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1. Introduction 

1.1 The caudate nucleus 

As the primary input structure of the basal ganglia, the caudate nucleus (CN) receives 

projections from a large variety of cortical areas. Therefore, it is involved in various higher 

neurological functions (Parent & Hazrati, 1995). Because of this, the CN shows topographic 

organization and can be divided into three functionally different regions. The dorsolateral 

striatum receives inputs from the sensory and motor cortices and accordingly plays a role in 

sensorimotor functions by connecting the incoming visual stimuli with motor responses. The 

frontal and parietal associations send projections to the dorsomedial striatum.Therefore, it is 

responsible for integrating the associative information. Lastly, the ventral striatum is connected 

with limbic structures, such as the hippocampus and the amygdala, and it is involved in 

memory, learning, and emotion (Joel & Weiner, 1994, Yin & Knowlton, 2006, Graybiel, 2008, 

Humphries & Prescott, 2010, Yarom & Cohen, 2011). Figure 1 represents the three distinct 

pathways, the direct, indirect, and hyperdirect pathways of the basal ganglia, that shows how 

the information flows from the cortex through the basal ganglia. The CN contains neurons that 

are sensitive to different modalities of visual stimulation. The visual receptive field and the 

response characteristics of these neurons make them markedly sensitive to dynamic stimuli. 

Therefore, it is assumingly involved in the perception of self-motion in the visual environment 

(Figure 1.). 
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1.2 Neurons of the CN 

In earlier studies, the striatal neurons were classified into two main neuronal groups according 

to their electrophysiological properties: phasically active neurons (PANs) and tonically active 

neurons (TANs) (Albe-Fessard et al., 1960, Connor, 1970, Wilson & Groves, 1981, Kimura et 

al., 1984, Kimura, 1986). It was only in the 1990s that new findings introduced a third group 

in the striatum: the high-firing neurons (HFN), which correspond most probably to the 

GABAergic interneurons, which can be further divided into several subcategories based on their 

expression of single markers (Kawaguchi, 1993, Kubota & Kawaguchi, 1994, Koos & Tepper, 

1999, Munoz-Manchado et al., 2018).  

Figure 1. Schematic representation of the direct, indirect, and hyperdirect basal 

ganglia pathways. GPe, external segment of the globus pallidus; GPi, internal segment of 

the globus pallidus; SNr, substantia nigra pars reticulata; SNc, substantia nigra pars 

compacta; STN, subthalamic nucleus. 
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Most of the striatal neurons are the Medium Spiny Neurons (MSN) expressing D1 and D2 

dopamine receptors. These neurons are the main contributors to the cortico-striatal and 

thalamocortical loops (Doig et al., 2010, Chuhma et al., 2011, Rothwell et al., 2015), thus they 

have a crucial role in motor behavior and several other cognitive functions. The MSNs are 

comprised of 95-97% of the total number of neurons in the rodent striatum. This is much lower 

in higher vertebrates, especially in primates (75-80%), where the proportion of MSNs 

comprises 75-80% (Kemp & Powell, 1971, Wise et al., 1996, Yarom & Cohen, 2011). 

Besides the MSNs, the CN contains several interneuron types and comprises 3-5% of the rodent 

striatal neurons.This proportion in primates is much higher (20%). One of them is the 

GABAergic interneurons, which have at least three subtypes based on their neurochemical 

properties. Two groups express calcium-binding proteins: parvalbumin or calretinin. On the 

contrary, the third group expresses neuropeptide Y, somatostatin, nitric oxide synthase, and 

NADPH diaphorase.  

The parvalbumin-expressing GABAergic interneurons can be characterized based on their 

electrophysiological properties. These neurons can be referred to as high-firing neurons (HFN) 

(Kawaguchi, 1993, Koos & Tepper, 1999, Berke, 2008, Tepper et al., 2010, Galvan et al., 2012, 

Chen et al., 2019). These neurons have relatively high spontaneous firing rates that can be 10-

30 Hz in behaving animals. As in many other brain regions, the striatal HFNs contribute to the 

fine modulation of spike timing of MSNs (Koos et al., 2004) and can entrain to fast oscillations 

in the local field potential (LFP) (Berke, 2009). 

The calretinin-expressing GABAergic interneurons are the least well-understood of the striatal 

neurons, and their electrophysiological properties have never been characterized (Ibanez-

Sandoval et al., 2010, Tepper et al., 2010, Silberberg & Bolam, 2015). Garas et al. found that 

some of these striatal cell types show tonically active firing properties in vivo (Garas et al., 

2018).  

The somatostatin/neuropeptide Y/nitric oxide synthase-expressing interneurons can be 

characterized by persistent and low threshold spiking activity (Partridge et al., 2009, Beatty et 

al., 2012). Recent studies have shown that by providing additional lateral inhibition to the 

MSNs, these interneurons are involved directly in the functional organization in the striatum. 

Plus, due to their inhibitory role in the dorsomedial striatum, they are believed to be involved 

in goal-directed learning (Holly et al., 2019). 
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The other major interneuron type in the striatum contains the cholinergic interneurons and 

consist of about 1-3% of the total number of striatal neurons in rodents and ~2% in cats (Phelps 

et al., 1985, Matamales et al., 2016, Mallet et al., 2019). Interestingly, the proportion is higher, 

around 10% in primates (Fino & Venance, 2011). It is generally agreed that in the striatum, 

these large aspiny interneurons correspond to the tonically active neurons (TANs) (Bolam et 

al., 1984, Kimura et al., 1984, Wilson et al., 1990, Kawaguchi et al., 1995, Bennett & Wilson, 

1999, Tepper & Bolam, 2004, Tepper et al., 2004, Berke, 2008, Inokawa et al., 2010, Berke, 

2011, Schulz et al., 2011, Yarom & Cohen, 2011). Their periodically interrupted firing pattern 

allows them to have modulating effects on the striatal information processing, and they are 

thought to be involved in cue and reward-related functions (Kimura et al., 1984, English et al., 

2011, Schulz & Reynolds, 2013). Furthermore, they observed different firing patterns in VS 

and DLS and therefore assumed to have different roles in each striatal region. TANs in the DLS 

are possibly involved in the control of movements. On the other hand, in the VS, TANs are 

more likely to participate in movement initiation, direction and expectation of movement 

ending (Yarom & Cohen, 2011). 

 

1.3 Oscillation in the striatum 

Several pieces of evidence from both animal in vivo recordings and human electrophysiology 

proved that neural oscillations play a major role in several cognitive functions, such as learning, 

memory, and sensory gating. Low-frequency signals (local field potentials (LFPs)) can reflect 

synaptic activity in the sum of EPSPs and IPSPs within a region (Logothetis et al., 2002, 

Buzsaki et al., 2012, Thorn & Graybiel, 2014). The visually evoked LFP changes in the striatum 

can carry information about the cortical and subcortical visual inputs. Therefore, the analysis 

of neural oscillations could show us important information about the impact of network inputs 

on striatal processing.   

Low-frequency LFP oscillations can coordinate communication among brain regions 

(DeCoteau et al., 2007, Tort et al., 2008, Canolty & Knight, 2010, Fujisawa & Buzsaki, 2011, 

Thorn & Graybiel, 2014). Several studies have shown that theta-band (6-10 Hz) LFP rhythms 

occur in the dorsolateral striatum of rodents, and it is associated with the modulation of 

behavior-related information processes between the striatum and cortex or hippocampus 

(DeCoteau et al., 2007, Lalla et al., 2017). It has a major role in the organization of the encoding 

and retrieval of information in cortico-hippocampal circuits (DeCoteau et al., 2007). It is 
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suggested that increased theta band LFP rhythms could be associated with the maintenance and 

the encoding of visual information during visual short-term memory (Gevins et al., 1997, Hsieh 

et al., 2011, Liebe et al., 2012, Roberts et al., 2013, Hsieh & Ranganath, 2014). 

Increased cortical alpha activity is also demonstrated to be connected to visual and audio-visual 

processing (Worden et al., 2000, Ergenoglu et al., 2004, Schaefer et al., 2011). Alpha-band 

LFP rhythms are shown to be associated with visual perception, such as target detection, and 

could be involved in the temporal resolution of perception (Samaha & Postle, 2015, VanRullen, 

2016, Morrow et al., 2023). The alpha activity could also be involved in sensory suppression. 

Another function that has been attributed to alpha activity is a mechanism of sensory 

suppression. Increased alpha-band activity in cortical areas could be responsible for modulating 

selective attention by gating information in the task-irrelevant brain areas (Michels et al., 2008, 

Foxe & Snyder, 2011, Dou et al., 2022). 

Recent studies have proved that beta-band oscillations (15-30 Hz) are involved in the 

modulation of decision-making in the sensorimotor network by encoding categorical choices 

(Haegens et al., 2011, Leventhal et al., 2012, Spitzer & Haegens, 2017, Amemori et al., 2018, 

Eisinger et al., 2018). Primate studies have suggested that striatal beta activity could be 

involved in associative learning (Williams & Eskandar, 2006, Kim & Hikosaka, 2013, 

Santacruz et al., 2017) and modulated during movement suppression (Courtemanche et al., 

2003). Normal beta band activity is also presumed to be an essential cortical outcome of the 

normal basal ganglia function during visual information processing (Puszta et al., 2019). 

Striatal gamma band oscillations (31-100 Hz) have a relevant role in synchronizing spiking 

activity in various brain regions, such as in the hippocampus (Harris et al., 2003) and in 

olfactory structures (Laurent, 2002, Berke, 2009). Gamma oscillations could also play a role in 

cognitive processes, such as word learning, reading (Lanz et al., 2013, Lee et al., 2017, Puszta 

et al., 2019), in memory processes (Howard et al., 2003, van Vugt et al., 2010, Guan et al., 

2022) and in behavior related modulation, such as reward approach and receipt (Berke, 2009, 

van der Meer & Redish, 2009, Malhotra et al., 2015, Carmichael et al., 2017) and reward 

anticipation (Cohen et al., 2009, Donnelly et al., 2014). 
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1.4 Effects of anesthesia on the neuronal activities 

Earlier studies suggested that anesthetics only have a minor influence on visual responsiveness 

and background activity (Wurtz, 1969). However, the effects of anesthesia do not necessarily 

have the same effects on the different brain structures (Velly et al., 2007). For example, it was 

shown that the thalamus was highly sensitive to various anesthetics.Whether it was gas 

anesthetics or propofol anesthesia, the neural activity was decreased significantly (Fiset et al., 

1999). It is also the case in the basal ganglia, which is extremely sensitive to anesthesia  (Kaisti 

et al., 2003, Franks & Zecharia, 2011). In the striatum, different anesthetics have different 

effects on neuronal activity. Only 1/3 of the neurons remained spontaneously active during 

nitric oxide/halothane anesthesia.On the other hand, the spontaneous activity was completely 

reduced when pentobarbital was used (Ben-Ari & Kelly, 1976). Based on this and our previous 

experiences, halothane has less influence on the neuronal activities in the CN compared to other 

gas anesthetics, although the effect of the anesthesia still cannot be entirely excluded. 

To eliminate these confounding effects of anesthesia, it was necessary to turn towards the use 

of awake, behaving animal models in electrophysiological experiences. However, this raises 

many problems in visual electrophysiology because eye movement control is inevitable for 

several reasons. First, the spatial position of the visual stimulus has to be overlapped with the 

neuron’s receptive field. Furthermore, visual response has to be separated from the oculomotor 

activity, i.e., from the saccadic responses. One possible solution to stabilize eye movements is 

to use anesthetics with muscle paralysis in animals. With the use of this model, the eye 

movement could be easily stabilized, and the procedure is relatively quick, as it does not require 

prior training of the animals. However, the main disadvantage is the anesthesia itself, because 

it can also influence neuronal activity, plus long-term data collection is not possible, thus 

increasing the number of animals sacrificed in these experiences. Due to these disadvantages, 

awake, behaving animals are often used in visual electrophysiological research. By using awake 

animals in visual electrophysiological experiments, we can eliminate these problems.However, 

it can be a challenging process, too. The main reason for this is that these experiments are 

preceded by a long-lasting training period in which the animal has to be trained to maintain 

fixation to be able to eliminate or at least reduce the effects of eye movements (Robinson, 1963, 

Fuchs & Robinson, 1966, Judge et al., 1980). 

A few years ago, our laboratory introduced an awake, behaving feline model that is suitable for 

visual electrophysiological recordings (Nagypal et al., 2014). The advantages of this model are 

the extended recording time of up to 2 hours a day for years, continuous eye movement control 
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with an eye tracker method, where the eye movements were followed, hence it was possible to 

detect failed fixation. Although this model has many advantages, the preparation of the animals 

is difficult. To train a single cat to the fixation paradigm completely is a challenging process 

and may take up to several months.  
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2. Aims of the study 

Based on these described earlier, the question arises whether the benefit of experiments 

performed in the CN of awake, behaving animals outweighs the hardness of the preparation of 

the animals for visual electrophysiological experiments. To address this question, single-cell 

activity and LFP were recorded in the CN during visual stimulation (static and dynamic 

stimulation) from anesthetized, paralyzed, and awake, behaving cats. The activity of CN 

neurons and their visual responses were analyzed, as well as the LFPs and visually evoked LFP 

changes and compared in the two feline models. 

The specific aims of the present thesis are the following: 

1. To analyze the background single-cell neuronal activities and the visual 

responsiveness of these units to static and dynamic stimulation recorded from the CN 

in behaving and anesthetized animals. 

2. To analyze low-frequency signals (local field potentials (LFPs)) recorded from the CN 

in behaving and anesthetized animals.  

3. Describe the LFP power changes during visual stimulation in behaving and 

anesthetized animals. 

4. To draw a conclusion about the proposed suppressive effect of halothane anesthesia in 

the neuronal activities in the feline CN. 
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3. Materials and methods 

All procedures were performed to minimize the number and the discomfort of the animals, and 

the experimental protocol was accepted by the Government Office based on the suggestion of 

the Ethical Committee for Animal Research of Albert Szent-Györgyi Medical and 

Pharmaceutical Centre at the University of Szeged (No.: XIV./518/2018 and XIV/1818/2021) 

and was conducted in full accordance with the Directive 2010/63/EU of the European 

Parliament and the Council on the Protection of Animals Used for Scientific Purposes and the 

guidelines of the Committee. 

 

3.1 Acute experiments 

The acute (halothane-anesthetized, paralyzed) experiments were performed on four domestic 

cats weighing 2.5-5 kg. The first experiments, where the single cell recordings were performed, 

were on two cats (a female and a male, ages 2 and 3 years, respectively). These recordings 

lasted for five days. In our latest anesthetized experiments, where the LFPs were recorded, two 

adult cats were used similarly. Both of them were male and aged 4 and 5 years. These recordings 

lasted for three days.  

3.1.1 Animal preparation and surgery 

The animals were first anesthetized with ketamine hydrochloride (Calypsol (Gedeon Richter), 

30 mg/kg i.m.). To reduce salivation and bronchial secretion 0.2 ml 0.1% atropine sulphate was 

injected subcutaneously. The trachea and the femoral vein were cannulated, then the animals 

were placed in a stereotaxic frame. All wound edges and pressure points were treated regularly 

with local anesthetic (1% procaine hydrochloride). The cats were artificially ventilated with 

1.2-1.6% halothane during surgery. The depth was monitored thoroughly during the 

experiments with the end-tidal anesthetic concentration and heart rate. The minimum alveolar 

anesthetic concentration (MAC) values calculated from the end-tidal halothane concentration 

were kept in a recommended range (Villeneuve & Casanova, 2003). The body temperature of 

the animal was maintained at around 37oC by an electric heating blanket. The peak expired CO2 

concentrations were monitored continuously with a capnometer (CapnomacUltima, Datex-

Ohmeda, ICN) and were kept within the range of 3.8–4.2% by adjustment of the respiratory 

rate or volume. The O2 saturation of the capillary blood was monitored by pulse oximetry. The 
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animals were immobilized with an initial 2 ml intravenous bolus of gallamine triethiodide 

(Flaxedil, 20 mg/kg, Sigma, St. Louis, MO, USA). Also, a mixture containing gallamine 

triethiodide (8 mg/kg/h), glucose (10 mg/kg/h), and dextran (50 mg/kg/h) in Ringer lactate 

solution was infused continuously at a rate of 4 ml/h during the whole experiment. 

The craniotomy was performed with a dental drill to allow a vertical approach to the target 

structures. First, the dura mater was removed, and then the skull hole was covered with a 4% 

solution of 37 °C agar dissolved in Ringer’s solution. The eye contralateral to the subcortical 

recording site was treated locally with atropine sulphate (one or two drops, 0.1%) and 

phenylephrine hydrochloride (one or two drops, 10%) to dilate the pupils, block 

accommodation, and retract the nictitating membranes. Inaddition, it was equipped with a +2 

diopter contact lens. 

3.1.2 Registration 

The recordings took place in a dark and quiet room. Halothane anesthesia was reduced to 0.8-

1.0% during the recording sessions to reduce its effects. Recordings were made between the 

Horsley-Clarke coordinates anterior 12-16 mm and lateral 4.5-6 mm at stereotaxic depths 12-

16 mm.  

In earlier acute experiments (going to be referring to these experiments as A experiments from 

further on) the extracellular recordings were performed with tungsten microelectrodes (A-M 

Systems, Inc., USA). The amplified neuronal signals were recorded at a 20 kHz sampling rate 

and stored for offline analysis (Datawave SciWorks, Version 5.0, DataWave Technologies 

Corporation, USA). The recording session lasted approximately 40 minutes, and between each 

registration, the position of the electrode was changed, and a 10-30 minute break was held. 

On the contrary, in our latest acute experiments (going to bereferring to these experiments as B 

experiments from further on), the recordings were carried out with a 64-channel 2 shank (32 

channel/shank, diameter: 300 µm/shank) platinum-iridium linear probe (Neuronelektród Ltd., 

Hungary). The distance between each channel was 50 µm. The electrical signals were amplified 

and digitalized with the Hinstra amplifying system (Hinstra Instruments Ltd., Hungary) and 

were recorded at a 20-28 kHz sampling rate and stored for offline analysis. One recording 

session lasted for 20 minutes, and between each registration, the electrode position was changed 

(200 µm upward or downward), and a 30 minute break was kept. 
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3.1.3 Visual stimulation paradigm 

The visual stimulation was generated by a custom-made script in Matlab (MathWorks Inc., 

Natick, MA) using the Psychophysics Toolbox extension (Brainard, 1997, Pelli, 1997) in the A 

experiment, and a custom-made software in the B experiment. The stimulation in both 

experiments was presented on an 18-inch CRT monitor (refresh rate: 100 Hz) placed 57 cm in 

front of the cat. The visual stimulation consisted of three steps: first, a blank, black screen was 

presented to record background activity without visual stimulation (intertrial interval); next, a 

random dot pattern appeared (static stimulus) then the same white dots started to move 

randomly either toward the periphery or toward the center of the screen (dynamic stimulus, 

center-in and center-out). The lengths of these phases were the following: intertrial interval was 

1500 ms in the A and 2000 ms in the B experiments, 1500 ms static stimulation, and 1500 ms 

dynamic stimulation. In the A experiments, the diameter of each white dot was 0.15°, and 

during the dynamic stimulus, the speed of the dots was 5°/sec. The stimulus sequence was 

repeated 500 times. In the B experiments, the size of each dot was 0.1°, and the speed of dot 

movement increased from 0 to 7°/sec toward the periphery. The stimulus sequence was repeated 

100 times. In both cases, the stimulus, either with center-in or center-out, was presented in a 

random order. 

3.2 Chronic experiments 

In the chronic (awake, behaving) recordings two adult domestic cats were involved. Both cats 

were female and aged 1-4 years. The cats weighed between 2.5-3.5 kg. The training of these 

animals took 9 months, and the recording sessions were performed 4 to 5 days a week and took 

30 minutes to 1 hour a day. Unfiltered electrical signals were recorded, which contained both 

low-frequency signals (LFPs) and high-frequency signals (spikes of the single cells). 

3.2.1 Animal preparation and surgery 

The preparation and the craniotomy were performed similarly to the previously described acute 

experiments, however, there were a few changes. First, an initial dose of ketamine 

hydrochloride was given i.m, then a subcutaneous injection of 0.2 ml 0.1% atropine sulphate 

and a preventive dose of antibiotic was given (1000 mg ceftriaxon, i.m., Rocephin 500 mg 

(Roche®)) preoperatively. After the femoral vein cannulation, the scleral search coil (Cooner 

wire, Owensmouth, CA, USA) was implanted into one eye to monitor the eye movements of 
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the cats during the recordings (Pigarev & Rodionova, 1998, Populin & Yin, 1998, Populin & 

Yin, 2002, Huxlin & Pasternak, 2004, Tollin et al., 2005, Pigarev & Levichkina, 2011, Nagypal 

et al., 2014). Then, we continued with the intubation of the trachea, and the cats were placed in 

the stereotaxic frame. Their body temperature was kept at 37oC by a computer-driven, warm-

water heating blanket. In contrast to the acute experiments, the anesthesia was maintained with 

1.5% halothane in a 2:1 mixture of N2O and oxygen and was continuously monitored 

throughout the surgery. Firstly, a stainless-steel head holder was implanted on the skull to fixate 

the head in the recording sessions. Then, the 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 agar. A re-closable recording chamber (20 mm in diameter) was 

cemented on the skull to avoid pollution and protect the microdrive system and the extracellular 

electrodes. Lastly, eight wire electrodes covered by a guiding tube were implanted above the 

CN according to the Horsley-Clarke coordinates anterior 12–14 mm, lateral 5–6.5 mm, at the 

stereotaxic depths between 13–19 mm. The electrodes were implanted in the brain with the help 

of an adjustable microdrive system, for the first cat a modified Harper-McGinty microdrive 

(McKown & Schadt, 2006), and a modified Korshunov microdrive for the second cat 

(Korshunov, 1995). On the first five postoperative days, ceftriaxone antibiotic was administered 

intramuscularly (Rocephine, 50 mg/kg). Nalbuphin (0.25 mg/kg) and non-steroidal anti-

inflammatory drugs were administered until the seventh postoperative day. 

3.2.2 Behavioural training 

The training began with the adaptation to the laboratory environment which was formed by a 

feeding routine. The animals only received food (150-250 g/day) in the laboratory where the 

behavioural training and the experiments took place. During the weekends the animals received 

food in their home cage ad libitum. Water deprivation was not used.  

The next few steps of our training were the suspension of the animals by a canvas harness, 

which leaves the head, legs, and tail free. At first, the cats were clothed carefully, then they 

were lifted manually only a few centimeters from the floor in the canvas harness, while they 

were being fed. When the animals got accustomed to being suspended this way, they were 

introduced to the experimental stand. In the following step, the head of the cat was fixed to the 

stereotaxic frame by the steel head holder. The stereotaxic frame was placed within an 

electromagnetic field, which is generated by metal coils, and installed into the wall of the 

experimental stand. Then the cats were introduced to the behavioral fixation paradigm. The 
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animals were trained to hold their eyes in the center of the monitor during recordings of 

neuronal activities to different kinds of visual stimulation. The initial size of the fixation 

acceptance window was 10o around the center of the monitor, which was reduced to 5o during 

the progress of the training. If the cats held fixation during the whole trial of the task, the 

animals received pulpy food as a reward through a plastic tube dosed by a computer-driven 

hydraulic pump. The behavioral training lasted approximately 1 to 2 hours per day, four to five 

times during a week. The training phases, and later the registrations took place in a dark and 

quiet laboratory room. The recordings started after the cats reached a stable 80% efficiency 

during the fixation task. 

3.2.3 Visual fixation paradigm 

The visual stimulation was generated by a custom-made script written in Matlab and using the 

Psychtoolbox ®. The stimuli were presented on an 18-inch CRT monitor (refresh rate: 100 Hz) 

and were placed 57 cm in front of the animal. In this case, the visual paradigm (one single trial) 

consisted of 5 steps: 1. Fixation: A green fixation point was projected on the center of the 

monitorto help maintain the fixation on the middle of the monitor during the relevant stimulus 

phases. The cats had to direct their gaze to the fixation point and keep fixating for 500 ms. 2. 

Standing stimulus: static random dot pattern appeared on the screen after the successful fixation 

phase for 1000ms. 3. Dynamic stimulus: the dots, similarly as described before, started to move 

either toward the periphery or the center of the screen, again, this was presented in a random 

order. The length of this phase was 1000ms. 4. Reward: If the cats could hold fixation during 

the whole single trial, they received a food reward, and the trial was considered a correct trial. 

If the cat broke fixation during any of the stimulation phases, the trial was aborted immediately, 

it was not accepted, and no reward was given. This phase was 500ms long and was part of the 

intertrial phase. 5. Intertrial interval: no stimulation was given, only a black screen was 

presented for 5000-10000ms to record background activity, and, the cat could eat the reward 

without muscle activity interfering with the recordings of the next trial. The size of the fixation 

point was 0.8o in diameter, and the fixation window was 5o in diameter. The size of the white 

dots during standing and dynamic stimuli was 0.1o, and the speed of the dot movement was 0 

to 7o/sec. 

3.2.4 Registration 

The recordings took place in a dark, quiet laboratory room. The electrophysiological 

extracellular recordings were carried out with parylene-isolated platinum-iridium wire-
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electrodes with a diameter of 25 µm for the first cat; and formvar insulated nickel-chrome wire-

electrodes with a diameter of 50 µm for the second cat, with the sampling rate of 10 kHz. The 

recording of the eye movements, stimulus presentation, reward delivery, and data collection 

were controlled by a custom-made LabView software via a 16-channel National Instruments 

data acquisition card. Eye movements were monitored and recorded with a search coil system 

(DNI Instruments, Newark, DE, USA). At the end of each registration, the depth of the electrode 

was changed 125-250 µm downward or upward. 

 

3.3 Data analysis 

3.3.1 Spike sorting and neuron classification 

To analyze the single-cell activities, the raw data was processed by Neuroscope, NDManager, 

KlustKwik software package (Harris et al., 2000, Hazan et al., 2006). The amplified neuronal 

activities first needed to be band-pass filtered between 300-3000Hz, then after the threshold 

was calculated, the program clustered automatically the extracted spike based on the principal 

company analysis. The final step was done manually in the Klusters software, where the proper 

discrimination of the simultaneously recorded neurons was confirmed by testing the 

autocorrelograms and overlaid spike shapes. 

The neuron classification was done by using the background discharge rate, propISI>2sec, and 

the shape of the two autocorrelograms (±100 ms and ±1000 ms) (Schmitzer-Torbert & Redish, 

2004, Barnes et al., 2005, Schmitzer-Torbert et al., 2005, Nagypal et al., 2015). The background 

discharge rate was calculated from the intertrial intervals. PropISI>2sec is defined as the 

proportion of the summed interspike interval values over 2 sec divided by the total spike 

intervals. Based on these parameters, the striatal neurons could be separated into three main 

electrophysiological categories: phasically active neurons (PANs), high-firing neurons (HFNs), 

and tonically active neurons (TANs). PANs could be characterized by lower discharge rates 

(around 3 spikes/sec), peaky autocorrelogram, and the propISI>2sec is usually higher than 0.5. 

On the contrary, the HFNs have higher discharge rates than 5 spikes/sec, their autocorrelogram 

has a blunt peak, and the propISI>2sec is less than 0.5. TANs can be characterized by a 

discharge rate between 2-12 spikes/sec, propISI>2sec, and their autocorrelogram has a typical 

deep gap (Nagypal et al., 2015) (see Figure 2.). 
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3.3.2 Analysis of neuronal activities and visual responsiveness 

All statistical analyses were performed in Matlab (MathWorks Inc., Version 8.3, Natick, MA) 

and STATISTICA for Windows (StatSoft Inc., Version 12.0, Tulsa, OK) softwares. First, 

peristimulus time histograms (PSTH) were made from the temporal distribution of the spikes 

for each single neuron. We used the Wilcoxon matched pair test to compare the firing rate 

during the static and dynamic stimuli to the background activity. If the firing rates were 

Figure 2. Representative autocorrelograms of the feline CN neurons. The six panels on 

the left side show representative autocorrelograms from awake, behaving cats, while the six 

panels on the right side are from the anesthetized cats. Each of the autocorrelograms is at 

two different (1 sec and 100 msec) time resolutions. The neurons were categorized by their 

shape of autocorrelograms (at 100 msec and 1-sec resolutions), propISI >2sec, and 

background discharge rate. The three neuron types are phasically active neurons (PANs), 

tonically active neurons (TANs), and high-firing neurons (HFNs). PANs can usually be 

characterized by peaky autocorrelograms with low background discharge rates, TANs have 

a deep gap in their autocorrelogram, while HFNs are characterized by a blunt peak in 

theirs.  
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significantly different (p<0.05) than the background activity, and the mean net change was at 

least 0.1-fold (10%), we considered the neuronal as a response. We included only those striatal 

neurons in the analysis whose background activities were at least 1 spike/sec i to exclude 

potential biases. We calculated the evoked activities by taking the average of all activities 

separately in the static and dynamic phases. Next, the evoked activities were compared to the 1 

sec of the intertrial interval (background activity). We calculated both the gross and net 

activities.Therefore, we could gain information about the overall neuronal activity. In addition, 

we got the magnitude of visually evoked responses by calculating the ratio between the gross 

and net activities,. The net activities were calculated by taking the background activity from the 

gross activity, which was the total mean firing rate during the different visual stimulation 

phases. Normality was checked using the Shapiro-Wilk test, which showed that the studied 

variables were non-normal. Therefore, we used nonparametric statistical tests. We used the 

Mann-Whitney rank sum test to compare the background activities of the anesthetized and 

behaving cats at the population level.  

3.3.3 Analysis of LFP activities  

Matlab R2021a (The Mathworks, Natic, MA, USA) software was used for data analysis and 

statistical analysis of the power of the delta (1-3 Hz), theta (4–7 Hz), alpha (8–13 Hz), beta (14–

30 Hz), and gamma (31–70 Hz) bands. Firstly, the recorded raw data went through a visual 

inspection to exclude those channels from further analysis that had high amplitude noise and/or 

bad signal-noise ratio. Then, the remaining channels were downsampled using a low pass filter 

and decimation to 500 Hz with the the Matlab decimate function. This was followed by the 

Fourier analysis, then the power spectrum was video-filtered by a ten-bin rectangle window 

(see Figure 3.). To be able to visualize the higher frequency bands commensurately, whitening 

compensation was used. For this, the calculations were carried out from the original raw data. 

The median filter (Matlab medfilt1) was applied next with the default parameters. During the 

visualization of the Fourier spectra the bins around 50 Hz were cut off.  
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For the decimation of raw data the finite impulse response filter (FIR) decimation filter was 

used with a length of 20 ms. For every band, the center frequency was shifted to 0 Hz by 

multiplying the signal with a complex rotating vector. This step was followed by signal 

decimation to a lower sampling frequency with the Chebyshev infinite impulse filter (IIR). To 

reach the desired width of the band and hence meet the stability criteria of the filters, the 

filtering and decimating steps were repeated (see Figure 4.). Because the analysis of theta band 

requires a 25 Hz for the resulting stable filters, the last decimation was carried out for this 

sampling frequency, hence the time resolution of the power of signals was t=1/f=40. The higher 

frequency bands were then calculated and decimated with the same time resolution and 

sampling frequency. As a result, the absolute value of the signals represents the power of the 

signal for each 40 ms wide sample. 

 

 

Figure 3. Spectral images of the LFP recordings. Upper left image (A) shows the Fourier 

spectrum of a recorded signal from an awake cat. Image B shows the Fourier spectrum of 

a recorded signal from an anesthetized cat. The blue color represents the raw Fourier 

spectrum, whereas the orange color shows the whitened one. Image C and D represents the 

spectral power of the same recorded signals calculated with the Welch function. 
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3.3.4 Statistical analysis of LFP activities 

320 ms periods (the average of eight 40 ms wide bins) were randomly selected from the 

background activity and the start of the stationary and dynamic stimulus from both the behaving 

and anesthetized LFP recordings. The powers of these periods in each frequency band from all 

trials were non-normally distributed (Shapiro-Wilk p<0.05) and then were compared with the 

Friedmann ANOVA test with Bonferroni correction. A significant difference (p<0.05) in the 

LFP recording means that at least one of the three conditions (background activity, response to 

static or dynamic stimulation) differs from one another. To  check exactly which part of the 

stimulated activity (static, dynamic, or both) differs significantly from the background activity 

Wilcoxon matched pair test was used.  

Figure 4. Spectral coverage of the applied band pass filters. The different colors represent 

the characteristics of the filters in each frequency band: green-delta, purple-theta, yellow-

alpha, orange-beta, and blue-gamma. Note the overlap between the frequency-based 

neighboring filters and their sharp filtering properties. 
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4. Results 

4.1 Analysis of single neurons in the caudate nucleus (CN) 

From the A anesthetized experiments 206 neurons were recorded altogether from the two cats 

(83 from the first and 123 from the second cat) in the CN. A total of 344 neurons (285 from the 

first and 59 from the second cat) were recorded in the CN from the two awake, behaving cats.  

4.1.1 Background activity of CN neurons  

The background activity of CN neurons was calculated from the intertrial intervals, which was 

significantly higher (Mann–Whitney U, p < 0.001) in awake, behaving cats compared to that of 

CN neurons recorded in anesthetized cats (Figure 1, see descriptive statistical data in Table 1). 

Due to the high prevalence of CN neurons exhibiting extremely low background activity, with 

a separate analysis those neurons whose background activity was below 1 spike/s were 

excluded. It was necessary to exclude potential biases in the analysis. It resulted in the exclusion 

of 135 neurons from the awake (39.2%) and 125 neurons from the anesthetized model (60.7%). 

Due to the exclusion, a significantly higher prevalence of CN neurons with background 

activities below 1 Hz could be observed in the anesthetized cats. A comparison of background 

activities exceeding 1 Hz demonstrated a significantly higher activity of CN neurons recorded 

from the behaving cats (Mann-Whitney U, p < 0.001). 
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 Awake cats  Anesthetized cats  

 N Mean  N Mean  

All neurons 344 5.19  206 1.58 Background activity 

≥1 Hz 209 8.32  81 3.60 

HFNs 88 14.6  85 2.56 

PANs 219 1.39  73 0.14 

TANs 28 5.35  43 2.21 

≥1 Hz HFNs 88 14.6  56 3.64 

≥1 Hz PANs 85 3.03  0 - 

≥1 Hz TANs 28 5.35  25 3.49 

≥1 Hz ≥10% increase gross 51 12.86  3 3.23 Static stimulus 

≥1 Hz ≥10% Increase net  4.33   0.47 

≥1 Hz ≥10% decrease gross 32 4.92  2 4.85 

≥1 Hz ≥10% decrease net  -2.37   -1.85 

≥1 Hz no change gross 126 10.22  76 3.58 

≥1 Hz no change net  1.73   0.03 

≥1 Hz ≥10% increase gross 22 14.11  0 - Dynamic stimulus 

≥1 Hz ≥10% Increase net  3.82   - 

≥1 Hz ≥10% decrease gross 3 5.86  10 2.78 

≥1 Hz ≥10% decrease net  -0.89   -0.68 

≥1 Hz no change gross 184 8.66  71 3.63 

≥1 Hz no change net  0.55   0.02 

Table 1. Descriptive statistics of background and visually evoked activities of CN neurons 

from awake, behaving, and anesthetized, paralyzed cats. PAN – phasically active neuron, HFN 

– high firing neuron, TAN – tonically active neuron. ≥1Hz: CN neurons with a background 

activity over 1 Hz (1 spike/s); ≥10%: evoked responses with a change equal to or higher than 

10% of the background activity; Increase, Decrease, No change: indicates the evoked visual 

responses changes; Gross: the averaged firing frequency during the entire stimulation session; 

Net: evoked gross activity subtracted from the background firing frequency; Background, 

Static, Dynamic: visual trial phases; N: sample size. Discharge rates are in spikes/s. The 

background activities, the visually evoked activities, and the number of visually responsive CN 

neurons were smaller in the case of anesthetized animals. Note that no PANs with a background 

activity higher than 1Hz were found in the anesthetized cats. 
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4.1.2 Single-cell responses to static and dynamic visual stimulation in the CN 

The stimulated activities (static and dynamic stimulus) were compared to the background 

activities. The proportion of neurons which showed responsiveness to static stimulation was 

greater in behaving cats (see descriptive statistics in Table 1.). Both gross and net activity 

increments during static stimulation were notably stronger in the behaving cats compared to the 

anesthetized animals (Table 1). Additionally, the magnitude of net activity decrements during 

static visual stimulation was more apparent in the behaving model. Similarly to the 

responsiveness to static stimulation, the proportion of neurons responsive to dynamic 

stimulation was higher in the behaving cats. During dynamic stimulation, the activity 

Figure 5. Background discharge activity in the CN of awake, behaving, and anesthetized, 

paralyzed cats. The box plots show the background discharge rates of all analyzed CN 

neurons (left) and CN neurons that had a background discharge rate higher than 1 Hz (1 

spike/sec)(Right). The gray boxes show the results from behaving cats, while the white boxes 

contain the results from anesthetized cats. The margins of the boxes indicate the 25th and 

75th percentile, and the lines in the boxes mark the median. The error bars show the 90th 

and 10th percentiles and the dots indicate the 95th and 5th percentiles. All the differences 

we found between the background discharge rates of the two feline models appeared to be 

statistically significant (Mann-Whitney U, p< 0.001). 
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increments were notable in the behaving cats. However, no such responses were seen in the 

anesthetized model at all.  

The CN neurons can be categorized into three groups — phasically active neurons (PANs), 

high-firing neurons (HFNs), and tonically active neurons (TANs)— based on their discharge 

properties. Figure 6. shows the distribution of these CN neuron types recorded from the 

anesthetized and behaving feline model. The vast majority of the registered CN neurons in the 

awake, behaving cats were PANs (N = 219, 63.7%), with lesser HFNs (N=88, 25.6%) and 

TANs (N=28, 8.1%). On the contrary, in the anesthetized cats, the majority of the recorded 

neurons were HFNs (N=85, 41.3%) with fewer PANs (N=73, 35.4%) and even fewer TANs 

(N=43, 20.9%). Some recorded CN neurons could not be definitively categorized according to 

their discharge properties (awake, behaving cats: 9, 2.6%; anesthetized cats: 5, 20.4%).  

In behaving cats, the background activities of each of these electrophysiological groups were 

significantly higher (Mann-Whitney U, p<0.001) compared to the anesthetized model (see 

Figure 7.). Due to their low background activity, 135 recorded CN neurons were excluded from 

further analysis in the awake, among them, only one neuron was uncategorized, while the rest 

Figure 6. Distribution of the CN neuron types. The pie charts represent the distribution of 

the neuron types (PANs – phasically active neurons, TAN – tonically active neurons, HFN 

– high-firing neurons) of the CN in the anesthetized and behaving cats. The two pie charts 

on the right side also indicate the distribution of neuron types but only with neurons that’s 

background discharge rate is over 1 Hz (1 spike/sec). Note that halothane anesthesia 

decreased the neuronal activity in such a way that PANs with background activity over 1 Hz 

disappeared. 
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were all PANs (N=134). In the anesthetized model, 125 recorded CN units had to be excluded, 

and they displayed a more diverse distribution: PAN (N=73), HFN (N=29), TAN (N=18), and 

uncategorized (N=5). One of the most notable findings was that due to the applied 1 Hz cut-off 

criteria, in the anesthetized animals resulted in the exclusion of all PANs (see Figure 2). The 

background activities of both HFNs and TAN groups were significantly higher in the awake 

animals (Mann-Whitney U, p<0.005). 

 

 

 

 

 

 

 

 

 

4.2 Analysis of Local Field Potential changes elicited by visual stimulation in the CN 

In the data analysis of LFPs, 226 LFP recordings were included from the awake, behaving cats 

and 960 LFPs from the anesthetized cats recorded in the B anesthetized experiments. All LFP 

recordings were analyzed separately. All these LFPs comprised a minimum of 80 trials, and the 

LFPs were analyzed across five different frequency bands, i.e. delta (1-3 Hz), theta (4-7 Hz), 

alpha (8-13 Hz), beta (14-30 Hz) and gamma frequency bands (31-70 Hz)).  

Figure 7. Background discharge activities of the different types of CN neurons, i.e. PANs, 

HFNs, and TANs in the awake, behaving, and anesthetized cats. The percentile 

representation of the box plots is the same as in Figure 2.  Similarly, the grey boxes indicate 

the results from the awake cats, and the white boxes from the anesthetized cats. Note that 

each neuron group has a significantly higher background discharge rate in the awake cats 

than in the anesthetized animals. 
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4.2.1 Visually evoked LFP changes 

Comparison of the response activities to the background activity with the Wilcoxon matched 

pair test indicated that 90% (N=207) of all registered LFPs from awake cats exhibited 

significant responses in at least one visual condition (static, dynamic) and one frequency band. 

It was notably less in the anesthetized cats, where only 63% (N=609) of the LFPs showed 

significant responses to visual stimulation (see descriptive statistical data in Table 2.).  

  

Awake cats 

(N=226) 

  

Anesthetized cats 

(N=960) 

 N %  N % 

Delta 80 35  168 17 

Theta 98 43  178 19 

Alpha 121 56  181 19 

Beta 144 64  210 22 

Gamma 53 23  220 23 

All 204 90  609 63 

Table 2. Descriptive statistics of visually evoked LFPs in the awake, behaving, and 

anesthetized cats. In awake cats, LFPs with significant changes to visual stimulation showed a 

much higher proportion in all, but the gamma frequency band was much higher compared to 

the anesthetized animals. 

Figure 8. presents examples of visually evoked power changes in awake, behaving animals, 

while Figure 9. depicts such changes in anesthetized animals. In the awake, behaving animals, 

the percentage of visually evoked LFPs in the theta band was 43% (N=98), in alpha was 56 % 

(N=121), and 64 % (N=114) in the beta frequency band. On the contrary, in the anesthetized 

animals, the percentages were lower, in the theta band it was only 19% (N=178), 19% (N=181) 

in the alpha band, and 22% (N=210) in the beta frequency band. The percentage of LFPs with 

significant changes showed no difference in the gamma frequency band between the two 

models, it was consistent at 23% for both awake and anesthetized cats (N=34). 
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Figure 8. Visually evoked LFP changes in awake, behaving cats. Cumulated power of the 

different frequency bands (delta to gamma) after the application of the spectral filter. The 

blue curve represents the mean activity of all trials. The vertical lines represent the borders 

between the different epochs of the visual paradigm (from left to right): background activity, 

fixation activity, response to static visual stimulus, response to dynamic visual stimulus, and 

reward. The abscissa shows the time relationship of the signals. The ordinate denotes the 

channel power in linear metrics. 

 

Figure 9. Visually evoked LFP changes in halothane anesthetized cats. Cumulated power 

of the different frequency bands (delta to gamma) after the application of the spectral filter. 

The conventions are the same as in Figure 4. 
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4.2.2. Visually evoked LFP changes during static and dynamic visual stimulation 

The percentage of LFPs exhibiting a significant response during static visual stimulation was 

higher in awake, behaving cats (83%, N=187) compared to anesthetized cats (63%, N=602). 

Visually evoked LFP changes were observed at a higher percentage in nearly every frequency 

range in the behaving animals, except the theta band where the same percentages were seen 

(Wilcoxon matched pair test, see descriptive statistical data in Table 3.). The most notable 

differences were observed in the alpha and beta frequency bands. In the case of the alpha band, 

the percentage was 49% (N=110) in awake cats, contrasting with only 24% (N=228) in 

anesthetized cats. Similarly, in the beta band, the percentage of significant LFP changes was 

49% (N=110) for behaving cats, in contrast to 23% (N=221) for anesthetized cats. 

 

 Static stimulus  Dynamic stimulus 

 Awake cats 

(N=226) 

Anesthetized cats 

(N=960) 

 Awake cats 

(N=226) 

Anesthetized cats 

(N=960) 

 N % N %  N % N % 

Delta 68 30 178 19  61 27 218 23 

Theta 58 26 282 29  89 39 183 19 

Alpha 110 49 228 24  76 34 147 15 

Beta 110 49 221 23  69 31 203 21 

Gamma 72 32 225 23  46 20 215 22 

All 187 83 602 63  172 76 611 64 

Table 3. Descriptive statistics of visually evoked LFP changes during static and dynamic 

visual stimulation. A higher proportion of visually evoked LFPs during static stimulation is 

noticeable in the delta, alpha, beta, and gamma frequency ranges in behaving animals. The 

same trend is also evident in the theta, alpha, and beta frequency bands during dynamic visual 

stimulation. 

In the case of dynamic stimulation, in the behaving model, a slightly lower proportion of LFPs 

(76%, N=172) showed significant responsiveness compared to the impact of static stimulation, 

where the proportion was 83% (N=187). However, the percentages of LFPs responsive to static 

and dynamic stimulation were comparable in anesthetized animals, measuring at 63% (N=602) 

and 64% (N=611), respectively. 
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The same tendency was observed in the results of dynamic visual stimulation as in the case of 

static stimulation, i.e., the percentage of LFPs exhibiting significant responses was higher in 

awake, behaving cats (76%, N=172) than in their anesthetized counterparts (64%, N=611, 

Wilcoxon matched pair test, see descriptive statistical data in Table 2). The differences in the 

proportion of significant visually evoked LFPs were more prominent in the case of the theta, 

alpha, and beta frequency bands. In the theta band, the percentage was 39% (N=89) in awake 

cats and only 19% (N=183) in anesthetized cats. In the alpha band, the percentage was 34% 

(N=76) in behaving animals, whereas it was 15% (N=147) in anesthetized cats. In the beta 

frequency band, the percentage of significant LFP changes was 31% (N=69) in behaving cats, 

whereas it was lower at 21% (N=37) in anesthetized cats. 
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5. Discussion 

During the work leading to this thesis, we analyzed the visual response characteristics of CN 

neurons and low-frequency neuronal activities (local field potential, LFP) from the CN during 

visual stimulation. We assessed the effects of halothane anesthesia on single-cell activities and 

visually evoked LFPs of CN. To our knowledge, this is the first study which compares these 

neuronal activities recorded from the CN in two different animal models, in anesthetized, 

paralyzed, and awake, behaving cats. The presented results clearly demonstrate that the applied 

halothane anesthesia suppressed not only the background activity and visual responses of single 

cells but also the visually evoked LFP changes at a prominent level.  

The domestic cat is a commonly used animal model in visual electrophysiology experiments. 

In the last few decades, animal research gradually shifted towards the use of awake, behaving 

animals instead of anesthetized and paralyzed animals. Both animal models have their 

advantages and disadvantages. The continuous control of eye movements in visual 

electrophysiological research is crucial to exclude the effects of unnecessary eye movements. 

In anesthetized, paralyzed animals, the eye movements are eliminated by muscle relaxants, thus 

making these animal models relatively easy to use for visual electrophysiological research. 

However, the applied anesthesia can impact neural activity. For example, the basal ganglia are 

heavily sensitive to different kinds of anesthetics (Kaisti et al., 2003, Franks & Zecharia, 2011). 

Based on our previous experiences, halothane anesthesia influences the neuronal activities in 

the CN less compared to other gas anesthetics (i.e., isoflurane), however, we cannot exclude 

the effects of anesthesia completely. Prior behavioral and fixation training needs to be 

performed to use awake animal models in visual electrophysiology. Using this model, we can 

eliminate the disturbing effects of anesthesia, however, to properly train the animal for the 

fixation paradigm could last for several months or over a year. This naturally raised the question 

whether the benefit of experiments performed in the CN of awake, behaving animals is in 

balance with the hardness of the preparation of the animals for visual electrophysiological 

recordings. 

Concerning the background discharge rates of the recorded CN neurons, the majority (60.7%) 

of the units had less than 1 Hz activity in the anesthetized cats. It was much lower in the case 

of the behaving cats, where the percentage was 39.2%. These CN neurons had to be excluded 

from further analysis though, because of their extremely low activities. Additionally, the 

activity changes during applied visual stimulation were weak in the case of anesthetized cats. 
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The maximal net response was 2.1 Hz in the anesthetized animals, which was higher in the 

behaving animals (maximal net response 19.5 Hz). 

Besides the background activities, the visual responsiveness to static and dynamic visual 

stimulation of CN neurons was significantly reduced in the anesthetized animals. The increased 

neuronal discharge rate was obvious in the awake cats during visual stimulation.However, no 

such clear responses were seen in the anesthetized animals. The biggest differences were found 

in the largest neuronal population in the medium spiny neurons of the CN. It was absolutely 

amazing that we lost the entire medium spiny neuron group in the anesthetized animals because 

of the extremely low neuronal discharge rates. 

We categorized neurons from the feline CN based on their electrophysiological properties in 

behaving cats as described in our previous study (Nagypal et al., 2015). The base of the neuron-

type categorization was its discharge properties, i.e. level of background discharge rate, 

propISI>2sec, and the shape of autocorrelograms (both in time resolution of 100ms and 1000 

ms was considered) (Schmitzer-Torbert & Redish, 2004, Schmitzer-Torbert et al., 2005, 

Schmitzer-Torbert & Redish, 2008, Nagypal et al., 2015). Earlier studies suggest three types of 

CN neurons based on their electrophysiological properties: phasically active neurons (PANs), 

tonically active neurons (TANs), high-firing neurons (HFNs) (Schmitzer-Torbert & Redish, 

2004, Schmitzer-Torbert & Redish, 2008, Kubota et al., 2009, Gage et al., 2010, Thorn et al., 

2010, Barnes et al., 2011, Stalnaker et al., 2012). We could observe these types of CN neurons 

in both (anesthetized and behaving) applied feline models. Although the neuronal activities and 

spike numbers differed in the two feline models, the shapes of the autocorrelograms of PANs, 

TANs, and HFNs remained the same. Thus, the temporal spiking characteristics of the CN 

neurons are likely to be similar in the two models. Some units could not be categorized into any 

of the categories mentioned above. The ratio of uncategorizable neurons (less than 3%) was 

also similar between the two models. A growing number of studies suggest that there is a robust 

coherence between the three electrophysiological (PAN, TAN, HFN) and the anatomical 

(medium spiny, cholinergic, and parvalbumin immunpositive GABAergic interneurons) groups 

of the CN neurons. Most probably, the PANs correspond to the medium spiny projection 

neurons, HFNs likely could be matched with the parvalbumin immunpositive GABAergic 

interneurons, and the TANs could be linked to the cholinergic interneurons (Kawaguchi, 1993, 

Wilson, 1993, Kawaguchi et al., 1995, Mallet et al., 2005, Berke, 2008, Tepper et al., 2010, 

Yamada et al., 2016, Tepper et al., 2018, Hjorth et al., 2020, Inokawa et al., 2020, Nosaka & 

Wickens, 2022). Regarding the uncategorized neurons, these can be linked to one of the many 

interneuron types of the CN, such as neuropeptide Y, nitric oxide synthase (Vincent et al., 1983, 
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Smith & Parent, 1986, Tepper et al., 2018), calretinin immunpositive interneurons (Rymar et 

al., 2004, Silberberg & Bolam, 2015, Garas et al., 2018, Tepper et al., 2018), etc. Our results 

are in line with earlier studies, which suggest that 77-97% of the striatal projection neurons in 

other species correspond to the GABAergic MSNs (Kemp & Powell, 1971, Luk & Sadikot, 

2001). We found that the vast majority of the recorded CN units in our behaving feline model 

were PANs (64%). It should be mentioned here that PANs are often difficult to register (Lau & 

Glimcher, 2007) due to their extremely low background activity. It means that our registered 

64% of PANs may be underestimation due to undersampling. As for the other two 

electrophysiological groups, the HFNs (25%) and TANs (8%) were much less frequent in our 

sample, which also corresponds to several prior studies (Phelps et al., 1985, Luk & Sadikot, 

2001). On the other hand, neuron type distribution in the anesthetized cats differed from the 

distribution we observed in the awake cats. Interestingly, the PAN was not the biggest group in 

this sample. It seems as if we have lost the majority of these neurons in the anesthetized animals. 

The largest population of the recorded CN neurons from the anesthetized feline model was HFN 

(41%). PANs were less represented in the anesthetized cats: only 35% of the CN neurons were 

classified in this neuron type. Even fewer neurons were found to be TANs (21%).  

The difference between the anesthetized and behaving feline model is striking. Halothane 

anesthesia appears to have impacted the background activity to the extent that a valid analysis 

of PANs was impossible during anesthesia due to their extremely low background activity. In 

light of this finding, it is clear why these types of neurons are so difficult to detect in the 

anesthetized models. One of the most important findings of the present thesis work is that the 

PANs, which seem to correspond to the medium spiny projection neurons (the most frequent 

neuron group in the CN), were practically silent under anesthesia, and thus these neurons cannot 

be investigated in anesthetized, paralyzed cats without afferent stimulation. Not only the PANs 

were affected by halothane, but the activity of the HFNs and TANs was also strongly suppressed 

in the anesthetized cats.  

The differences between the two feline models are also evident in the case of LFP changes 

during visual stimulation (dynamic and static stimulation). The vast majority (90%) of the LFPs 

recorded in behaving cats showed significant activity changes in at least one visual condition 

and one frequency band. Although, in the anesthetized cats, the visually evoked LFP changes 

were less frequent (only 61%). During static visual stimulation, the difference in power changes 

was more obvious (83% in the behaving cats and 63% in the anesthetized cats). During dynamic 

stimulation, this difference between the two models was less, but it was still evident (76% in 

the behaving cats and 64% in the anesthetized cats). These differences in the LFPs are also 
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remarkable but not as dramatic as the differences found and described in single-cell activities 

in the CN. In the awake, behaving model, the proportion of visually evoked LFP power changes 

was observed to be higher in all investigated frequency bands except gamma (delta, theta, alpha, 

beta) compared to the results found in the anesthetized cats. However, the difference is much 

more obvious in the case of static stimulation in the alpha and the beta frequency bands and 

concerning dynamic stimulation to the theta, the alpha, and the beta bands. 

Similarly to previous human EEG studies, the increased theta activity might be a result of 

synchronized reactivation of information represented in the visual brain areas (Gevins et al., 

1997, Hsieh et al., 2011, Liebe et al., 2012, Roberts et al., 2013, Hsieh & Ranganath, 2014). 

Studies suggested that elevated alpha activity likely corresponds to visual and audiovisual 

information processing (Worden et al., 2000, Ergenoglu et al., 2004, Schaefer et al., 2011), and 

it is also believed to play a role in sensory suppression by information gating (Michels et al., 

2008, Foxe & Snyder, 2011). Normal beta band activity also seems to play an important role in 

visual information processing by modulating the outcome of the normal activity of the basal 

ganglia (Puszta et al., 2019). One possible answer to the differences seen between the two feline 

models could be novelty detection and the connected sensory gating because we included in 

our investigation the first 320 ms time window of both static and dynamic visual stimulation. 

Since the analysis addressed the first 320 ms time window of both static and dynamic 

stimulation, novelty detection and the connected sensory gating could be the task that shows 

these differences between the anesthetized, paralyzed, and awake, behaving animals (Nagy et 

al., 2008, Benedek et al., 2019). 

Let’s see the shortcomings of our results. Previous electrophysiological experiments, which 

addressed the visual information processing in the CN, applied simple dynamic geometric 

forms (spots, dots, bars) and drifting sinewave gratings (Pouderoux & Freton, 1979, Strecker 

& Jacobs, 1985, Nagy et al., 2003, Nagy et al., 2006, Nagy et al., 2008, Gombkoto et al., 2011). 

These types of visual stimuli are more adequate for the CN neurons than our random dot 

patterns and kinematograms that we used in the presented PhD thesis work. However, with this 

type of visual stimuli, the effects of spatiotemporal and direction preference can be minimized, 

and we could probably record more CN neurons with the applied stimuli. In our awake and 

behaving feline model, both eyes of the cats remained open during visual stimulation. On the 

other hand, in anesthetized experiments, only the contralateral eye of the cats was opened, while 

the other eye was covered. In anesthetized and paralyzed animals, it is crucial to prevent 

binocular inhibition that results from ocular misalignment during paralysis because this could 
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impact the magnitude of visual responses. However, it is unlikely that this factor alone would 

explain our observed difference. Furthermore, the difference we observed in the background 

activity is also against this explanation. The reason is that muscle tone, arousal, and goal-

oriented movements could increase the activity of CN. Fixation also affects neuronal activity 

because it corresponds to attention at some level, and it is known to be modulating the activity 

of visually responsive brain areas (Rajkai et al., 2008). Anesthesia likely can eliminate or at 

least reduce attention.Hence, it could also be an explanation for why the visual responsiveness 

was reduced in the anesthetized model. However, we believe that this could not create such 

obvious differences, which we found between the visual activity recorded in the anesthetized 

and paralyzed cats. To support this idea, only one-quarter of the recorded CN neurons showed 

significant activity changes during the fixation phase, and the vast majority of the neurons 

remained silent.  

It is also worth mentioning that the anesthetized animals were cycloplegic, and the visus was 

corrected with appropriate lenses. The awake cats had normal pupils and lenses. The 

background luminance was the same for the two models, and the same CRT monitor was used, 

so these do not explain the observed difference.  

An important limitation of our analysis of LFP changes is that the recording systems with 

different background noise levels differed between the behaving and anesthetized cats. Hence, 

we could not perform a valid comparison of the magnitude of the visual responses. Thus, we 

concentrated on whether the LFP changes were significant and to perform a descriptive statistic 

about the percentage of these visually-evoked LFP changes. Another limitation is that 

electrodes with different geometries were applied in the behaving (wire electrodes) and 

anesthetized (linear probe) experiments. It was found that the geometry of the electrodes could 

also influence the magnitude of the LFPs  (Herreras, 2016).  In order not to influence the number 

of significant LFP changes and thus the differences between the two feline models, the baseline 

power spectrum density of one channel was compared with the power spectrum density during 

visual stimulation of the same channel. 8-channel wire electrodes were used in the behaving 

experiments, and 64-channel linear probes in the anesthetized experiments, which explains the 

higher number of recorded LFPs from the anesthetized animals. 

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

found that there was a significant difference between single-cell neuronal activities recorded 

from the feline CN in an anesthetized and a behaving model. Halothane anesthesia with the 

applied muscle relaxant significantly decreased the number of visually responsive CN neurons 

and strongly reduced the net discharge rate changes to visual stimulation. Halothane suppressed 
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the single-cell activity so drastically that the analysis of the biggest neuronal population, the 

PANs (possibly corresponding to medium spiny neurons), was almost impossible in the 

anesthetized cats because of their extremely low activity. Similarly to the single-cell activities, 

we demonstrated that there were obvious differences between the visually evoked LFP changes 

in the CN of the two feline models. Anesthesia significantly suppressed the significant LFP 

power changes to visual stimulation (both static and dynamic stimulation). However, these 

differences in the LFPs are also remarkable but not as dramatic as the differences found and 

described in single-cell activities in the CN.  
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6. Summary 

In visual electrophysiological experiments, both anesthetized, paralyzed, and awake, behaving 

animal models are widely used. It is well known that anesthesia influences neuronal activity 

which effect could be different between different brain areas. The goal of our presented work 

was to answer if neuronal activities (both single-cell and local field potential (LFP)) recorded 

from these two animal models are comparable or not. Because using the behaving animal model 

could be more difficult than the anesthetized model, it raises the question of whether the costs 

and benefits are in equilibrium. 

To answer this question, we compared the background activity and visual responsiveness of 

CN neurons and the visually evoked LFPs recorded from the CN of two halothane-anesthetized 

(1.0%), paralyzed, and two awake, behaving cats during static and dynamic visual stimulation. 

The behaving animals were trained to perform a visual fixation task. Extracellular recordings 

were made from the CN during static and dynamic visual stimulation. Based on their 

electrophysiological properties, the recorded CN neurons were separated into three different 

classes: phasically active (PANs), high-firing (HFNs), and tonically active (TANs) neurons. 

The visually evoked LFPs were analyzed in the delta (1-3 Hz), theta (4–7 Hz), alpha (8–13 Hz), 

beta (14–30 Hz), and gamma (31–70 Hz) frequency bands. 

Halothane anesthesia significantly decreased the background activity of all three neuron types 

of the CN. The suppressive effect of anesthesia was most prominent in the case of PANs. The 

background activity of the PANs was consequently under 1 Hz, which made it almost 

impossible to investigate these neuronal populations in anesthetized animals. Only weak visual 

responses were found in the CN neurons in the anesthetized cats, however, the visual responses 

were more obvious in the behaving cats. We also found remarkable differences between the 

visually evoked LFP power changes in the CN of the two feline models. However, these 

differences in the LFPs are also remarkable, but not as dramatic as the differences found and 

described in single-cell activities in the CN. The halothane anesthesia suppressed the LFP 

changes in the CN in each frequency range from delta to beta to both static and dynamic 

stimulation. These differences in power changes were more prominent in static visual 

stimulation, but still, remarkable differences were found in dynamic stimulation, too.  

These results indicate that halothane anesthesia has an obvious suppressive effect on the cat 

CN. Based on the presented results we argue that the benefits of the awake animal models could 

balance or also outweigh the cost in the investigation of the visual properties of the CN. The 

work with awake and behaving animals in visual electrophysiology seems to be much more 
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difficult than the work with anesthetized animals, primarily due to the long-lasting training 

period of the behaving animals. However, the results from the awake, behaving animals are 

much more evident both in the single-cell activities and the LFPs, and the visually activity of 

the biggest neuronal population in the CN the PANs can be investigated exclusively in the 

behaving model. 
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Szeged, Dóm tér 10, Szeged H-6720, Hungary
Abstract—This study focuses on the important question

whether brain activity recorded from anesthetized, para-

lyzed animals is comparable to that recorded from awake,

behaving ones. We compared neuronal activity recorded

from the caudate nucleus (CN) of two halothane-

anesthetized, paralyzed and two awake, behaving cats. In

both models, extracellular recordings were made from the

CN during static and dynamic visual stimulation. The anes-

thesia was maintained during the recordings by a gaseous

mixture of air and halothane (1.0%). The behaving animals

were trained to perform a visual fixation task. Based on their

electrophysiological properties, the recorded CN neurons

were separated into three different classes: phasically active

(PANs), high firing (HFNs), and tonically active (TANs) neu-

rons. Halothane anesthesia significantly decreased the

background activity of the CN neurons in all three classes.

The anesthesia had the most remarkable suppressive effect

on PANs, where the background activity was consistently

under 1 spike/s. The analysis of these responses was almost

impossible due to the extremely low activity. The evoked

responses during both static and dynamic visual stimula-

tion were obvious in the behaving cats. On the other hand,

only weak visual responses were found in some neurons

of halothane anesthetized cats. These results show that

halothane gas anesthesia has a marked suppressive

effect on the feline CN. We suggest that for the purposes

of the visual and related multisensory/sensorimotor

electrophysiological exploration of the CN, behaving animal

models are preferable over anesthetized ones. � 2017 IBRO.

Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

The caudate nucleus (CN), one of the input structures of

the basal ganglia, is strongly involved in sensorimotor

functions through cortical and subcortical sensorimotor

loops in the mammalian brain (McHaffie et al., 2005).

Not surprisingly, the CN neurons are sensitive to both sta-

tic and dynamic visual stimuli (Rolls et al., 1983; Strecker

et al., 1985; Hikosaka et al., 1989; Chudler et al., 1995;

Nagy et al., 2003; Nagy et al., 2008; Gombkoto et al.,

2011; Rokszin et al., 2011; Vicente et al., 2012; Nagypal

et al., 2015). Thus, the CN seems to belong to those brain

structures that have to capacity to sample and evaluate a

wide variety of changes in the visual environment.

The domestic cat is a classical mammalian model

organism in visual neurophysiology and neuroanatomy.

An aspect common to all visual electrophysiological

experiments is the need to control for eye movements.

This is critical, on the one hand because the spatial

position of the visual stimulus has to overlap with the

receptive field of the investigated neuron and, on the

other hand, visual responses need to be separated from

oculomotor activity. The latter is of particular importance

here because neurons in the ascending tectofugal visual

system, which relay visual information to the CN, also

exhibit oculomotor activity (Hikosaka et al., 2000; Munoz

and Fecteau, 2002). There are two possible ways to con-

trol for the effects of eye movements. The first is to use

anesthetized and paralyzed animals, and the second is

to train behaving animals to restrict eye movements.

Anesthesia, combined with muscle paralysis is a very

effective way of stabilizing the eye and thus the location

of retinal stimulation. However, this does not allow long-

term data collection, and it increases the number of ani-

mals that have to be sacrificed. In addition, the anesthet-

ics can influence the neural activity. Although earlier

findings suggested that anesthesia and paralysis have

only a minor effect on the background activity, visual

responsiveness and receptive field structure of cortical

neurons (Wurtz, 1969), anesthetics do not necessarily

have the same effect in the cortex as in the deeper brain

structures (Velly et al., 2007). Furthermore, it has been

reported that the basal ganglia are extremely sensitive

to anesthesia (Kaisti et al., 2003; Franks and Zecharia,

2011). In an early work in halothane-anesthetized cats,

only a small proportion of CN cells were found to show

spontaneous activity (Ben-Ari and Kelly, 1976). In an

effort to reduce the number of sacrificed animals, and also

to eliminate the potentially confounding effects of anes-

http://dx.doi.org/10.1016/j.neuroscience.2017.05.028
mailto:nagy.attila.1@med.u-szeged.hu
http://dx.doi.org/10.1016/j.neuroscience.2017.05.028
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thetics, electrophysiology has gradually turned toward the

use of awake, behaving animals in the last few decades.

This tendency has been less marked in visual electro-

physiology, because of the long training periods. In such

a training period, the animals learn to keep fixation so that

the effects of the eye movements can be eliminated, or at

least reduced to the minimum (Robinson, 1963; Fuchs

and Robinson, 1966; Judge et al., 1980). In our experi-

ence, the training and preparation of a single cat is often

a challenging process that may take up to 9 months

(Nagypal et al., 2014). This naturally raises the question

as to whether the costs and benefits are in equilibrium.

Assessing the effects of halothane on neural activity in

the CN is important not only for the interpretation and

re-evaluation of already existing results, but also for

weighing the costs and benefits of utilizing awake, behav-

ing animals in future studies.
EXPERIMENTAL PROCEDURES

Two awake, behaving and another two halothane-

anesthetized, paralyzed, adult domestic cats were used

for the experiments, each weighing between 2.5 and

4 kg. Both cats in the chronic (behaving) model were

female, and recordings were made between the ages of

one and four years. One animal in the anesthetized

model was a female and the other was a male, aged

two and three years, respectively. Experiments carried

out with the anesthetized model lasted for five days.

All experimental procedures were carried out to

minimize the number and the discomfort of animals

involved, and followed the European Communities

Council Directive of 24 November 1986 (86 609 EEC)

and the US National Research Council’s Guide to the

care and Use of Laboratory Animals (National Research

Council (U.S.). Committee for the Update of the Guide

for the Care and Use of Laboratory Animals et al.,

2011). The experimental protocol was approved by the

Ethics Committee for Animal Research at the University

of Szeged.
Animal preparation and surgery

All 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 sulfate

was administered preoperatively. All wound edges and

pressure points were treated generously with local

anesthetic (1%, procaine hydrochloride). During the

whole surgery for both experimental models, and during

the recording sessions of anesthetized animals a

tracheal tube was used for the delivery of gas

anesthetics. The anesthetized animals were artificially

ventilated with 1.6% halothane during surgery, which

was reduced to 1.0% during the recording sessions. In

the animals prepared for the awake recordings, the

anesthesia was maintained by 1.0% isoflurane. The

depth of the anesthesia was monitored by continuously

checking the end-tidal anesthetic concentration and
heart rate. The minimum alveolar anesthetic

concentration (MAC) values calculated from the end-

tidal anesthetic readings were kept in the range

recommended by Villeneuve and Casanova (Villeneuve

and Casanova, 2003). The end-tidal halothane and isoflu-

rane concentration, MAC values and the peak expired

CO2 concentrations were monitored with a capnometer

(Capnomac Ultima, Datex-Ohmeda, ICN). The peak

expired CO2 concentration was kept within the range

3.8–4.2% by the adjustment of the respiratory rate or vol-

ume via the ventilator and trachea-tube system, while the

MAC values were set by the adjustment of the gas anes-

thetic evaporation rate. The body temperature of the ani-

mal 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.

In the case of the anesthetized animals, both the

femoral vein and the trachea were cannulated, and the

animals were placed in a stereotaxic headholder.

Throughout the surgery the anesthesia was continued

with halothane (1.6%) in air. The animals were

immobilized with an initial 2-ml intravenous bolus of

gallamine triethiodide (Flaxedil, 20 mg/kg), and artificial

ventilation was introduced. The dura mater was

preserved, and the skull hole was covered with a 4%

solution of 38 �C agar dissolved in Ringer’s solution.

During the recording sessions, a mixture containing

gallamine triethiodide (8 mg/kg/h), glucose (10 mg/kg/h)

and dextran (50 mg/kg/h) in Ringer lactate solution was

infused systemically and continuously at a rate of 4 ml/

h. The eye contralateral to the cortical recording site

was treated locally with atropine sulfate (1–2 drops,

0.1%) and phenylephrine hydrochloride (1–2 drops,

10%) to dilate the pupils and block accommodation and

to retract the nictitating membranes, respectively. In

addition, a +2 diopter contact lens was applied. The

ipsilateral eye was covered during the recordings with

an opaque gauze pad. In order to minimize the effects

of anesthesia during the recordings, the halothane

concentration was reduced to 1.0%. Recordings were

performed between the Horsley-Clarke coordinates

anterior 12–16 and lateral 4–6.5 mm, at stereotaxic

depths between 13 and 19 mm. The recordings were

performed with tungsten microelectrodes (A-M Systems,

Inc., USA) with an impedance of 2–4 MX.
The surgical preparation of the cats for the behaving

experiments started with the insertion of a cannula in

the femoral vein and continued with the intubation of the

trachea. Then the animals were placed in a stereotaxic

headholder. Throughout the surgery, the anesthesia

was maintained with 1.6% halothane in a 2:1 mixture of

N2O and oxygen. 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)). A

reclosable plastic recording chamber (20 mm in

diameter) was installed on the skull to protect the

microdrive system and extracellular electrodes from

damage and pollution. Following this, eight parylene
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isolated platinum-iridium wire-electrodes (diameter:

25 mm) were implanted in the CN in the first cat and

eight formvar insulated Nickel-Chrome wire-electrodes

(diameter: 50 mm) in the CN of the second cat. In the

case of the first cat an adjustable microdrive system

was applied (a modified Harper-McGinty microdrive, see

McKown and Schadt (McKown and Schadt, 2006), and

a modified Korshunov microdrive was used for the second

animal, see Korshunov, (Korshunov, 1995). The implanta-

tion of the electrodes was done according to the Horsley-

Clarke coordinates (anterior 12–14 mm, lateral 5–6.5 mm

at stereotaxic depths between 13–19 mm). 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 (Pigarev and

Rodionova, 1998; Populin and Yin, 1998, 2002; Huxlin

and Pasternak, 2004; Tollin et al., 2005; Pigarev and

Levichkina, 2011). The scleral coils were made of insu-

lated medical stainless steel hook-up wire (Cooner wire,

Owensmouth, CA, USA). The coil was looped 3 times at

a diameter of 22 mm.

Additionally, a stainless steel headholder was

cemented to the skull for head fixation purposes. On the

first five postoperative days, ceftriaxone antibiotic was

administered intramuscularly (Rocephine, 50 mg/kg).

Nalbuphin (0,25 mg/kg) and 40 ml Ringer’s lactate

solution were administered until the seventh

postoperative day.

Behavioral training of the awake, behaving animals
before the recordings

The detailed description of the implantation and the

behavioral training of the animals can be found in our

recent methodological paper (Nagypal et al., 2014).

Therefore we give only a brief summary here. The dura-

tion of the behavioral training before the start of the

recordings was a maximum of 9 months, including

3 months of pre- surgery training and 6 months of post-

surgery training in each cat. The experimental animals

were selected with care, and then they were adapted to

the laboratory environment. Animals with intact vision

and hearing were selected for the experiments. Outstand-

ing teachability, cooperative behavior and easy adapta-

tion to the laboratory environment were also eligibility

criteria. Food deprivation was used on weekdays, and

the animals received food only in the laboratory (150–

250 g/day). During the weekends, the animals had access

to food in their home cage ad libitum. Water was always

available ad libitum in the animals’ home cage. The cats

were carefully wrapped in a canvas harness, which leaves

the head, tail and legs free, and were suspended in the

experimental stand. In the following step, the head of

the suspended cat was fixed to the stereotaxic frame by

the implanted steel headholder. Electromagnetic field

was generated by metal coils installed into the wall of

the experimental stand in order to record eye movements.

The next step of the behavioral training focused on the

control of the eye movements. A green fixation point

was presented in the center of the CRT monitor, in a
square acceptance window of variable size. The size of

the fixation point was 0.8 deg in diameter. At the begin-

ning of the training session, the gaze of the animal was

directed at the middle of the CRT monitor. During the fix-

ation training, the fixation time was gradually increased

from 100 ms to 1500 ms. The size of the initial fixation

window was 10 � 10 deg. During the training period, it

was reduced to 5 � 5 deg in 2.5 deg steps. If the cat held

fixation within the acceptance window for a pre-set fixa-

tion time, it was rewarded with pulpy food. Sessions

(either training or recording) lasted 1 to 2 h a day, four

to five times a week. Neither eye was covered during

the recording sessions.

Visual stimulation

For the experiments conducted with anesthetized

animals, stationary random dot patterns and random dot

kinematograms were generated with a custom made

script in Matlab (MathWorks Inc., Natick, MA), using the

Psychophysics Toolbox extension (Brainard, 1997; Pelli,

1997), and presented on an 18-inch computer monitor

(refresh rate: 100 Hz) placed 57 cm in front of the animal.

The steady-state luminance of the stationary dots was

10 cd/m2, while the background luminance was 2 cd/m2.

The dynamic stimuli contained 200 white dots, which

moved at 5 deg/s. The extension of the stimulation screen

was 40.5 deg by 30.5 deg. The diameter of each dot was

0.15 deg in diameter. In the stimulation protocol, a single

trial consisted of three parts: first, a blank, black screen

was presented to obtain background activity without

visual stimulation; then a random dot pattern (static stim-

ulus) was presented; finally, the same dots started to

move (dynamic stimulus) in random directions at a speed

of 5 deg/s. The lengths of these phases were as follows:

1500-ms intertrial interval with black screen, 1500-ms sta-

tic stimulation, 1500-ms dynamic stimulation. The stimu-

lus sequence was repeated 500 times, thus the duration

of a recording period was approximately 40 min recorded

from the same electrode position.

Similarly, in the experiments with behaving cats two

sorts of visual stimuli were applied: first a static random

dot pattern (static), which was followed by a center in or

center out flow field (dynamic) stimulus. For visual

stimulation and the presentation of the fixation point a

standard 18- inch CRT monitor (refresh rate: 100 Hz)

was placed in front of the animal, at a distance of

57 cm. The size of the stimulation screen was 40.5 deg

by 30.5 deg. The size of each dot in both the static and

the dynamic stimuli was 0.1 deg in diameter. The

steady-state luminance of the stationary dots was 10 cd/

m2, while the background luminance was 2 cd/m2. The

speed of the dots in the flow field increased from 0 to

7 deg/s toward the periphery of the stimulation screen.

The stimuli were generated using a custom made script

prepared in the Psychophysics Toolbox of Matlab.

During the recordings, the effect of the eye movements

on the neuronal activity had to be controlled for, so the

cats were trained to perform fixation during the

stimulation. For this, a fixation point was presented in

the center of the CRT monitor. The size of the fixation

point was 0.8 deg in diameter. The animal had to look at
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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 acceptance window was 5 � 5 deg.

Any single trial consisted of four parts. The first part

was the intertrial interval itself (black screen) in order to

record the background activity. It was followed by a

fixation phase, in which only the green fixation dot was

presented on the monitor. In the last two phases, beside

the fixation point static, and later dynamic visual

stimulation was presented. The lengths of the epochs

were as follows: 5000–10,000-ms black screen (intertrial

interval), 500–1000-ms fixation phase with a green

fixation point presented alone on the monitor, 200–

1000-ms static and 1000-ms dynamic visual stimulation.

If the cat managed to maintain fixation throughout all

the stimulation phases of a single trial, the trial was

accepted. To minimize the influence of eye movements

on neuronal activity, the trial was aborted immediately if

the animal failed to fixate (i.e. the gaze of the animal

moved out of the acceptance window). Such trials were

not accepted, neither was reward given to the animals

in these cases.

Recording and data analysis

Amplified neuronal activities from the anesthetized cats

were recorded at 20-kHz sampling rate and stored for

off-line analysis (Datawave SciWorks, Version 5.0,

DataWave Technologies Corporation, USA). In the case

of behaving cats, eye movements were monitored and

recorded with a search coil system (DNI Instruments,

Newark, DE, USA). The recording of the eye

movements, stimulus presentation, reward delivery, and

data collection were coordinated by a custom made

software via a 16 channels National Instruments data

acquisition card.

The first step of the data analysis was spike sorting.

The channels were band-pass filtered (300 to 3000 Hz),

an amplitude threshold was calculated, and the

extracted spikes were clustered automatically based on

principal component analysis in NeuroScope,

NDManager, KlustaKwik and Klusters, under manual

control (Harris et al., 2000; Hazan et al., 2006). The

proper discrimination of simultaneously recorded neurons

(i.e. spike waveforms) was confirmed by the autocorrelo-

gram of spike-trains and overlaid spike shapes. The dip of

the autocorrelograms at 0 timelag indicated that the spike

separation was proper. The clusterisation was followed by

a neuron-type characterization based on the shape of the

autocorrelogram (time resolutions 100 ms and 1000 ms),

the level of background discharge rate and propISI

>2sec, defined as the proportion of the summed values

over 2 s divided by the total session time (Schmitzer-

Torbert and Redish, 2008; Nagypal et al., 2015). Based

on these three parameters, the neurons were divided in

three groups: phasically active neurons (PANs), high fir-

ing neurons (HFNs) and tonically active neurons (TANs),

(Nagypal et al., 2015). From the temporal distribution of

the action potentials, peristimulus time histograms

(PSTHs) were created. The background discharge rate

of each neuron was calculated from their activity in the

intertrial intervals. Firing rates during static and dynamic
stimulation were compared to the background activity with

the Wilcoxon matched pairs test. We considered the neu-

ronal activity as a response if it was significantly different

(p< 0.05) from the mean background activity and if the

mean net change was at least 0.1-fold (10%) compared

to the background activity. This latter criterion was added

to correct for an excessive experimentwise error rate in

the statistical testing and try to avoid false positive

responses.

To eliminate potential distortions due to the high

prevalence of CN neurons with extremely low

background activities, the visual responses of only those

CN neurons were included in the analysis whose

background activity was at least 1 spike/s. A question

that may arise is why we compared the visual

responses to the background activities and not to the

fixation activities in behaving cats. One explanation of

this is that there was no fixation phase in the stimulation

protocol of anesthetized cats at all. The other is the low

amount of fixation sensitive units in our neuronal

population. Of the 209 CN neurons with background

activity higher than 1 Hz, only 53 (25%) showed

significantly different activity from the background during

the fixation phase of the paradigm.

Activities were calculated separately for the different

stimulation phases. The evoked activities were

calculated by averaging all activities in a given

stimulation phase. The last 1 s of the intertrial intervals

was considered as background activity, against which

the evoked activities were compared. Gross activities

show the total mean firing rate during the different

stages of stimulation (static or dynamic). The net

discharge rates were calculated by subtracting the

background activity from the gross activity. The

presentation of both gross and net activities is

necessary because gross activities provide information

about the overall activity of the neurons and the ratio

between the gross and net activities demonstrates

magnitude of visually evoked responses.

As the Shapiro–Wilk test indicated that the distribution

of the studied variables was non-normal, nonparametric

statistical tests were used. The background activities

recorded from anesthetized and behaving cats were

compared at the population level with the Mann–

Whitney rank sum test. All statistical analyses were

performed in Matlab (MathWorks Inc., Version 8.3,

Natick, MA) and STATISTICA for Windows (StatSoft

Inc., Version 12.0, Tulsa, OK) softwares.
RESULTS

Altogether 206 neurons were recorded from the CN of the

two anesthetized cats (83 from the first and 123 from the

second cat). Three hundred and forty-four neurons were

recorded from the CN of the two awake, behaving cats

(285 from the first and 59 from the second cat). For the

purposes of the analysis, the recorded trials were

divided into three epochs: static visual stimulation,

dynamic visual stimulation and intertrial interval without

any visual stimulation. Background activity was

calculated from the intertrial intervals and the stimulated



Table 1. Descriptive statistics of background and visually evoked activities of CN neurons from awake, behaving and anesthetized animals

Awake Anesthetized

N Mean Median SD Min Max N Mean Median SD Min Max

All 344 5.19 2.13 6.87 0.01 37.91 206 1.58 0.45 2.29 0.01 13.86 Background

�1 Hz 209 8.32 6.21 7.27 1.02 37.91 81 3.60 2.75 2.56 1.04 13.86

HFNs 88 14.60 12.87 6.96 4.67 37.91 85 2.56 1.70 2.53 0.10 13.86

PANs 219 1.39 0.60 1.89 0.01 15.42 73 0.14 0.11 0.12 0.01 0.78

TANs 28 5.35 5.82 2.53 1.26 10.61 43 2.21 1.37 2.57 0.13 13.14

�1 Hz HFNs 88 14.60 12.87 6.96 4.67 37.91 56 3.64 3.10 2.50 1.04 13.86

�1 Hz PANs 85 3.03 2.44 2.17 1.02 15.42 0 – – – – –

�1 Hz TANs 28 5.35 5.82 2.53 1.26 10.61 25 3.49 2.63 2.72 1.04 13.14

�1 Hz �10% Increase Gross 51 12.86 8.15 12.17 1.46 43.86 3 3.23 2.03 2.88 1.15 6.51 Static

�1 Hz �10% Increase Net 4.33 2.60 4.73 0.34 19.52 0.47 0.46 0.37 0.11 0.85

�1 Hz �10% Decrease Gross 32 4.92 3.69 4.96 0.52 21.52 2 4.85 4.85 1.91 3.50 6.20

�1 Hz �10% Decrease Net �2.37 �1.09 3.24 �15.91 �0.20 �1.85 �1.85 0.37 �2.11 �1.59

�1 Hz No change Gross 126 10.22 8.11 7.89 1.00 41.37 76 3.58 2.77 2.60 1.05 14.23

�1 Hz No change Net 1.73 0.99 2.86 �3.20 13.38 0.03 0.01 0.16 �0.32 1.09

�1 Hz �10% Increase Gross 22 14.11 12.10 10.98 1.52 33.32 0 – – – – – Dynamic

�1 Hz �10% Increase Net 3.82 2.53 3.66 0.48 13.53 – – – – –

�1 Hz �10% Decrease Gross 3 5.86 4.85 4.86 1.58 11.15 10 2.78 2.06 1.88 1.06 6.93

�1 Hz �10% Decrease Net �0.89 �0.96 0.40 �1.26 �0.45 �0.68 �0.44 0.50 �1.62 �0.26

�1 Hz No change Gross 184 8.66 6.13 7.86 0.70 44.61 71 3.63 2.90 2.58 1.03 13.20

�1 Hz No change Net 0.55 0.27 1.46 �2.65 8.05 0.02 0.03 0.17 �0.73 0.46

Not only the background activities, but the evoked responses and the number of visually responsive CN neurons were smaller in case of anesthetized animals. PAN – phasically active neuron, HFN – high firing neuron, TAN – tonically

active neuron. The most noteworthy finding is that no PANs with a background activity higher than 1Hz were detected in the group of anesthetized animals. There was also no such neuron in the anesthetized recordings, evoked response

of which increased more than 10% during dynamic visual stimulation. All: all neurons; �1Hz: neurons with a background activity equal to or higher than 1 spike/s; �10%: evoked responses with a change equal to or higher than 10 percent

of the background activity; Increase, Decrease, No change: indicates how the evoked responses changed upon stimulation; Gross, Net: gross and net activities. Gross activity is the averaged firing frequency during the entire stimulation

session, while net activity is calculated by subtracting the evoked gross activity from the background firing frequency; Background, Static, Dynamic: trial phases; N: sample size. Discharge rates are in spikes/s.
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Fig. 1. Peristimulus time histograms and raster plots from awake (A) and anesthetized (B)

models. Each panel of the figure contains a PSTH (top) and a raster plot (bottom) to represent the

activity of a neuron. Vertical gray lines denote the boundaries between the different phases of the

stimulation protocol. In the case of behaving cats the paradigm contained the following phases:

fixation phase (F; �500 to 0 ms), static visual stimulation (S; 0 to 200 ms), dynamic visual

stimulation (D; 200 to 1200 ms), reward phase and the following intertrial interval (from 1200 ms to

6200 ms). Background firing rate was calculated from the last second of intertrial interval (B; 5200

to 6200 ms). In the case of anesthetized cats the stimulation protocol contained the following

phases: static visual stimulation (S; 0 to 1500 ms), dynamic visual stimulation (D; 1500 to

3000 ms), intertrial interval (3000 to 4500 ms). The last second of PSTH corresponds to the

background discharge rate (B; 3500 to 4500 ms). Trial sessions are also highlighted with capital

letters on the top of the PSTH graphs. The abscissa denotes the time in milliseconds. The ordinate

denotes the number of trials (bottom) and the activity of the neuron in spikes per seconds (top).

The lower value on the ordinate of PSTHs indicates the average background discharge rate during

the whole recording, while the continuous gray curve is a smoothed curve of the activity, and the

horizontal gray lines indicate ±2 SD of the average background discharge rate. Note that the scale

of the ordinate on Part A is much wider than on Part B thus the activities recorded from behaving

cat are much higher than those recorded from the anesthetized animals.

Fig. 2. Neuronal activity in the CN of awake and anesthetized cats.

The box plots on the left side show the background discharge rates of

all of the analyzed CN neurons (All). The two box plots on the right

show the background activities of neurons with a discharge rate

higher than 1 spike/s (�1 Hz). The gray boxes show the results from

behaving cats while the white boxes contains the results from

anesthetized cats. The lower margin of the boxes indicates the 25th

percentile, the line within the boxes marks the median, and the upper

margin of the box indicates the 75th percentile. Whiskers (error bars)

above and below the box indicate the 90th and 10th percentiles. The

outliers (dots) represent the 95th and 5th percentiles. All of the

presented differences are statistically significant (p< 0.001).
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activities were compared to this activity. The summary of

the detailed descriptive statistics of background and

visually evoked activities of CN neurons from awake,
behaving and anesthetized animals

can be seen in Table 1.

Fig. 1 shows the peristimulus time

histograms and raster plots of two CN

neurons. The first neuron was

recorded from an awake (Part A)

and the second (Part B) from an

anesthetized cat. Not only the

background activity, but the evoked

gross activities are higher in case of

a neuron recorded from behaving

animal.
Background activities

The background activity of the CN

neurons from awake, behaving

animals is significantly higher

(Mann–Whitney U, p< 0.001) than

that of the CN neurons recorded

from anesthetized cats (Fig. 2 All;

see descriptive statistical data in

Table 1). To eliminate potential

distortions due to the high

prevalence of CN neurons with

extremely low background activity, a

separate analysis was performed

after the exclusion of neurons with a

background activity under 1 spike/s.

In this way, 135 neurons from the

awake (39.2%) and 125 neurons

(60.7%) from the anesthetized model
were excluded. The remarkably higher prevalence of

background activities under 1 Hz in the anesthetized

model were obvious already at this point. The

comparison of the background activities higher than

1 Hz (Fig. 2 >1 Hz neurons) revealed significantly

higher activity of CN neurons recorded from the

behaving model (Mann–Whitney U, p< 0.001; see

descriptive statistical data in Table 1).
Responses to static visual stimulation

The proportion of neurons responsive to static stimulation

was much higher in the behaving cats. The gross and net

activity increments during static stimulation were notably

stronger in the awake, behaving animals than in the

anesthetized ones (see descriptive statistical data in

Table 1).

The magnitude of the net decrements in activity during

static visual stimulation were also more obvious in the

behaving model (see descriptive statistical data in

Table 1).
Responses to dynamic visual stimulation

Similarly to the responsiveness to static stimulation, the

proportion of neurons responsive to dynamic stimulation

was higher in the behaving cats. Activity increments

were evident in the behaving animals (see descriptive

statistical data in Table 1), however, no such responses

were observed in the anesthetized animals at all. The



Fig. 3. Representative autocorrelograms of the CN neurons. CN neurons were classified on the

basis of the shape of their autocorrelograms (at 100 ms and 1 s time resolutions), propISI >2sec

and the background discharge rate in three big groups as follows: PAN – phasically active neuron,

HFN – high firing neuron, TAN – tonically active neuron. Neurons belonging to each group have

characteristic autocorrelogram. PANs are usually characterized by peaky autocorrelogram and low

background discharge rates, HFNs have autocorrelograms with a blunt peak and TANs are

characterized by a deep gap in the autocorrelogram. The six representative autocorrelograms on

the left side are from awake animals, while the six illustrative panels on the right side are from

anesthetized ones, each of them at two different time resolutions.

Fig. 4. Pie charts of the distribution of neuron types. Pie charts demonstrate the distribution of

neuron types (PAN, HFN and TAN) in the CN in awake (A) and in anesthetized cats (B). The PAN,

HFN, TAN labels indicate the different neuronal types, as follows PAN – phasically active neuron,

HFN – high firing neuron, TAN – tonically active neuron. Panels C and D characterize the same

distribution of CN neurons with a background discharge rate over 1 Hz. Note that PANs with a

background activity over 1 spike/s disappeared during halothane anesthesia.
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magnitude of the net decrements in activity during

dynamic visual stimulation did not seem to differ by

paradigm. It must be mentioned, though, that the

sample sizes were quite low (see descriptive statistical

data in Table 1).
Electrophysiological groups in the CN – Phasically
active neurons are silent in anesthesia

Based on their discharge properties (see Recording and

Data Analysis) we could classify the recorded CN

neurons in three groups (Fig. 3): phasically active

neurons (PANs), high firing neurons (HFNs), tonically

active neurons (TANs).

In the CN of the awake, behaving animals the vast

majority of the cells were PANs (N= 219, 63.7%).
Much smaller numbers of HFNs

(N= 88, 25.6%) and TANs (N= 28,

8.1%) were found. Surprisingly, in

the anesthetized animals the HFN

group was the most numerous

(N= 85, 41.3%). Fewer PANs

(N = 73, 35.4%) and even fewer

TANs (N= 43, 20.9%) were found

(Fig. 4 A, B). A few of the recorded

CN neurons could not be

categorized this way. This

uncategorized group contained 9

units (2.6%) from the awake and 5

units (2.4%) from anesthetized

animals.

Fig. 5 shows the background

activities of the different neuron

groups in behaving and anesthetized

cats. Note that these activities were

much lower in all groups recorded

from anesthetized cats (see

descriptive statistical data in

Table 1). The statistical analysis

revealed that background activities

of all groups were significantly higher

in the awake, behaving animals

(Mann–Whitney U, p< 0.001).

Of the 135 neurons excluded from

the analysis in the awake model

because of their low background

activity, only one was an

uncategorized unit, and the others

were all PANs (N= 134). On the

other hand, the 125 units, which

were excluded in the anesthetized

model, showed a more varied

distribution: PAN (N= 73);

uncategorized (N= 5); HFN

(N= 29); TAN (N= 18). The

prevalence of the neurons belonging

to the different electrophysiological

groups after the exclusion of the

above units can be seen in

Fig. 4C, D. It is clear that in the

anesthetized model, all PANs were

excluded by applying the 1 Hz cut-off
criterion. The statistical analysis revealed that the

background activities of the HFN and TAN groups were

significantly higher in the awake, behaving animals

(Mann–Whitney U, p< 0.005).
DISCUSSION

To our knowledge this is the first study, which compares

the neuronal activities recorded from the CN in two

different animal models in anesthetized, paralyzed and

in awake, behaving cats. Our results clearly

demonstrated that halothane anesthesia could

considerably suppress the background activity and

visual responses in the CN of the feline brain.



Fig. 5. Background activities of all PANs, HFNs and TANs in

behaving and anesthetized cats. The background discharge rates

of PANs, HFNs and TANs. The conventions are the same as in Fig. 2.

Note that the background activities of each electrophysiological group

were significantly higher in the behaving model (p< 0.001).

B. Barkóczi et al. / Neuroscience 356 (2017) 182–192 189
In the case of background discharge rates, the

majority (60.7%) of the recorded CN units showed less

than 1 Hz activity in the anesthetized model. This

percentage was much lower in the behaving cats

(39.2%). Because of the low activities, we had to

exclude these units from the further analysis. Moreover,

the activity changes upon the different kinds of visual

stimulation were in most cases very weak in the

anesthetized animals. The maximal net response was

2.1 Hz in the anesthetized animals, while it was much

higher in the awake, behaving model (maximal net

response 19.5 Hz). These results throw light on why it is

so difficult to find any kind of activity in the CN of the

anesthetized cats, not to mention proper visual

responses. It is also important to see that earlier studies

used simple dynamic geometric forms (spots, dots,

bars) and drifting sinewave gratings (Pouderoux and

Freton, 1979; Strecker et al., 1985; Nagy et al., 2003;

Nagy et al., 2006; Nagy et al., 2008; Gombkoto et al.,

2011), which are even more adequate visual stimuli for

the CN neurons than our random dot patterns and kine-

matograms in the present study. According to the litera-

ture, a noteworthy proportion of the CN neurons show

direction preference and spatio-temporal selectivity, how-

ever, multielectrode recordings allow the recording of sev-

eral neurons simultaneously, including neurons with

preference for different directions and spatio-temporal

properties. The most remarkable advantage of the stimuli

applied in the present study is that the effects of spatio-

temporal and direction preference are minimized. Beyond

the lack of halothane anesthesia and immobilization, our

behaving model differed from anesthetized models also

in a third way: both eyes of the animal were open during

stimulation. In anesthetized models during visual stimula-

tion the contralateral eye was opened, while the other eye

was covered. Monocular stimulation is essential in anes-

thetized/paralyzed animal models in order to prevent

binocular inhibition that results from ocular misalignment

during paralysis. This monocular-binocular difference

could influence the magnitude of visual responses, but
such a strong difference as seen in this study is not likely

to stem from this factor only. Furthermore, the difference

in the background discharge rates is against this explana-

tion. Muscle tone, arousal and goal-oriented movements

can also increase the activity of the CN but these cannot

be only the explanation for the stronger responsiveness of

the CN neurons in the behaving model.

Fixation can also influence the neuronal activities in

the central nervous system. Fixation can be considered

to reflect at least some level of attention, and attention

is known to influence the activity of the visually

responsive parts of the mammalian brain (Rajkai et al.,

2008). If we assume that anesthetics can reduce or elim-

inate attention, this lack of attention may be the reason for

the reduction of visual responsiveness in the anesthetized

cats. However, it is not likely to lead to such a strong dif-

ference as seen in this study. As stated earlier, the large

majority of the analyzed CN units were not active during

fixation – only one quarter of them showed significant

activity changes in the fixation phase of the paradigm. It

is also known that the superior colliculi, which comprise

the main subcortical source of visual input to the basal

ganglia, can also be suppressed during fixation (Sumner

et al., 2006). The superior colliculi project to the lateral

posterior-pulvinar and the lateral medial-suprageniculate

nuclei complex of the thalamus, which are assumed to

be the main subcortical visual inputs to the CN. While

these thalamic inputs are predominantly excitatory

(Hoshino et al., 1997; Hoshino et al., 2000; Hoshino

et al., 2009) the lack of excitatory inputs during fixation

cannot explain the increased activity in the CN in behav-

ing animals.

In the intertrial intervals, where background discharge

rates were measured, there was no fixation task, that is,

the animals were allowed to perform eye movements. In

these cases, because of the lack of fixation, the effects

of the eye movements on the neuronal activities could

also be observed. In our previous study we found no or

only very weak correlation between the neuronal

activities and the normalized amplitude of the eye

movements in the CN. This suggests that the activity of

the CN neurons in the intertrial intervals is not affected

significantly by activity changes due to eye movements

(Nagypal et al., 2015).

It is noteworthy to mention that the anesthetized cats

were cycloplegic and the awake ones had normal pupils

and lenses but in the case of anesthetized cats the

visus was corrected with appropriate lenses. As the

background luminance was the same for the two models

and the same CRT monitor was used, these do not

explain the observed difference either.

In our previous study, we managed to categorize

neurons from the feline CN based on their

electrophysiological properties in behaving cats

(Nagypal et al., 2015). This categorization was adapted

in the present study to the CN neurons recorded from

anesthetized cats. Although the neuronal activities and

the number of spikes are quite different in the two models,

the shapes of the autocorrelograms of PANs, TANs and

HFNs are basically the same, which suggests that the

temporal spiking characteristics of the CN neurons are
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very similar in the two models. Similarly to earlier findings

(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 in both

models. The ratio of uncategorizable neurons (under

3%) was also similar. Earlier studies suggested a strong

correspondence between the three biggest anatomical

(medium spiny, cholinergic and parvalbumin immunposi-

tive GABAergic interneurons) and electrophysiological

(PAN, TAN, HFN) groups of the CN neurons. Most prob-

ably the PAN neurons correspond to the medium spiny

projection neurons, HFNs to the parvalbumin immunpos-

itive GABAergic interneurons and the TANs to the cholin-

ergic interneurons (Kawaguchi, 1993; Wilson, 1993;

Kawaguchi et al., 1995; Mallet et al., 2005; Tepper

et al., 2010). In line with the results of earlier studies in

other species, the majority of the recorded CN units in

the behaving model were PANs in our sample (64%). In

other species, 77–97% of the striatal projection neurons

belong to this presumably GABAergic cluster (Kemp

and Powell, 1971; Luk and Sadikot, 2001). Similarly to

earlier results, HFNs (25%) and TANs (8%) were much

less prevalent in our sample (Phelps et al., 1985; Luk

and Sadikot, 2001). It must be noted that PANs are often

difficult to detect because of their extremely low back-

ground activity (Lau and Glimcher, 2007), which means

that the sixty-four percent finding may be an underestima-

tion due to undersampling, which, in turn, can also have

an effect on the estimations of the two other groups. In

contrast to these, the highest amount (41%) of the

recorded CN neurons from anesthetized feline model

was classified as HFN. Fewer neurons were in the PAN

(35%) group and even fewer in the TAN (21%) group.

The difference between the anesthetized and

behaving feline model is striking. Halothane seems to

reduce the background activity of PANs so strongly that

it makes a valid analysis impossible. Knowing that, it is

clear why these cells are so difficult to detect and record

in anesthetized models. We argue that the most

important finding of the present study is that the PANs,

which seem to correspond to the medium spiny

projection neurons (the most prevalent neuron type in

the CN), are almost silent under anesthesia, and thus

these neurons cannot be investigated in anesthetized,

paralyzed cats without any afferent stimulation.

Furthermore, the activity of the HFNs and TANs was

also strongly suppressed in the anesthetized cats, in

contrast to the behaving model. In the light of these

findings, it has also become clear that the neurons we

reported in an earlier study of ours (Nagy et al., 2003)

could not be of the medium spiny type – a question we

could not agree on at that time.

To summarize our findings, we demonstrated marked

and significant differences between the neuronal activities

recorded from the feline CN in an anesthetized and a

behaving model. The halothane gas anesthesia and the

immobilization significantly suppressed the neuronal

activity and the number of visually responsive neurons

in the CN. Our results also show that the analysis of

PANs (most probably these are the medium spiny
projection CN neurons, the dominant neuronal

population in the CN) is almost impossible in the

anesthetized model because of their extremely low

activity. It is clear that to work with behaving cats in

visual electrophysiology is much more difficult than to

work with anesthetized cats, mostly because of the

lengthy preparatory period. However, based on the

presented results we suggest that the benefits outweigh

the costs, and if PANs are studied, a behaving model

can almost be considered a sine qua non of success.
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Abstract 

Previous results show that halothane gas anaesthesia has a suppressive effect on the visually 

evoked single-cell activities in the feline caudate nucleus (CN). In this study, we asked 

whether the low-frequency neuronal signals, the local field potentials (LFP) are also 

suppressed in the CN of anaesthetized animals. 

To answer this question, we compared the LFPs recorded from the CN of two halothane-

anaesthetized (1.0%), paralyzed, and two awake, behaving cats during static and dynamic 

visual stimulation. The behaving animals were trained to perform a visual fixation task.  

Our results denoted a lower proportion of significant power changes to visual stimulation in 

the CN of the anesthetized cats in each frequency range (from delta to beta) of the LFPs, 

except gamma. These differences in power changes were more obvious in static visual 

stimulation, but still, remarkable differences were found in dynamic stimulation, too. The 

largest differences were found in the alpha and beta frequency bands for static stimulation. 

Concerning dynamic stimulation, the differences were the biggest in the theta, alpha and beta 

bands. 

Similar to the single-cell activities, remarkable differences were found between the visually 

evoked LFP changes in the CN of the anaesthetized, paralyzed and awake, behaving cats. The 

halothane gas anaesthesia and the immobilization suppressed the significant LFP power 

alterations in the CN to both static and dynamic stimulation. These results suggest the priority 

of the application of behaving animals even in the analysis of the visually evoked low-

frequency electric signals, the LFPs recorded from the CN. 
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Introduction 

 

Beside the prominent role of the caudate nucleus (CN) in motor processes, it is also 

involved in sensory information processing through cortical and subcortical loops in the 

mammalian brain [1, 2]. The primary source of the visual inputs to the basal ganglia is the 

ascending tectofugal visual system, which sends the information from the superior colliculus 

through the posterior thalamus to the CN. The CN also receives visual cortical inputs from the 

anterior ectosylvian cortex (Rokszin et al., 2010). These inputs are responsible for the specific 

visual properties of the CN. Previous studies denoted that the CN neurons are sensitive to 

static and dynamic visual stimuli, too [3-12]. The particular spatial and temporal visual 

properties of the CN neurons, i.e., preferences for low spatial and high temporal frequencies 

and narrow spatiotemporal spectral tuning [8, 13] suggest the contribution of these neurons to 

motion and novelty detection. 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.  

The control of eye movements is obligatory in visual electrophysiological experiments 

because of various reasons. First of all, the spatial position of the visual stimulus has to 

overlap with the receptive field of the investigated neuron. Additionally, several visually 

active brain structures possess visuomotor activity, such as saccadic responses [14, 15]. 

Therefore, the researchers must eliminate the effect of eye movements on neuronal activities. 

Acute, anaesthetized, paralyzed, and awake, behaving animals are often used in visual 

electrophysiological research. Both models have their own advantages and disadvantages. The 

work in acute animals seems to be easier because there is no long behavioural training to 

restrict eye movement prior to the electrophysiological recordings [12, 16]. On the other hand, 

this increases the number of animals sacrificed, and the anaesthetics can also influence the 

activity of the brain. The deep brain sensorimotor structures, i.e., the cerebellum and the basal 

ganglia, are extremely sensitive to anaesthesia [17, 18]. Single-cell activity analysis revealed 



significant differences between the neuronal activities recorded from the feline CN in 

anaesthetized and behaving cats. The anaesthesia and the immobilization significantly 

suppressed the neuronal activity and the visual responsiveness of the CN. Furthermore, it was 

almost impossible to analyse phasically active neurons, the dominant neuronal population of 

the CN, due to the low neuronal activities. [19]. These results suggest the necessity of the 

behaving animals if the activity of the single CN cell is the focus of the research. The training 

and preparation of cats is often a challenging process that may last up to 9 months [16, 19]. 

Beside single cell activities, the low-frequency signals (local field potentials = LFPs) can also 

carry information from the visual environment. The visually evoked LFP changes can give 

information about the sum of the cortical and subcortical visual inputs in the CN. The 

question raises whether the LFP activities and the visually evoked LFP changes are 

suppressed similarly in the anaesthetized animals as the single-cell activities. To address these 

questions, we compared the LFPs recorded from the CN in halothane anaesthetized, 

paralyzed, artificially ventilated and awake, behaving cats. An earlier study denoted that the 

median of visual onset response latencies was 100 ms in the CN (the range was 20-200 ms, 

Rokszin et al. 2011). Additionally, the CN is involved in novelty detection and the detection 

of changes in the visual environment [2, 8]. We have focused on the alterations in different 

frequency bands (theta, alpha, beta, and gamma) of the LFPs in the first 320 ms time after the 

appearance of the static visual stimulus, and in the first 320 ms after the starting of the 

movement of the dynamic visual stimulus. 

 

  



Materials and methods 

We recorded from the CN of two halothane anaesthetized, paralyzed, and two awake, 

behaving adult, domestic cats that weighed between 2.5 and 5 kg. The acute recordings lasted 

for 3 days. The recording sessions of the behaving cats lasted 30 minutes to 1 hour per day, 

four to five times a week. 

All procedures were performed to minimize the number and the discomfort of the animals, 

and the experimental protocol was accepted by the Government Office based on the 

suggestion of the Ethical Committee for Animal Research of Albert Szent-Györgyi Medical 

and Pharmaceutical Centre at the University of Szeged (No.: XIV./518/2018 and 

XIV/1818/2021) and was conducted in full accordance with the Directive 2010/63/EU of the 

European Parliament and the Council on the Protection of Animals Used for Scientific 

Purposes and the guidelines of the Committee.  

 

Surgical procedure of the anaesthetized animals 

The animals were initially anaesthetized with ketamine hydrochloride (Calypsol (Gedeon 

Richter LTD), 30 mg/kg i.m.). A subcutaneous injection of 0.2 ml 0.1% atropine sulphate was 

administered preoperatively to reduce salivation and bronchial secretion. All wound edges 

and pressure points were treated regularly with a local anesthetic (1% procaine 

hydrochloride). The trachea and the femoral vein were cannulated, and then the animals were 

placed in a stereotaxic frame. The cats were artificially ventilated with 1.2-1.6% halothane 

during surgery, which was reduced to 0.8-1.0% during the recording sessions to minimize the 

effects of anesthesia. The depth of the anesthesia was monitored continuously with the end-

tidal anesthetic concentration and heart rate. The minimal alveolar anesthetic concentration 

(MAC) values calculated from the end-tidal halothane concentration were kept in a 

recommended range [20]. The end-tidal halothane concentration, MAC values and the peak 



expired CO2 concentrations were monitored with a capnometer (CapnomacUltima, Datex-

Ohmeda, ICN). The O2 saturation of the capillary blood was monitored by pulse oximetry. 

The peak expired CO2 concentration was kept within the range of 3.8–4.2% by adjustment of 

the respiratory rate or volume. The animals were immobilized with an initial 2 ml intravenous 

bolus of gallamine triethiodide (Flaxedil, 20 mg/kg, Sigma, St. Louis, MO, USA). During the 

whole experiment, a mixture containing gallamine triethiodide (8 mg/kg/h), glucose (10 

mg/kg/h) and dextran (50 mg/kg/h) in Ringer lactate solution was infused continuously at a 

rate of 4 ml/h. The body temperature of the cats was maintained at 37 °C by an electric 

heating blanket. Craniotomy was performed with a dental drill to allow a vertical approach to 

the target structures. The dura mater was removed, and the skull hole was covered with a 4% 

solution of 37 °C agar dissolved in Ringer’s solution. The eye contralateral to the subcortical 

recording site was treated locally with atropine sulphate (one or two drops, 0.1%) and 

phenylephrine hydrochloride (one or two drops, 10%) to dilate the pupils, block 

accommodation and retract the nictitating membranes, and was equipped with a +2 diopter 

contact lens. During the recordings, the ipsilateral eye was covered.  

 

Visual paradigm and recording in anaesthetized animals 

The recording sessions took place in a dark, quiet room where the background luminance was 

2 cd/m2. Vertical penetrations made within the Horsley-Clarke coordinates anterior 14 mm 

and lateral 4-5 mm, at a stereotaxic depth of 10-15.3 mm. The extracellular electrophysiologi-

cal recordings were carried out with a 64-channel 2 shank (32 channel/shank, diameter: 300 

µm/shank) platinum-iridium linear probe (Neuronelektród Ltd., Hungary). The vertical dis-

tance between each channel was 50 µm. The reference electrode was a 125 micrometer tung-

sten electrode which was inserted in the white matter in the position of anterior 7 and lateral 8 

according to the Horsley-Clarke coordinates. The electrical signals were amplified and digi-



talized with Intan rhd 2132 chips and Hinstra Dedas data acquisition system (Hinstra Instru-

ments Ltd., Hungary). Amplified neuronal activities were recorded at a 20 kHz sampling rate 

and stored for offline analysis. The stimulus presentation was controlled by a custom-made 

software and was presented on an 18-inch CRT monitor (refresh rate: 100 Hz) 57 cm in front 

of the animal. A single trial (one repetition of the whole stimulation protocol) consisted of 3 

epochs (phases): first a blank, black screen was presented to obtain background activity with-

out visual stimulation for 2000 ms; then a random dot pattern appeared on the screen for 1500 

ms as a stationary stimulus; that was followed by the dynamic stimulus, where the same white 

dots started to move randomly either toward the periphery (center-out flow field) or toward 

the center (center-in flow field) of the screen. The dynamic stimulus also lasted 1500 ms. The 

size of each dot was 0.1° in diameter in both the static and the dynamic stimulus. The speed of 

dot movement increased from 0 to 7°/sec toward the periphery. One recording session lasted 

15 minutes, where 50 trials were presented from for each of the center in and center out con-

ditions in a pseudo-random order. Between the recordings, the electrode position was changed 

(200 µm downward), and a 30-minute break was kept before the next recording. 

 

Surgical procedure in case of awake, behaving animals 

The preparation before the surgery was carried out the same way as with the anaesthetized 

animals. First, the cats were initially anaesthetized with ketamine hydrochloride (Calypsol 

(Gedeon Richter®), 30 mg/kg i.m), then a subcutaneous injection of 0.2 ml 0.1% atropine 

sulphate was administered. In addition, a preventive dose of antibiotic (1000 mg ceftriaxon, 

i.m., Rocephin 500 mg (Roche®)) was given preoperatively. The surgical preparation started 

with the cannulation of the femoral vein, then continued with the implantation of a scleral 

search coil (Cooner wire, Owensmouth, CA, USA) into one eye to monitor the eye 

movements of the cats during the recordings [16, 21-26]. After the intubation of the trachea, 



the cats were placed in a stereotaxic frame. All pressure points and wounds were treated with 

local anesthetic (1% procaine hydrochloride). During the surgery, the anesthesia was 

maintained with 1.5% halothane in a 2:1 mixture of N2O and oxygen. The depth of the 

anesthesia was monitored by continuously checking the end-tidal halothane concentration, 

MAC values, the peak expired CO2 concentrations and the O2 saturation. Firstly, a stainless 

steel head-holder was installed on the skull to fixate the head during the recordings. After this, 

the craniotomy was performed with a dental drill; 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 cemented on the skull to avoid 

any contamination and to protect the microdrive system and the extracellular electrodes. 

Following this, eight wire electrodes covered by a guiding tube were implanted above the CN 

according to the Horsley-Clarke coordinates anterior 12–14 mm, lateral 4–6.5 mm. 

Recordings were performed at the stereotaxic depths between 10–16 mm. The electrodes were 

implanted in the brain with the help of an adjustable microdrive system [27, 28]. 

On the first five postoperative days, ceftriaxone antibiotic was administered intramuscularly 

(Rocephine, 50 mg/kg). Nalbuphin (0.25 mg/kg) and non-steroidal anti-inflammatory drugs 

were administered until the seventh postoperative day. 

 

Behavioural training of awake, behaving cats 

The detailed description of the training process and the recordings can be found in our 

previous studies [12, 16, 19]. The cats were suspended in the experimental stand by a canvas 

harness. The cats were trained to perform the behavioural fixation paradigm while their heads 

were fixed to the stereotaxic frame. The stereotaxic frame with the animal was placed within 

an electromagnetic field, which is generated by metal coils installed into the wall of the 

experimental stand. During the fixation training, the fixation time was gradually increased 



from 100 ms to 2500 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. The animals were trained to hold their eyes in the center of the monitor during 

recordings of neuronal activities to different kinds of visual stimulation. The behavioral 

training lasted 9-12 months approximately 1 to 2 hours per day, four to five times a week. The 

training phases and later the recordings took place in a dark, quiet laboratory room.  

 

Visual paradigm and recordings in case of awake, behaving cats 

The electrophysiological extracellular recordings were carried out with perylene isolated 

platinum-iridium wire-electrodes with a diameter of 25 µm for the first cat; and formvar 

insulated nickel-chrome wire-electrodes with a diameter of 50 µm for the second cat. Each 

recording electrode contained 8 wires and one wire contained one recording channel. The 

reference electrode was positioned in the white matter in anterior 3 and lateral 8 according to 

the Horsley-Clarke coordinates. The recording of the eye movements, stimulus presentation, 

reward delivery, and data collection were controlled by a custom-made LabView software via 

a 16-channel National Instruments data acquisition card. The sampling rate was 10 kHz. Eye 

movements were monitored and recorded with a search coil system (DNI Instruments, 

Newark, DE, USA). A standard 17-inch CRT monitor (refresh rate: 100 Hz) was placed in 

front of the animal at a viewing distance of 57 cm for the visual stimulation. The fixation 

point and the visual stimuli were generated by a custom-made script written in Matlab and 

using the Psychophysics Toolbox® (Bartinard 1997). A fixation point was projected on the 

center of the monitor to help maintain the fixation on the middle of the monitor during the 

relevant stimulus phases. The size of the fixation point was 0.8° in diameter, the fixation 

window was 5° in diameter (5° x 5° square). In the case of the behaving, awake animals, a 

trial (one repetition of the whole stimulation protocol) consisted of 5 epochs (phases). First, a 



green fixation point was presented in the center of the monitor. The cats had to direct their 

gaze to the fixation point and keep fixating for 500 ms. The visual stimulation task started 

immediately after the successful fixation phase. It means that the cat held his eye in the above 

described ±2.5° fixation window. This was similar to the stimulation used in the anaesthetized 

experiments: a static random dot pattern appeared first, which was followed by a dynamic 

center-in or center-out flow field stimulation in random order. The duration of both the static 

and the dynamic stimuli was 1000 ms. If the cats managed to fixate throughout all the 

stimulation phases of a single trial, they received a food reward, and it was considered a 

correct trial. If the cats broke fixation during any of the stimulation phases, the trial was 

aborted immediately, it was not accepted, and no reward was given. Between two trials, there 

was a random 5000-10000 ms long intertrial interval (reward was given at the beginning of 

this time range), where no stimuli appeared, only a black screen. This phase was long enough 

so that the cat could eat the reward without muscle activity interfering with the recordings of 

the next trial. One recording session lasted 30-45 minutes. The number of successful trials, 

where the animal could hold the fixation during the whole stimulation protocol, were 

analyzed. These varied between 80 and 200 in each recording. 

 

Data analysis 

For the data analysis and the statistical analysis, Matlab R2021a software (The Mathworks, 

Natic, MA, USA) was used. During the analysis, the power of the delta (1-3 Hz), theta (4–7 

Hz), alpha (8–13 Hz), beta (14–30 Hz), and gamma (31–70 Hz) bands were calculated. 

The first step was the visual inspection of the recorded raw data (Figure 1). Channels with 

high amplitude noise and/or bad signal-noise ratio were excluded from further analysis. After 

the subtraction of these channels, the downsampling of the remaining channels was performed 

for further mathematical analysis. It was done by applying a low pass filter and decimation to 



500 Hz for the raw data using the Matlab decimate function. After the downsampling of the 

original dataset, Fourier analysis was performed. The power spectrum was then video-filtered 

(smoothed) by a ten-bin rectangle window. A whitening compensation was used to visualize 

higher frequency bands more equally, however, the calculations were made from the original 

raw data. After the whitening, a median filter (Matlab medfilt1) was also used with the default 

parameters. During the visualization of the Fourier spectra, the bins near 50 Hz were cut off. 

 

Figure 1 is somewhere here 

 

Filtering and power calculation 

The raw data of each channel was decimated to 500 Hz by the Matlab decimate function. The 

decimation filter was an finite impulse response filter (FIR) one, and its length was chosen to 

20 ms, not to alias brain events through each other. 

For each band, a digital superheterodyne test receiver was implemented. The center frequency 

of every band was shifted to 0 Hz by multiplying the signal with a complex rotating vector. 

After this step, a Chebyshev infinite impulse response filter (IIR) filter was used, and the 

signal was decimated to a lower sampling frequency. The filtering and decimating steps were 

repeated in order to reach the desired width of the band, and fulfil the stability criteria of the 

filters (Figure 2). The final decimation was done for 25 Hz. For the theta signal (the lowest 

interesting frequency band in this study), the resulting stable filters require a 25 Hz sampling 

frequency. Calculating the power of signals hence shows t=1/f=40 ms time resolution. The 

higher frequency band was also summated and decimated with the same time resolution and 

sampling frequency. Having the 25 Hz complex signal for each band, the absolute value of 

these signals represents the power of the signal for each 40 ms wide sample.  

 



Figure 2 is somewhere here 

 

Statistical analysis 

The powers of a randomly selected 320 ms period (the average of eight 40 ms wide bins 

(samples described above) from the background activity and 320 ms periods (the average of 

eight 40 ms wide samples described above) immediately after the appearance of the stationary 

stimulus and the start of the dynamic stimulus were calculated in each trial and each 

frequency band, both in the behaving and the anaesthetized LFP recordings. The powers of 

these 320 ms periods in each frequency band from all trials were non-normally distributed 

(Shapiro-Wilk p<0.05). Thus, they were compared with the Friedmann ANOVA test with 

Bonferroni correction both in the behaving and anaesthetized LFP recordings. If this test 

denoted a significant difference (p<0.05) in one LFP recording, it would indicate that at least 

one of the three conditions (background activity, response to static or dynamic stimulation) 

differs from the others. In this case, the Wilcoxon matched pair test was used for a pairwise 

comparison as a post hoc analysis to check which part of the stimulated activity (static, 

dynamic, or both) differs significantly from the background activity the different frequency 

bands. The significant differences from the background activity were considered in the 

present study as dynamic and static visual responses in the CN.   



Results 

 

Altogether 226 local field potential (LFP) recordings from awake, behaving cats and 960 LFP 

recordings from anaesthetized cats were involved in the data analysis. Each LFP recording 

(which contained at least 80 trials) was analysed separately.  The LFPs were analysed in five 

different frequency bands (delta (1-3 Hz), theta (4–7 Hz), alpha (8–13 Hz), beta (14–30 Hz), 

and gamma (31–70 Hz)).  

The summary of the detailed descriptive statistics can be seen in Table 1. Comparing the 

response activity during visual stimuli to the background activity, Wilcoxon matched pair test 

revealed that 90% (N=207) of all registered LFPs from awake, and only 63% (N=609) from 

the anaesthetized cats showed significant responses at least in one visual condition (static, 

dynamic) and one frequency band. Figure 3 denotes examples of the visually evoked power 

changes in the awake, behaving, and Figure 4 in anaesthetized animals. 

 

Figures 3 and 4 are somewhere here 

 

The percentage of LFPs that showed significant changes to static and/or dynamic stimulation 

in theta, alpha and beta frequency bands was higher in awake, behaving cats. In the theta 

band, the percentage was 43% (N=98) in awake and only 19% (N=178) in anaesthetized cats. 

In the alpha band, the percentage was 56% (N=121) in awake and 19% (N=181) in 

anaesthetized cats. In the beta frequency band, the percentage of the significant LFPs was 

64% (N=114) in awake and 22% (N=210) in anaesthetized cats. In the gamma frequency 

band, the percentage of the significant LFP changes was 23% in both (N=34) the awake and 

the anaesthetized cats (Table 1).  



 

Table 1 somewhere here 

 

Responses to static visual stimulation 

The proportion of LFPs that showed significant response during static visual stimulation was 

much higher in awake, behaving cats (83%, N=122) than in anaesthetized cats (63%, N=177). 

A higher percentage of visually evoked LFP changes can be observed in almost each 

frequency range in the behaving animals. The only exception is the theta band where the same 

percentages were found (Wilcoxon match paired test, see descriptive statistical data in Table 

2). These differences are the most obvious in the alpha and the beta frequency bands. In the 

case of the alpha band, the percentage was 49% (N=110) in awake and only 24% (N=228) in 

anaesthetized cats. In the case of the beta band the percentage of the significant LFP changes 

was 49% (N=110) in behaving cats, and it was only 23% (N=221) in anaesthetized cats. 

 

Table 2 somewhere here 

 

Responses to dynamic visual stimulation  

In comparison to the effect of the static stimulation (83%, N=187) a bit lower amount of the 

analysed LFPs showed significant changes to dynamic stimulation (76%, N=172) in behaving 

cats. However, the percentage of the responsive LFPs to static and dynamic stimulation were 

similar in the anaesthetized animals, 63% (N=602) and 64% (N=611), respectively. 

Similarly, to the static visual stimulation, the proportion of LFPs that showed significant 

responses during dynamic visual stimulation was higher in awake, behaving cats (76%, 



N=172) than in anaesthetized ones (64%, N=611, Wilcoxon match paired test, see descriptive 

statistical data in Table 2). These differences are the most notable in the theta, alpha and the 

beta frequency bands. In the case of the theta band, the percentage was 39% (N=89) in awake, 

and only 19% (N=183) in anaesthetized cats. In the alpha band the percentage was 34% 

(N=76) in the behaving animals and 15% in the anaesthetized cats. The percentage of the 

significant LFP changes was 31% (N=69) in behaving, and it was lower 21% (N=37) in 

anaesthetized cats in the beta frequency band. 

  



Discussion 

 

To our knowledge, this is the first descriptive study that compares the low-frequency 

neuronal activities (local field potentials, LFPs) recorded from the CN during visual 

stimulation in anaesthetized, paralyzed, and awake, behaving cats. In line with the findings of 

our previous study on the single cell activities [19], the present results clearly demonstrated 

that the applied halothane anesthesia indeed suppresses the visually evoked LFP changes at a 

remarkable level. Thus, lower proportion of significant power changes was detected to visual 

stimulation in the anaesthetized animals in each frequency range (from delta to gamma) of the 

LFPs. 

In visual electrophysiological experiments, both anaesthetized, paralyzed, and awake, 

behaving models are commonly used. Both have their advantages and disadvantages. The 

control of eye movements in visual electrophysiology is critical. The spatial position of the 

visual stimulus must overlap with the receptive field of the investigated neuron, and 

oculomotor activity can also be found in some extrastriate visual structures [14, 15]. If one 

would like to eliminate these disturbing factors, there are two possibilities. In anaesthetized 

and paralyzed animal models, eye movements are inhibited through muscle relaxants. 

However, the applied anesthetics and muscle relaxants can influence the activity of the central 

nervous system. It is also assumed that this effect is not the same as in the cortex or the deeper 

brain structures [29]. The basal ganglia are strongly sensitive to different kinds of anesthesia 

[17, 18]. In the case of the single-cell activities in the CN, the anesthesia influences the timing 

of the action potential and the discharge rates significantly [19]. Beside these high-frequency 

signals, the LFPs could also be influenced. Based on our previous experiences that the 

halothane influences the neuronal activities less in the CN than other gas anesthetics (i.e., 

isoflurane), although we cannot exclude the effect of the anesthesia from the results in 



anaesthetized animals. The big advantage of the application of this anaesthetized animal is the 

quick application of it without any training of the animals. The second solution for the 

elimination of the effect of eye movements on neuronal activities is the application of eye 

movement controlled fixating behaving animals. The disadvantage of the experiments with 

behaving animals is the long-lasting behavioral and fixation training, which could last for 9-

12 months before the start of the electrophysiological recordings. However, there is no 

disturbing effect of anesthetics in this case.  

The question raises whether the benefit of experiments performed in the CN of awake, 

behaving animals is in balance with the hardness of the preparation of the animals for visual 

electrophysiological recordings. The results of the visual information processing in the CN 

revealed that both the background activities and the neuronal responses to static and dynamic 

visual stimulation were strongly reduced in the anaesthetized animals. The most drastic 

differences can be seen in the biggest neuronal population in the medium spiny neurons of the 

caudate body [19]. Concerning the significant changes in LFP in response to visual 

stimulation, the differences between the two models are also obvious. The vast majority 

(90%) of the LFPs recorded in behaving cats showed significant responses at least in one 

visual condition (static, dynamic) and one frequency band. On the other hand, it was a smaller 

proportion of the LFPs (61%) in anaesthetized cats. These differences in power changes were 

the stronger concerning static visual stimulation (83% vs 63%). Less, but still obvious 

differences were found to dynamic stimulation, too (76% vs 64%). The higher proportion of 

the evoked LFP responses were detectable in both static and dynamic stimulation in each 

investigated frequency band from the lower delta to the highest gamma band. However, the 

biggest differences were concerning static stimulation in the alpha and the beta frequency 

bands and concerning dynamic stimulation to the theta, the alpha and the beta bands.  



Similar to human EEG results, the increased theta activity could arise from the coordinated 

reactivation of information represented in visual areas [30-34]. The elevated cortical alpha 

activity is also connected to visual and audio-visual processing [35-37]. Another function that 

has been attributed to alpha activity is a mechanism of sensory suppression, thus functionally 

gating  information in the task-irrelevant brain areas [38, 39]. It is also assumed that the 

normal beta activity is a necessary cortical outcome of the normal action of the basal ganglia 

in visual information processing (Puszta et al., 2019). Since the analysis addressed the first 

320 ms time window of both static and dynamic stimulation, novelty detection and the 

connected sensory gating could be the task that shows these differences between the 

anaesthetized, paralyzed, and awake, behaving animals [2, 8]. 

Beyond the lack of halothane anesthesia and immobilization, our behaving model 

differed from anaesthetized models also in a third way: both eyes of the animal were open 

during stimulation (in anaesthetized cats, recordings are made only from one eye, while the 

other eye is covered, [40]). This monocular-binocular difference could influence the 

magnitude of visual responses, but such strong difference, as seen in this study, is not likely to 

stem from this factor only [41-43]. It is noteworthy to mention that the anaesthetized cats 

were cycloplegic, and the awake ones had normal pupils and lenses, but in the case of 

anaesthetized cats the visus was corrected with appropriate lenses. As the background 

luminance was the same for the two models and the same CRT monitor was used, these do 

not explain the observed difference either. An important shortcoming of the study is that the 

recordings from behaving and anaesthetized cats were performed with different recording 

systems with different background noise levels. Thus, the direct comparison of the magnitude 

of the visual responses was not possible in this study. Therefore, we could only concentrate on 

whether the changes were significant or not and we could give the presented a descriptive 

statistic about the percentage of these visually-evoked changes. Another limitation is that 



electrodes with different geometries were applied in the behaving (wire electrodes) and 

anaesthetized (linear probe) experiments. It is known that the geometry of the electrodes 

could influence the magnitude of the recorded LFPs (Herreras 2016). But if we compare the 

baseline power spectrum density of one channel with the power spectrum density during 

visual stimulation of the same channel, it will not influence the number of significant changes 

and the differences between the two models. The different electrodes, 8-channel wire 

electrodes in the behaving experiments, and 64-channel linear probes in the anaesthetized 

experiments, explain the higher number of recorded LFPs from the anaesthetized animals. 

To summarize our findings, we demonstrated similarly to the single cell activities [19], 

marked differences between the visually evoked LFP changes in the CN of the anaesthetized, 

paralyzed, and awake, behaving cats. The halothane gas anesthesia and the immobilization 

significantly suppressed the significant LFP power alterations to both static and dynamic 

stimulation. Although the work with behaving cats in visual electrophysiology is much more 

difficult, we argue that the benefits outweigh the costs, and we suggest the application of the 

behaving animal model even in the analysis of the low-frequency electric signals, the LFPs. 
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Figure captions 

 

Figure 1 Spectral image of the LFP recordings 

Part A shows the Fourier spectrum of a recorded signal (Cecilia589_ch4) from a behaving cat. 

Part B denotes the Fourier spectrum of a recorded signal (Igor067_ch11) from an anaestheti-

zed cat. The blue colour shows the raw Fourier spectrum and the orange colour denotes the 

whitened one. Part C and Part D denote the spectral power of the same recorded signals calcu-

lated with the Welch function. 

  



 

Figure 2 Spectral coverage of the applied band pass filters 

The characteristics of the filters in each frequency band can be seen with different colors 

(green-delta, purple-theta, yellow-alpha, orange-beta, blue-gamma) section. Note the overlap 

between the frequency-based neighboring filters and their sharp filtering properties. 

  



 

Figure 3 Visually evoked changes of the local field potentials in awake animal 

Cumulated power of the wave bands (from delta to gamma) after applying the given spectral 

filter (see Figure 2) for each frequency band. The blue curve represents the mean activity for 

all trials. The vertical lines denote the borders between the different epochs of the visual para-

digm (from left to right): background activity, fixation activity, response to static visual 

stimulus, response to dynamic visual stimulus and reward. The abscissa denotes the time rela-

tionship of the signals. The ordinate denotes the channel power in linear metrics. 

 



 

Figure 4 Visually evoked changes of the local field potentials in halothane anaesthetized 

cat 

Cumulated power of the wave bands (from delta to gamma) after applying the given spectral 

filter for each frequency band. The blue curve represents the mean activity for all trials. The 

vertical lines denote the borders between the different epochs of the visual paradigm (from 

left to right): background activity, response to static visual stimulus and response to dynamic 

visual stimulus. The abscissa denotes the time relationship of the signals. The ordinate de-

notes the channel power in linear metrics. 

 

 

 

  



Tables 

Table 1. Descriptive statistics of visually evoked LFPs during visual stimuli from awake, 

behaving, and anaesthetized animals 

 Awake 

(N=226) 

 Anesthetized 

(N=960) 

 N %  N % 

Delta 80 35  168 17 

Theta 98 43  178 19 

Alpha 121 56  181 19 

Beta 144 64  210 22 

Gamma 53 23  220 23 

All 204 90  609 63 

In awake animals the percentage of LFPs that showed significant changes to visual 

stimulation in delta, theta, alpha and beta frequency band was higher than in the anesthetized 

animals. 

 

Table 2. Descriptive statistics of response activity during static and dynamic visual stimuli. 

 Static  Dynamic 

 Awake 

(N=226) 

Anesthetized 

(N=960) 

 Awake 

(N=226) 

Anesthetized 

(N=960) 

 N % N %  N % N % 

Delta 68 30 178 19  61 27 218 23 

Theta 58 26 282 29  89 39 183 19 

Alpha 110 49 228 24  76 34 147 15 

Beta 110 49 221 23  69 31 203 21 

Gamma 72 32 225 23  46 20 215 22 

All 187 83 602 63  172 76 611 64 

Higher percentage of visually evoked LFP changes during static stimulation can be observed 

in the delta, alpha, beta, gamma frequency range in the behaving animals. This tendency can 

be observed in the theta, alpha, beta frequency bands during dynamic visual stimulation. 
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