharge rate in three big groups (PAN, HFN, TAN). Neurons belonging to each group have characteristic
autocorrelogram. PANs are usually characterized by peaky autocorrelogram (A,B). HFNs have autocorrelograms with a blunt peak (C,D) and TANs are
characterized by a deep gap in the autocorrelogram (E,F).

doi:10.1371/journal.pone.0142526.9002

activities and the net firing rates of different CN neuron subpopulations (PAN, HEN and TFN)
in different epochs of the paradigm were compared by one-way analysis of variance
(ANOVA). In the case of significant variance (p<0.05) Tukey's HSD analysis was performed
to find the significantly different CN neuron subpopulation. All statistical analyses were per-
formed in Matlab® (MathWorks Inc., Natick, MA).
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Table 1. The number of responsive CN neurons by the different phases of the applied paradigm.

Phasically active neurons
increased activity
decreased activity

High-firing neurons
increased activity
decreased activity

Tonically active neurons
increased activity
decreased activity

doi:10.1371/journal.pone.0142526.1001

Static Optic flow Stimulus off Reward
center-out center-in

26 17 16 1 27

24 2 6 0 6

18 16 20 7 30

18 9 8 1 0

11 3 5 0 6

2 1 1 1 0

Eye movements were monitored and recorded with a search coil system (DNI Instruments,
Newark, DE, USA) at a sampling rate of 250 Hz, and these were processed by a custom soft-
ware written under Matlab®).

The recording of the eye movements, stimulus presentation, reward delivery, and data col-
lection were also coordinated by a custom software via 16 channels National Instrument Card
DAQ®.

Results

Altogether 346 units were recorded from the CN. The primary aim of the present study was to
describe the visual response characteristics of the CN neurons. Based on their electrophysiolog-
ical properties (see in methods), we could group the recorded CN neurons in three major clus-
ters: PANs (221 neurons), HFNs (88 neurons) and TANs (28 neurons). Our secondary aim
was to compare the response characteristics of these neuronal functional groups. Table 1 sum-
marizes the responsivenes of the different CN neuron clusters. Because of the very low sponta-
neous discharge rate (below 1 spike/second), we excluded 135 PANSs from the further analysis.
Further nine CN neurons were excluded from the analysis, because it was not possible to clas-
sify them as belonging to any of the three major clusters. After all the exclusions, responses
from 202 neurons were analyzed. The responsive CN neurons showed mainly increased firing
rate, while decreased activity was also found during the different phases of the visual behavioral
paradigm. Significant changes in the activity of the CN neurons were recorded not only during
the actual visual stimulation. In line with earlier studies [36], reward-related neuronal
responses were also recorded shortly before and during the reward period (provided that the
task was successfully completed).

In the following we are describing the stimulus-related response characteristics of the func-
tional clusters.

Response Characteristics of the Phasically Active Neurons

After the exclusion of the neurons that exhibited spontaneous activity lower than 1 spike/s, the
response characteristics of 86 PANs were analyzed. The mean spontaneous discharge rate was
2.93 spikes/sec (SD: £2.18). Overall, the visual responses of the PANs were moderate or weak
(Table 2). During static visual stimulation, significant activity change was observed in 50
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Table 2. The net discharge rates (spikes/sec) of the PANs, HFNs and TANSs by the different phases of the applied paradigm.

Phasically active neurons

N Mean Median SD Min Max
Background activity 86 2.93 2.34 2.18 0.97 8.88
Static
increased activity 26 1.91 0.72 3.34 0.23 16.51
decreased activity 24 0.55 0.44 0.52 0.06 1.43
Optic flow:center-out
increased activity 17 0.94 0.87 0.48 0.38 1.92
decreased activity 2 0.37 0.37 0.13 0.28 0.46
Optic flow:center-in
increased activity 16 1.34 1.04 0.90 0.41 3.60
decreased activity 6 0.88 0.88 0.33 0.50 1.32
Reward
increased activity 27 3.11 2.14 2.65 0.53 10.09
decreased activity 6 0.38 0.18 0.47 0.12 1.32
High-firing neurons
N Mean Median SD Min Max
Background activity 88 14.45 12.85 6.81 4.67 37.91
Static
increased activity 18 8.51 7.92 4.51 1.80 19.52
decreased activity 18 3.18 1.88 3.75 0.45 15.91
Optic flow:center-out
increased activity 16 5.34 4.47 3.80 0.99 14.48
decreased activity ) 1.13 1.12 0.57 0.29 1.77
Optic flow:center-in
increased activity 20 4.56 3.51 3.63 0.30 12.84
decreased activity 8 0.79 0.85 0.38 0.24 1.33
Reward
increased activity 30 9.57 7.06 7.05 1.82 32.65
decreased activity 0 - - - - -
Tonically active neurons
N Mean Median SD Min Max
Background activity 28 5.24 5.81 2.37 1.26 10.11
Static
increased activity 11 1.69 1.20 1.49 0.43 4.83
decreased activity 2 0.23 0.23 0.23 0.06 0.39
Optic flow:center-out
increased activity 3 1.24 1.36 0.23 0.98 1.38
decreased activity 1 0.21 - - - -
Optic flow:center-in
increased activity 5 0.97 0.98 0.59 0.32 1.85
decreased activity 1 0.81 - - - -
Reward
increased activity 6 2.89 1.86 3.79 0.24 9.91
decreased activity 0 - - - - -
Increased activities are given as net values after the subtraction of the background activity from the gross activity. Decreased activities are given as
absolute values of the net changes.
doi:10.1371/journal.pone.0142526.t002
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Fig 3. Response characteristics of the CN neurons to static visual stimulation. Each panel of the figure contains a PSTH (top) and a raster plot (bottom)
to represent the activity of a neuron. Panels A and B show the activity of a PAN, panels C and D show the firing pattern of a HFN. A and C show the gross

activities, B and D show the net activity change

after the subtraction of the background activity. The vertical black lines denote the boundaries between the

different phases of the paradigm: fixation phase (-500 to 0 ms), static visual stimulation (0 to 200 ms), dynamic visual stimulation (200 to 1200 ms), reward
phase (1200 to 1700 ms). Note the phasic response of the PAN to static stimulation (A,B). The activity pattern of the presented HFN (C,D) is more complex:
increased activity can be observed not only to random dot patterns, but also to optic flow and during the reward phase. The abscissa denotes the time in
milliseconds. The ordinate denotes the number of successful trials and the activity of the neuron. The lowest number is the number of the successful trials,
the next is the average discharge during the whole recording and the highest number is the stimulated activity (Hz). The continuous grey curve is a smoothed
curve of the activity, and the dashed grey lines indicate + 2 SD of the average background discharge rate in the whole recording.

doi:10.1371/journal.pone.0142526.g003

neurons. In 26 cases this meant a significant increase, and in 24 cases a significant decrease was
seen. Fig 3A and 3B show the responses of a PAN CN neuron to static visual stimulation.

Twenty-nine neurons showed activity change during dynamic visual stimulation. During
the center-out optic flow 17 of them, while during the center-in optic flow 16 of them showed
increased activity. In eight cases decreased activity was seen in response to this type of stimula-
tion. The peristimulus time histograms (PSTHs) in Fig 4A and 4B show such a response.

In the reward phase 27 neurons showed significantly increased activity and six of them de-
creased their discharge rate. The question arises whether this activity is purely reward-related and/
or related to the offset of the stimulus. In order to check this, we analyzed the aborted trials too,
where the animal had broken the fixation. In this case the stimulus disappeared immediately and
the animal got no reward. While the animal has broken the fixation the appearing eye movements
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Fig 4. Decreased responses to optic flow stimulation. Panels A and B show the activity of a PAN, panels C and D show the firing pattern of a HFN. Note
the marked activity decrement during optic flow stimulation. The conventions are the same as in Fig 3.

doi:10.1371/journal.pone.0142526.9004

could also elicit changes in the neuronal activity. In order to exclude the effects of eye movement-
related activity in this case, the correlation between the interspike intervals and the normalized
amplitude of the eye movements recorded during the experiment was computed. Fig 5D denotes
the result of the linear regression analysis. This clearly shows the lack of connection (p* 0.02,
p>0.05) and in this way the absence of eye movement- related activity. Whether the change in
activity is reward-related can be told by a simple examination of the PSTHs in relation to the offset
of the stimulus: if the response is reward-related, no peak in the PSTH can be observed. If there is a
peak in these histograms, the activity is likely to be related to the stimulus offset. Fig 5 shows the
activity of a PAN, which responded with increased discharges to the offset of the stimulus.

Response Characteristics of the High-Firing Neurons

Eighty-eight high-firing neurons were analyzed. The mean spontaneous discharge rate was
14.45 spikes/sec (SD: +6.81). During the static phase 18 neurons increased and 18 neurons
decreased their activity significantly (Fig 3C and 3D). Thirty-seven high-firing CN neurons
responded to the optic flow stimulus. During the center-out optic flow 16 neurons and during
center-in optic flow 20 neurons exhibited increased activity. The visual responses of this group
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doi:10.1371/journal.pone.0142526.9005

are much clearer and stronger than those of the PANs and TANs (Table 2). Fig 4C and 4D and
Fig 6 show the responses of three HFNSs to optic flow (one cell with decreased and two cells
with increased activity).

During the reward phase, 30 neurons increased their activity and none of the high-firing
neurons showed significantly decreased activity (Fig 3C and 3D and Fig 7). It was also found
that altogether eight of the analyzed HFNs were active (seven of them with increased activity)
during the offset of the stimulus. Similarly to the PAN, which was sensitive to the offset of the
stimulus the HFN's with offset-related responses showed no eye movement connected activity.

Response Characteristics of the Tonically Firing Neurons

Beside the PANs and HFNs a small number of CN neurons (28) were classified as tonically fir-
ing (TAN). The mean spontaneous discharge rate was 5.24 spikes/sec (SD: * 2.37). During the
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static stimulation phase 11 neurons showed significantly increased and only 2 decreased activ-
ity. Seven of them responded by increasing their discharge rate to the optic flow stimulus (3 to
the center-out and 5 to the center-in stimulus). The visual responses of the TANs were moder-
ate or weak (Table 2). During the reward phase 6 neurons increased their activity. The offset of
the stimulus influenced the activity of only one TAN. Similarly to the PAN and the HFNS,
which were sensitive to the offset of the stimulus the TAN with offset-related response showed
no eye movement connected activity.

Sensitivity to the Direction of the Optic Flow

Altogether 74 (30 PANs, 36 HFNs and 8 TAN) of the 346 analyzed CN neurons showed signifi-
cant activity change upon optic flow stimulation. In the majority of the analyzed neurons this
change was not direction-dependent. Direction-dependent activity change was observed in
twenty neurons (9 PAN, 8 HFN, 3 TAN). About half of the selective neurons (11 neurons)
responded stronger to center-in stimulus while the second half of them (9 neurons) responded
stronger to the center out optic flow. Fig 7 shows the PSTHs of a direction sensitive HFN.

PLOS ONE | DOI:10.1371/journal.pone.0142526 November 6, 2015 12/18
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At the population level there was no significant difference between the proportions of direc-
tion preferences within PANs, HFNs and TANs (y-square test; x2(2) =1.001, df = 2, level of
significance: 0.05). Thus, the PANs, the HFNs and the TANSs of the CN appear to code the
direction of the optic flow to a similar extent.

Activity of the Neuron Groups during the Different Phases of the
Behavioral Paradigm

Similarly to other studies [37, 38], we found using one-way ANOVA and the following post
hoc analysis that the background activity of the HFN's was significantly higher (p<0.001) than
that of the PANs and the TANs (Table 2). To exclude the effect of the background activities, we
subtracted these from the gross activities and so calculated the net firing rates. For the further
analyses, the absolute values of the net discharge rates were applied. Table 2 provides detailed
information about the net discharge rates of the PANs, HFNs and TANs by phase (i.e. static,
dynamic, reward). A one-way ANOVA indicated significant variance (p<0.01). The subse-
quent post-hoc analysis (Tukey's HSD) revealed that the HFNs were both the most sensitive

115 T T 106
Z =
E z
: £ |
: , Al
£ ||I o ! l] |
H] B i I
= =
£ . Kl
& 23 g B

0 0
= e
= =
= ‘£
= =

-500 0 200 400 2200 -500 0 200 400 _ 1200 1700 2200

Time (ms) Time (ms)
= =
E 73t 4 3’ 65 L 4
Py 2
H £
g g
= ]
E E
s In
Z 3 P 1 8 !
| I

& @
= ]
: E

-500 0 200 400 1200 1700 2200 -500 0 200 400 1200 1700 2200

Time (ms) Time (ms)

Fig 7. Selective responses to the direction of the optic flow. This figure demonstrates the activity of a HFN. Panels A (gross activity) and C (net activity)
show the activities in response to center-out optic flow. Panels B (gross activity) and D (net activity) show the activities in response to center-in optic flow.
Note that this neuron exhibits increased activity to center-out optic flow but no response to center-in optic flow. In other words, the neuron is selectively
sensitive to the center-out direction. A strong reward-related activity can also be observed. The conventions are the same as in Fig 3.

doi:10.1371/journal.pone.0142526.9007
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and exhibited the most vigorous responses throughout all the phases of the fixation paradigm.
In summary, the activity of the HFNs differed significantly from the activity of both PANs and
TANS, while the activities of the latter two did not differ significantly.

Discussion

In the present study we managed to provide a detailed description of the visual response profile
of different CN neurons in the brain of behaving cats, after having classified them according to
their electrophysiological characteristics. To our knowledge, such observations have not been
made before.

In the last few decades, behaving animal models have gradually gathered ground in neuro-
physiology, due to their advantages over anesthetized, paralyzed models. Behaving animals can
be relatively easily used after brief behavioral training for several experimental purposes, but
this is unfortunately not the case in visual and multisensory electrophysiological research. In
visual electrophysiology, the investigated neurons often exhibit visuomotor activity (e.g. activ-
ity changes during saccades). This makes a continuous monitoring of eye movements indis-
pensable. To minimize the influence of eye movements on the neuronal activities, the animal
had to maintain fixation during the whole length of the trials. In this way the eye movement-
related components of the activity can be excluded. During the analysis of neuronal responses,
which were correlated to stimulus offset (see in Results) the aborted trials were also analyzed
where the animal has broken the fixation. In these cases because of the lack of fixation the
effects of eye movements on the neuronal activities were also investigated. The correlation
between the interspike intervals and the normalized amplitude of the eye movements recorded
during the experiments revealed no eye movement- correlated activity among the CN neurons,
which were sensitive to the offset of the visual stimuli.

In a recent study we gave a detailed description a new feline model for chronic visual
electrophysiological recordings [29]. This model yielded a relatively long recording time per
day throughout several years from the same animal, with continuous eye movement control
and stable head position. This model was also the basis of the present study.

Turning now to the discussion of the results, the most important achievement of this study
may be the electrophysiological categorization of neurons in the feline CN. Similarly to earlier
findings in rodents and primates [18, 19, 39-43] PANs, TANs and HFNs were found. The
validity and applicability of this classification is signified by the fact that over 97% of the
recorded CN units fell into one of the three major categories, and it was only 3% that did not fit
any of them. Earlier studies suggested a strong correspondence between the three biggest ana-
tomical (medium spiny, cholinergic and parvalbumin immunpositive GABAergic interneu-
rons) and electrophysiological (PAN, TAN, HFN) groups of the CN neurons. A growing body
of evidence suggests that PAN neurons correspond to the medium spiny projection neurons,
HENs to the parvalbumin immunpositive GABAergic interneurons and the TFNs to the cho-
linergic interneurons [21-28]. As for the uncategorizable neurons (three percent in this study),
these can belong to one of the numerous interneuron types of the caudate nucleus, such as the
neuropeptide Y-, nitric oxide synthase- and somatostatin- containing [44, 45], calretinin
immunpositive [46], tyrosine hydroxylase immunpositive [26, 47], cholecystokinin immunpo-
sitive [48] and vasoactive intestinal polypeptide immunpositive [49-51] interneurons—with
no claim to being exhaustive. The low prevalence of these interneurons in the feline brain is in
line with earlier findings in rodents and primates where the prevalence of each group of these
interneurons is under 1%.

A further finding that fits with earlier studies in other species is that the majority of the CN
units in the feline brain appear to be PAN (64% in our sample). In other species 77-97% of the
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striatal projection neurons belong to this most probably GABAergic cluster. Striatal projection
neurons comprise up to 97% of the rodent striatum, while this proportion is significantly lower
in higher vertebrates, especially in primates [20, 46, 52-55]. It must be noted that PANs are
often difficult to detect because of their extremely low background activity [21, 56], which
means that the sixty-four percent finding may be an underestimation due to undersampling,
which, in turn, can also have an effect on the estimations of the two other groups.

As for the two other major groups, our results suggest that they are much less prevalent
than PAN (HFN 25% and TAN 8%). This is also in line with the results of earlier rodent and
primate studies. The parvalbumin immunpositive GABAergic interneurons comprise roughly
1-20% of the striatal neurons of rats and primates [54], while the cholinergic group adds up to
only about 10 percent of the CN neurons (up to 10% in primates [57], an 2% in cats [58]).

Beyond the electrophysiological classification of the neurons in the feline CN, we also deter-
mined the visual response characteristics of the neurons belonging to the three major classes.
The applied dynamic stimulus was quite new in this context, as hitherto optic flow has not
been applied to investigate CN neurons. In our earlier studies we demonstrated that the CN
neurons are strongly sensitive to very low spatial and high temporal frequency sinewave grat-
ings and exhibit narrow temporal and spatial frequency tuning [11, 12]. It has been hypothe-
sized for some time that neurons with such spatio-temporal visual response characteristics
could have a role in the processing of optic flow [13, 14]. In the present study we revisited this
hypothesis and provided the first piece of direct evidence on the processing of optic flow in the
feline CN.

After the categorization of the CN units based on their electrophysiological properties, it
was possible to investigate their visual response characteristics by group. Our results demon-
strate that both the static and the dynamic components of the visual information are repre-
sented in the CN. The PANs and TANs were more sensitive to static than to dynamic visual
stimulation, that is, they responded to the random dot patterns, but not to the optic flow. On
the other hand, HFNs were almost equally sensitive to both static and dynamic stimulation (i.e.
approximately the same proportion of these neurons responded to random dot pattern and to
optic flow stimulation). The stimulus offset modulated the activity of a significant proportion
of HFNs, which was not observed with PANs and TANs. This suggests that the PANs and
TANs are primarily sensitive to static, continuous, unchanging visual stimuli. As mentioned
before, the response characteristics of the HFNs are different: these neurons seem to be equally
responsive to both static and dynamic stimulation (including stimulus offset). Furthermore,
the net activity changes of the HFNs were significantly stronger than what was observed in
PANs and TANS, regardless of the actual phase of the behavioral paradigm. These suggest that
HFNs are the most sensitive units in the CN to visual stimuli.

We have also investigated whether the direction of the optic flow (center-in or center-out) is
reflected in the activity of the CN neurons. The majority of the CN units showed no such sensi-
tivity. Of the other hand a smaller population of the CN neurons were sensitive to this aspect
of the stimulation. About half of the direction sensitive units responded stronger to center in
stimuli and the second half of them were more sensitive to center out flow field. The sensitivity
of the CN neurons to optic flow gives further support to the hypothesis that the CN neurons
participate in motion perception, most probably in the perception of changes in the visual envi-
ronment during self-motion [12-14].

In summary, we consider the following as the most important achievements of this study:

First, we managed to utilize our head- restrained, eye movement- controlled behaving feline
model [29] in a visual electrophysiological study aimed at the analysis and classification of CN
neurons in terms of their visual responsiveness.
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Second, we described that different CN neuronal groups (PAN, TAN, HFN) are differently
sensitive to static and dynamic visual stimulation. PAN and TAN neurons are primarily sensi-
tive to static stimuli, while HFNs are primarily sensitive to changes in the visual environment
of the animal. By this we also showed that visually sensitive neurons in the feline CN can be
classified similarly to what had previously been found in other species.

Third, we managed to demonstrate optic flow processing in the feline CN, which empha-
sizes the role of this structure in the detection and processing of visual information related to
motion.
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