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a b s t r a c t

Recent studies stress the importance of the caudate nucleus in visual information processing. Although
the processing of moving visual signals depends upon the capability of a system to integrate spatial
and temporal information, no study has investigated the spectral receptive field organization of the
caudate nucleus neurons yet. Therefore, we tested caudate neurons of the feline brain by extracellular
single-cell recording applying drifting sinewave gratings of various spatial and temporal frequencies, and
reconstructed their spectral receptive fields by plotting their responsiveness as a function of different
combinations of spatial and temporal frequencies. The majority of the caudate cells (74%) exhibited peak
tuning, which means that their spatio-temporal frequency response profile had a characteristic region
of increased activity with a single maximum in the spatio-temporal frequency domain. In one-quarter
of the recorded caudate neurons ridge tuning was found, where the region of increased activity, forming
at an elongated ridge of maximal sensitivity parallel or angled to the spatial or the temporal frequency
axis, indicating temporal (16%), spatial (5%) or speed (5%) tuning, respectively. The velocity preference of
the ridge tuned caudate nucleus neurons is significantly lower than that of the peak tuned neurons. The
peak tuned neuron could encode high velocities, while the ridge tuned neurons were responsible for the
detection of moderate and lower velocities. Based upon our results, we suggest that the wide variety of
spatio-temporal frequency response profiles might represent different functional neuronal groups within

subse
the caudate nucleus that

revious studies demonstrated that the CN plays a prominent role
y processing multisensory information, thus orchestrating the
ensorimotor and visuomotor coordination [1,6,9]. Accordingly, a
umber of studies were performed to clarify the exact role of the CN

n visual information processing [2,6,11,17,18,20,21]; the results
f these experiments can be summarized as follows: anatomi-
al studies suggest that there are two sets of neural circuits that
re involved in the transmission of visual information from the
etina to the CN. First, visual information might reach this structure
hrough a descending cortico-striatal route [5,7,14,19]. Second, the
N neurons might receive their visual input through the ascending
ectofugal system [8]. The visual receptive field properties of the
N neurons and their sensitivity to visual stimuli of low spatial and

igh temporal frequency makes them very similar to the neurons
f the superior colliculus (SC) and those of the other structures of
he ascending tectofugal system [10,12,15,16]. It is noteworthy that
hese stimulus preferences are in sharp contrast with the proper-
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rve different behaviors to meet various environmental requirements.
© 2010 Elsevier Ireland Ltd. All rights reserved.

ties of the neurons of the geniculostriate pathway, supporting the
notion that the particular dynamic properties of visual information
processing in the CN is different from those observed in the lat-
eral geniculate nucleus of the thalamus and in the primary visual
cortex. Although the processing of moving visual signals depends
critically upon the ability of a system to integrate spatial and tem-
poral information [4,16], no study has described spectral receptive
field organization of the CN neurons yet. In the present study, there-
fore, we tested the CN neurons of the feline brain by applying a wide
range of drifting sinewave gratings of various spatial and tempo-
ral frequencies and reconstructed their spectral receptive fields.
These 3D graphs were generated by plotting their responsiveness
as a function of the different spatial and temporal frequency combi-
nations [23]. Our main goal was to characterize different functional
neuronal groups within the CN according to their spatio-temporal
spectral receptive field organization. Moreover, we compared the
spectral receptive field organization of CN neurons to that of the

SC neurons [23], in order to test our current hypothesis about a
functional connection between the CN and the ascending tectofugal
system.

Five adult cats of either sex weighing from 2.4 to 3.5 kg were
used in this study. All experimental procedures were carried out

dx.doi.org/10.1016/j.neulet.2010.06.030
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
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o minimize the number of the animals and followed the European
ommunities Council Directive of 24 November 1986 (S6 609 EEC)
nd National Institutes of Health guidelines for the care and use of
nimals for experimental procedures. The experimental protocol
ad been approved by the Ethical Committee for Animal Research
f Albert Szent-Györgyi Medical and Pharmaceutical Center of the
niversity of Szeged. The animals were initially anaesthetized with
etamine hydrochloride (30 mg/kg i.m., Calypsol). To reduce saliva-
ion and bronchial secretion a subcutaneous injection of 0.2 ml 0.1%
tropine sulphate was administered preoperatively. The trachea
nd the femoral vein were cannulated and the animals were placed
n a stereotaxic headholder. All wounds and pressure points were
outinely infiltrated with local anesthetic (procaine hydrochloride,
%). Throughout the surgery the anesthesia was maintained with
alothane (1.6%, fluothane) in air. The animals were immobilized
ith gallamine triethiodide (20 mg/kg). During recording sessions

allamine triethiodide (8 mg/kg/h), glucose (10 mg/kg/h) and dex-
ran (50 mg/kg/h) in Ringer lactate solution was infused at a rate
f 4 ml/h. Atropine sulphate (1–2 drops, 0.1%) and phenylephrine
ydrochloride (1–2 drops, 10%) were applied locally to dilate the
upils, block accommodation, and retract the nictitating mem-
ranes. The eye contralateral to the recording side was supported
ith a +2 dioptre contact lens. The ipsilateral eye was occluded
uring the visual stimulation. During the recording sessions, anes-
hesia was maintained with a gaseous mixture of air and halothane
about 0.8%). The end-tidal concentration of halothane, MAC values
nd peak CO2 concentrations were monitored with a capnometer
Capnomac Ultima, Datex-Ohmeda, Inc.). The heart rate and brain
ctivity (ECG and EEG) were also monitored continuously. During
he length of the anesthesia the EEG indicated slow wave sleep.
he peak expired CO2 was kept in the range of 3.8–4.2%. The body
emperature was maintained at approx. 37 ◦C using a warm-water
eating blanket with thermostat.

Electrophysiological recordings of single units were carried
ut extracellularly via tungsten microelectrodes (AM System, Inc.,
SA; 2–4 M�). Vertical penetrations were made between the
orsley–Clarke co-ordinates anterior: 12–16, lateral: 4–6.5 in the

tereotaxic depths 12–19, to record the activity of CN neurons.
ingle-cell discrimination was performed with a spike-separator
ystem (SPS-8701, Australia), after high-pass filtering the recorded
ignal (>500 Hz). At the end of the experiments, the animals were
eeply anesthetized with pentobarbital (200 mg/kg i.v.) and per-
used transcardially with 4% paraformaldehyde solution. The brains
ere removed and cut into coronal sections of 50 �m, and the

ections were stained with Neutral Red. Recording sites were local-
zed on the basis of the marks of the electrode penetrations. The
ecorded neurons were located in the dorsolateral aspect of the CN.

Spatio-temporal frequency characteristics of each unit were
ested with drifting sinewave gratings displayed on a CRT moni-
or (refresh rate: 85 Hz) positioned at a distance of 42.5 cm away
rom the cat’s eye. To obtain the most preferred direction of move-

ent for each cell, gratings were moved in eight different directions
0–315◦ at 45◦ increments). The preferred direction was then used
or determination of the spatio-temporal frequency characteristics
f the tested cell. The contrast of the grating was held constant
t 96% (Michelson contrast = (Lmax − Lmin)/(Lmax + Lmin), where Lmax

nd Lmin are the maximum and minimum luminance of the spa-
ial sinusoid, respectively). The mean luminance of the screen was
3 cd/m2. Stimuli were presented on the monitor masked by a cir-
ular aperture with a diameter of 30◦, centred on the area centralis.
he spatio-temporal frequency response profiles of CN cells were

ssessed using 24–93 spatio-temporal frequency combinations of
rifting gratings. The tested spatial frequencies ranged from 0.025
o 0.54 cycles/◦ (c/◦), while the temporal frequencies varied from
.07 to 29.24 cycles/s (Hz). Responses to stimulus movement were
veraged over all presentations of the given spatio-temporal fre-
ters 480 (2010) 148–153 149

quency combination. Each spatio-temporal frequency combination
was presented at least 12 times. The presentation of the single stim-
ulus overall lasted 2 s. During the first 1 s, the grating remained
stationary, and was then drifted for another 1 s. The interstimu-
lus interval was 0.5 s, while blank screen was shown. Peristimulus
time histograms (PSTHs) were constructed online to visualize neu-
ronal activity. The net discharge rate, calculated as the difference
between the mean firing rates of the cell obtained during stim-
ulus movement and the 400 ms long period (prestimulus period;
the first 600 ms of the neuronal responses to stationary stimu-
lus was truncated, to void the response given to the luminance
change due to the onset of stationary grating) preceding the onset
of movement, was used to characterize the response amplitude of
the CN neurons. Cells with non-stimulus related changes in neu-
ronal activity during recording, i.e. when the mean ‘spontaneous’
(background) activity of the cell varied more than 2 SEM of the
mean ‘spontaneous’ were excluded from the analysis.

The spatio-temporal receptive fields (spectral RFs) were con-
structed by fitting a surface to the three-dimensional matrices of
response strength (e.g. Fig. 1) (MATLAB® software, MathWorks,
Inc.). For most of the cells, the response to spatial frequency
depended on the temporal frequency of the drifting grating. The
two-dimensional spatio-temporal frequency response profiles of
the cell; i.e. transections of the 3D spectral RF maps were presented
by fitting the curve to data-points located in the region of peak sen-
sitivity, using triangle-based cubic interpolation (MATLAB®). Here
we used principal component analysis (PCA) to find the orientation
of the area of response in the two-dimensional spatio-temporal fre-
quency response profile of the cell. PCA was applied (in MATLAB®)
to the set of points in which interpolated cell responses exceeded
a given threshold (0.5 of the maximum response). The orientation
of the transection plane corresponded to the main direction found
by PCA. The orientation of the main direction found by PCA can be
used to determine the spatio-temporal spectral tuning types of the
CN neurons. The region of increased activity and the orientation of
the main direction can be parallel or angled to the temporal or the
spatial frequency axis, indicating spatial, temporal or speed tuning,
respectively (for classification see Ref. [3]).

Statistical results are presented as mean ± standard deviation
(SD).

We recorded altogether 111 visually active neurons from the
CN. Twenty-eight of the recorded units were excluded from the
analysis, as a result of an unstable spontaneous activity. The
mean spontaneous activity of the CN neurons was 7.8 ± 5.4 spike/s
(N = 83; range: 0–32 spikes/s). In general, the neurons in the CN
responded optimally to very low spatial (<0.2 c/◦) and moderate
and high temporal frequencies (>4 Hz), exhibited low spatial and
temporal resolution and narrow spatial and temporal frequency
tuning. The majority of the neurons showed low-pass spatial fre-
quency tuning with no or only a slight attenuation of the response at
low spatial frequencies. Spatial band-pass units were also recorded
but we have not encountered spatial high-pass units. Furthermore,
the majority of the neurons showed band-pass temporal frequency
tuning with optima in the high temporal frequency range. Temporal
high-pass neurons were also found, but we recorded no temporal
low-pass units in the CN (for a more detailed description of the
spatio-temporal properties of the CN, see our previous publication
[13]).

The spatio-temporal frequency response profiles were obtained
for 83 CN cells for responses given to the sinusoidal gratings drift-
ing in the optimal direction. The majority of the CN cells exhibited

peak tuning (62/83, 74%, Fig. 1), which means that their spatio-
temporal frequency response profile had a characteristic region of
increased activity with a single maximum in the spatio-temporal
frequency domain. The profiles of these spectral RFs indicate the
existence of single oval regions of increased activity (Fig. 1C). A
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ig. 2. Examples of CN cells with peak and temporal frequency tuned spectral rece
euron that responded to the lowest spatial and high temporal frequencies. Perspec
he conventions are the same as in Fig. 1.

arge majority of the peak tuned CN neurons (52/62, 84%) exhibited
he same spatial and temporal preferences, responded optimally to
he lowest spatial frequencies that we used and also to very high
emporal frequencies (Fig. 2A and B). These neurons exhibited low-
ass spatial frequency tuning and high-pass or band-pass tuning in
he temporal frequency domain. The remaining 10 CN units in this
roup (10/64, 16%) responded optimally also to low (lower than
.15 c/◦) but not the lowest spatial frequency tested (Fig. 1) and
eside the low-pass tuning spatial band-pass tuning was also found.
hese units responded optimally to high and sometimes moderate

emporal frequencies and displayed band-pass temporal frequency
uning. The mean optimum velocity of moving gratings (optimal
emporal frequency/optimal spatial frequency) for neurons show-
ng peak tuning was 261 ± 127◦/s (N = 62, range: 40–598◦/s).

ig. 1. Construction of the spectral receptive fields (RFs). (A) Peristimulus time histogram
ratings drifting in the preferred direction at various spatial and temporal frequency com
hile the corresponding temporal frequencies (Hz) are given above each PSTH. The thick
idth was 20 ms. (B) Perspective mesh plot of the spectral RF of this CN unit. The surface

A) to drifting gratings of different spatial and temporal frequencies. The three axes show
nd the firing rates of a neuron (spikes/s) responding to the particular spatio-temporal fre
enotes the spatial frequency of the grating (c/◦) while the ordinate denotes the tempora
he neuronal responses demonstrated on PSTHs on part A. The neuronal responses are co
ontour plot. The solid line denotes the main direction assigned by principal component
fields. Perspective (A) and contour plots (B), of the spectral RF of a peak tuned CN
) and contour plots (D), of the spectral RF of a temporal frequency tuned CN neuron.

In a quarter of the recorded population (21/83; 26%), ridge tuned
spatio-temporal spectral receptive fields were found. These CN
neuron (52/62, 84%), responded optimally also to the low spatial
and to moderate and sometimes high temporal frequencies. These
neurons showed low-pass and band-pass spatial frequency tuning
and band-pass tuning in the temporal frequency domain. In these
cases the region of increased activity formed an elongated ridge
of peak sensitivity parallel or angled to the temporal or the spatial
frequency axis, indicating spatial, temporal or speed tuning, respec-
tively (for classification see Ref. [3]). The mean optimum velocity

for these neurons was 159 ± 76◦/s (N = 21, range: 22–444◦/s). The
velocity preference of the CN neurons with ridge tuning is signif-
icantly lower (p = 0.016) than that of the CN neurons with peak
tuning. Thirteen of the 83 CN units (16%) exhibited temporal fre-

s (PSTHs) depicting the responses of one caudate nucleus (CN) unit to sinusoidal
binations. The actual spatial frequency values (c/◦) are given under each column

lines below the histograms indicate the movement of the stimulus for 1 s. The bin
of the mesh was constructed by fitting to the responses, which are shown in part
the spatial frequency (c/◦), the temporal frequency (Hz) of the sinewave grating

quency combinations, respectively. (C) Contour plot of the spectral RF. The abscissa
l frequency of the grating (Hz). The white points in the contour plot correspond to
ntour intensity coded; the calibration (spikes/s) can be seen on the right side of the
analysis (PCA).
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ig. 3. Examples of CN cells with spatial frequency tuned and speed-tuned spectr
requency tuned CN neuron. Perspective (C) and contour plots (D), of the spectral R

uency tuning, four (5%) spatial frequency tuning and also four (5%)
peed tuning. Spectral receptive fields of cells that exhibited tempo-
al frequency tuning (with response domains parallel to the spatial
requency axis) are shown in Fig. 2C and D. In Fig. 3A and B, the
pectral RF of a CN cell, which was sensitive to a particular spatial
requency is presented. The response profile of this neuron displays
n elongated ridge over a wide range of temporal frequencies in the
imited range of spatial frequencies (spatial tuning). Fig. 3C and D
hows the spectral RF of a neuron for which the response to spatial
requency varied depending on the temporal frequency of the stim-
lus, forming a steep domain of peak sensitivity oriented diagonal
o the spatial and temporal frequency axes, indicating speed tuning.

In spite of the large number of electrophysiological studies on
he CN, little information is available on the visual responsiveness
f the CN neurons and hitherto no study addressed the description
f spatio-temporal spectral RF organization of striatal neurons. In
rder to give the first description of the detailed spatio-temporal
requency response profiles of the CN units we tested the respon-
iveness of these neurons to a wide range of spatial and temporal
requency combinations. We found peak, spatial, temporal and

peed-tuned neurons in the CN and we are proposing a new func-
ional classification of the visually active neurons concerning their
pectral receptive field organization.

Regarding the spatio-temporal frequency response properties
bserved in our experiments, we can classify the CN units into
eptive fields. Perspective (A) and contour plots (B), of the spectral RF of a spatial
speed-tuned CN neuron. The conventions are the same as in Fig. 1.

the following groups: peak tuned cells, temporally tuned neu-
rons, spatially tuned neurons and speed-tuned neurons [3]. Almost
three-quarter of the investigated SC units exhibited peak tuning,
characterized by a region of increased activity with a single max-
imum in the spatio-temporal frequency domain. These neurons
responded in a broad range of high velocities with a preference for
velocity determined by their optimal spatial and temporal frequen-
cies. The majority of these peak tuned cells in our sample (84%) had
RF profiles showing maximum sensitivity at the lowest spatial fre-
quencies and relatively high temporal frequencies. Cells with such
spectral RFs in the CN may correspond to SC high velocity excitatory
cells [22,23].

The remaining one-quarter of the CN units exhibited ridge tuned
spatio-temporal spectral receptive fields. In these cases the regions
showing increased activity on the RFs were elongated, forming
a ridge of peak sensitivity parallel to the temporal or the spatial
frequency axis or oriented relative to the axes indicating spatial,
temporal or speed tuning, respectively. The velocity preference of
these neurons was significantly lower than that of the peak tuned
CN neurons. This may indicate that these neurons do not primarily

act as high velocity detectors but rather code motion-related mod-
erate – and rarely lower – velocity changes. The spatio-temporal
frequency response characteristics of the three ridge tuned groups
of CN neurons indicate that these cells may receive input from and
correspond to the low velocity excitatory cells described earlier in



ce Let

t
p
p
i
r
w
f
i
t
m
T
t
S
f
t
n
f
m

a
t
a
b
i
p
m
a
r
c
r
s
t
t
i
t
f
n
n

A

P
c
c
T
O
e
a
F

[

[

[

[

[

[

[

[

[

[

[

[

A. Nagy et al. / Neuroscien

he SC [22,23] distinguished on the basis of their velocity response
rofiles. The majority of the ridge tuned CN neurons possessed tem-
oral frequency tuning. Here the optimal temporal frequency is

nvariant with respect to the spatial frequency. Thus these neu-
ons were capable of coding changes in the visual environment
ith a particular temporal frequency irrespectively from the spatial

requencies that may suggest that the activity of these neurons is
ndependent from the size of the stimulus. A smaller proportion of
he ridge tuned CN neurons showed spatial tuning, where the opti-

al spatial frequency is independent of the temporal frequency.
hese neurons could code the movement of a stimulus with a par-
icular size, irrespectively of the temporal frequency of the motion.
ome CN neurons showed speed tuning, demonstrated spectral RFs
orming an elongated ridge of peak sensitivity oriented diagonal to
he spatial and temporal frequency axes. This indicates that these
eurons responded selectively to a set of particular spatio-temporal

requency combinations, i.e. to a certain speed of stimulus move-
ent.
The spatio-temporal response characteristics found in the CN

re in line with the notion that the CN is involved in motion detec-
ion and less sensitive to detect static visual events [11,13]. We
rgue that this visual activity in the CN may be the sensory feed-
ack of motor actions controlled by the basal ganglia and therefore

t is necessary for the normal sensory-motor function of the CN. The
reference for consistently low spatial frequencies combined with
oderate and high temporal frequencies indicates that the visually

ctive CN cells could respond well to large objects moving at a wide
ange of higher velocities. The peak tuned neurons could encode a
ertain relatively high velocity, while the ridge tuned neurons are
esponsible for the detection of moderate and lower velocities. The
peed-tuned CN neurons are most probably involved in the detec-
ion of objects moving with a particular moderate velocity, while
he spatial and temporal tuned CN neurons are most likely involved
n detection of stimuli in a broader range of moderate veloci-
ies. Thus, we suggest that the wide variety of spatio-temporal
requency response profiles might represents different functional
euronal groups within the CN that subserve different behaviors
eeded to meet various environmental requirements.
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